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Abstract

The objective of the present thesis concerns Jacobi-type constructs that exhibit the main
properties of standard Jacobi structures. This objective is fulfilled via three directions, as
follows.

First, the Jacobi concept is scrutinized at the linear (algebraic) level by studying the
category of Jacobi vector spaces. It is shown that, as in the smooth situation, it encompasses
both locally conformal and contact linear structures. There are touched several aspects in
this endeavor, like transitivity, Poissonization, coisotropy, product structures, transversals.
The cornerstone of the first direction is represented by the linear version of contact dual
pairs, which are deeply scrutinized.

Second, combining the twisted Jacobi pair [62] with that of a Poisson structure with
a (closed) 3-form background [70], alias twisted Poisson, a new structure is proposed and
investigated. This is called a Jacobi pair with background and consists of a bi-vector, and
a vector field in the presence of a background made up of a 3-form and a 2-form. This
new concept ‘captures’ twisted Jacobi pairs via exact backgrounds (through an appropriate
homological derivation). It is shown that the manifolds equipped with such pairs enjoy the
main properties of twisted Jacobi pairs: i) are in a one-to-one relation with the homogeneous
Poisson structures with arbitrary 3-form background, and ii) display completely integrable
characteristic distributions. This direction concludes with the analysis of twisted contact
dual pairs.

Third, starting from the line bundle formulation of the Jacobi pair, the Jacobi bundle
with background is introduced and studied. This is the natural global formulation of Jacobi
pair with background concept. The structure ‘lives’ on (generally) non-trivial line bundles
L — M and is equipped with a first-order bi-differential operator on the line bundle J €
D?L and an L-valued Atiyah 3-form ¥ € Q3 that are ‘compatible’ via a Maurer-Cartan-
like consistency condition. Here, the exactness of twisted Jacobi bundles come from the
exactness of the Atiyah 3-form ¥ € Q3 with respect to the homological degree 1-derivation
in der-complex, dy. It is shown that Jacobi bundles with background exhibit completely
integrable characteristic distributions with characteristic leaves transitive Jacobi structures
with background. The direction concludes with analyzing transitive Jacobi bundles with
background establishing their connection with locally conformal symplectic structures with
background and twisted contact structures.
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Chapter 1

Introduction

Devised in the middle of the XIX-th century as the canonical first-order formulation for La-
grangian mechanics, Hamiltonian mechanics has been proved to be one of the most inspiring
ideas for our days’ fundamental science. In physics, this was the key ingredient of the quan-
tization of systems admitting classical description [25, 26|, and also, via Dirac algorithm, it
put on stage the systems endowed with gauge symmetries. In mathematics, it has offered
an ‘odd’ version to Riemannian geometry— the symplectic geometry, whose contravariant
(possible degenerate) version— Poisson geometry sits, through a canonical structure, at the
foundation of various quantization schemes [7, 35].

In the early ’70s, after the advent of infinitesimal version of the groupoids [66], the
idea of a Poisson-like bracket has been ‘extended’ to the sections in a vector bundle [42],
giving rise to the local Lie algebras. Soon after that, Jacobi structures have emerged [46,
33]. Initially, the concept, known today as the Jacobi pair [23, 73], was expressed by a
bi-vector and a vector field. Jacobi pairs enjoy two main properties: i) are in a one-to-one
relation with the homogeneous Poisson structures with arbitrary 3-form background, and
ii) display integrable characteristic distributions with characteristic leaves either cooriented
locally conformal symplectic manifolds or cooriented contact ones. The deep understanding
of Lie algebroids [53, 22|, supplemented with a fine analysis [56] of the old concept of local
Lie algebra [42], have currently led to the (globally unifying) line bundle perspective on
Jacobi structures [23, 32, 56, 73]. Within this framework, the Jacobi pairs are nothing but
Jacobi structures over trivial line bundles.

The issue of deforming Lie algebras, a problem that has been exploited in physics both
at the construction of consistent interactions between gauge fields [3] and the quantization
within the BV scheme [30], further provoked the birth of twisted-type structures like Poisson
[70] and Jacobi [62]. It is noteworthy that the second kind of twisting, namely Jacobi,
has been done [62] within the trivial line bundle, the reason for why such structures will
be addressed as twisted Jacobi pairs in the sequel. Using the powerful machinery of the
integrability of Dirac(-Jacobi) structures [21, 79], it has been shown that both twisted Poisson
[70] and twisted Jacobi [62] display characteristic distributions that are completely (Stefan-
Sussmann [71, 72]) integrable.

The present work plants a little mustard seed in this fruitful field of the Jacobi structures
by studying new Jacobi-like structures and some of their dual pairs. The aim is achieved in
three steps. First, motivated by the active role played by linear algebra in differential geom-
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8 CHAPTER 1. INTRODUCTION

etry, both at the level of conceptualization (e.g. the construction of vector bundles equipped
with various structures) and organization, we analyze some linear structures involved in
modern geometric constructions, like Poisson, symplectic, contact, and Jacobi structures.
Second, we introduce and investigate a new kind of Jacobi pair, namely a Jacobi pair with
background, which, in particular, encompasses the twisted Jacobi notion. Third, we analyze
from the global perspective (line bundle formulation) the previous Jacobi-like structure.

The thesis is structured on four chapters and a paragraph, as follows.

The paragraph contains the main conventions and notations adopted throughout the
content.

Chapter 2 is dedicated to linear (algebraic) Jacobi structures and to linear contact dual
pairs. The motivation of this chapter arises from the main goal of the present work as
linear Jacobi structures offer valuable information on their corresponding smooth versions.
Initially, we give a linear (algebraic) setting for Jacobi structures (Jacobi vector spaces)
that comes from the pointwise perspective of a Jacobi pair. This is shown to be a specific
instance of a more general one (L-Jacobi vector space) displayed by the same ‘surgery’
but in a Jacobi (line) bundle. In the remaining part of the chapter, we focus only on the
Jacobi vector spaces and their relations with contact/locally conformal symplectic/Poisson
structures. Then, we introduce and analyze the concept of linear contact pair. Concretely,
starting with the orthogonality in contact vector spaces, we define the linear contact pair
in a ‘standard” manner via the contact orthogonality of the kernels corresponding to the
‘legs’. We show that its symplectization is a linear (symplectic) dual pair. Also, it is shown
that linear contact pairs enjoy of nice characteristic subspace correspondences and of Jacobi
transversal correspondences. The original contribution contained in this chapter is based on
(14, 15].

Chapter 3 is devoted to a new concept—Jacobi structure with background. Due to the
special framework—trivial line bundle, such structures consist of pairs of geometric objects
(one 2-vector field and one vector field) and are addressed as Jacobi pairs with background.
The twisted Jacobi pairs and the Poisson structures with background are special cases of this
new construct. Also, here, the completion of the category whose objects are the Jacobi man-
ifolds with background (manifolds endowed with Jacobi pairs with background) is done. It
is adapted and investigated the notions of Jacobi map and conformal Jacobi morphism [62].
Further, we prove that there is a one-to-one correspondence between Jacobi manifolds with
background and homogeneous Poisson manifolds with background. Concerning the charac-
teristic distribution associated with a Jacobi structure with background, we prove that it is
completely integrable with its characteristic leaves consisting in either locally conformal sym-
plectic manifolds with background or twisted contact manifolds. The chapter is concluded
with twisted dual pairs in the symplectic and contact setting. We emphasize two results,
one concerning the characteristic leaf correspondence and the other about ”Poissonization”
of a twisted contact dual pair. The original contribution to this chapter is contained in
(16, 17, 18].

Chapter 4 is dedicated to the global (non-trivial) line bundle version of the Jacobi struc-
ture with background analyzed in the previous chapter. The strategy consists of four steps
as follows. First, we make a trip in the realm of Lie and Jacobi algebroids, where we collect
their standard characterizations [31, 32]. Unavoidable, this includes the Atiyah algebroid
of the derivations of a line bundle [43]. For connecting the line-bundle formulations of the



analyzed Jacobi bundles with the ‘pairs’, the previously mentioned results are done also in
the trivial line bundle context [73]. Second, for self-consistency reasons, we shortly address
the Jacobi bundles [56] and their characteristic distributions integrability [23, 73]. Third,
we approach twisted Jacobi bundles. In the literature, this has been previously done only
in the context of the trivial line bundle, i.e., in our language, twisted Jacobi pairs. Here, we
collect the main results concerning transitive twisted Jacobi bundles and the integrability of
twisted Jacobi bundles. Fourth, we introduce and analyze Jacobi bundles with background.
It is shown that the trivial line bundle version of a Jacobi bundle with background is noth-
ing but a Jacobi pair with background. Then, the analysis of transitive Jacobi bundles
with background allows us to conclude that they are equivalent to either a locally conformal
symplectic structure with background or a twisted conformal structure. Finally, by using
the fact that locally, any Jacobi bundle with background is equivalent to a Jacobi pair with
background, we sketch the proof of the integrability of Jacobi bundles with background. The
original results contained in the present chapter are based on [16, 19, 20].
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Conventions and notations

MAN. All manifolds in this work are assumed to be smooth and finite-dimensional. These
are denoted by the underlying set, not specifying the smooth structure, i.e., the smooth
manifold (M, Ays) is addressed as M. For a given manifold M, by F(M) we mean the
R-algebra of real smooth functions defined over M. Also, we denote by X*(M) and Q°*(M)
the graded commutative unital algebras of smooth multivector fields and smooth differential
forms respectively,

X*My=FM)oX'(M)oX*(M)®---, QWM)=FM QM eP(M)®---.
The algebras are dual to each other i.e. there exists the non-degenerate linear map
(0,0) : (M) x X*(M) = F(M), (wi A ANwp, X3 A+ ANX,) :=det ((wi, X;)).

We denote by e, e] the Schouten-Nijenhuis bracket among multivector fields, structure that
organizes the graded, graded commutative, associative and unital algebra (X*(M),A) as
Gerstenhaber algebra. Let M; and M, be two smooth manifolds and F' € C*> (M, Ms) be a
smooth map. We denote by F, and F™* the tangent and the pull-back maps respectively

(F.X)f =X (foF), (FuX)=(wFX), XecX'(M)weQ' (M), fecF(M).

VB. Throughout this work only finite-dimensional vector bundles appear. A vector bundle
is addressed as E — M . Meanwhile, its F (M )-module of sections is denoted by I'(E). The
vector bundle morphisms between vector bundles with different base manifolds are expressed
as pairs of maps (F, F'), where the first entry relate the total spaces while the second maps
the base manifolds. When the vector bundles have the same base manifold then the vector
bundle morphisms (F,id) are addressed only by F. For a given vector bundle morphism F
between the vector bundles £y — M and E; — M the same symbol is used for the associated
morphism of graded commutative unital algebras F': I' (A*E;) — I' (A®Es). In the algebras
['(A®E) and I' (A®E*) that are dual to each other

(0,0) :T'(A*E") x I'(AN°E) = F(M), (wiA---Awp,ar A+ Aay) = det ((wi,aj)),
we denote by ip the right inner products in I' (A®* E*) by homogeneous elements P € ' (A*E),
(ipw, @) = (W, PN Q)

and by j,, the left inner products in I' (A*E) by homogeneous elements w € I" (A*E*),

0,j.P) =0 Aw,P).

11



12 CHAPTER 1. INTRODUCTION

Within the specified context, we display the isomorphisms
I'(E) = (D(EY))", NT(E)=T(AE)=[(ANE))" = (NT(EY))" = A(T(EY)),

in terms of which, sections in the vector bundle APE, P € T'(APE), are also understood as
multi-linear and skew-symmetric maps

PiT(E*) x - x T(E*) = F(M), P61, - ,0,) == (01 A Ab,, P).

The same interpretation we understand for sections in dual vector bundle AP E*. From this
perspective, we adopt the conventions from [55] regarding the ‘musical’ maps

“:T(NE) = T(E*®E), Pw P*, P'%:=—j,P, 0cT(E"),
" T(N’E") 5 T(E®E*), w—o, X =—ixw, X€cTI(E).



Chapter 2

Linear (algebraic) Jacobi structures
and dual pairs

Motivated by the active role played by linear algebra in differential geometry, both at the
level of conceptualization (e.g. the construction of vector bundles equipped with various
structures) and organization, in this chapter, we are going to discuss about some linear
structures involved in modern geometric constructions, like Poisson, symplectic, contact,
and Jacobi structures. Concretely, in the present chapter, we study those properties of
linear algebraic nature which sit at the foundation of Poisson/symplectic/contact/Jacobi
geometries. Of course, the linear aspects do not ‘see’ the smooth part, losing important fea-
tures (e.g. brackets), but display many interesting features (e.g. dual pairs and transversals).
The present chapter represents linear ‘prolegomena’ for the next part of the thesis, and, at
the same time, it gives a consistent development of a linear version of the contact dual pair
introduced in [73].

We introduce the broadest definition of contact and Jacobi structures!, but we scrutinize
the linear versions of contact/Jacobi structures with trivialized line bundles (i.e. cooriented).
The linear Poisson structures [51] on a vector space V are bi-vectors 7 € A%V, while the sym-
plectic structures on V' (non-degenerate 2-forms in A?V*) are their non-degenerate versions.
The linear versions of Jacobi structures with trivialized line bundles are simply pairs (7, E),
with bi-vector m € A%V and vector £ € V, while the non-degenerate Jacobi structures are
the contact structures. The broadest definition of Jacobi structures, which are addressed as
L(line)-Jacobi structures [15], makes use of an L-vector space that consists of a line, L, and
a short exact sequence of vector spaces,

D:0—R—D—V —0.

Within this context, a L-Jacobi structure is done by an L-valued 2-form. When L = R and
D admits a split, the L-Jacobi structure reduces to a Jacobi one.

The linear version of a contact structure has been introduced in [52]: a (contact) hyper-
plane H endowed with a V/H-valued non-degenerate skew-symmetric (curvature) 2-form,
wyr. This can be captured in the L-Jacobi framework whenever the L-valued 2-form is non-
degenerate. This precisely means that the L-contact structure is a broader concept that

"'We are indebted to L. Vitagliano and A. Tortorella for helping us with pertinent remarks concerning
the most general context for Jacobi structures.
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encompasses [15] Loose’s contact one. The cooriented counterpart involves the choice of a
(Reeb) vector E outside H, so that the previously mentioned non-degenerate skew-symmetric
(curvature) 2-form becomes wy € A?H*. An equivalent definition of linear contact struc-
tures, which reminds of the concept of contact differential form, involves a pair (6,w) with
1-form # and 2-form w which plays the role of the differential of the contact form 6, with the
property that the top degree form 6 A w™ is non-zero.

In the linear Poisson setting the Hamiltonian vectors are associated to covectors, namely
X, = mfa, but for linear Jacobi structures they are of the form X, = aF + rwfa for A =
(a,a) € V* x R. The characteristic subspace of the Jacobi vector space V', generated by
the Hamiltonian vectors, inherits in a natural way either a linear contact structure (if odd
dimensional), or a linear version of the locally conformally symplectic (lcs) structure (if
even dimensional). Thus, totally analogous to the differential geometric setting in [24], the
transitive linear Jacobi structures are either contact or locally conformally symplectic. The
pairs A = (o, a), with a € R* also serve as conformal factors, both for conformal equivalence
of linear Jacobi structures and for conformal Jacobi maps.

In this chapter we touch also several other aspects of linear Jacobi structures, like Pois-
sonization, coisotropy, product structures, and especially transversals. In the literature the
Poisson/Jacobi transversals can be also found under the name of cosymplectic submanifolds
[83] or Poisson/Jacobi submanifolds of the second kind [82, 24, 54]. We define the linear Ja-
cobi transversals as subspaces that admit a direct sum decomposition V = X @ 7?X°. They
inherit in a natural way Jacobi structures. The Jacobi transversals of contact/lcs vector
spaces are their contact/lcs subspaces.

Our main focus is on the linear version of the contact dual pairs in [73]. The symplectic
dual pair [82] has a linear counterpart that involves a symplectic vector space and a pair of
Poisson vector spaces [11], namely it is a pair of linear Poisson maps

(W,w)

y K (2.1)

(Wi, m1) (Wa,72)

that satisfy the orthogonality condition (Ker;)“ = Kers. Let Vi, V5 be a pair of Jacobi
vector spaces equipped with a pair of conformal Jacobi maps defined on the same contact
vector space V,

(V7WH7E)

% X (2.2)

(Wy,m) (W2, m2)

with conformal factors A; = (a;,a;) € V* x R*. They form a linear contact dual pair if the
following conditions are satisfied:

1. X4, € Kerpy, X4, € Ker ¢y,

2. (HNKerp)*" = HNKeryy (by 1., the subspaces H and Ker ¢; intersect transver-
sally),
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3. m(an,an) = as(Xa,) — a1(Xa,),

with (7, E) the induced Jacobi structure on the contact vector space V.

The symplectization of a linear contact dual pair (2.2) is a linear symplectic dual pair
(3.97). The contact dual pair is called full if the maps ¢1, po are surjective, in which case
there exists a natural correspondence between the contact /lcs structures on the characteristic
subspaces of the Jacobi vector spaces V; and V5, as shown in Theorem 2.2.14. With two
linear Jacobi transversals X; C V; and Xy C V5 in a given linear contact dual pair (2.2) on
V, we build in Theorem 2.3.17 a new contact dual pair on @7 (X;) Ny, (Xy). A similar
result holds also for two linear Poisson transversals in a linear symplectic dual pair (3.97).

The differential geometric concept of Poisson transversal was linked to symplectic dual
pairs in [27]. The counterpart for Jacobi transversals and contact dual pairs in a differential
geometric setting will be the subject of a future work.

The present chapter is organized as follows. Initially, we give a linear (algebraic) setting
for Jacobi structures (Jacobi vector spaces) that comes from the pointwise perspective of a
Jacobi pair. This is shown to be a specific instance of a more general one (L-Jacobi vector
space) displayed by the same ‘surgery’ but in a Jacobi (line) bundle. In the remaining
part of the chapter, we focus only on the Jacobi vector spaces and their relations with
contact /locally conformal symplectic/Poisson structures. Then, we introduce and analyze
the concept of linear contact pair. Concretely, starting with the orthogonality in contact
vector spaces, we define the linear contact pair in a ‘standard’” manner via the contact
orthogonality of the kernels corresponding to the ‘legs’. We show that its symplectization
is a linear (symplectic) dual pair. Also, it is shown that linear contact pairs enjoy nice
characteristic subspace correspondences and Jacobi transversal correspondences.

The original contribution contained in this chapter is based on [14, 15].

2.1 A linear algebraic setting for Jacobi structures

In this section we put contact and Jacobi structures in a linear algebraic setting. In view
of this, let’s remember what a smooth Jacobi structure means (for more details see Chapter
4, Section 4.2). Initially defined by means of Jacobi pairs [33], Jacobi manifolds can also be
defined on non-trivial line bundles [32, 56]. Let M be a smooth manifold and L — M be
a line bundle. A Jacobi structure on the given line bundle is an R-Lie algebra structure on
the module of smooth sections I'(L),

which, in addition, is a first-order differential operator in each entry [56], i.e.

{nfud = Xa(De+ A ph Apel(L), feF(M).

Previously, X, is the Hamiltonian vector field on M, which is completely determined by
{-,-} and . The bracket {-,-}, called the Jacobi bracket, can be equivalently encoded in a
vector bundle map

J AL - L
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satisfying an appropriate integrability condition, where J'L denotes the first jet bundle of
L. The manifold M equipped with a Jacobi structure (L — M, {-,-}) is called a Jacobi
manifold. An ‘exact surgery’ in a Jacobi manifold at one single point x € M reveals:

C1) a 1-dimensional vector space L,;
C2) a short exact sequence of vector spaces 0 - R — D, L — T, M — 0;
C3) an L,-valued 2-form @, : A2°D,L — L,.

When L = R, is the trivial line bundle over M, the definition of a Jacobi bracket boils
down to a pair (IT, E) (in this trivial line bundle context J reduces to J = II—EA1) consisting
of a bivector field IT and a vector field E satisfying appropriate integrability conditions. In
this trivial line bundle context, an ‘exact surgery’ in a Jacobi manifold displays the bivector
II, € A>T, M and the vector E, € T, M.

A definition that captures the linear version of non-cooriented contact structures has
been given by Loose:

Definition 2.1.1. [52] A contact structure on a vector space V' is given by a hyperplane
H C V endowed with a skew-symmetric non-degenerate bilinear form wy : H x H — V/H.

In the light of the previous pointwise ‘surgery’ in a Jacobi line bundle, we can exhibit
[15] the notion of L-Jacobi structure as follows. Let L be a line (i.e. a 1-dimensional real
vector space) and V be a short exact sequence of real vector spaces

~

0 RV 2.V 0. (2.3)

The pair (L, V) will be called an L-vector space. By considering the dual of (2.3)

0 | VA (A 0, (2.4)

followed the tensor product with the line L, it results the short exact sequence

0—V*®L—>V*® L—>L—>0, (2.5)
which allows the introduction of the L-Jacobi vector space concept.

Definition 2.1.2. [15] An L-Jacobi structure on an L-vector space (L, V) is an L-valued
2-form
7NV = L, (2.6)

where we used the notation ) )
Vi=V*® L. (2.7)

If in addition the 2-form (2.6) is non-degenerate, we talk about an L-contact structure.

We show that the L-Jacobi structure encompasses the contact one because L-contact
structures (i.e., non-degenerate L-Jacobi structures) are nothing but the contact ones. In-
deed, if 7 is a non-degenerate L-Jacobi structure on an L-vector space (L, V), i.e. the linear
map

VsVl 7(a)B) =7(anp) (2.8)
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is non-degenerate, we can define its inverse, #°. Further, the isomorphism VL=V
exhibits the L-valued 2-form

O NV = L, @z Ay) =77 (x) A7 (y)), (2.9)

which is non-degenerate as & = 7°. If we denote by I := i(1), then, via the exact sequence
(2.5) it results that @ determines both to a nontrivial L-valued 1-formon V, 0 € V* ® L

foo=a’(I) (2.10)
and to an L-valued 2-form on H := Ker 6
o NH = L, wpg(c(X)Ao(Y)) =0(X AY), (2.11)
which is non-degenerate.
With these specifications at hand, by means of the universality of quotient space V/H,

the original line L is isomorphic to the quotient space, i.e. there exists the unique linear
map 6 that makes commutative the diagram

VP
0
l

This isomorphism allows the identification of contact structure

(<

wy =071 owy. (2.12)

To conclude with, we have shown that contact structures are encompassed by L-Jacobi
structures. The previous construction stresses that the correspondence between L-contact
and contact is onto, but not one-to-one.

2.1.1 Linear contact structures

A cooriented contact structure on a (2m + 1)-dimensional differentiable manifold can be
defined as a hyperplane field given by the kernel of a differential 1-form 6 that satisfies one
of the following two equivalent conditions:

1. the top degree form 6 A (df)™ # 0,

2. df is non-degenerate on Ker 6.

The first condition can be transferred to the linear setting as follows:

Definition 2.1.3. A contact structure on a vector space V with dimV = 2m + 1 is a pair
(0,w) with # € V* and w € A*V*, such that § A w™ # 0.
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The contact hyperplane H and cocontact line L, given by
H:=Kerf, L:=Kerd’, (2.13)
satisfy V' = H @ L. There exists a unique Reeb vector E € V that satisfies
gl =1, ipw =0, (2.14)

thus L = (F). The restriction of w to the hyperplane H is a non-degenerate 2-form wy €
A?H*, called the curvature form (it plays the role of df|ke ¢ from the coorientable smooth
situation).

The second condition yields an equivalent definition of a contact structure in the linear
setting:

Definition 2.1.4. A contact structure on a vector space V' is a pair (wy, F) consisting of a
non-degenerate form wy € AH* on a hyperplane H C V and a vector £ € V' \ H.

This definition is the cooriented version of the more general Definition 2.1.1 due to Loose.
The choice of a nonzero vector £ € V' \ H permits the identification of the cocontact line
L = V/H with the line generated by E, and the curvature form becomes a non-degenerate
skew-symmetric bilinear form wy € A2H*, as in Definition 2.1.4.

Proposition 2.1.5. The two definitions 2.1.3 and 2.1.4 are equivalent.

Proof. We have seen how to pass from Definition 2.1.3 to Definition 2.1.4. For the way back,
we assign to every (wy, F) as in Definition 2.1.4 a pair (6, w) as in Definition 2.1.3. These
are the unique 6 € V* subject to the conditions

H =Kerf, 0(F)=1, (2.15)
and the 2-form w € A?V* defined by
w = pywg € A2V, (2.16)
where py denotes the projection on H parallel to the Reeb vector E:
pr:V = H, py(z):=x—0()E. (2.17)

Noticing that rankw = 2m, we deduce that A w™ # 0, by using Lepage’s Theorem [51,
Proposition 2.5], which is the condition in Definition 2.1.3. Moreover, w|g = wy and igw = 0
ensures that from (0, w) we regain the structure (wy, E') we started with. O

Remark 2.1.6 (Symplectization of contact structures). To any contact structure (6, w) on
the vector space V we associate the non-degenerate 2-form?

weNVOR), O:=w+OAI1, (2.18)

2In reference [15], we considered an additional factor in definition (2.18), i.e. @ :=w — O A 1.
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called the symplectization of the linear contact structure. Previous definition is consistent in
the light of isomorphism

AN(VOR) =NV APV 1<p<dimV.

exhibited by a natural pairing (see below (2.20)).
For any x &t € V & R we have that

lpato = (i,w —t0) B O(x) € VB R, (2.19)

so z @t lies in Kerw if and only if i,w = t6 and 6(z) = 0. The first identity contracted with

E implies that ¢ = 0. Thus i,w = 0, and together with i,6 = 0 we get that 7,(0 A w™) = 0,

hence x = 0 too. We conclude that the form @ is non-degenerate, hence symplectic.
Alternatively, we see that @™ = § Aw™ A1 # 0 on the 2m +2 dimensional space V @ R.

2.1.2 Jacobi vector spaces and their Poissonizations

A linear Poisson structure on a vector space V is a bi-vector 7 € A2V [51]. Linear symplectic
structures w € A2V* admit canonical linear Poisson structures, given by 7f = (w’)~!: V* —
V, where 7#(n) = i,m for all n € V* and w’(z) := —i,w for all z € V [55].

Definition 2.1.7. A linear Jacobi structure on a vector space V' is a pair (m, E') with

TeNV, EeV.

At this point, it is natural to ask about the relation between the L-Jacobi and Jacobi
concepts. If in Definition 2.1.2 we consider the L-vector space (R, V), with V admitting
a split (say j : V — V), then there exists the isomorphism V = V @ R and the L-Jacobi
structure becomes 7@ € A%2(V @ R). On the other hand, by considering the pairing

(0,0) : (VBER)x (V?®R) - R, (rdt,ads):=a(r)+ st, (2.20)
we can identify (V @& R)* = V* @ R which results in the isomorphisms
ANV BR)=ANVEAPY, 1<p<dimV.

The last result allows the identification 7 = 7@ E which makes transparent the linear Jacobi
structure (7, E).

In the next chapters we shall sketch a similar connection between Jacobi(-like) line bun-
dles and Jacobi(-like) pairs.

Example 2.1.8. By its very definition, it is clear that a Poisson vector space is a Jacobi
one exhibiting a trivial Reeb vector E.

Example 2.1.9. A linear algebraic version of a locally conformally symplectic structure,
called a linear lcs structure on a vector space V' is a pair (w, A) consisting of a non-degenerate
skew-symmetric 2-form w € A?2V* and a 1-form A\ € V*, called the Lee form. It has a natural
underlying Jacobi structure given by 7f = (wb)_1 and E = 7f)\. In particular V = Im ! is
even dimensional.
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Example 2.1.10. Every contact structure (wy, F) on a given vector space V generates a
Jacobi structure (7w, E') on V. The bi-vector is defined by

VoV, whi= (W) ey, (2.21)
where ¢ : H — V denotes the inclusion. The relation (2.21) can be rewritten as

m(8,7) = wu(7*B,7*), VB,yeV*. (2.22)
Because Im ¢f; = H* and Im7* = H, we have that V = H @ (E) = Im 7 @ (E).

Definition 2.1.11. A subspace W of a contact vector space (V,wpy, F) is called a contact
subspace if W is transverse to H and wy|ynw is non-degenerate. A subspace W of an lcs
vector space (V,w, \) is called a lcs subspace if w|y is non-degenerate.

The subspace W inherits in a natural way a contact/lcs structure with induced Jacobi
structure (my, Ew ). Indeed, denoting by

We:={aeV": W CKera},

the annihilator associated with the subspace W C V', the invoked structure is constructed
with the help of the projection py, on the first factor in the direct sum decomposition

V=Warwe, (2.23)

namely Fy = pw(E) and my = (A*pw)(7) (see also Corollary 2.3.12).

The decomposition (2.23) is clear in the lcs case, since W* = 7#I¥/°, the orthogonal of
W with respect to the non-degenerate 2-form w. For the contact case it follows from the
following;:

Lemma 2.1.12. In a contact vector space (V,wy, E), any subspace U transverse to H
satisfies
(HNW)*H = 7*(W°). (2.24)

Proof. By means of the equality (H NW)“# = wh ((HNW)°), combined with the definition
at = wquj‘g of the Jacobi bi-vector associated with a given contact structure, the identity
(2.24) is equivalent to

(HOW)" =1 (W°),

where the annihilator lies inside H*. The inclusion «§; (W°) C (W N H)° is immediate. It is
an equality by a dimension count. From the transversality H + W =V follows that 6 ¢ W°.
Since Ker i}, = (6), we get dim i5,(W°) = dim W° = dim V—dim W = dim H—-dim(HNW) =
dim(H N W)°. O

In the contact case, the curvature form is the restriction of wy to the contact hyperplane
Hy, = HNW. In the lcs case, both the non-degenerate 2-form and the Lee form are obtained
by restriction: wy = w|w and Ay = A|w.

Next we present the linear version of the one-to-one correspondence between Jacobi
structures and homogeneous Poisson structures over smooth manifolds [56, 76].
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Definition 2.1.13. Let (V, 7, E) be a Jacobi vector space. Then the vector space V@& R
can be canonically endowed with a Poisson structure?

Ti=m1+EANL, (2.25)
called the Poissonization of the Jacobi structure.

Remark 2.1.14. At this point, it is noteworthy that the Poisson structure on the Poisson
vector space (V @ R, ), 7, is just an L-Jacobi structure on the L-vector space (R, V)

0—=R-—2>VapR-LoV —0.

Proposition 2.1.15. The symplectization (2.18) of a contact structure leads to the same
result as the Poissonization (2.25) of its underlying Jacobi structure offered by Example
2.1.10.

Proof. We have to show that the bi-vector 7 := m + E A 1 is the inverse of the 2-form
W =w+ 6 A1l Similarly to (2.19) we get that

#m®s) = (n'(n) — sE) @ n(E), neV* seR, (2.26)
and a direct computation yields for all x € V and t € R:
(@ s), 7 (x © 1)) = ((iaw — 10) ® (), (7*(n) — sE) & n(E))

= —sw(z, E) — t(*n) + w(z, 7n) + st + n(E)0(x)
=n(z) + st = (n® s,z D).

At step three we used izw = 0 and Im 7% = H = Ker 6, together with the identity
w(z, 7n) = wi(pa(x), 7*n) = n(pa () = n(x) —n(E)b(w).

We conclude that #%%° = 1yggr, thus the bi-vector 7 is the inverse of the 2-form @. m

2.1.3 Non-degenerate Jacobi structures

The non-degenerate Poisson structures are the symplectic ones. A natural way to introduce
the non-degenerate Jacobi structures is via Poissonization: (7, E) is non-degenerate Jacobi
if and only if 7 = 7+ E A 1 is non-degenerate Poisson.

Lemma 2.1.16. The Poisson structure @ on V & R is non-degenerate if and only if
V =Imn* @ (E). (2.27)

Proof. We analyze the injectivity of 7%, given in (2.26), and we get that the Poisson structure
7 is non-degenerate if and only if

E ¢ Im7* and E°NKern =0. (2.28)

The annihilator of the second formula in (2.28) gives (E) +Imm# = V, hence the conclusion.
[l

3In [15] an extra-sign has been considered, i.e. #:=7 — E A1



22 CHAPTER 2. LINEAR (ALGEBRAIC) JACOBI STRUCTURES AND DUAL PAIRS

Definition 2.1.17. The Jacobi structure (7, E') on V' is called non-degenerate if it satisfies
the identity (2.27).

Due to the fact that the range of 7 is even-dimensional, it is clear from (2.27) that
non-degenerate Jacobi vector spaces are odd-dimensional. The Example 2.1.10 ensures that
the contact structures are non-degenerate Jacobi structures. The converse also holds.

Proposition 2.1.18. If (7, E) is a non-degenerate Jacobi structure on V', then there exists
a unique contact structure on V with induced Jacobi structure (7, F).

Proof. Starting with a Jacobi structure (7, ) that enjoys (2.27), we define a contact struc-
ture (wy, E) with hyperplane H := Im * and 2-form

wi(m*B8, mty) = 7(B,7), VB, ye V™ (2.29)

This means that wy(x, 7%y) = v(x) for all x € H, so wy is well-defined by Ker n¥ = H°. It
is non-degenerate since Kerwy = 7#(H°) = 0. We conclude that (wg, F) is indeed a contact
structure on V. The identity (2.22) ensures that the underlying Jacobi structure is the given
Jacobi structure (m, E). O

2.1.4 Characteristic subspaces and transitivity

For a Poisson vector space (V,7), the Hamiltonian vectors X, = 7fa are associated to
covectors a € V*. They generate the even dimensional characteristic subspace C' = Im7¥,
which inherits a non-degenerate Poisson structure m¢ € A2C, hence a symplectic structure
we € A2C* [51, Proposition 4.6]:

wo(r'B,mhy) = n(B8,7), VB,v€e V™ (2.30)

Let (7, EY) be a Jacobi structure on the vector space V. To each pair A = (a,a) € V* xR
we assign a Hamiltonian vector
X, = aF + 7*a. (2.31)

To establish the analogy with Hamiltonian vector fields Xy on Jacobi manifolds, the number
a stands for the value of the Hamiltonian function f, while the covector a stands for its
differential df. Remember here that, according with the preamble of this section, a Jacobi
structure on the trivial line bundle R,; stands in a bi-differential operator J=I-EA 1,
J : A2J'Ry; — Ry Due to the vector bundle isomorphism J'R,, = T*M & Ry, the
Hamiltonian vector field associated with a smooth function f € F(M) (via its prolongation
to the first-order jet bundle j'f = df @ f) is consistently defined by

(pry o J)(df @ f) = II*df + fE.

Previously, we denoted by pr; the projection on the first factor pr; : TM & Ry, — TM,
which is a vector bundle map.

Remark 2.1.19. At this stage, it is useful to express the Hamiltonian vectors associated
with a given contact structure (f,w) on V. Similarly to the differential geometric setting,
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for each pair A = (o, a) € V* x R we define the contact Hamiltonian vector X4 € V subject
to the conditions

?:XAH = a, iXAOJ = -+ Oé(E)e (232)
Since 6 A w™ # 0, the two conditions single out a unique vector.
It coincides with the Hamiltonian vector (2.31) for the associated linear Jacobi structure.
The first condition in (2.32) is satisfied because igf = 1 and Im 7# = Ker . For the second
condition we compute

214) § y o (220) 4,

. _ (2.16) 2.17)
—ZXAw(: Wwrta = Wiy (W) T ’ (

= phh i (W) M = phlia =" a—a(E)6.
Definition 2.1.20. The Hamiltonian vectors of a Jacobi vector space generate the subspace

C =Im7* + (E), (2.33)
called the characteristic subspace.

The characteristic subspace C' inherits a Jacobi structure (7¢, F) in a canonical way. The
bi-vector 7o € A2C' is given by

o (o wey) =7 (8,7), VBy eV, (2.34)

where the surjective map ¢, : V* — C* is associated with the inclusion (¢ : C = V. The
inclusion Ker(}, = C° C (Im7*)° guarantees that the bi-vector 7¢ is well-defined.

By the same formula (2.30) as in the Poisson case, we define a non-degenerate 2-form we
on Im7*. Now we can give the linear analogue of the characteristic leaf theorem:

Proposition 2.1.21. 1. If E € Im7*, then the characteristic subspace C = Im ¥ is even
dimensional and the induced Jacobi structure (m¢, E) is an lcs structure (we, A¢o), with
Lee form \¢ = —ipwe.

2. If E ¢ Im~*, then the characteristic subspace C = Im7* @ (E) is odd dimensional
and the induced Jacobi structure (m¢, E) is a contact structure with contact hyperplane
H =TIm7* and curvature form wy = we.

Definition 2.1.22. The Jacobi structure (m, E') on V is said to be transitive if the charac-
teristic subspace C' is the whole V| i.e.

V =Im7* + (E). (2.35)

By Proposition 2.1.21, the transitive Jacobi structures fall into one of the following two
categories.

1. If E ¢ Im7*, then V = Imn* @ (F) is odd dimensional with non-degenerate Jacobi
structure. Proposition 2.1.18 ensures that the Jacobi structure comes from a contact
structure on V.

2. If E € Im7* then V = Im7* is even dimensional and 7f : V* — V is an isomorphism.
Thus the Jacobi structure comes from an lcs structure (w, A) on V, where the non-
degenerate 2-form w is the inverse of 7 and the Lee form is A\ = w’E (see Example
42.3).
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2.1.5 Conformal equivalence of Jacobi structures

The concept of conformally equivalent Jacobi structures on manifolds [56, 76] can also be
adapted to our linear framework.

Definition 2.1.23. Let V' be a vector space, (m, F) a Jacobi structure on it, and A :=
(a,a) € V* x R*. The Jacobi structure given by

(4)

@ =ar, EW :.=aFE + 71l (2.36)

is said to be A-conformally equivalent to (m, E).

We notice that EY = X, the Hamiltonian vector on the Jacobi vector space V. The
conformal equivalence preserves the transitivity property, as well as the non-degeneracy
property of linear Jacobi structures. It also maintains the dimension, hence the type of
characteristic subspace.

Remark 2.1.24. Combining the above definition with (2.25) we conclude that, if the Jacobi
structures (m, F') and (7T(A), E (A)) are conformally-related, then their Poissonizations (on
V @ R) satisfy

7@ = air + wfa AL, (2.37)

so the Poissonizations are conformally related if and only if o € Ker 7t

Below we express the conformal equivalence for contact and lcs structures. First we ex-
amine two linear contact structures of two conformally equivalent transitive Jacobi structures
(7, E) and (7, EA)) on an odd dimensional vector space V. They have the same contact
hyperplane H = Im 7%, since 7AW = art with a # 0. It follows that the contact forms differ
by a constant factor. We must have 0 = ¢=19 because gl = aigh + i4,0 = a. The
curvature form is obtained with the formula (2.29):

a2 (mt8, mhy) = Wi (rW)EB, (1 )Ey) = 7 (8,7) = an(8,7) = awn (8, )

for all 8, € V*, hence wgf) = a twy.

Definition 2.1.25. The contact structure (wg‘), EM) with

wg‘) =alwy, EW.=aE+uwhia (2.38)

is called A-conformally equivalent to the contact structure (wy, F).

The description of conformal equivalence in terms of (6,w) is: 8 = a7'0 and W =
a~'w—a2aA0. (It is the formula expected from formally differentiating (1) = a=16.)

Next we describe the relation between the linear lcs structures of two conformally equiva-
lent transitive Jacobi structures (7, F) and (74, E)) on an even dimensional vector space
V. It is clear that the non-degenerate 2-forms w and w*, inverses of the isomorphisms 7

1

and (7T(A))ﬁ = ar?, are related by w = a7'w. Now we can see that the Lee 1-forms are

related by
AW = (w(A))bE(A) =a ' (@E+ra) =w'E+ala=\+a o

(Here a'a plays the role of the logarithmic derivative of a.)
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Definition 2.1.26. The linear Ics structure (w™), X)) with
w =aw, XD =N+a'a

is called A-conformally equivalent to the les structure (w, A).

2.1.6 Morphisms of Jacobi vector spaces

In this section we are going to complete the category of Jacobi vector spaces with morphisms
of Jacobi vector spaces. We start from the concept of morphism of Poisson vector spaces
[51]. Recall that a morphism between two Poisson vector spaces (V, ) and (V',7’) is a linear
map ¢ : V — V' such that (A%¢)r =7/, ie. 7 (8,7) = 7w (¢*B, p*Y), with ¢* : V* — V*
denoting the dual of ¢. An equivalent way to express this is ()" = prip*.

Definition 2.1.27. Let (V, 7, E) and (V',n, E’) be two Jacobi vector spaces. The linear
map ¢ : V — V' is said to be a Jacobi map if

(A2p)r=7', pE=F. (2.39)

The connection between Jacobi structures on V' and Poisson structures on V & R via
Poissonization (2.25) can be used to characterize the Jacobi morphisms in terms of Poisson
morphisms. A special case of Proposition 2.1.29 ensures that the linear map ¢ : V. — V' is
a Jacobi morphism if and only if the linear map

o: VRV @R, ¢zdt):=¢(x)dt
is a Poisson morphism between the Poissonizations (V @ R, 7) and (V' & R, 7).

Definition 2.1.28. Let (V, 7, E) and (V', 7', E') be two Jacobi vector spaces. A linear
map ¢ : V — V' is said to be a conformal Jacobi map with conformal factor A := (a,a) €
V*xR*, also called an A-conformal Jacobi map, if it is a Jacobi morphism for the conformally
equivalent Jacobi structure (W(A), E(A)) on V. This can be expressed as

aprte’ = (), o (aE + m'a) = E'. (2.40)
The Jacobi maps are the conformal Jacobi maps with conformal factor A = (0, 1).

At this stage a natural problem, inspired by the differential geometric setting, arises: to
associate to a given A-conformal Jacobi map ¢ : V — V', an appropriate Poisson map ¢
from (V@ R, 7) to (V' @ R,7’), i.e. to alter the map, not the Jacobi structure. The answer
is somehow surprising:

Proposition 2.1.29. Let (V,7,E) and (V', 7', E") be two Jacobi vector spaces. The map
0 : V= V'is an A-conformal Jacobi map with A = («,a), a > 0, if and only if the map

P VOR—-V OR, ¢W(zat):=Vap(z)® (t—a'a(z)) (2.41)

is a Poisson map from (V &R, 7) to (V' &R, 7).



26 CHAPTER 2. LINEAR (ALGEBRAIC) JACOBI STRUCTURES AND DUAL PAIRS

Proof. The dual of $4) given in (2.41) reads
(gﬁ(A))* (@s)=va(p'n —a'sa)ds, (2.42)
for n @ s € (V)* @ R. Now using (2.25), (2.40), and (2.42), a direct computation gives
7 ((69) (@ 81) (§)" 0 ® sh) ) = &' (s @ st 7 @ 5),
which shows that the morphism (2.41) is a Poisson map between the Poisson vector spaces
(VeR, 1) and (V' @R, 7).

Conversely, if the map ¢4 defined in (2.41) is Poisson, i.e. - QA 7t (@(A))*, then
because of

@(A)frﬁ (

) (@ s) = (aprhe™(n) — sp(aE + 7ta)) &1 (p(ak + 7)) ,
the original map, ¢ : V' — V', is an A-conformal Jacobi one. O]

Remark 2.1.30. The unusual square root factor \/a in the previous proposition can be
avoided via an adapted (to conformal) pairing on the codomain V' @ R. Precisely, if one
considers the pairing

(o,0) : (VVoOR) X (V*®R) =R, (®t,d ®s') :=ald(a)+ ), (2.43)
then the linear map @ is conformal if and only if
PV VOR- V' OR, ¢W(xat)=p@) ®(t—a o) (2.44)

is Poisson with respect to & and 7’ respectively.
Indeed, if we denote by (Nt the dual of linear map (2.44) with respect to the pairings
(2.20) and (2.43), it results that

(@) @ t) = (ap*(0f) — ') @ (at).
By direct computation based on this dual, one further gets

PN (1 @ &) = (aprte” (i) — s'p(aE + m*a)) ® 1f (p(aE + 7)),

which proves the claim.

It is noteworthy that the uncommon factor v/a is naturally ‘renormalized’ in the broadest
context of L-Jacobi vector spaces [15]. These are the objects of a category, LJVS, with the
morphisms L-Jacobi maps. This category is a subcategory in the L-vector spaces category
LVS with the morphisms L-maps Let (L, V) and (L', V') be two L-vector spaces. An L-map
is a pair (f, ®) consisting of a line isomorphism f : L — L’ and a short exact sequence
morphism ®, i.e., the pair of linear maps ® := (, ¢) that makes the diagram

0 R 14 1% 0
ll l” ls@
0 R 1% 1% 0
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commutative. When the the L-vector spaces are trivial (see Remark 2.1.14) then the line
isomorphism reduces to the multiplication with a non-vanishing constant, f(1) = a, a € R*,
while the liner map ¢ in the short exact sequence morphism reads

plr@t) = p(r) @ (B(z) +1)

with g € V*.
In order to ‘isolate’ the mentioned subcategory, we invoke the natural L-pairing in L-
vector spaces that results from (2.7)

()Y VXV =L, (a®lz):=al)l,

and introduce the L-adjoint map associated with the L-map (f, ®), (f,®)' : V! — V, defined
by

((f o)) = (v, 0(9)).

With these preparations at hand, we are able to introduce the L-Jacobi maps. Let
(J,L,V) and (J', L', V') be two L-Jacobi vector spaces and (f, ®) be an L-map. This is said
to be an L-Jacobi map if and only if

T =go J o (f, @),

where

JLV S VL=V, JUV SVl =V

Within this setting, the A-conformal Jacobi map (see Definition 2.1.28) is nothing but a
L-Jacobi map (f, ®) with f(1) = a and

0—R—>VOR——>V ——=0,
L)
0—>R—>V'@SR—> V' — 0

where ¢ is introduced in (2.44).

2.1.7 Coisotropic subspaces

Coisotropic submanifolds in the Jacobi setting have been studied for instance in [38, 44].
Their main use is in performing Jacobi reduction [61, 57]. In this section we adapt this
concept to our linear framework.

Definition 2.1.31. A linear subspace W of a Jacobi space (V,m, E) is called coisotropic if
W CW and E € W.

The definition is compatible with Poisson coisotropy: a linear subspace W of a Poisson
vector space (V, ) is called coisotropic if 7*W° C W. It also yields the expected definition
of a coisotropic subspace of a symplectic vector space (V,w), namely W« C W, since w#W°
coincides with the symplectic orthogonal W¥.
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A coisotropic subspace of a contact space (V,wgy, E) is, by definition (see [74] for the
differential geometric setting), a subspace W that is transversal to H and satisfies the identity

(HNW)*n C HOW. (2.45)

Since mW° = (HNW)*“#, the Definition 2.1.31 yields in the contact case a special coisotropic
subspace W, namely one that satisfies £ € W (which implies that W is transversal to H).

Coisotropic subspaces are the right setting for Jacobi reduction. Given a coisotropic
subspace W of a Jacobi vector space (V, 7, E), on the quotient space

W =W/m*we

one defines a linear Jacobi structure (7, £), called the reduced Jacobi structure. Here
E:=E+na'we
and, noticing that its dual is canonically identified with
W* ~ (W) /We, (2.46)
one defines the bi-vector
7B+ W, v+ W) :=7(8,7), VB,v€ (x'W°)°. (2.47)

In the symplectic case we obtain the reduced structure on W = W/W* that comes from
the symplectic form w, namely

o(u+ W« v+ WY =w(u,v), Vu,veW. (2.48)

Indeed, we notice that the 1-forms = i,w and v = i,w belong to (W*)° = (x*W°)°, hence
their classes f + W° = i, wew and v+ W° = i, ywew in W* (see (2.46)) satisfy

247) 7(B,7) = w(u,v) = w(u+ W« v+ W*).

T(B+ W v+ W) (
Thus the reduced symplectic form @ has the induced Poisson bi-vector 7.

Proposition 2.1.32. If the Jacobi structure on V is non-degenerate, i.e. it comes from
a contact structure (wy, E'), and the subspace W is coisotropic, then the reduced Jacobi
structure (7, E) on W is non-degenerate too. Moreover, it comes from the contact structure
(wg, E) with contact hyperplane H = (H W) /m*W® and curvature 2-form

wg (T8 + mPWe nty + TW°) = wy (n? B, mhy), (2.49)
for all 7B, 7y € HNW.

Proof. Because H = Im 7%, we have the identity HNW = 7#((7*W°)°), thus 8,y € (7*W°)°.
From (2.47) we get

B +We) =3+ oW, VB e (r'W°)°.

Now the relation (2.22) between the curvature 2-form wy and the bi-vector = allows a similar
reasoning as in the symplectic setting above, which leads to the identity (2.49). O]
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The reduction in the lcs setting has features of the symplectic reduction [34]. A coisotropic
subspace W of the lcs vector space (V,w, A) has to satisfy, by definition, W* C W together
with one of the equivalent conditions E € W and Ay~ = 0 (because E = 7*)). The
les reduction (i.e. the Jacobi reduction applied to a coisotropic subspace of an lcs space)
yields an lcs space (W,(ZJ,S\). Thus, beside the reduced non-degenerate 2-form @ on W
(defined in (2.48)), which is the inverse of 7 (defined in (2.47)), we also get the Lee form

A=A+ W° e W*, which corresponds to E = E + ntW?® via 7.

The notion of coisotropic subspace is compatible with the Poissonization procedure: W C
(V, 7, F) is coisotropic if and only if W &R C (V@ R, 7) is coisotropic. A more general fact
(needed later) holds:

Lemma 2.1.33. Let vy be a fized vector in V. Then the subspace W of (V.7 + vg A E, E)
1s coisotropic if and only if the subspace

U={(z+tv,t): x € W,t € R}
of the Poissonization (V @ R, T) is coisotropic.
Proof. The annihilator of U is
U® = {(n, =n(vo)) : n € W}

We notice that ##(n, —n(vg)) = (7*n+n(ve) E, n(E)) = ((7m +vo A E)*n+ n(E)ve, n(E)). The
required equivalence follows. O]

Let (V;,m;), i = 1,2 be two Poisson vector spaces. The product vector space V] X V5 comes
naturally equipped with a product Poisson structure m; x 7. In the light of the canonical
identification Vi* x V5 = (V; x V4)*, the product Poisson structure m x 7o satisfies

(m x m)F s V7 X Vi = Vi x Vo, (m x ) (1, m2) = (whmy, whine).- (2.50)

Lemma 2.1.34. Given two Jacobi vector spaces (V;, m;, E;), i = 1,2, the vector space V; X
Vo X R, endowed with the Jacobi structure

T=m—To+ N1+ FEy;AN1 and E = E, (2.51)

has the property that its Poissonization is isomorphic to the product w1 X (—m3) of the Pois-
sonizations of (w1, Ey) and —(ma, Ey), through the linear map

v (VIxVaxR)OR —» (ViOR)x (Va®R), ¥((z1, 22, 7)Dt) = (21Dt 22D (t—7)). (2.52)

Proof. By means of definition (2.52) it results that

(71 X (—72))F (1 @ 51,72 B 52) = ((ﬁm — 51E1) @ m(Ey), — (i — s2B2) & 772(E2)))
(2.53)
V" (1 © 51,12 @ s2) = (1,72, —S2) D (51 + 52), (2.54)
7 (01, m2,7) @) = (o — (¢ + 7V By, —(wis + 7o), m(By) + 1a(E) ) @ mi(B). (2.55)

Putting together the results (2.53)—(2.55), the identity (71 X (—72))* = ¢¥a** follows. [
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A linear map ¢ : (Vi,m) — (Va,ms) is Poisson if and only if its graph is a coisotropic
subspace of V] x V4, endowed with the Poisson bi-vector m; X (—my). A similar result holds
for conformal Jacobi maps.

Proposition 2.1.35. Let ¢ : (Vi,m, E1) — (Va,ma, Es) be a linear map and A = (a,a) €
V" x R* a conformal factor with a > 0. Then ¢ is an A-conformal Jacobi map if and only
of

W = {(z, Vap(z), %a(x)) reVi)

s a coisotropic subspace of the vector space Vi x Vo x R with the product Jacobi structure
(m,E) = (m —m+ E1 A1+ Ey A1, Ey), introduced in (2.51).

Proof. We use Lemma 2.1.34, Proposition 2.1.29, and Lemma 2.1.33 applied to

U = ¢~ (Craph(¢™)) = {((z, Vap(), (1 — va)t + %amm r€Vi,teR)

and to vg = (0,0,1 — /a) € Vi x Vo x R. O

It is noteworthy that, within the more generous category of L-Jacobi vector spaces [15],
we can reformulate the previous proposition such that the unpleasant factor y/a no longer
appears.

Proposition 2.1.36. Let ¢ : (Vi,m, E1) — (Va, 7o, E3) be a linear map and A = (a,a) €
V" x R* a conformal factor. Then ¢ is an A-conformal Jacobi map if and only if

W= {(z,0(x),a 'a(z)) : 2 € V}}

1 a coisotropic subspace of the vector space Vi X Vo x R with the product Jacobi structure
(m,E) = (my —mo+ Ey N1+ Ey N1 Ey) of (w1, Ey) and —(my, Es), introduced in (2.51).

2.2 Contact dual pairs in purely linear framework

The linear version of a symplectic dual pair consists of a pair of linear Poisson maps (3.97)
with symplectic orthogonal kernels [11]. In this section we study the linear version of a
contact dual pair, inspired by the Example 3.4 in [73] that describes contact dual pairs in
the trivial line bundle case.

2.2.1 Linear contact dual pairs

Definition 2.2.1. Let (V,wpy, E) be a contact vector space and (Vi, 7, F1) and (Va, 7o, E»)
be two Jacobi vector spaces. The pair of Jacobi maps ¢, s with conformal factors A; =

(041,@1), A = (0627612),

(V7WH7E)

/ X (2.56)

(‘/177T17E1) (‘/'277T27E2)7

forms a linear contact dual pair if the following three conditions are satisfied:
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1. X4, € Kerpy, X4, € Ker ¢y,
2. (HnNKerp)*" = HnNKer p,,
3. 7T(Oé1,0[2) = OéQ(XAl) - Oél(XAz),

with (7, F') representing the non-degenerate Jacobi structure on V' associated with the con-
sidered contact structure (wg, E) (see Example 2.1.10 and Proposition 2.1.18), and X 4,, X4,
denoting the Hamiltonian vectors in the contact vector space V. Since both X4, and X4,
are transverse to the contact hyperplane H, the point 1 implies the transversality properties

H+Kerp; = H+ Kerpy =V. (2.57)

The importance of point 3 will be revealed in the symplectization procedure from Section
2.2.3, where contact dual pairs are transformed into symplectic dual pairs, as well as in

the Section 2.2.4, where the characteristic subspace correspondence in contact dual pairs is
described.

The contact dual pair is called full if the conformal Jacobi maps ¢, @2 are surjective. In
this case

dimV; +dim V5 =dimV — 1. (2.58)

Indeed, from the transversality (2.57) and point 2 of the definition, we get that dim Ker ¢; +
dim Ker oy = dim V' + 1. Together with dim Ker p; = dim V' — dim V}, a consequence of the
surjectivity of ;, this implies (2.58).

Proposition 2.2.2. In any linear contact dual pair (2.56), the following identities hold:
HNKerp, =7 (Imy}), HNKergp, =r*(Imp?), (2.59)
as well as a Howe [58] type property:

T(eim, ame) =0, Vi € Vi',ma € V5. (2.60)

Proof. The first two identities follow from the Lemma 2.1.12 applied to Ker ¢;, i = 1,2. For
the Howe type property we notice that 7(iny, ©in2) = —m1(@1m@3in,), which vanishes by
(2.59). O

Example 2.2.3. Every linear symplectic dual pair can be pulled back to a linear contact
dual pair as follows. We start with a symplectic dual pair

(W,w)
y x
(Wh 7T1) (W27 7T2)
The symplectic vector space (W, w) exhibits the hyperplane W < W & R, which is equipped

with non-degenerate 2-form wy, = w. By taking the vector £ =1 € W & R, we display the
contact vector space (W @ R,wy, E' = 1) associated with the initial symplectic one (W,w)
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The Poisson maps ¢;, for i = 1,2 are Jacobi, and the projection p: W & R — W is Jacobi
too, thus ¢; o p are Jacobi maps. We get the linear contact dual pair of Jacobi maps

(WeR,w,E)

(Wl,ﬂ'l) (WQ,?TQ).

2.2.2 Contact orthogonality

Definition 2.2.4. Let U be a subspace of the contact vector space (V,wpy, E) which is trans-
verse to H, i.e. H+ U =V . The contact orthogonal of U s defined by

Ut :=(HNU)“" @ (E). (2.61)
The analogous differential geometric notion appears in [50], where it is called pseudo-orthogonal.
Since dim(H NU) = dim U — 1, we get that
dim U + dim U+ = dimV + 1. (2.62)

The relation (2.61) can also be written as U+ = 7#(U°) @ (E), by Lemma 2.1.12.

Let 1 4 denote the orthogonal w.r.t. (wl(;‘), EW) = (a 'wy, X4), the conformally equiv-
alent contact structure on V. This means that

Uta = (HNU)®" @ (X,), (2.63)
because the wy-orthogonality and the wg‘)—orthogonality coincide.

Proposition 2.2.5. An equivalent set of conditions for the linear contact dual pair (2.56)
are

1. The transverse to H subspaces Ker p; and Ker ¢, satisfy (Kerp;)*41 = Ker ¢y and
(Ker @5)42 = Ker ¢,

2. (g, a9) = as(Xa,) — a1(Xa,).

Proof. The points 1 and 2 in the Definition 2.2.1 of a linear contact dual pair are equivalent
to the following two identities:

(Ker ;)™ = Ker gy, (Ker py)™42 = Ker ;. (2.64)
Indeed, (Kerpy)t4 = (H N Kerpy)?# & (Xa,) = (H NKerpy) & (Xa,) = Kerypy, by

(2.63). For the reverse implication, we notice that H N (Ker ;)14 = (H N Ker ;)% and
the Hamiltonian vector X, € (Ker ;)*4:. O
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Example 2.2.6. The simplest method to get linear symplectic dual pairs is with a lin-
ear subspace W C V of the symplectic vector space (V,w). If W* denotes its symplectic
orthogonal, then the pair of canonical projections [60]

(V,w)

(V/W,m1) (V/W* m5)

where the quotient spaces are endowed with the Poisson structures induced by ¢;, is a full
linear symplectic dual pair.

With the help of the contact orthogonal (2.61), we build in a similar way an example of
a linear contact dual pair. Let (V,wpy, F) be a contact vector space and let A; = (ay,a;) €
V* x R* be conformal factors that satisfy 7(ay, o) = aa(Xa,) —a1(Xa,). Let W CV be a
linear subspace that contains the Hamiltonian vector X4,. We endow each of the quotient
spaces Vi = V/W and V, = V/W=41 with the unique Jacobi structure that makes the
canonical projection ¢; : V' — V; a Jacobi map with conformal factor A;. Then

(V,wm, E)
VW V)Wt

is a full linear contact dual pair. What remains to be checked is the last identity of point 1
in the Proposition 2.2.5. Since Ker ¢; = W and Ker ¢, = W41, this follows from

(W)t = (HO W) & (Xy,)) 2 = (HOW) & (Xa,) = W,
where we use the hypothesis X4, € W.

2.2.3 Symplectization of linear contact dual pairs

As in the differentiable setting, contact dual pairs lead to symplectic dual pairs by a sym-
plectization/Poissonization procedure [73, Section 4.2].

Proposition 2.2.7. Given a linear contact dual pair

VU.)H,

/ \ (2.65)

(‘/iJW17E1 ‘/277T27E2)

of Jacobi maps with conformal factors Ay = (aq,a1) and As = (e, as), such that ay,as > 0,
the pair of Poisson maps

(VeoRw)

<Al/> &) (2.66)

(i e R, ) (Vo ® R, 72)

15 a linear symplectic dual pair.
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We notice that if the contact dual pair (2.65) is full, then the symplectic dual pair (2.66)
is full too.

Proof. By a direct computation based on the definition (2.41) of ¢, and invoking point 1
of the Definition 2.2.1 we get

Ker ¢§A1) ={z® ai'ai(z) : x € Keropy }

={z@a'm(r): € HNKerp} ® (Xa, ® a1 (Xa,)),

and a similar identity for Ker ¢§A2). In order to prove that (2.66) is a dual pair, first we show

that @ (x1 ® t1, 0 B ts) =0 for all z; B t; € Ker gZ?EAi), i = 1,2. Due to the above description
of the kernel, this follows by checking the identities

W (z1 @ ay o (21), 22 D ay a2(x2)) = O,
w (331 ®a;tar(r1), Xa, B ay (X g, )
W (Xa, ®ay o (Xa,), 22 ® ay as(a2))

w (XA2 @aflal(XAQ) XA1 ® ay Oég )(,41 )

for z; € HNKery;, i = 1,2. E.g. the last identity uses the point 3 in Definition 2.2.1 of a
contact dual pair as follows:

w (XAQ D aflal(XAz)v XAl D a51a2<XA1))
=w (XA2> XAI) + agle(XAz)QQ(XAJ - al_le(XA1)O‘1(XA2)
=m(ag, 1) + aa(Xa,) — a1(Xa,) = 0.

The vanishing of @w on pairs of vectors that belong to the kernels of the Poisson maps @Y‘”

and ¢§A2 means the inclusion Ker (p(Al) - (Ker ¢§A2)> . Combined with the dimension

count
dim Ker @Y‘” = dim Ker ¢ Y dim (Ker 902)“2 =(dimV —1) — (dimKer¢y — 1) + 1
= dim (V @ R) — dim Ker ¢\**) = dim (Ker go(A2)> :
this eventually proves that Ker @Y‘l) and Ker ¢>§A2) are orthogonal with respect to the sym-
plectic form @, hence (2.66) is a dual pair. O

The condition ay,as > 0 in the statement of Proposition 2.2.7 is not a very restrictive
condition because, given Jacobi vector spaces (V, 7, F) and (V' 7', E’), a linear map ¢ :
V - V' and A = (a,a) € V* X R*, then ¢ : (V,7,FE) — (V',7n', E’) is an A-conformal
Jacobi map if and only if ¢ : (V7 E) — (V',—n',—F’) is a conformal Jacobi map with
conformal factor —A = (—a, —a). In addition the two Jacobi vector spaces (V’/, 7', E’) and
(V',—n', —E") have the same characteristic subspace.
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Proposition 2.2.8. Given a linear contact dual pair (2.65) of Jacobi maps with conformal
factors Ay = (aq,a1) and Ay = (v, as), the pair of Poisson maps

(VaR,o)

~(A7) ~(A2)
y K ’ (2.67)

(Vi®R, 1) (Vo & R, )

where tilde-type linear maps are defined in (2.44), is a linear symplectic dual pair.

Proof. Invoking Remark 2.1.30 and the reasoning flow in the proof of Proposition 2.2.7, the
proof of the present claim is immediate from the obvious vector space equality

Ker g = Ker p.

2.2.4 Characteristic subspace correspondence

We start with the symplectic dual pair setting. We recall that a symplectic realization of
a Poisson vector space (V' ,7’) is a symplectic vector space (V,w) together with a linear
Poisson map ¢ : V' — V’. The characteristic subspace C” of V' is

C' = Imn" = prt(Imp*) = or((Ker ¢)°) = ¢ (Ker ¢)*) . (2.68)
Thus, the preimage of the characteristic subspace of V' is
0 HC") = Ker ¢ + (Ker ). (2.69)

Proposition 2.2.9. In a full linear symplectic dual pair (3.97), the characteristic subspaces
C1, Cy of the two Poisson vector spaces Vi, Vy are related by Cy = @o(07(C1)). Their natural
symplectic forms wq,ws satisfy:

w = piws + Piws on Ker ¢y + Ker ps. (2.70)

Proof. The first part of the proposition follows from the orthogonality condition (Ker ¢;)* =
Ker ¢y together with the identities (2.68) and (2.69). The identity (2.70) is enough to be
checked on vectors of the form Y; = 7#(pi(0;)) for o; € Vi*, i = 1,2, since Kerp; =
(Ker ¢5)* = 7#(Im %) and similarly for Ker ,. For instance if 01,51 € V;*, then

(phwn) (mhton, mpia)) = wi (gt ion, pimteta)) = w (rloy, 75
= mi(01,01) = m(pior, pi01) = w(nt oy, Teia),
while (@iws)(mHptor, mhpia) = 0. ]

The rest of the section is concerned with the analogous results in the setting of linear
Jacobi structures and linear contact dual pairs.
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Definition 2.2.10. A contact realization of a Jacobi vector space V' is a contact vector
space V together with a conformal Jacobi linear map ¢ : V — V.

Lemma 2.2.11. If ¢ : (V,wy, E) — (V', 7', E') is a Jacobi map of factor A = (a,a) €
V* x R* with Ker ¢ transversal to H, then the characteristic subspace of V' is

C' = ¢ ((Kerp)™). (2.71)

Proof. Similarly to the proof of (2.68), the conclusion follows by a short calculation that
uses the definition of the characteristic subspace (2.33) associated with the Jacobi structure
(7, E), the definition of the contact orthogonal (2.63), the properties (2.40) of the considered
Jacobi map ¢, and Lemma 2.1.12. O

If in addition a € Im ¢*, then (Ker @)™ = (Ker ¢)™.

Corollary 2.2.12. If ¢ : (V,wy, E) — (V', 7', E') is a Jacobi map of factor A := (o, a) €
V*xR*, then the preimage of the characteristic subspace associated with the Jacobi structure
(n', E') reads

¢ 1 (C) = Kerp + (Ker )™ . (2.72)
Proposition 2.2.13. In the full linear contact dual pair (2.56), the characteristic subspaces
C1 C Vi and Cy C Vs, correspond to each other in the following sense:

e1(931(C2)) = C1, a7 (Ch)) = Co.

In addition, the dimensions of Cy and Cy have the same parity.

Proof. Let us denote
D := Ker ¢; + Ker ¢s. (2.73)

The identities (2.64) and (2.72) lead to ¢ *(C1) = D = ¢, '(Cy). Moreover, the following
computation that uses the surjectivity of ¢;,

codimC; =dimV; —dimC; = dimV — dim go;l(C,-):dimV —dim D,

ensures that C; C Vj and Cy C V5 have the same codimension. By (2.58) the dimensions
of Vi and V5 have the same parity, thus the dimensions of C; and C5 have also the same
parity. O

Theorem 2.2.14. In a full linear contact dual pair, the characteristic subspaces of the two
Jacobi vector spaces are either both odd dimensional (contact), or both even dimensional
(les). Moreover,

1. If the characteristic subspaces C; C V; are both contact, then their contact structures
(0;,w;) are related to the contact structure (6,w) of V' by

0 = a1p101 + asps6s on D (2.74)
w=aj A pi0 + as A 505 + arpiwr + aspisws on D (2.75)
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2. If the characteristic subspaces C; C V; are both lcs, then their lcs structures (w;, A;)
define a (“connection”) 1-form n on D by:

n =i\ —aytar = i\ — aytas. (2.76)
and are related to the contact structure (6,w) of V by

w+nA0=apjw + aspsws on D. (2.77)

Proof. Because the subspace D C V' is

D = Ker 1 + Ker ¢ (2:59) Wﬁ(Irrup]k +Imed) + (Xa,) + (Xa,),

it is enough to check the identities on vectors of the form: X4, and Y; = 7*(p¥(0y)), oy € V¥,
for i = 1,2. One uses the fact that ¢; is an A;-conformal Jacobi map, thus ¢;(X4,) = E;
and a;p; ol = ¥, as well as all the three conditions in the contact dual pair definition.

19
Part 1. If the characteristic subspaces C; C V; are both contact, then their contact
structures (6;,w;) are related to the contact structure (0, w) of V' by

0 = a1101 + asp3ly on D (2.78)
w=aj A pid + as A 305 + a1piwr + aspisws on D (2.79)

The identity (2.78) holds on X 4,:
Q(XAI) — a191(<p1(XA1)) — CLQQQ(QOQ(XAZ)) = 0(a1E + Wﬁ(al)) — a101(E1) —0= a; —ay = 0.

The identity (2.79) holds on (X 4,, X4,) because the left hand side is

W(XAUXAz) = WH(pH(XA1>7pH(XA2)) = (")H(ﬂ-ﬁala WﬁOQ) = ﬂ-(alv 012),

while the right hand side gives the same quantity by the point 3 in the contact dual pair
definition:

=0 (Xa;)01 (01(Xay))+aa(Xa, )02(92(Xa,)) = —azan (E)+ar1az(E)+2m (0, az) = m(ar, o).
The same identity (2.79) holds on (Y7, X 4,) because the left hand side is
WY1, Xa,) = wa(mipion, mhas) = m(pior, az),
while the only non-zero term in the right hand side is
a3(Y1)0a(p2(Xa,)) = aa(7*0i01)02(Es) = m(pion, ),
after noticing that 6, (¢1(Y1)) = 7(pior, 0i0)) = a;'mi(01,60;) = 0.
Part 2. If the characteristic subspaces C; C V; are both lcs, then their les structures

(wi, A;) define a (”connection”) 1-form 7 on D by:

n =i\ —a; o = iy — ay tas. (2.80)
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and are related to the contact structure (0, w) of V' by
w+nA0=a1piws + aspiws on D. (2.81)

The identity (2.80) holds on Y; because the right hand side gives

* — * * — * (2~60) — *
(%02>\2 — Qy laz)(Yl) = 7T(901017 902>\2) ) 1042(7Tﬁ90101) = Qg 1(90101)(7%42)

= a; ' (p101)(Xa, — a2 E) = —(pfo1)(E),
while, since E; = ¢1(X4,) and E; = 7¢()\;), we obtain the same result for the left hand side:

(1A — ay' o) (Y1) = m(@fon, i A1) + ap (o) (Than)
= aflﬂl (Ulv )‘1) + afl(gpial)(XA1 - alE)

= —a;'o1(m ) + a1 o1 (B) — (pi01) (B) = —(pion)(E).
The same identity (2.80) holds on X4, because
(M —aron)(Xa,) = —a;tar(a B + 7tay) = ay(E),
while
(0302 — a5 ) (Xa,) = —ay g B + wan) = —a; (ar0o(E) + m(ar, as))

and the point 3 in Definition 2.2.1 ensures they coincide.
The identity (2.81) holds on (Y3, X4,) because the right hand vanishes by Y; € Ker ¢,
and X4, € Ker¢,. But

(w+n AO) (Y1, Xa,) = wi(mpior, mag) + 0(Xa,)n(V1)

= m(pior, o) + as(—ay ' aa(nPpior)) = 0,

so the left hand side vanishes too. O

2.3 Transversals and dual pairs

We define Poisson transversals in the linear setting. The genuine concept of Poisson transver-
sal was linked to symplectic dual pairs in [27]. Here we extract the properties of linear nature
on this subject. In the literature the Poisson transversals can be found also under the name
of cosymplectic submanifolds [83] or Poisson submanifolds of the second kind [82]. We have
chosen the name Poisson transversals, since it permits an adaptation to the Jacobi setting:
Jacobi transversals. These are also called Jacobi submanifolds of the second kind in [24, 54].
The relation between contact dual pairs and Jacobi transversals on their two legs has not
been developed in the differential geometric setting. Here we present the linear version,
leaving the differential geometric version for a future work.
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2.3.1 Poisson transversals and symplectic dual pairs

In this section we are closely following [27].

Definition 2.3.1. A linear subspace X of a Poisson vector space (V, ) is called a Poisson
transversal if it satisfies

V=XonrX°. (2.82)

Recall that the characteristic subspace C' = Im 7* is endowed with the linear symplectic
form we induced by 7 as in (2.30). For any subspace X of V', we have

Ker(we|xne) = X N7wiX°. (2.83)

Indeed, we know that this kernel is equal to X NC' N7#(X N C)°, hence (2.83) holds because
of the vector subspace identities C° = Ker 7* and (X N C)° = X° + C°.

Proposition 2.3.2. X is a Poisson transversal if and only if it satisfies two conditions:
1. X is transverse to C,
2. X NC is a symplectic subspace of the symplectic space (C,wc).

Proof. Using (2.83), we obtain that point 2 is equivalent to X N7*X° = 0. On the other hand
point 1 is equivalent to dim X + dim 7*X° = dim V/, which concludes the characterization of
Poisson transversals by 1 and 2. O]

Remark 2.3.3 (Induced Poisson structure). Each Poisson transversal X of the Poisson
vector space (V) m) inherits a canonical Poisson structure mx given by

Wg( = px o7 o p, (2.84)
where px : V' — X denotes the projection on the first factor in the decomposition (2.82). An
equivalent definition of mx is: the unique Poisson structure on X such that the projection
px : (V,m) = (X, 7x) is a Poisson map.

Moreover, the characteristic subspace C'x := Im nﬁ( of X of the Poisson vector space X
is the projection of the characteristic subspace of V', i.e. Cx = px(C).

As a consequence, if the original Poisson structure on V' is transitive (i.e. non-degenerate),
then the induced one on X is transitive (i.e. non-degenerate) too.

Corollary 2.3.4. The Poisson transversals of a symplectic vector space are its symplectic
subspaces.

Example 2.3.5. Any linear complement of the characteristic subspace C' C V| is a Poisson
transversal. Its induced Poisson structure is trivial.

Lemma 2.3.6. Let ¢ : (V,m) — (V1,m1) be a Poisson map and let the linear subspace
X1 C Vi be a Poisson transversal. Then the following hold true:

1. The map ¢ s transverse to Xy;
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2. The subspace X := ¢~ *(X1) of V is a Poisson transversal;
3. ¢ (m*X°) = mi X3,

4. The restriction ¢x : X — Xy 1s a Poisson map with respect to the induced Poisson
structures wx and (1) y, -
Proof. By the Poisson map property of ¢ written as prip* = 7T§ we have that W?Xf C Ime.
Hence V; = X; & W?Xf = X1 + Im ¢, which shows 1.
The image of an arbitrary element v € V' by ¢ has a unique decomposition as

p(v) = a1+, T € Xy, m € X

The element z := v — whp*n, satisfies () = x;, hence x € X. Since p*n; € P*X? C X°,
we get v = o + o' € X + 7fX°, hence the decomposition V = X + 7#X°, a direct sum
decomposition by a dimension count. We conclude that X C V' is a Poisson transversal.

The inclusion 7¢ X? C o(7%X°) follows from the relations 7f = ponfop* and ¢*X? C X°.
For the converse inclusion, let g € X°. We find z; € X; and n; € X7 such that ¢ (Wﬂﬁ) =
z1+ iy, Since 7 = ¢ (7% (B — ¢*m)) € X1, the element 7 (8 — ¢*n1) € X N7 X° is zero,
so that ¢ (Wﬁﬁ) = 7r§771. Thus ¢ (WﬁXO) - W?Xf and the identity 3 follows.

Let us denote by px and px, the projections on the first factor associated with the
decompositions V = X @ 7¢X° and V; = X, @ n® X? respectively. Because o(n?X°) = 7} X?
(by point 3), there exists a unique linear map

%25’ ZX—>X1 such that Px, Op =@x OoOpx. (285)

The short calculation

2.84

f o (2:84) B ox (2.8 i
PxTx¥Px = PxPxTPxPx

-85) - *
ensures that ¢y is a Poisson map. O]

The next proposition answers the question: when is a pair of Poisson maps again a
Poisson map?

Proposition 2.3.7. Given two linear maps @1 and po defined on the same symplectic vector
space (V,w), the linear map

@ = (p1,2) 1 V = (Vi x Vo, mp X ) (2.86)
is Poisson if and only if (Ker ¢1)* C Ker o and both 1 and @ are Poisson.

Proof. Let 7 denote the linear Poisson structure on the symplectic space, i.e. 7 = (wb)_l.
The condition that the map ¢ is Poisson is written as pmép* = (m; X m)*. The conclusion
follows by a direct computation involving the expression (2.50) of (7 x my)*, and that of the
dual of ¢, namely ¢*(n1,1m2) = @i(n) + ¢5(n2). Indeed, for all n; € V* i = 1,2, we get

et (1, me) = (o1 (@5 (m) + ©5(1m2)), w2 (0] (m) + ©3(1m2)))
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= (1o, amtobms) + (o1t ohma, woring)
(7T1 X 772)ﬁ(7717772) = (77%1,7%772)-

This means that the map ¢ is Poisson if and only if both maps ¢1, @9 are Poisson, and the
identities o175 = 0 and ot = 0 hold. The first identity can be written as (Ker ,)* =
7 (Ker p7)° = m# Im ¢35 C Ker o, and the second one as the inclusion (Ker ;) C Ker (s,
which is equivalent to the first inclusion. O

Theorem 2.3.8. We consider a linear symplectic dual pair

(V,w)

(‘/1771-1) (‘/2771-2)

and linear Poisson transversals X; C V;, 1 = 1,2. Then the vector subspace W := gol_l(Xl) N
05 1 (X2) of (V,w) is symplectic (with induced symplectic form denoted by ww ) and the pair
of Poisson maps obtained by restriction of v;, i = 1,2,

(W, ww)

(p1)w (p2)w

, (2.87)
(X1:7TX1> (X2>7TX2)

form a linear symplectic dual pair.

Proof. Knowing that X; and X, are two Poisson transversals in (V;, 1) and (V3, 7o) respec-
tively, the product X; x X5 is a Poisson transversal in (V] x V5, m X m3), because of the
identity (m; x m)H(X; x X5)° = w X? x nh X5,

Using the inclusion (Ker ¢1)” C Ker ¢y (that comes from the symplectic dual pair con-
dition (Ker ¢1)* = Ker ps) and applying the Proposition 2.3.7, we get that ¢ = (1, p2) is a
Poisson map. Invoking Lemma 2.3.6, we get that W := o' (X] x X3) = o7 " (X1)Np5 ' (X5)
is a Poisson transversal in (V,w), hence a symplectic subspace.

Again by Lemma 2.3.6, the restriction

ow W = X1 x Xy,  ow = ((e1)w, (p2)w),

of ¢ is a Poisson map. Now using the Proposition 2.3.7, it follows on one hand that the
restrictions (@;)w, ¢ = 1,2, are Poisson maps (that completes point 2 in the theorem), and
on the other hand that

(Ker(p1)w)“" C Ker(p2)w- (2.88)

The symplectic form w vanishes on Ker ¢; x Ker @5, hence wy, vanishes as well on Ker(p; )y x
Ker(pg)w. The reverse inclusion to (2.88) follows, showing that (2.87) is a dual pair. O

The dual pair (2.87) is full if and only if the original one is also full.
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2.3.2 Jacobi transversals and contact dual pairs

In this section we develop the linear algebraic theory of Jacobi transversals, which will be
later used for obtaining new contact dual pairs from a given one. The differential geometric
version of these results will be treated elsewhere.

Definition 2.3.9. A linear subspace X of the Jacobi vector space (V, 7, E) is called a linear
Jacobi transversal if
V=XeorX". (2.89)

Notice that being a Jacobi transversal depends only on the bi-vector 7 and not on the Reeb
vector E.

There is a characterization of Jacobi transversals, like that of Poisson transversals in
Proposition 2.3.2, that uses the characteristic subspace C' = Im«* + (F) and the non-
degenerate 2-form we on Im 7# given by (2.30).

Proposition 2.3.10. The subspace X is a Jacobi transversal of (V,m, E) if and only if it
satisfies the following two conditions:

1. X is transverse to Im7¥,
2. we restricted to X N Imw# is nondegenerate.

In the case E € Im7¥, the characteristic subspace C' = Im 7" is even dimensional and
it carries an lcs structure (we, F) (see the first item in Proposition 2.1.21). For any Jacobi
transversal X, the subspace X N C is an lcs subspace of C.

In the case £ ¢ Im ¥, the characteristic subspace C' = Im 7*@® (E) is odd dimensional and
it carries a contact structure (C,wy = we, E) (see the second item in Proposition 2.1.21).
For any Jacobi transversal X, the subspace X N C'is a contact subspace of C.

Proof. This proof relies on the identity (2.83), proven for the Poisson setting, which holds
in this Jacobi setting too. Assume first that X is a Poisson transversal, so it satisfies (2.89).
Then V = X + Im7#, so point 1 holds. Point 2 is equivalent to X N 7*X° = 0 by (2.83), so
it holds too.

Conversely, we assume that X satisfies 1 and 2. By taking into account that V =
X +Im 7 we get that 0 = X°N (Im7¥)° = X° N Ker 7. Thus 7 is injective on X°, hence

dim 7 X° = dim X° = dim V — dim X. (2.90)

Using the point 2, we get by (2.83) that X N 7*X° = 0, which, with the dimension count
(2.90), proves the direct sum decomposition (2.89). O

Remark 2.3.11 (Induced Jacobi structure). Each Jacobi transversal X of the Jacobi vector
space (V, 7, E') inherits a canonical Jacobi structure (7y, Ex),

mh =pxontopy, Ex:=px(E), (2.91)

with px : V' — X denoting the projection on the first factor in (2.89). This is the unique
Jacobi structure on X such that the projection px is a Jacobi map.
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In particular px is a Jacobi map that satisfies Im W& = px (Im ﬂ”), thus the characteristic
subspace C'y := Im Wg( + (Ex) of X is the image of the characteristic subspace C' C V,
i.e. Cx = px(C). Moreover, E € Im#* if and only if Ex € Im 7r§(. The direct implication
is obvious. So we give an argument for the reverse implication. Assuming that Ex € Im 7,
there exists 7 € V* such that Ex = w%i%n. By (2.91) we get px(E) = px (ntp% (i%n)), so
that E — mp% (i%n) € Kerpx = n*X°, which implies E € Im 7*.

As a consequence, the original Jacobi structure (w, E) is transitive if and only if the
induced one, (7x, Ex), is transitive. They also have the same type: lcs or contact.

Corollary 2.3.12. The Jacobi transversals of a contact vector spaces are its contact vector
subspaces, and the Jacobi transversals of an lcs vector space are its lcs subspaces.

Example 2.3.13. Any linear complement X of Im 7 in V' is a Jacobi transversal. Moreover,
the induced Jacobi structure (mx, Ex) has trivial bi-vector 7y = 0. The Reeb vector Ex
also vanishes if and only if E € Im 7%

Proposition 2.3.14. Let X be a vector subspace of the Jacobi vector space (V, 7, E), with
E € X. Then X is a Jacobt transversal of V' if and only if X & R is a Poisson transversal
of its Poissonization (V @& R, 7) (defined in (2.25)).

Proof. The annihilator of X &R in V & R coincides with the annihilator X° of X in V. By
(2.26) we have that #*(n @ s) = (7*(n) — sE) @ n(FE), hence the image of the annihilator by
b is

T(X @R)") = {r*(n) @ n(E) :n € X} =7 (X°) @0,
because X° C E°. In the light of this identity, the requested equivalence follows. ]

Lemma 2.3.15. Let ¢ : V — Vj be an A-conformal Jacobi map, A = (o,a) € V* xR*, and
let X1 be a Jacobi transversal of (Vi,m1, E1). Then the following hold true:

1. The map ¢ s transverse to Xy;

2. The subspace X := ¢~ (X)) is a Jacobi transversal of (V, 7, E);
3. ¢ (WﬁXo) = W?Xf,‘
4. The restriction ox : X — Xy is a conformal Jacobi map with respect to the induced
Jacobi structures, for the conformal factor Ax = (alx,a) € X* x R*.
Proof. The fact that ¢ is an A-conformal Jacobi map translates into apnfe* = 7r§ and

% (E(A)) = F, thus we have V] = X; ® W%Xf C X; 4+ Imy =1Imp + X;, which shows item
1. The items 2 and 3 have the same proof as their counterparts in Lemma 2.3.6. To prove

item 4, we first check that apxmh @’ = Wg(lz

g« (299 § o« (2.85) o § o, (291)
WpxTxPx = APXPXT PxPx = APx,PT P Px, =Dx,TiPx, = Tx,-

We notice that the conformal factor Ay can be written as (i%«,a), with ix : X — V the
inclusion. To verify the equality ¢x(E“x)) = Ex,, we compute

" 2.91 . 2.85 _ .
px (B =px (aBx + Wgﬂxa) 2 pxpx(aE + mhpiika) e apx,p(E) + px, ¢ (ixpx) o
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= apXﬁO(E) —f-legpﬂ'ﬁ(Oé) = pX190<E(A)) = Px, (El) - EX17

using at step four the identity ¢ (WﬁX °) = Kerpy, (that follows from item 3) applied to
a— (ixpx)*a € X°. Thus ¢y is an Ax-conformal Jacobi map. O

When does a pair of conformal Jacobi maps build a conformal Jacobi map? It turns out
that the Jacobi structure on the product of Jacobi vector spaces has to depend on the two
conformal factors. Moreover, the kernels of the two maps have to satisfy an orthogonality
condition.

Proposition 2.3.16. We consider two linear maps p; - V. — Vi, i = 1,2, defined on the
contact vector space (V,wy, E), and two pairs A; = (ay,a;) € V¥ x R*, i = 1,2, such that

X4, € Kerpy and X4, € Ker ;. (2.92)
Let Vi x Vy be endowed with the product Jacobi structure
7= (agm) X (mm), E = (3a2E1, 30, E,). (2.93)
Then the linear map ¢ := (p1,¢2) : V. — Vi X Vs is conformal Jacobi of factor

A= (a,a) = (30200 + 30109, a102) € V* x R* (2.94)

if and only if the identity
(Kerypy N H)*" C Kerpo N H

holds true and ¢; are conformal Jacobi maps of factors A;, i = 1,2.
Proof. The map ¢ is A-conformal Jacobi if and only if the identities
p(Xa)=E, aprte* =7t (2.95)

hold true, with (7, E) the induced Jacobi structure on the contact vector space V. The first
identity in (2.95) is equivalent to

(pl(XAl) = El and QOQ(XAZ) = EQ. (296)
This follows from the computation:

QO(XA) =@ (alagE -+ %agwﬁal -+ %aﬂrﬁag) = (9017 QOQ) (%alXAQ -+ %GQXAI)

2.92
2 (%@‘:DI(XAJ’ %%%(XAQ)) .

The second identity in (2.95) is equivalent to the following four identities:

= apirte}, T = axpaml (2.97)
o1l =0, ot = 0. (2.98)

This follows from the computation for n;, € V;*, i =1, 2:

apm o (m,m2) = aras(ip1, 02)m (D5m1 + ©310)
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= aax(p1m i + 1t oin, pamt Ot + pamtoin.)

and from the expression @ (n1,12) = (aaminy, a;mhing).

Using (2.24), the first identity in (2.98) can be rewritten as (HNKer ;)% = 7f(Ker ¢5)° =
#Im s C H N Ker ¢, and the second one as the inclusion (H N Ker ¢;)*# C H N Ker (s,
which is equivalent with the first inclusion. The identities (2.96) and (2.97) are equivalent
to the fact that y; is A;-conformal Jacobi map for i = 1, 2. O]

Theorem 2.3.17. We consider a linear contact dual pair
(Vv wH, E)
(‘/laﬂ-lvEl) (‘/277T2aE2)

with conformal factors A; = (ay,a;) € V* x R*, and two linear Jacobi transversals X; C V;,
1 =1,2. Then the vector subspace

W= orH(X0) Ny ' (Xo), (2.99)

is a contact subspace of (V,wg, E), and the pair of conformal Jacobi maps with conformal
factors (A))w := (as|lw, a;), obtained by restriction of ¢;, i = 1,2,

w
(f“/ W , (2.100)
<X177TX17E1> (X277TX27E2)

form a linear contact dual pair.

Proof. The subspace X7 x X5 is a Jacobi transversal of (V1 x Vo, T, E) Because of the contact
dual pair conditions (the first two axioms in Definition 2.2.1) we can apply Proposition
2.3.16, so that ¢ = (p1,9) is a conformal Jacobi map with conformal factor A given in
(2.94). Thus, the subspace W in (2.99), which can be expressed as W = ¢! (X; x X3),
is a Jacobi transversal of the contact vector space (V,wg, E), by Lemma 2.3.15, hence a
contact subspace, by Corollary 2.3.12. The induced contact structure on W is given by
the hyperplane Hy = H N W, the curvature form wpy,, = wy|gnw and the Reeb vector
Ew = pw(FE), where pyy : V. — W denotes the projection on the first summand for
V=W onwe.
Again by Lemma 2.3.15, the restriction

ow W = X1 x Xa,  ow = ((e1)w, (¥2)w), (2.101)
of ¢ is a Jacobi map with conformal factor
Aw = (alw,a) = (3a201|w + sa102|w, a1as) .

The map ¢y is characterized by pw opw = (px,xx,) © ¥, With px,xx, the natural projection
associated to the Jacobi transversal X; x X5. Thus, its two components satisfy the identity

(wi)w opw =px, 091, =12 (2.102)
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which further leads to pw (Ea,) € Ker(ps)w and pw (Ea4,) € Ker(¢1)w. In addition,

pw (Ba,) = aipw (E) +pw* (a; — (iwpw) i) + (pw b}y Vigyai = a; Ew +7T€vi*woéi = XA)w>

due to the fact that
o — (Zpr)* o € WO, o€ V™.
We conclude that

Xoapw € Ker(po)w  and  X(a,),, € Ker(p1)w,

which permits to apply Proposition 2.3.16 to the conformal Jacobi map (2.101). On one hand
we obtain that the maps (¢;)w, ¢ = 1,2 are conformal Jacobi of factors (4;)w = (i}, a;)
and on the other hand we get the inclusion

(Hw N Ker(p1)w)“"w C Hy N Ker(p2)w. (2.103)

But the curvature form wy vanishes on (H NKer ;) x (H NKer ¢y), hence wy,, vanishes as
well on (Hy N Ker(p1)w) x (Hy N Ker(ys)w) and the reverse inclusion to (2.103) follows,
showing that

(Ker(gpl)w N Hw)wHW = Ker(gpg)w N HW

The contact dual pair conditions 1 and 2 in Definition 2.2.1 have been checked above, and
condition 3 follows immediately from the one for the given dual pair, thus the pair (2.100)
forms a linear contact dual pair. n

The contact dual pair (2.100) is full if and only if the original one is full too.



Chapter 3

Jacobi pairs with background and
dual pairs

After the advent of Quantum Mechanics [25, 26], it was soon realized that Poisson geometry
is the fundamental ingredient of the quantization concept [7]. This special position comes
from the Poisson 2-vector which structures the set of classical observables as an algebra with
respect to the Poisson bracket. Recently, the intense search for a renormalizable theory for
gravitation in various space-time dimensions has given the Poisson structures new insights.
These are strongly involved in various modern models of two-dimensional gravity [47, 48, 49|
as well as in topological BF interacting models [8].

Nowadays, the progress of Poisson geometry knowledge has known two important mile-
stones that have produced a lot of new mathematical results. Both directions of research
have come as natural extensions of the Poisson structure. First of these was implemented
by spoiling the Leibniz rule verified by the Poisson bracket through a special vector field
and was done by the analysis of local Lie algebras [42] which revealed the Jacobi manifolds.
This concept of Jacobi structure, via the associated Jacobi bracket, plays an important role
in mathematical physics, namely in the canonical approach of non-autonomous Hamiltonian
systems [81, 76], in the integrability of Hamiltonian systems on odd-dimensional manifolds
(77, 78, 45] as well as in the geometric reformulation of non-equilibrium thermodynamics
[5]. The starting point of the second direction grew out of string theory, by the modification
of the Poisson identity through a closed 3-form (background). This relaxation has put into
evidence a new class of structures, namely the twisted Poisson (or Poisson with (closed)
3-form background) [70].

A joint generalization of the above structures is the twisted Jacobi structure [62], where
the obstruction to the Jacobi identity for a Jacobi bracket involves a 2-form and its de Rham
differential. Concerning these new structures, it has been shown that their characteristic dis-
tributions are integrable, with a twisted contact structure on the odd dimensional leaves and
a twisted locally conformal symplectic structure on the even dimensional leaves [64]. More-
over, it has been proved that the twisted Jacobi manifolds are in one-to-one correspondence
with homogeneous twisted Poisson manifolds, where the background 3-form is exact [62].

At this stage, it is natural to ask if we can further relax the twisted Jacobi concept
such that these extended structures i) are in a one-to-one relation with the homogeneous
Poisson structures with arbitrary 3-form background, and ii) display integrable characteristic

47
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distributions. The aim of this chapter is to prove that the answer to the previous questions
is positive, by introducing the concept of Jacobi structure with background (see Definition
3.1.3), where the background consists of a 3-form together with a 2-form. As shown in
Theorem 3.4.7, the odd dimensional characteristic leaves are twisted contact, just like in
the twisted Jacobi case. The even dimensional characteristic leaves admit a structure that
is more general than the twisted locally conformal symplectic one (obtained in the twisted
Jacobi case): we call it locally conformal symplectic structure with background (see Definition

4.4.4).

Similarly to the twisted version of a (symplectic) dual pair [37], we define and study
a twisted version (in the trivial line bundle setting) of the contact dual pair [73]. Via
"Poissonization”, a twisted contact dual pair yields a homogeneous twisted symplectic dual
pair. We show the correspondence of the characteristic leaves in the two Jacobi manifolds
with background in a twisted contact dual pair that is full and with connected fibers.

It is worth noticing that the analyzed structures find their ‘global’ expression [55] into
Jacobi bundles with background, structures that are to be approached in the next chapter.

The present chapter is organized into five sections as follows. In Section 2, we intro-
duce and exemplify the concept of Jacobi structure with background. Due to the special
framework—trivial line bundle, such structures consist of pairs of geometric objects (one 2-
vector field and one vector field) and will be addressed as Jacobi pairs with background. The
twisted Jacobi pairs and the Poisson structures with background are special cases of this new
construct. Section 3 is dedicated to the completion of the category whose objects are the
Jacobi manifolds with background (manifolds endowed with Jacobi pairs with background).
Here, we adapt and investigate the notions of Jacobi map and conformal Jacobi morphism
[62]. In Section 4, we prove that there is a one-to-one correspondence between Jacobi mani-
folds with background and homogeneous Poisson manifolds with background. Section 5 deals
with the (singular) characteristic distribution associated to a Jacobi pair with background.
Here, we prove that it is completely integrable and its characteristic leaves are either locally
conformal symplectic manifolds with background or twisted contact manifolds. Section 6
ends the chapter with twisted dual pairs in the symplectic and contact setting. We empha-
size two results, one concerning the characteristic leaf correspondence and the other about
" Poissonization” of a twisted contact dual pair.

The original contribution to this chapter is contained in [16, 17, 18].

3.1 The concept

Let M be a smooth manifold. We denote by QP (M) and X? (M) the spaces of smooth p-forms
and smooth p-vector fields respectively, so QY (M) = F (M) = X°(M), where F (M) :=
C> (M) represents the set of real smooth functions defined on M. We adopt the conventions
from [55], concerning the wedge products, interior products, pairings between QP (M) and
X? (M) and also those for Schouten-Nijenhuis bracket |, | on multi-vector fields. All of these
can be found in Chapter 1 of the present work.
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3.1.1 Twisted Jacobi pairs

Let M be a smooth manifold. A Jacobi structure with trivial line bundle [76], called a Jacobi
pair on M in [23, 9], is a pair (I, ) built with a bi-vector field and a vector field that satisfy

HILI + EATL=0, [E,II]=0. (3.1)

Equations (3.1) that define a Jacobi pair can be expressed in a more economical way, which
is suitable for generalization, as we sketch in the sequel. We consider the Lie algebroid

(TM xR, [['7 ']]a p) (3'2>

with bracket
[[(X,f),(y,g)]] = ([X7Y]>X<g) _Y(f))’ (33>

with anchor the projection p on the first factor. It can be extended to the Gerstenhaber
bracket on ' (A®* (T'M x R)), which reads

[(P,@), (R, S)] = ([P, R], [P, 5]+ (=)"[@, R]) (3.4)

The Gerstenhaber algebra structure on I' (A®* (T'M x R)) is completed by the graded com-
mutative and associative multiplication

(P,Q)N(R,S)=(PANR,PANS—(=)"QAR), (3.5)

where (P,Q) € T (AP (TM x R)) ~ XPT(M) x XP(M) and
(R,S) e T (A" (TM x R)) ~ X"(M) x X"(M).
Now the two identities (3.1) can be expressed [40] in terms of the Gerstenhaber bracket
[-, ]V associated with the 1-cocycle (0,1) € T(T*M x R) as
(L, B), (IL E)]*Y = 0. (3.6)

1
2

The closedness of 1-cochain (0, 1) € I'(T* M x R) refers to the de Rham differential associated
with the Lie algebroid (3.2),

d(w,a) = (dw, —da), (w,a)€ QF (M) x Q1 (M), (3.7)
while the modified Gerstenhaber bracket has additional terms to (3.4):

[(P.Q), (R, )]V = ([P,R] — p(=)"PAS+rQAR,

PS4 () Q. R~ (p— 1) QA S). .
Indeed, bracket (3.8) can be written in terms of (3.4) and (3.5) as
[(P.QL(R I = [(P.QLES] +2(-V (PO AJun(RS) o

- Tj(O,l)(P7 Q) N (R7 S)

with
Jon (P, Q) =—(Q,0).
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It is noteworthy that the homological degree 1 derivation acting on the module
I'(A(T*M x R)) (over Q*(M)) associated with the modified Gerstenhaber bracket (3.8)
reads

d®V (w,a) = (dw, —da +w), (w,a) € QF (M) x Q1 (M). (3.10)

The notion of twisted Jacobi manifold (with trivial line bundle) was introduced in [62] as
follows.

Definition 3.1.1. [62] Let M be a smooth manifold. The structure ((II, E),w), consisting
m

Mex*(M), EeX'(M), weQ*(M)
and enjoying the properties
ILI + EANL=Fdw + ITPw A B, [E 1T = — (Wipdw + [Yigw A E) (3.11)
is called a Jacobi pair (I1, E) twisted by the 2-form w, or, simply, a twisted Jacobi pair.
In the previous formulae we use the notation
I QY (M) — X1 (M), o= —j,II (3.12)

with j, the left interior product by 1-form «. We also use the same symbol for its extension
(by R- and F (M)-linearity) to IT* : QP(M) — XP(M).

Remark 3.1.2. [62] It is worth noticing that relations (3.11) are equivalent to twisted
Maurer-Cartan equation (3.6)

101, B), (1L B)] Y = (IL E) (d*V(w,0)) ,
where the F (M )-module morphism
(I, B)* : T(AM(T*M x R)) — T'(AM(TM x R)) (3.13)

is the linear extension of

T(T"M x R) 3 (8, f) "5 (H(B) + fE, —ipB) € T(TM x R).

By direct computation, it results that the concrete expression of vector bundle map (3.13)
reads

(w,0) "5 (1 (w) — (2)FTTH(0) A B, T (i) — (=TT (i) A E, ),

for any pair
(w,0) € QF (M) x Q¥ (M) ~ T(AF(T*M x R)).
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3.1.2 Jacobi pairs with background

By definition, a twisted Poisson structure, also called a Poisson structure with (closed) 3-form
background [70] consists of a 2-vector field II and a closed 3-form ¢,

dg = 0, (3.14)

connected via

LI, 1) = T, (3.15)

It is said that the Poisson structure II is twisted by the 3-form ¢. The closedness con-
dition (3.14) allows the construction of a Courant algebroid structure on TM & T*M,
((o,0),[0,0],, p), starting from ((e,e),[e, o], p), which structures TM & T*M as a Courant
algebroid. Previously, we invoked the data

(X®a,Y ®6) = 3(ixh +iva)

X ®a,Yds]:=[X,Y]d(Lxf —iyda)
[X Q5] OZ,Y D ﬂ]¢ = [X, Y] ) (ﬁxﬁ - iyda — ZXZy¢)
p(X ®a):=a.

In this Courant algebroid with twisted Dorfman bracket, [e, o] 4> the graph of the twisted
Poisson structure is a Dirac structure, which particularly implies its integrability [70].

In the sequel, we take into account Poisson structures with arbitrary 3-form background
that are shortly addressed as Poisson structures with background. Such structure has been
recently proposed in the context of sigma-models [13]. Other instances that display Poisson
structures with background come from quasi Poisson concept [1] (see Section 3.1.5 below).
In the light of this relaxation, we propose an extension of the Definition 3.1.1 to a Jacobi
structure with background.

Definition 3.1.3. The structure ((I1, E), (¢,w)) consisting of
e X*(M), EcX' (M), ¢cQ(M), weQ*(M),
defines a Jacobi pair (I, EY) with background (¢,w) on M if it satisfies
IO+ EAll=' + FwA E, [E 1] =— (Il"gp+ Migw A E) . (3.16)

It is immediate that, if in (3.16) we consider £ = 0 and w = 0, we get nothing but a
Poisson structure with background (3.15). Moreover, if the background is of the form

(p,w) = d(o’l)(w,O) = (dw, w),

we obtain the well-known twisted Jacobi structures (see Definition 3.1.1). It is noteworthy
that, by means of definition (3.10), the previous condition is equivalent to d®Y_closedness
of the pair (¢,w).
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Remark 3.1.4. In terms of the Lie algebroid (3.2) with 1-cocycle (0,1) € I'(T*M x R) and
the modified Gerstenhaber bracket (3.8), the equations (3.16) are equivalent to

5[0 E), (IL E))©Y = (IL E)} (¢, w).

In the same language, due to the fact that the homological degree 1 derivation d®Y in (3.10)
is acyclic, it results that twisted Jacobi structures are nothing but Jacobi structures with

closed background
d®Y (¢,w) =0. (3.17)

According to [62], the Dorfman bracket of the standard Courant-Jacobi algebroid structure
on the omni Lie algebroid (TM x R) @ (T*M x R) [80] can be twisted by (¢,w) if and only
if (3.17) holds.

In view of evidencing the existence of such a structure, we give some illustrative examples.

Example 3.1.5. Let’s consider the four-dimensional smooth manifold R* with the global
coordinates x = (z!, 22, 23, x*) and the real smooth functions a,b € F (R*) among which a is
nowhere vanishing and b depends only on the first two coordinates b (z!, z%). The geometric
objects

II = CLi1 (81 A 84 + 82 N 83), E = —ail ((811)) 84 + (821)) 83),
¢ =d(a de® Ad2® +a dz' Ada?) —ad (b d2? Ada® +bda' Ada?), w=0

satisfy the equations (3.16) so it organizes R* as a Jacobi manifold with background, with
non-closed 3-form ¢ and trivial twisting 2-form w.

Example 3.1.6. Again, we consider the four-dimensional smooth manifold R* and we take
functions a,b € F (R*) with a nowhere vanishing. We globally define the geometric objects

Q:a(dxlAdx2+dx3Adx4), ¢ =dw + (da +a db) Ada® Adz?, w=ada’ Ada?
(3.18)
The 2-form 2 is non-degenerate with inverse the bi-vector field II given by

(p ANID) = (Q,Qp AQN), p, A€ Q' (M), (3.19)

thus II = —a™! (0; A 92 + 03 A 04). This allows the construction of the vector field E = 1db.
With these tools at hand, the pair ((II, E), (¢, w)) organizes R* as a Jacobi manifold with
background. Here, the twisting 2-form w is non-trivial.

Example 3.1.7. Let’s consider the four-dimensional smooth manifold R* with the global
coordinates v = (xt, 2%, 23, 2*) and the real smooth functions f,e € F (R*) among which f
is nowhere vanishing, f*> > 0, and e depends only on the first two coordinates, e = e (x!, 2?).
We introduce the geometric objects

= % (01 A Oy + Dy A D), B= —% (0he) Dy + (Doe) B5) . (3.20)
¢ = (df — fde) A (2% A da® + da' A da?), w = 0. (3.21)

Direct computations show that the geometric objects (3.20) and (3.21) verify the relations
(3.16) which means that ((I1, E), (¢,w)) is a Jacobi pair with background.
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Example 3.1.8. Let’s consider again the four-dimensional smooth manifold R* with the

global coordinates x = (z*, 22, 23, 2%) and the smooth functions f, g, h, and e on R* among

which f, and e verify the same restrictions as in the previous example. Construct the bi-
vector and vector fields as in (3.20) and

¢ = [(83h826 + (94f) dl’Q + (03h816 - 83f) d(L’l] VAN dﬂ?g VAN d$4
+ [( F — BofOe — Dihdae + Buhdre) dat + (al f+ 04 faQe> dxﬂ Adat Adz?, (3.22)
w=f (@) ds? Ada® + (9] ) da® A da’ + g (2)da’ A da? +dh A da'. (3.23)
In formulas (3.22) and (3.23) f stands for an arbitrary smooth function that verifies Oyf =
f. By direct computation it can be checked that the pair ((II, E), (¢,w)) given in (3.20),
(3.22), and (3.23) satisfies the compatibility conditions (3.16), i.e. it is a Jacobi pair with

background. Simple computations show that the 2-form w is non-trivial while the 3-form is
closed but

¢ # dw.

3.1.3 Locally conformal symplectic structures with background

Definition 3.1.9. Let M be an even-dimensional smooth manifold endowed with a non-
degenerate 2-form ). Given a a closed 1-form (the Lee form)

da =0, (3.24)
and w a 2-form, we define the 3-form
p=dQ+a AN (Q—-w). (3.25)

The structure ((2, «), (p,w)) on M 1is said to be a locally conformal symplectic structure

(Q, o) with background (¢, w).

The previous examples 3.1.7 and 3.1.6 exhibit such triplets, so they are locally conformal
symplectic structures with background.

Remark 3.1.10. If the Lee 1-form « vanishes, we have
¢ = d,

so we obtain the notion of twisted symplectic structure (also known under the name almost
symplectic structure) [36]. It induces a twisted Poisson structure (II, ¢) with II the inverse
of © [68]. Another special case is

¢ = dw,

when we recover the notion of twisted locally conformal symplectic structure [64], since

dQ—w)+an(Q—w)=0.
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Proposition 3.1.11. A locally conformal symplectic structure with background ((2, @), (¢, w))
on the smooth manifold M naturally organizes M as a Jacobi manifold with background with
I1 the inverse of Q (3.19) and E = Qfa.

Proof. Using the Koszul relation (that connects right inner multiplications by p-vectors and
Schouten bracket) [55]

ipqg = — llig.d],ip], PeXP(M),Qc X (M) (3.26)
and definition (3.19), by direct computation we get

g (PAAAB) = —indin (p AXA 1) = > inlp Adin (A A p)]

cyclic

i1
2

= Qp ((Q QNN ) (3.27)
cyclic
for arbitrary closed 1-forms p, A, and u. Using (3.19), it further leads to
ipan (P AANA W) =imip (p AXA p) = Z ippim (AN p) = Z igp(, PAN Q). (3.28)
cyclic cyclic
Combining the relations (3.25) and (3.19), by direct computations we establish
i (P AAA ) = — (6, IFPp AT AT ) = —(dQ, Q¥p A QA A QFp)
—{a A, Dp ANVANAN Q) + (o Aw, Qp A QXA QF i)
= D (LN D)) +ipplQ PN Q) — ipplw, PN A Q)

cyclic

(3.29)
and
intone (P ANA 1) = i, (D AXNAp) = ipp (w, BAA Q). (3.30)
cyclic
The results (3.27)-(3.30) allow us to conclude that the first relation in (3.16) holds.
Using again formula (3.26), we get for all p, A € AY(M):
i[E,H] (P A )\) = —indiE (p VAN /\) + ’LEle (,0 N /\)
= —p (L E)) + QA ((p, E)) — E ((Q, 2 AQRN)) . (3.31)
In addition, direct computations based on the definitions (3.25) and (3.19) reveal
ittigs (P AN) = (dQEAQp AQVN) —ipp (QQPANE) +ipA (QQp A E)
+igplw, ¥AAE) —ighw, Wp A E)
= ((\E) — QX ((p, E)) + E ({2, Qp AQFN))
+ipp(w, VAN E) —ighw, Qp A E) (3.32)
and
itigone (DA X) = ipin, (p AX) = —igp (W, QAN E)+ipA{w, Qp A E). (3.33)

Finally, the equalities (3.31)—(3.33) prove that the second identity in (3.16) also takes place.
[l
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3.1.4 Twisted contact structures

Let M be a (2m+1)-dimensional smooth manifold. The pair of forms (0, w) with w € Q?(M)
and 0 € Q'(M), such that
pi=0A(d0+w)" #0 (3.34)

is a volume form on M, is said to be a twisted (co-orientable) contact structure [62].
The Hamiltonian vector field to f € F(M) is defined as the unique solution X; to

Proposition 3.1.12. Let (0,w) be a twisted contact structure on the smooth manifold M.
Then it naturally organizes M as a twisted Jacobi manifold with respect to ((I1, E'),w), where
E is the unique vector field (Reeb vector field) that satisfies

and
in(df Adg) == (d0 +w, XN Xy), f,ge€F(M). (3.37)

Proof. Employing the equations (3.36)—(3.35), it can be shown that the 2-vector field II
given by (3.37) verifies

it = 0, ing (A0 +w) =ig (@A) = —a+ (ipa)d, o€ Q' (M). (3.38)

By means of these results, direct computations show that the structure ((I1, E'), w)) is twisted
Jacobi. It is worth noticing that this output has been exhibited in [64] where the bivector
IT is defined via (3.38). O

It is immediate that the 2-form ) = df + w restricted to the hyperplane distribution
H := ker 6 is non-degenerate. Indeed, taking into account the second indentity in (3.38) and
using a dimension count we deduce an expression for the orthogonality on H with respect

to €
Vi =TIF(V°), V CH, (3.39)

where V° C T*M denotes the annihilator of V.

3.1.5 Quasi Poisson/Jacobi structures

A quasi Poisson structure [1] on the manifold M comes with a Lie algebra action, i.e. a Lie
algebra homomorphism a : g — X(M), and an invariant inner product - on g, such that

% [H7 H] - CL(X), £a(§)H = [a<§>7 H] - O, 5 g, (340)

where Y € A3g denotes the Cartan 3-tensor. If the g-action is tangent to the characteristic
distribution Im IT¥, then a(x) = [T*¢ with ¢ € Q3(M) and the quasi Poisson structure induces
a Poisson structure with background that is a not necessarily closed 3-form ¢.

A quasi Jacobi structure [63] involves an additional ingredient: a Lie algebra 1-cocyle
A € g*, which means that )\ vanishes on [g,g]. The Lie algebra homomorphism a* : g —
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[(TM x R) with respect to the Lie algebroid bracket (3.3), given by a*(£) = (a(£), \(€)),
is called a g-action on M with 1-cocycle A [63]. Similarly to (3.40), by definition a quasi
Jacobi structure satisfies:

(01, B), (L E)]OY = a*(x), Lo (LE)=0, ¢e€g. (3.41)

1
2 a*(§)

If the Lie algebra action with 1-cocycle is tangent to the distribution Im(II, E)* C TM x R,
then
a*(x) = (I, B)}(¢,w) € D(A*(TM x R)) (3.42)

with ¢ € Q3(M) and w € Q*(M). In this case the quasi Jacobi structure induces a more
general structure than the twisted-Jacobi one, since ¢ is not necessarily equal to dw, thus a
Jacobi structure with background.

The Cartan 3-tensor defined by the invariant inner product - on g is

X = lefabcea Aey Ae. € N,

where {e,} is an orthonormal basis and fu. = €, - [€p, €c]. Thus the 3-vector component of
A(x) is
i5favca(ea) A ales) A alee) = a(x).

On the other hand the 2-vector component of a*(x),
15 fabe (A(ea)ales) A alec) + Aes)alec) Aalea) + Aec)alea) A ales))
vanishes because, by the 1-cocycle condition for A\ € g*, we have for all indices b, c:
faveA(ea) = A(eq - [en, ec])ea) = A([en, ec]) = 0.

Thus, in the definition (3.41) of a quasi-Jacobi manifold, we actually have:

a*(x) = (a(x),0) € D(A*(TM x R)) = X*(M) x X*(M).
Because the expression of (3.13) for k =3 is

(I, B) (¢, w) = (T*¢ + w A B, ~TT¥i ¢ — M¥igw A E),

from the identity (3.42) we deduce an additional condition on the background forms (¢, w)
on a quasi Jacobi manifold:
i + Migw A E = 0.

3.2 Brackets for Jacobi structures with background

3.2.1 Brackets and Hamiltonian vector fields

Starting with a Jacobi manifold with background (M, ((II, £), (¢,w))) and using the same
type of Jacobi bracket as for twisted Jacobi manifolds [62], we endow the set of smooth
functions F(M) with the bracket

{f,9} =in(df ANdg) +ip(fdg —gdf), f,g€ F(M). (3.43)
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Definition (3.43) displays a skew-symmetric, bi-differential operator of the F(M)-module
F (M)

{f.gh}y = (Xpg) h+g{f,h}, f.g,h € F(M),

where

X =T1I"df + fE (3.44)
is the Hamiltonian vector field corresponding to the smooth function f. In the special case
of a twisted contact manifold, this Hamiltonian vector field coincides with the one given in

(3.35).
The bracket (3.43) can be also expressed using Hamiltonian vector fields as

{f,9} =ix,dg — gipdf. (3.45)
In general, this twisted Jacobi bracket doesn’t satisfy the Jacobi identity.
Proposition 3.2.1. The bracket (3.43) satisfies
Jac{f,9,h} = —ix;nx,nx, 0 + (Lef)ix,ax,w + (Leg)ix,ax,w + (Leh)ix ax,w, (3.46)

with the Jacobiator defined by

Jac{f, g,h} = {f:{g,p}} +{g,{h, [}} + {h, {f, 9}}.

Proof. By means of definition (3.43), direct computations display

{£.{9,h}} = —ind (i (dg A dR) df) +in (Af A Lg (gdh — hdg))
— 2i (df Aig (dg Adh)) + fLp (in (dg A dh) + ig (gdh — hdg))

By considering the cyclic permutations of result (3.47), we get

=Y (inLp (fdg Adh) — ipdin (fdg Adh)). (3.48)

cyclic
At this stage, Koszul relation (3.26) expresses the previous result into

Jac{f,g,h} =1 — (df Adg A dh) + igan (df Adg A dh)

1
2

+ipm (fdg A dh+ gdh Adf + hdf Adg), (3.49)

that, by means of identities (3.16), eventually proves (3.46). O
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3.2.2 Conformal factors

Adapting the construction of conformal related Jacobi structures [33], [24] to the current
context, it can be shown that for a given manifold M equipped with a Jacobi structure
with background ((II, E'), (¢,w)) there exists a family of Jacobi structures with background
((I1*, E*), (¢, w*)) parameterized by smooth nowhere vanishing functions a on M, such that
the corresponding brackets are conformally related

{f,9}" =a " {af,ag}. (3.50)

Proposition 3.2.2. Given a Jacobi structure with background ((I1, E), (¢,w)) on M and a
nowhere vanishing function a € F(M),

I =all, E®=aFE+1*da, ¢ =a'¢+d (a_l) ANw, w*=a'w. (3.51)
define another Jacobi structure with background on M.

The two structures are called conformally related Jacobi structures with background. No-
tice that E* = X, the Hamiltonian vector field for a € F(M).

If the original structure ((II, ), (¢,w)) is twisted Jacobi, i.e. ¢ = dw, then the confor-
mally related one ((II*, E%), (¢%,w®)) is also a twisted Jacobi, i.e. ¢* = dw®. It is worth
noticing that the conformally related twisted Jacobi structures have been explicitly given in
[62] and [65].

Proof. The Schouten-Nijenhuis bracket
[1%,11%] = —2alT*da A TI + o [I1, 11]

further gives
Lo + E* ATl = @® (I + IP'w A E) (3.52)

On the other hand
(I*)f¢" + (") A B* = a®TF*(a "¢ + d (a7 ') Aw) + a® T (a™'w) A (aE + ITda)
=a’ (Il +M'w A E),
so the first identity in (3.16) is satisfied. The second one is obtained similarly. O

Proposition 3.2.3. The corresponding brackets of two conformally related Jacobi structures
with background ((I1, E), (¢,w)) and ((I1*, E*), (¢*, w®)) satisfy (3.50).

Proof. Combining definition (3.43) with the relations (3.51), we get

{f7 g}@ = ial’[ (df A dg) + Z.aE-&—Hﬁda (fdg - gdf)
= ain (df Adg) +in (da A (fdg — gdf)) + aip (fdg — gdf)
— a~Vin (d(af) A d(ag)) + a~ i ((af)d(ag) — (ag)d(af)) = a~'{af,ag},

the requested relation between the conformally related brackets. O]
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3.2.3 Jacobi maps

At this stage, we complete with morphisms the category of Jacobi manifolds with back-
ground.

Definition 3.2.4. Let (M;, ((IL;, E;), (¢i,w;))), i = 1,2, be two Jacobi manifolds with back-
ground. A smooth map F : My — My is said to be a Jacobi map if and only if

F*{f. g}, ={F"f. Fg};, f.g€F(M) (3.53)

Proposition 3.2.5. In the stated context, the smooth map F : My — My is a Jacobi map
between Jacobi manifolds with background if and only if the pair of vector fields (Ey, E2) and
the pair of bi-vector fields (I1y,113) are F-related. i.e.

[lhoF=TFoll;, FEyoF =TFokF, (3.54)
where we denote by TF both the tangent map and its extension (by linearity) to p-vectors.
Proof. Let f and g be two arbitrary smooth functions on M;. We successively establish

{F*f,F*g}, =i, F* (df ANdg) +ip, F* (fdg — gdf)
=F" (iTF(Hl) (df Ndg) +irpeE) (fdg — gdf)) .

Furthermore, definition (3.43) exhibits

F*{f,9}, = F* (im, (df ANdg) +ip, (fdg — gdf)).

In the light of the last two results, it is clear that (3.53) holds if and only if (3.54) take
place. O

Remark 3.2.6. It can be shown that the previous smooth map F' is a Jacobi map if and
only if the Hamiltonian vector fields (Xp«r, X) are F-related vector fields for all f € F(Ms),
Le.

TEF(Xpey) =XsoF, feF(M). (3.55)
Indeed, the definition of Hamiltonian vector fields (3.44) displays
Xpey = IdF*f 4 (F*f) By = IEF*Af + (F*f) E).
which further gives
TF(Xpes) = TF o ILF*df + (F*f) TF(E).

Invoking Proposition 3.2.5, where the first relation in (3.54) is equivalent to I} = TF oI} F*,
it is clear that F' is a Jacobi map if and only if (3.55) holds.

Remark 3.2.7. Assuming that F' : M; — M, is a Jacobi map, we analyze the relation
between the pairs of forms (¢1,w;) and (2, ws). In view of this, we apply twice the Definition
3.2.4 and get

F*Jac{f,g,h}, = Jac{F*f,F"g,F"h},, f,g,h € F (M,).
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The last result together with (3.46) and (3.55) further give
(F*o, Xpeg N Xpog N Xpep) — (L, (F7f) (F¥wo, Xprg A Xpep) + cycl.)
= (1, Xpof AN Xpog AN Xpop) — (L, (F*f) (w1, Xpeg A Xpep) + cycl.), (3.56)
which eventually implies that
Frgg = ¢1, Frwy =wi,

but only on the distribution generated by the Hamiltonian vector fields of the form Xp-; =
I (F*df) + (F*f)E, with f € F(M,), i.e. on the distribution I} ((ker TF)°) 4 (E;).

Finally, by ‘gluing’ the bracket (3.50) to the concept of Jacobi map (see Definition 3.2.4)
we are in the position to introduce the conformal Jacobi map as a smooth map F' between
the Jacobi manifolds with background (M;, ((IL;, E;), (¢i,w;))), ¢ = 1,2 that fulfills

Fr{f.gts ={F"f. Fg}y, fgeF(M). (3.57)

Definition (3.57) combined with the Propositions 3.2.3 and 3.2.5 ensure that the previous map
is a conformal Jacobi one if and only if Ilyo F' = T'Fo(ally) and Eyo FF = TF (aEl + Hﬁda).

Moreover, because of (3.51), the background forms satisfy:
F*¢o=a ¢ +d (a_l) Awy, Frus=atw
on the distribution T} ((ker TF)°) + (X,) in M;. These relations can be rewritten as

o1 = aF Py +da N Frwe, wi = aF ws. (3.58)

3.3 ”Poissonization” of Jacobi manifolds with back-
ground

In this section, we address the problem of a kind of Poissonization [76], [62] for a given Jacobi
manifold with a background. In view of this, we define the homogeneous Poisson manifold
with background as being a Poisson manifold with background (M, (I, ¢)) that displays a
vector field Z enjoying

(Z,10] = 11, Ly = 0. (3.59)

Proposition 3.3.1. If (M, (IL, E), (¢,w)) is a Jacobi manifold with background, then the
manifold M := M X R can be naturally endowed with a Poisson structure with background

(IL ¢),

M= (I+0,ANE), ¢:=¢ (¢+wAdr), (3.60)
that is homogeneous with respect to the vector field Z := 0., i.e., (3.59) take place.

Proof. Putting together the relations (3.16) verified by the given Jacobi structure with back-
ground ((II, £), (¢, w)) and the first definition in (3.60), by direct computations we get

[T, 1T| = 26727 [P + T A B — 0, A (IFipgep + Toigew A )] (3.61)
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Also, if we take x = (z') a local chart on M such that
E=F9;, w= %wijdxi Adz?, ¢ = %(ﬁijkdxi Adzd A daF, (3.62)
then the first definition in (3.60) gives
e’ = 7 (I*da’ — E'9,), II"dr =e"E. (3.63)
At this stage, by means of the expressions (3.62) and (3.63) we obtain
'y = ™ (I — 0, AT%ipg), Mw=e" (Tw — 0, ATipw). (3.64)

Finally, inserting the results (3.64) into the right hand side of (3.61) and using the second
definition in (3.60) we get that IT and ¢ are subject to the equation (3.15). Moreover, direct

computations lead to the fact that the geometric objects given in (3.60) verify (3.59) for
Z = 0. ]

As it has been established in [62], by considering a background of the form (¢,w) =
(dw,w) in the previous proposition, we get an exact background 3-form ¢ = d (e"w), hence
the following result:

Corollary 3.3.2. The "Poissonization” of a twisted Jacobi structure ((I, ), w) on M is
the manifold M = M x R, endowed with the twisted Poisson structure (11,d(e"w)).

Remark 3.3.3. Let (A,w) be a twisted contact structure on the manifold M, with in-
duced twisted Jacobi structure ((II, £') ,w), offered by Proposition 3.1.12. Then, according
to Proposition 3.3.1, the ”Poissonization” yields the homogeneous Poisson structure with
background (f[, é) on M x R, where II is non-degenerate with its inverse the 2-form

Q=¢"(dd+w—drAb) (3.65)

and

»=d (e"w) = dQ.

Thus we obtain a twisted symplectic structure Q on M x R. Of course, when w = 0 this is
nothing but the symplectization of a contact structure.

Proposition 3.3.4. Let (M;, (II;, E;), (¢s,w;)), i = 1,2, be two Jacobi manifolds with back-
ground and F : My — My be a smooth map. Then F is a Jacobi map if and only if the
smooth map

F:M xR— My, xR, F(x,7):=(F(z),7)

1s a Poisson map between the corresponding Poisson structures with background (ﬁi,gz;i),
i=1,2.

Proof. Combining the results offered by the Propositions 3.2.5 and 3.3.1 with the expression
of the tangent map TF (X & 7) = TF(X) ® 7, we get [Iyo ' = T F olIl;, and the conclusion
follows. 0
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3.4 Transitive Jacobi manifolds with background

3.4.1 Characteristic distribution

The characteristic distribution corresponding to a Jacobi structure with background ((II, E), (¢, w))
on a smooth manifold M is defined by

M) =] ¢, (M):= | J{E,} uImII}). (3.66)
peM peM
It coincides with that generated by the Hamiltonian vector fields (3.44):
con = |J ({(xp,: reron}).
peEM

This further implies the smoothness of the characteristic distribution.

Proposition 3.4.1. The characteristic distribution corresponding to a Jacobi structure with
background is involutive.

Proof. We show that
[Xf’Xg] (p)ECP(M>’ f7g€f(M)

Combining definitions (3.43) and (3.44), as well as Koszul relation (3.26), we successively
obtain

(X, Xl b — X(pyh = Jac{f, g, h} + {f, hEg} — {g, hEf} + (X h) Ef
— (Xyh) Eg — hE{f, g}
= Jac{f,g,h} — h[Lg,in] (df Adg)
= Jac{f,g,h} — hijp (df Adg).

Inserting in the right hand side of the previous equality the relations (3.16) and (3.46), we
get

(X7, Xy] — Xip.gy = Wix, nx,0 — (Ef) Mix,w + (Eg) Wix,w + (ix,ax,w) E,  (3.67)
that proves the proposition. O

Definition 3.4.2. A Jacobi manifold with background (M, ((II, E), (¢,w))) is said to be
transitive if its characteristic distribution C (M) coincides, at each point of the manifold,
with the tangent space, 1i.e.

T,M = ({E,} UImII}), pe M. (3.68)

Remark 3.4.3. From Definition 3.4.2 it is clear that in the context of transitive Jacobi
structures with background, if M is even-dimensional then the 2-vector field II is non-
degenerate (i.e. II* is a vector bundle isomorphism with the inverse IT° [51]) and

E € ImIT°. (3.69)
On the other hand, if M is odd-dimensional then dimImIT* + 1 = dimM and
E, ¢ ImIl}, pe M. (3.70)
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Example 3.4.4. Examples of transitive Jacobi structures with background are the locally
conformal symplectic structures with background (see section 4.2.3) and the twisted contact
structures (see section 3.1.4). We will see in Theorem 3.4.6 that these are the only transitive
Jacobi structures with background.

3.4.2 Gauges for the background

Returning to Definition 3.1.3, it is natural to ask how much freedom is left for the exterior
forms ¢ and w, once we fix the vector and 2-vector fields E and II respectively? We answer
this question for transitive Jacobi manifolds with background as follows.

Theorem 3.4.5. Let M be a smooth manifold and ((I1, ), (¢;,w;)), i = 1,2 be two transitive
Jacobi pairs with background on M. The following alternative holds:

1. If M s even-dimensional then there exists a 2-form w, such that

W =wy+w, ¢ =¢—wAIlE; (3.71)

2. If M s odd-dimensional then

Wi = wa, Q1 = Po. (3.72)

Proof. When M is transitive even-dimensional, Remark 3.4.3 together with Definition 3.1.3
exhibit for the considered Jacobi structures with background

LILI 4+ EALL = TP+ 11 (w; AIPE),  [E,10] = — (Iipg; + I (ipgw; AITE)), (3.73)
for = 1,2. By subtraction we get
" (¢ +wAIPE) =0, g (¢+wAIPE) =0, (3.74)

where

¢ =1 — P2, w:i=wp— wo. (3.75)

Invoking the non-degeneracy of the 2-vector field II, from (3.74) we infer ¢ = —w A IIE,
hence (3.71).

In the transitive odd-dimensional situation, by using the same manipulations and the
same notations (3.75) as in the even-dimensional case, we get

g = —IFw A E, Tligp = —igw A E. (3.76)
At this stage, in the light of Remark 3.4.3 (see (3.70)), relations (3.76) further impose
Dligw =0, ITfw=0 O¥gp=0, II*¢=0. (3.77)

The first equation in (3.77) shows that Im IT* C Kerigw. This, combined with E € Kerigw,
in the light of the transitiveness of the considered pairs (see (3.68)), allows us to conclude
that ipw = 0, which together with IT*w = 0, finally gives w = 0.
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Now, by using the same arguments, we analyze the last two equations in (3.77)) and show
that their unique solution is the trivial one ¢ = 0. Let p and A be two arbitrary 1-forms.
With these objects at hand, the third equation in (3.77) is equivalent to iy, (in:\ip¢) = 0.
This, together with the obvious one ig (i:\ip¢) = 0, by means of the transitiveness (3.68),
exhibit iz \ipe = 0 for all A € QY(M), and, moreover iz = 0. Invoking again the transitive
character of the considered Jacobi structures with background, the last result together with
the fourth equation in (3.77) display ¢ = 0, which completes the proof in the odd-dimensional
context. [

The results given by the previous theorem offer the gauge transformations [70] for a given
transitive Jacobi manifold with background, i.e. the changes of w and ¢ that do not modify
the fundamental objects Il and E respectively. In this sense the transitive odd-dimensional
case is rigid. Thus for a twisted contact structure (6,w), which is known to be transitive
odd-dimensional, the background (w,dw) cannot be altered.

3.4.3 Characterization of transitive Jacobi manifolds with back-
ground

The transitive twisted Poisson manifolds are twisted symplectic (alias almost symplectic)
manifolds [68]. The transitive twisted Jacobi manifolds are either twisted contact or twisted
locally conformal symplectic [64]. In the sequel, we shall characterize the transitive Jacobi
manifolds with background.

Theorem 3.4.6. Let (M, ((I1, E), (¢, w))) be a Jacobi manifold with background. If it is tran-
sitive then either it is a locally conformal symplectic manifold with background (see section
4.2.8) or it is a twisted contact one (see section 3.1.4).

Proof. The argumentation takes into account the parity of the manifold M.
i) Assuming M is even-dimensional, from its transitivity we know that IT is non-degenerate,
so we define the non-degenerate 2-form 2 as its inverse

(LXAY):=(I'X AI'Y,II), X,Y €X' (M), (3.78)
and the 1-form « (the Lee 1-form) by
o= —ipf. (3.79)

At this stage we are in position to prove that the geometric objects defined in (3.79)—(3.78)
verify the relations (3.24) and (3.25). In view of this we compute the de Rham differential of
the 2-form Q. Let f, g and h be three arbitrary smooth functions. By a direct computation
based on definition (3.78) we get

(AT f ATTFdg ATIRY = ) (T f ((Q,TTdg A TT*dh)) — (Q, [T f, TT*dg] A TT*dh))
cyclic

— ) ((mdf (T*dg (h)) — II*dg (T f (R))))

cyclic
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= —indiy (df Adg A dh)
— Z (T f ((dh, T*dg)) — IT¥dg ({dh, TT*df)))

cyclic

= igdip (df Adg Adh) = —%’i[n,n] (df Adg Adh).
In the same fashion, we successively obtain

(a ANQITEAf ATTFdg ATIRY = )~ (a, I f) (Q, ITFdg A TT*dA)

cyclic

= — > {(df,Ta) in (dg A dh)

cyclic

= — Z i (df)in (dg Adh) = —igan (df Adg Adh).

cyclic
Adding the last two results and using the first relation in (3.16) we get
(dQ+ a A QI f AITFdg ATIFdR) = — (df Adg A dh,IT'¢ + IT'w A E),
or, equivalently
(dQ+ a A (2 —w), I f AlT*dg A TTFdR) = — (df Adg A dh, IT%)
= (¢, I (df Adg Adh)).

which proves (3.25).

It remains to prove the closedness of the Lee 1-form «, (3.24). In view of this, we use
its definition (3.79), relation (3.25) and the second equation in (3.16). By means of the first
two arguments above we establish

dao=—digQd = —LgQ +igdQ = —LQ + i [(b —a (Q — w)] . (380)

In the sequel, we compute the terms in the right hand side of (3.80). Let f and g be
two arbitrary smooth functions. By using the relation between Lie derivatives and tensor
contractions we get

(LpQ, I f ATTFdg) = Lp (I f ATTMg) — (Q, [E, ITFd f] A TTdg)
+(Q, [E,II"dg| ANTI"df) = —Lpiy (df A dg)

Concerning the second term in the right hand side of (3.80), we subsequently obtain
(ipg, II*df A1T*dg) = (df Adg,ITipd) = i, (Af Adg). (3.82)

Moreover, by means of the definition (3.79) combined with the antisymmetry of the 2-vector
field IT we get iga = Q(E, E) = 0, result that further leads to

(ip (@ AQ), TFdf ATMdg) = — (o A ipQ, I f ATT*dg) = 0 (3.83)
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and

(ip (a Aw) A A Hudg> = —(aAigw, IT*df A Hﬁdg>
= — (o, II*df) (ipw, T*dg) + (o, T*dg) (i pw, IT*d f)
= —(Ef)(dg, TFigw) + (Eg)(df, IFigw)
= ittigune (Af A dg) (3.84)
Inserting the relations (3.81), (3.82), (3.83) and (3.84) in the right hand side of the formula
(3.80) and invoking Definition 3.1.3 (see the second equation in (3.16)) we prove that da = 0.
i1) We analyze the transitive Jacobi structures with background over odd-dimensional
manifolds. In this context, we prove that the considered Jacobi structure is a twisted contact
structure (see Section 3.1.4). In view of this, we start from Remark 3.4.3 and construct the

1-form 6 such that
igh =1, g =0, \e&QY M), (3.85)

where the second identity means I1*0 = 0. In order to show that (#,w) is a twisted contact
structure over the base manifold M, it is enough to prove that the 2-form dé + w verifies the

equations
ip(df+w) =0, dga(dd+w)=ig(AAD), Xe Q' (M). (3.86)

Indeed, due to the fact that E and IT*\ generate the whole tangent space, the relations (3.85)
and (3.86) imply the non-degeneracy of the volume form (3.34) as

ipp=—(d0 +w)™, dgap=-—mAAOA(d)+w)™ !, dimM = 2m + 1. (3.87)

We establish the first relation in (3.86) by computing ig(df + w). Let A be an arbitrary
1-form, A € Q'(M). Starting with relations (3.85), we successively derive

iHuAiE(de + Ck)) = iE/\Hu)\(de + (U) = Z.E/\Hu)\ (d@ + (U) = <CL), FE A\ Hﬁ)\> + <d6, EA Hﬁ)\>
= — (A ligw) (0, E) + (d0, E ATI'A)
= — (AN0,I%igw A E) + (d6, E ANTIPA) . (3.88)

Invoking the second equation in (3.16) and the second relation in (3.85), direct computations
based on Koszul relation (3.26) further give

—(ANO, Tigw A E) = (AAO,[E 0] + IT%igg) = (AA G, [E, 1))
= —[lin,d],ig] A A 0) = inip (A A dO) —ind ((ip)) 0)
= —ineripdd = — (d6, E ATEEX) . (3.89)

Putting together (3.88) and (3.89) we conclude that

which, supplemented with igig(df + w) = 0, prove the first relation in (3.86).
Using the same reasoning, we prove the second formula in (3.86). Firstly, by means of
the first relation in (3.86), we immediately deduce

ipinea(d0 + w) = —igeip(dd +w) =0 =igip (AAD), X Q' (M). (3.91)
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Next, we consider two arbitrary 1-forms p and A and show that the second formula in
(3.86) also holds on the pair (Hﬁp, H’i/\). Direct computations based on (3.85) display

i pinea (A0 + w) = (A0 + w, A A T p) = (6, TIA A TP p) + (A A p, TTHw)
= (O, TPA AT p) + (A A p, TTFW) (0, E)
= (dO, TPA AT p) + (AA p A O, TTFw A E)
= (d0,IFAATIp) + (A A p A0, 2 [ILTD] + E AL — 1)
= (A0, IFA A TTPp) + (A A p A O, [IL ) + (A A p, IT)
= (A0, IPAATTp) + i (A A p A O) + it (A A p). (3.92)

The right hand side of (3.92) can be simplified via the Gelfand and Dorfman formula [29]:
L (VA p A 0) = (0, [TEA,TE]) — (6, [\ ), (399
for the Dorfman bracket
[)\, p]H = ﬁnu)\p - LHﬁp)\ - dZH ()\ A p) .

Indeed, by using (3.93) together with the second equation in (3.85), which is equivalent to
10 = 0, we get

Limm (A A p A 0) = (0, [TTA, ITp]) = —(d6, IT°A A ITp). (3.94)
Inserting the result (3.94) into the right hand side of the equality (3.92) we obtain
it i (d0 + w) = i (A A p) (3.95)
Finally, equations (3.85) further imply that
i i (ANO) = —igim, AN 0) = —ip ((im,\) 0) = —im A = in (AN p),
which, in the light of (3.95), allows to show that
i i (A0 + w) = iz ip (AN ). (3.96)

Putting together the results (3.91) and (3.96) we conclude that the second equation in (3.86)
also holds. O

At this point we have all the tools to formulate the main result of this section.

Theorem 3.4.7. The characteristic distribution associated to a Jacobi manifold with back-
ground is completely integrable (in the sense of Stefan-Sussmann). Its characteristic leaves
are either locally conformal symplectic manifolds with background (if even dimensional) or
twisted contact manifolds (if odd dimensional).

Proof. The proof uses the involutivity of characteristic distribution (see Proposition 3.4.1)
combined with the fact that characteristic distribution possesses constant rank along the
flow lines of its sections (this is done in [42, Theorem 1]) and supplemented with the fact
that through each point of the smooth manifold M only one maximal integral submanifold
passes (this can be found in [64, Theorem 3.2]). O
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Corollary 3.4.8. The pull-back of the background 3-form ¢ to an odd dimensional charac-
teristic leaf is always exact.

Proof. Let i : L < M be an odd-dimensional characteristic leaf, thus twisted contact (by
Theorem 3.4.7). In particular its background (i*¢,i*w) has to satisfy i*¢ = di*w, so it is
exact. []

3.5 Twisted dual pairs

The twisted version of a (symplectic) dual pair [82] has been studied in [37]. In this section
we give a twisted version (in the trivial line bundle setting) of a contact dual pair [73].

3.5.1 Twisted symplectic dual pairs

Let (M,2) be a twisted symplectic manifold (with 3-form ¢ = dQ), and let (P, 113, ¢1),
(Py, 115, ¢2) be two Poisson manifolds with background. A pair of Poisson maps

(M, )

% x (3.97)

(P, Iy, ¢1) (P, Iy, ¢)

is called a twisted symplectic dual pair [37] if ker T F; and ker T'F, are orthogonal complements
of each other, with respect to the non-degenerate 2-form 2.
The twisted symplectic groupoids [12] are examples of twisted symplectic dual pairs.

Remark 3.5.1. For all f; € F(P,) and fy € F(P), we get commuting functions
{Ff1. F5 f2} =0
for the bracket on F(M) induced by €. Indeed, the bracket can be written as
{F7fu F5 fa} = ixpy, A(F5 f2),

but the Hamiltonian vector fields X, generate (ker TF))* = ker TFy, hence the vanishing
of the bracket.

Remark 3.5.2. Because of the relation (3.46) between the Jacobiator and the background
form, as in Remark 3.2.7 we obtain that the 3-forms F*¢; and ¢ = d{2 coincide on IT*((ker T F})°) =
(ker TF;)*, for i = 1,2. From this, with the dual pair condition (ker TF;)* = ker T'F,, we
deduce a relation between the 3-forms on the three manifolds, namely

¢ =dQ = Fior + Fy 0,
on the integrable distribution
ker TF, + ker TF, = ker TF; + (ket TFy)*=, i=1,2.

Notice that the background 3-forms ¢1, ¢ need not be exact or closed.
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Proposition 3.5.3. [37] If the Poisson maps in the twisted symplectic dual pair (3.97) are
surjective submersions (i.e. the dual pair is full) with connected fibers, then there is a one-
to-one correspondence between the characteristic (twisted symplectic) leaves of Py and P,
namely Ly = Fy(F7'(Ly)) with inverse Ly = Fy(Fy ' (Ly)).

3.5.2 Twisted contact dual pairs

We consider a twisted contact manifold (M, 6, w), with non-degenerate 2-form Q = df + w
on the hyperplane distribution H = ker #, as well as two Jacobi manifolds with background,

(P, (I, E4), (¢1,w1)) and (P, (Ilz, Ea), (¢2,ws)).

Definition 3.5.4. A pair of conformal Jacobi maps with conformal factors ay,as € F(M),

(M, 0,w)

Z@/ \Q\ (3.98)

P, Py
is called a twisted contact dual pair if the following conditions hold:
1. H is transverse to both ker T'F; and ker T'F5;
2. {ay,a2} =0 and X,, € I'(ker TFy), X,, € ['(ker TF});

3. the Fi-vertical part Hy := ker TF; N"H and the Fy-vertical part Ho := ker TFy, N'H
of H are orthogonal complements of each other, i.e. Hi = H, with respect to the
non-degenerate 2-form 2 = df + w on H.

The twisted contact dual pair is called full if the maps F} and F}, are surjective submersions.
The twisted contact groupoids [65] are examples of full twisted contact dual pairs.

Remark 3.5.5. From the identity IT*((ker TF})°) = Hi = Hs that follows from (3.39) and
3, we deduce that II(dEy fi,dF5 fa) = 0 for all fi € F(Py) and f, € F(P). Using also point

2 in the definition of a twisted contact dual pair, we conclude that
{anFY fi,a2F5 fo} =0, fi € F(P1), f2 € F(P).

Given a surjective submersion F' : M — P with connected fibers, the pullback of a
distribution C C TP is the distribution F*C C T'M defined at each p € M by (F*C), :=
(T,F) ' (Cpgy). It is an integrable distribution, provided the distribution C is integrable.
From Appendix E in [10] we know that, with the additional assumption that the fibers are
connected, there is a one-to-one correspondence between leaves L of C and K of F*C, given
by

L+— K=F'L)and K — L = F(K). (3.99)

Lemma 3.5.6. In a full twisted contact dual pair, the pullback of the characteristic distri-
butions C1 and Cy on the Jacobi manifolds P, and P, coincide. Moreover,

FyCy =kerTF, + ker TF, = F5Cs. (3.100)
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Proof. We compute the kernel of T'F, as

ker TFy 2 Ho + (Xo) & HE + (X)) P2 T ((ker TF))®) + (X,,). (3.101)

Its image under T'F} is the characteristic distribution C; = ImIl; 4+ (E,), because by
Proposition 3.2.5 the vector fields X,, and Ej, as well as the bi-vector fields a1l and
Ty, are related by the map F; which is conformal Jacobi with conformal factor a;. Thus
ker T'Fy + ker T'Fy = FyCy. O

Remark 3.5.7. From (3.58) we deduce that dw = a1 F} ¢y +day A Fffw; and w = a1 Ffw; on
the distribution

T ((ker TFY)*) + (Xo,) "2 ker TR,

and similarly for the complementary indices. Thus, we get relations between the twisting
forms, namely

dw = alFl*gzﬁl + da1 A Fl*wl + CLQFQ*QbQ + da2 A FQ*WQ, W = alFl*wl + agF;CUQ,
when restricted to the integrable distribution ker T'F} + ker T'F5.

Proposition 3.5.8. If the Poisson maps in the full twisted contact dual pair (3.98) have
connected fibers, then there is a one-to-one correspondence between the characteristic leaves
of P, and Py, namely Ly = Fy(F (L)) with inverse Ly = F1(Fy *(Ly)).

Moreover, the odd dimensional (twisted contact) leaves are in correspondence to each
other, as well as the even dimensional (locally conformal symplectic with background) leaves.

The proof uses the fact that for full dual pairs (3.98) with dim M = 2m + 1,
dim P, + dim P, = 2m. (3.102)

Indeed, let kq := dimker Tl and ks := dimker T'F,. Thus dimH; = k; — 1 and dim H, =
ko — 1 by the transversality conditions at point 1 in the contact dual pair definition. From
’Hf = Hy we get k1 + ko = 2m+ 2, hence dim Py +dim P, =2m+1—k; +2m+1—ky = 2m.

Proof. We know there is a one-to-one correspondence between leaves of C; and F;C; given
by (3.99): L; — FY(L;) and K + F;(K), for i = 1,2. Thus by (3.100) there is a one-to-one
correspondence between characteristic leaves of P, and Py, namely L, = Fy(F; (L)) with
inverse L = F1(F; *(Ly)).

Let d = dim(ker TFyNker T'F3), so that dim(ker T'Fy +ker T'Fy) = ki +ky—d = 2m+2—d,
because of (3.102). Counting the dimensions in (3.100) one gets that k; + dim L; = 2m +
2—d = ky+dim Lo, thus codim L; =2m+1—k; —dim L; = d — 1 is the same as codim L.
But by (3.102) the dimensions of P; and P, have the same parity. Thus the dimensions of
the leaves L, and L, also have the same parity. O

The ” Poissonization” procedure from Section 3.3 can be applied to all the objects involved
in a twisted contact dual pair.
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Proposition 3.5.9. Given a twisted contact dual pair (3.98), the pair of Poisson maps

(M x R,Q)

/ \ (3.103)

(P XRaﬁlaél) (P XR,ﬂ%&z)
forms a homogeneous twisted symplectic dual pair.

Proof. We verify that the twisted symplectic dual pair condition
ker TF, = (ker T]E’Q)L

with respect to the non-degenerate 2-form Q = e™(df + w — d7 A 0) obtained by the ”sym-
plectization” of the twisted contact structure (¢,w) (3.65). First we notice that the kernel
of the Poisson map Fj is

ker TF; = {(—a; 'da;(X), X)|X € ker TF}} (3.104)

For the inclusion ker TF, C (ker TEy)", we choose arbitrary vectors X € ker TF, and
Y € ker TF,. Let us denote Hy = X — a5 '0(X)X,, € Hi and Hy =Y —a;'0(Y)X,, € Hao,

and we compute:

O((—a7'day (X), X), (—ay das(Y),Y)) “2 (40 + w) (X, V) + 0(X)ay das(Y)

—0(Y)a; day(X) = (df + w)(Hx, Hy)
+aytay '0(X)O(Y)(dO + w)(Xay, Xa,)

+ a5 "0(X)((d0 + w)(X,,, Hy) + das(Y))
— a7 0(Y)((d0 + w)(Xa,, Hx) + dai (X))

G20 40 + w)(Hyx, Hy) + a7 taz '0(X)0(Y)(~T1(day, das)

+das(X,,) — dai(Xa,)) “2Y (40 + w) (Hx, Hy)
+a7taz'0(X)0(Y)(II(day, das) + ig(ardas — asday))

2V (A0 + w) (Hx, Hy) + a1 a3 0(X)0(Y ) {ax, a2} = 0,

expression that vanishes because of points 2 and 3 in the twisted contact dual pair definition.
The reverse inclusion follows from a dimension count:

dim ker TFy + dim ker TF, = dimker TF; + dimker TFy = ky + ky = 2m + 2 = dim(M x R).

]
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Chapter 4

Jacobi bundles with background

In the early '70s it was invented a new geometric concept [42] that puts on equal footing
locally conformal symplectic and contact structures. This assumes a vector bundle, (E — M)
and a local Lie algebra structure over the R-vector space of smooth sections, I'(E). In
appropriate circumstances (precisely, when the vector bundle reduces to the trivial line
bundle Ry, — M), this geometric structure gives rise the well-known Jacobi manifold [33,
46, 24]. Globally, the Jacobi manifold was initially defined via a pair (lately addressed [73]
as the Jacobi pair) consisting of a 2-vector and a vector field subject to two consistency
conditions that make use of the Schouten bracket associated with the Gerstenhaber algebra
of multi-vector fields. These conditions can be reformulated in terms of a Maurer-Cartan
equation [62, 73] related to the Gerstenhaber-Jacobi algebra structure over the set of the first-
order multi-derivations of the trivial line bundle, which shows that Jacobi pair generalizes in
some sense Poisson structure. Also, the Jacobi pair organizes the R-vector space of smooth
functions as a Lie algebra (with respect to the well-known Jacobi bracket) but not a Poisson
one.

It is worth mentioning that the previous structure, via the associated Jacobi bracket, has
recently found many applications in mathematical physics, namely in the canonical approach
of non-autonomous Hamiltonian systems [81, 76], in the integrability of Hamiltonian systems
on odd-dimensional manifolds [77, 78, 45|, in the construction of Jacobi Sigma Models [4] as
well as in the geometric reformulation of non-equilibrium thermodynamics [5].

A straightforward generalization of the Jacobi pair comes from its ‘twist’ [62] (at the
level of the Jacobi identity for the associated Jacobi bracket) by a 2-form and its de Rham
differential. Twisted Jacobi manifolds (manifolds equipped with twisted Jacobi pairs) enjoy
the main features of Jacobi manifolds: i) their characteristic distributions are completely
integrable, with twisted cooriented contact structures on the odd-dimensional leaves and
twisted locally conformal symplectic structures on the even-dimensional leaves [64] and ii)
they are in one-to-one correspondence with homogeneous twisted Poisson manifolds, where
the background 3-form is exact [62].

In the previous chapter, we showed that the twisted Jacobi pair concept is encompassed by
the Jacobi pair with background. As for any Jacobi-like pair, this starts with a pair consisting
of a 2-vector and a vector field and adds a ‘background’ (that spoils the Jacobi identity for
the Jacobi bracket) comprising a 3-form together with a 2-form. If in a Jacobi pair with
background, the 3-form reduces to the de Rham differential of the 2-form, then this reduces

73
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to a twisted Jacobi pair. In addition, Jacobi manifolds with background (those equipped
with Jacobi pairs with background) enjoys the main features of the Jacobi and twisted
Jacobi manifolds, i.e. 1) their characteristic distributions are completely integrable, with
twisted cooriented contact structures on the odd-dimensional leaves and locally conformal
symplectic structures with background on the even-dimensional leaves [16] and ii) they are
in one-to-one correspondence with homogeneous Poisson manifolds with background, where
the background 3-form is no longer closed [16]. At this point, it is worth noticing the very
recent interest in physics for Poisson Sigma Models with non-closed background 3-form and
their relation with twisted Jacobi Sigma Models [13].

Recently, employing the Gerstenhaber-Jacobi algebra structure of the multi-derivations
of the trivial line bundle, it has been shown that the consistency conditions correspond-
ing to various Jacobi-like pairs [73, 62, 16] can be compactly written as Maurer-Cartan-like
equations. These results together with the algebraic characterisations of Lie and Jacobi alge-
broids [31, 32] allow the introduction of the line-bundle versions encompassing the previous
‘pairs’. Within this global setting, the ‘pairs’ are nothing but the trivial line-bundle versions
of the corresponding Jacobi-like bundles [56, 73]. Starting from this remark, the aim of this
chapter consists of the analysis of twisted Jacobi and Jacobi bundles with background. The
analysis will follow the strategy in [73, 79] and will be mainly focused on the integrability
of the characteristic distributions corresponding to twisted Jacobi and Jacobi bundles with
background.

The present chapter is organized into four sections as follows. Section 1 is dedicated to
standard characterizations [31, 32] of Lie and Jacobi algebroids. Unavoidable, this includes
the Atiyah algebroid of the derivations of a line bundle [43]. For connecting the line-bundle
formulations of the analyzed Jacobi bundles with the ‘pairs’, the previously mentioned results
are done also in the trivial line bundle context [73]. For self-consistency reasons, in Section 2
we shortly address the Jacobi bundles [56] and their characteristic distributions integrability
23, 73]. Section 3 is dedicated to twisted Jacobi bundles. In the literature, this has been
previously done only in the context of the trivial line bundle, i.e., in our language, twisted
Jacobi pairs. Here, we collect the main results concerning transitive twisted Jacobi bundles
and the integrability of twisted Jacobi bundles. Section 4 is dedicated to the main aim of the
present chapter, namely Jacobi bundles with background. With the preparations made in
Secs. 1-3 of the present chapter, it is shown that the trivial line bundle version of a Jacobi
bundle with background is nothing but a Jacobi pair with background. Then, the analysis
of transitive Jacobi bundles with background allows us to conclude that they are equivalent
to either a locally conformal symplectic structure with background or a twisted conformal
structure. Finally, by using the fact that locally, any Jacobi bundle with background is
equivalent to a Jacobi pair with background, we sketch the proof of integrability of the
characteristic distribution associated with a Jacobi bundles with background.

The original results contained in the present chapter are based on [16, 19, 20].

4.1 Lie and Jacobi algebroids: A brief review

Since the ‘birth’ of the local Lie algebras [42], it has been clear that they should be somehow
connected with already known Lie algebroids [66]. This connection is pointed out by the
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bracket among sections in the vector bundle enjoying the locality (i.e. the bracket does
not increase the support of its factors). In fact, Lie algebroids, introduced in the 1960s by
Pradines [66], represent the natural framework for Jacobi and Jacobi-like bundles. In this
section, we initially collect some results [31, 32] concerning the algebraic characterization of
Lie algebroids through either a Gerstenhaber algebra or a differential complex (de Rham).
Then, with the help of a derivative representation (on a line bundle) [43] of a given Lie
algebroid, we implement and algebraically reformulate [31, 32, 73] the concept of Jacobi
algebroid. Due to the fact that we are to prove that Jacobi-like pairs are nothing but
Jacobi-like trivial line bundles, we focus a little bit on Jacobi algebroids over trivial line
bundles.

By its very definition, a Lie algebroid is a vector bundle A — M equipped with a Lie
algebra structure on the set of its smooth sections, I (A), which in turn, is endowed with a
vector bundle map (the well-known anchor), p: A — T'M, that is a Lie algebra morphism

p(la, ) =lp(a), p(B)], a,Bel(4), (4.1)

which is a first-order differential operator in each factor

[, fB] = (p(a) f) B+ fla.B], o BeT(A),feF(M). (4.2)

As we have specified in the beginning of this work, we denote by JF(M) the associative,
commutative, and unital algebra of real smooth functions on the smooth manifold M. A
given Lie algebroid structure on A — M can be agebraically reformulated [31, 32, 73| as
follows.

Theorem 4.1.1. Let A — M be a vector bundle. Then, the following data are equivalent:
1. a Lie algebroid structure, ([o,®],p), on A — M;
2. a Gerstenhaber algebra structure, [, o] ,, on the graded algebra A% :=T (A*A);

3. a homological degree 1 graded derivation, da, acting on the graded algebra fl;, =
['(A®AY).

Because the graded algebra A% is generated by its zeroth and first-degree components,
it results that the one-to-one correspondence between Gerstenhaber and Lie algebroid struc-
tures reduces to

[avf]A:p(a)fv [aaﬁ]A:[Oﬁﬁ]a O‘76€F<A)7f€F(M) (4?))

Invoking the generating system of the graded algebra fl;l and the natural pairing between
A% and A% (see Chapter 1), the one-to-one correspondence between the Lie algebroid
structure and the homological derivation is captured by

(daf, ) = pla) f, (dab,anB) = p(a)(8,8) — p(B) {8, ) — (0. [a. 5]), (4.4)

for arbitrary f € F(M), § € A} and o, 8 € T(A).
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It is noteworthy that the homological derivation d4 defined in (4.4) is nothing but de
Rham differential associated with Gerstenhaber structure [e, o] ,

P .
- ; . j
(da@, a0 A -+ N ay,) = g (=) plaj) (@,a0 A A Aay)
Jj=0
(=) (@, [, ) Aag A= A=A Aay),  (4.5)
1<j<p

+

0

IN

where by the symbol /l\, we meant the omission of the factor a; in the product o A -+ - A cp.

With these specifications at hand, the Cartan calculus is ready. Indeed, if we denote by i
the inner derivation in the algebra A%,

iNf=0, iWo:=(@a), feA)yoed,
and by £Y the Lie derivative
E((XA)f = [avf]Av <‘C<(1A)(D7B> = E&A)<@,ﬂ> - <°t]a [a>ﬁ]A>’ fe -’ZlDA’JJ S -’leAaB S F(A)

then
LY =iDdy 4 d i,

The Cartan calculus is completed by the graded commutation relations

davda] = [da, £59] = [1£.55"] = 0,
(4) pA)] _ pAd) A) (W] ()
|:£a a‘C,B i| — »C[%/B]; |:£a 7Z,8 i| = Z[a,,é’]’

Remember here that a Lie algebroid (A — M, p, [e, e]) is said to be transitive if its anchor
is surjective, i.e.
Imp="TM.

Throughout this paper, a key Lie algebroid appears, namely the Lie algebroid of the
derivations [43], also known as the Lie algebroid of covariant differential operators [53]. Let
E — M be a vector bundle. There exists the vector bundle DE — M [73] whose the fiber
at z € M, (DE),, consists in R-linear operators

§:T(E)— E,, (4.6)
which enjoy the existence of tangent vector £ € T, M such that
0(fo) = (&f)a(z)+ f(x)da, ael(E),feF(M). (4.7)

From the definition in the above, it is clear that property (4.7) guarantees the uniqueness
of the tangent vector £ which is the well-known symbol of the operator d, o5 := £. The
module of sections in the vector bundle DE — M, T'(DE), coincides with the module of
the derivations [43] in the vector bundle £ — M

I'(DE)=D(E). (4.8)
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Remember here that an element from the F(M)-module D (F) is an R-linear map A :
['(E) — T'(E), covering the derivation XA in the algebra F(M), XA € X' (M), i.e.

A(fa)=(Xaf)a+ fAa, acT(E),feF(M). (4.9)
Identification (4.8) exhibits the Lie algebroid structure on DE — M, ([e, ®| 5, ppE), Where
A Ay = AN = A'A) ppp(A) :=Xa, AN e€D(E), (4.10)

which is nothing but the well-known Atiyah algebroid associated with the vector bundle
E — M [43, 73].

In the last part of this section, we focus on Jacobi algebroids, which appear naturally by
‘enriching’ Lie algebroids with supplementary data and represent the proper framework for
Jacobi-like bundles. This starts with the concept of A-connection on vector bundles [43].

Definition 4.1.2. Let ([e, o], p) be a Lie algebroid structure on the vector bundle A — M
and E — M be another vector bundle. A vector bundle morphism

V:A— DE (4.11)
which enjoys the property

1s said to be an A-connection on the vector bundle E — M. In addition, the connection V
1s said to be flat if its curvature is trivial i.e.

Ry (a7 5) = [vaa vﬁ]DE - V[oz,ﬁ] =0, «, 6 el (A> . (413>

A flat A-connection is known as a representation of the Lie algebroid A on the vector bundle
E— M [43].

It is noteworthy that, if in the previous definition, we consider A = T'M, i.e., the tangent
Lie algebroid then a flat connection V on the vector bundle £ — M equips DE with a
trivial Lie algebroid structure [43] as

DE =TM & (E* ® E).

Definition 4.1.3. Let (A, L) be a pair consisting of a vector bundle A — M and a line
bundle L — M. A triplet ([e,o],p, V), where ([, 0], p) is a Lie algebroid structure on the
vector bundle A — M and V is a flat A-connection on the line bundle L — M, is called a
Jacobi algebroid structure [73, 32].

Following Theorem 4.1.1, similar algebraic characterizations can also be done for Jacobi
algebroid structures [73, 32].

Theorem 4.1.4. Let (A, L) be a pair consisting in a vector bundle A — M and a line
bundle L — M. Denoting by A :== A ® L* the total space of the vector bundle A ®); L*,
the following data are equivalent:

1. a Jacobi algebroid structure, ([o,®],p, V), on the pair (A, L);
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2. a Gerstenhaber-Jacobi algebra structure, ([0, 0]A7L , X.(A’L)>, on the graded module L% | =
['(A*AL @ L) [1] over the graded algebra A% =T (A®AL);

3. a homological degree 1 graded derivation, daj covering da, acting on the graded ./Zl;l—
module LY ;=T (A\*A*® L).

Remember here that a Gerstenhaber-Jacobi structure consists of the following data:

e a graded module M over an associative, unital, graded commutative and graded alge-
bra A;

e a degree zero bracket [-,-],, on M that organizes M as an graded R-Lie algebra;
e a degree zero graded R-Lie algebra map X : M — Der(A);

e the bracket [-,-],, is a bi-differential operator in its arguments

[m,a-n] = (XWa)-n+ (=)™q . [m,n].

In the second statement of Theorem 4.1.4, the argument 1 means that the gradation in
the module T' (A®*A, ® L) [1], || e ||, comes from the natural one in I' (A*A;, ® L), | @ |, by
shifting it with one unit, || e || =|e| — 1, i.e.

1.4,[/ :A%,L@AA,LEBAELLEB”' :.F(M)@F<AL>EBF(/\2AL) @ )
G =La©Ly ®L, & =T(L) el (A eL)el (NALeL)e- -
The natural pairing between L and L* exhibits the isomorphism
9, =T (A, ®L) =T(4),

which allows to display the one-to-one correspondence between the Gerstenhaber-Jacobi
algebra and the Jacobi algebroid structures

[aMB]A,L = [Oz, ﬂ] ) XéAL)f = p(a) e [av e]A,L = Ve, (414>
with
a,Bel'(A), feFM), ecI(L).

In order to synthesize the one-to-one relation between Jacobi algebroid structures and
homological degree 1 derivations, we use again the natural pairing between L and L* and
interpret the degree k& homogeneous elements in the graded algebra A* W € A %, as the
skew-symmetric and multi-linear applications

O:M(A)x -+ xI'(A) = F(M), @(aq,...,qr) = {(0,a1 A+ A ag).

Invoking the same argument, the degree & homogeneous elements in the graded module
L wE E’jh 1, are the skew-symmetric and multi-linear applications

w:l(A)x---xT'(A) = T(L), w(ay,...,or) = (w,a1 A Aay).
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From this perspective, the fl;‘—module structure of the R-vector space /31‘4’ ; reads

<(:1 ANw,ag N A Oék+l> = Z (_)U <J}7 Qs(1) JARERNA aa(k)><wa Ao (k+1) JARERNA Oéa(k+l)>a
oeS(k,l)

where S (k, 1) is the subset of (k,[) un-shuffle permutations in S (k +[) i.e. those permuta-
tions o that enjoy of 0(1) <--- < o(k) and o(k +1) <--- < a(k+1).

With these preparations at hand, the one-to-one correspondence between Jacobi algebroid
structures and homological degree 1 derivations specified in the previous theorem simply
reads

(dare)(a) =Vae, ael'(A),ecl'(L), (4.15)
daz(@Aw) = (da@) Aw+ (=) O Ndaw, @A welsy, (4.16)

where the symbol dy4 is related with the Lie algebroid structure on A — M via (4.5).

It is noteworthy that the homological degree 1 derivation d 4, allows the Cartan calculus

on the A %-module ~;17 .- Indeed, for any o € I'(A), we define the degree —1 derivation S0

. (A (AL A ] .
covermgz&),L& ):L'AL—>/~',°4L>V13

(Ae =0, AP (D @e) = (D,a)e, ©el(A"),eec(L).
Also, the degree 0 derivation A covering E,(IA), £ £~:4 L= £~:4 1, 1s available

LAPe:=Vae, LIP(0@e)=(LY0)®et+w®@Vae, @€T(A),eel(L).

«

The previous derivations enjoy

Lg‘A,L) _ L(aA’L)dA,L + dA,LLg[A’L)

together with the commutation relations

e} e}

[z das) = [dag, £89] = [i48,0649] o,
(AL) pAL)| _ p(AL) AL) (AL] _ (AL
LA, L } =M [La 1§ ] = 4D

specific to Cartan calculus. Previously, by [e, e] we understood the graded commutator
between various R-linear maps.

Remark 4.1.5. The definition of Jacobi algebroid structure ([e, o], p, V) when the line bun-
dle is trivial
L=Ry:=RxM (4.17)

reduces to that of a Lie algebroid structure ([, ®], p) with a 1-cocycle [39]. Indeed, the trivial
line bundle (4.17) displays [43]

I'(Ry)=F (M), DRy)=2X"(M)&F M), (4.18)
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which further exhibits a 1-form wy € T'(A*) that enjoys
Va=p(a)+ (wy,a), acl(4). (4.19)
Moreover, the flatness of A-connection (4.19) is equivalent
dawy = 0. (4.20)
In the same context (4.17), the graded algebra A% ; and the graded module L% ; become

:4,L =A% =T (/\.A) ) ,.4,L =A% [1] ) (421)

while the Gerstenhaber-Jacobi algebra structure ([o, ‘]A,L ,X.(A’L)> reduces to ([o, O]Z, X.V),

where
o I =Vaf, (@Bl =l0pl, XIf=pla)f, afeT(A),feF(M). (422)
Finally, the A% =T (A*A*)-module ,C~1'47L =T (A*A*® L) reads
Loy, =A, (4.23)
while the homological derivation da, (covering da) becomes dZ
dyw = daw + wy Aw. (4.24)

By direct computation it can be proved that homological derivation (4.24) coincides with de
Rham differential associated with graded Lie algebra structure (4.21) i.e.

p . v
j J
(dyw,ap A+ Aay) = Z(_)J {aﬁ@’%/\.../\...aﬁ
j=0 A
+ () [ gl A ag Ao Ao A Aay). (4.25)
0<i<j<p

Let L — M be a line bundle. The pair (DL, L) can be naturally endowed with a Jacobi
algebroid structure associated with the standard Lie algebroid one (4.10) supplemented with
the tautological representation of DL — M on the line bundle L — M,

V:DL— DL, Vpe:=UOe, OeD(L),ec(L). (4.26)
According to Theorem 4.1.4, if we adopt the notations
[.7 .] = [.7 .]DL , 0 = PDL, (427)

the Jacobi algebroid structure ([e, o], 0, V) is equivalent to the Gerstenhaber-Jacobi alge-
bra one ([o,o] = [o,0]pL 1, Xe = X.(DL’L)>, on the graded A%, ; = I'(A*DLg)-module
b =T (A*DLy ® L) [1].



4.1. LIE AND JACOBI ALGEBROIDS: A BRIEF REVIEW 81

At this stage, it is useful to express the previous abstract Gerstenhaber-Jacobi algebra
in a more convenient form that allows computations. This assumes both the realization of
the algebra A% ; and of the R-vector space L3 ;. In view of this, we make use of the
isomorphism [59] of F (M )-modules

I'((J'L)"® L) ~T(DL):=D(L). (4.28)
At the level of vector bundles, (4.28) is equivalent to the isomorphism
(J'L)"® L ~ DL,
which, in the light of the natural pairing between L and L*, further displays
DLy :=DL®L*~ JL:= (J'L)". (4.29)

It has been shown [59] that if {E;, — M : 1 =1,p} and F — M are some vector bundles
over the same manifold, then there exists the isomorphism of F (M )-modules

T(JWEy ® -+ JWE, ® F) ~ Diff(Ey,- -, E,: F), (4.30)

where JiE is the dual of the k-th order jet bundle, JyFE = (J*E)* and Diff,(Ey, - , E,; F)
is the set of k-th order differential operators in each entry

D :T(E) x -+ x I'(E,) — I(F)
Putting together results (4.29) and (4.30), we display the realization that we are looking for
T (A*JL) =~ Diff (L; Ry , (4.31)
that further exhibits
Yoo = Diff} (LiRy) & A%y~ Diff (L;Ry), keN. (4.32)

Previously, Diff¥ (L;Ry;) consists in the R multi-linear applications

O:T(L)x - xT(L) = F(M), Oe,...,ex) € F (M), (4.33)

that are skew-symmetric and first-order differential operators in each argument. The product
in the graded algebra Diff} (L;Ry,) is nothing but the exterior one

(OAL) (ervemn) = 3 () D (o otn) B (Cotirny - eotirn)
oeS (k)

for arbitrary homogeneous elements (J € Diff¥ (L;Ry;) and A € Diff' (L; Ry). Previously,
we denoted by S (k,[) the subset of (k,[) un-shuffle permutations in S (k + 1).

Concerning the realization of the R-vector space L, |, by considering the tensor product
of the isomorphism (4.32) with the module I'(L), one immediately gets

Yoo~ DL :=Diff} (L;L)[1] & L}, ~D*"'L, k>-1 (4.34)
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where D¥*1 L consists in the R-multi-linear applications
O:T(L) x---xI(L) = T(L), O(ey,...,exr1) € I(L), (4.35)

that are skew-symmetric and first-order differential operators in each argument.
At this stage, the left action of the graded algebra Diff] (L;Rys) on the R-vector space
D*L is nothing but the wedge product

<A A D) (€1, hpip1) = Z (=) A (eo1)s -+ o) O (Eo(htn)s- - - » €othrinn)) »
ceS(k,l+1)

where A € Diff¥ (L;Ry) and O € D''L are arbitrary homogeneous elements. More-
over, the pair (Diff; (L;Rys),D*L) has a natural Gerstenhaber-Jacobi algebra structure
([, ®],X,) as follows. The graded Lie algebra structure on D°L, [e,e], can be written in
terms of the Gerstenhaber inner multiplication [32]

Oo A (€1> ) €k+l+1) = Z (—)g 0 (A (60(1), S >€a(l+1)> 1y €o(142)5 - - - 760(k+l+1)>
ceS(l+1,k)
as
[0,A] == (=)"OoA-AolO, OeD'L,Ae DL (4.36)

In order to introduce the derivative representation of the module D*L on the graded algebra
Diff (L;Ryy), X, we define the symbol map

oo (f)(e1,...,ex)e:=0(fe,er,...,ex) — fO(e,e1,...,€x), (4.37)

where

OeD"™L, feF (M), eey,...,ex €T (L).

It is noteworthy that, in the light of the pairing between L and L*, the symbol
oo (f) (e1, ..., ex) is just a smooth function on the manifold M

oq(f)(er,...,ex) e (L*® L) ~ F (M),

and moreover o (f) € Difft (L;Ry). With these specifications at hand, the derivative
representation reads

XD <A> (617 s 7€k+l) = (_)k(l_l) Z (_)U oo <A (6‘7(1)7 ce 760(l))> (60(l+1)7 R ecf(l-i-k))

ceS(Lk)
- Z <_)U A (D (60(1)7 B eo(kJrl)) 1 €o(k+2)y - - - 7ea(k+l)) . (438)

oeS(k+1,1-1)

Finally, in the same context of the pair (DL, L), Theorem 4.1.4 offers the equivalence
between the Lie algebroid structure ([e, o], 0, V) and the homological degree 1 graded deriva-
tion, dj, := dpzz covering dpy, acting on the graded A%, := I' (A® (DL)*)-module Q3 :=
EE,LL =T (A*(DL)* ® L). In literature [67], de Rham complex (2%,d;) is known as der-
complex associated with the line bundle . — M and, meanwhile, the homogeneous elements
of the module Q29 are called L-valued Atiyah forms. Regarding the homological derivation
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dz, by means of the general results (4.15)—(4.16), it acts on the homogeneous elements of
the der-complex via

(dre,0) :=0e, ecI'(L),0€D(L), (4.39)
dp (@Aw) =dproAw+ (=) ondw, oeAl, wes. (4.40)
Remark 4.1.6. The homological derivation enjoys two strong properties: i) it agrees with

the first-order prolongation and ii) it is acyclic.
i) Indeed, the isomorphism (4.28) with the concrete expression

I:T((J'L)®L) —>D(L), (Ty)e=¢p(j'e),
where j' : T (L) — T (J'L) is the first-order prolongation [69], furnishes the L-pairing
between DL and J'L expressed by the bi-linear non-degenerate map

(e,0) : D(L) x I'(J'L) — I(L), (O,7'%) := O, (4.41)

which is well-defined as the F(M)-module T'(J'L) is generated [69] by Tm j*. In the light of
(4.41) it results that
(dre,0) = (O, j'e).

it) The acyclicity [67] of the homological derivation dy, is done by the existence of a contract-
ing homotopy for idge with respect to dy,. Indeed, by direct computation it can be shown that
the Lie derivative associated with the first-order differential operator

1e€D(L), le:=e, ecI(L),
ﬁngL’L) reduces to idgs which means that

JPED g g SPEE) g (4.42)

L

Remark 4.1.7. When we consider the trivial line bundle (4.17) then, using the outputs
(4.1), it results that the pair (DR, Ryy) is nothing but (TM @ Ry, Ryy). In this case, the
Jacobi algebroid structure (4.26)—(4.27) reduces to

(X, ), (V9= (X, Y], Xg-Y[), (X,f).(Y,9) € X' (M) F (M), (4.43)
o(X,f) =X, (X,f)ex'(M)eF (M), (4.44)
Vi ph=Xh+ fh, (X,f)eX" (M)®F(M),heF(M). (4.45)

Comparing expression (4.45) with the 1-cocycle given by Remark 4.1.5 it results that
wy = (0,1) eT ((TM & R)*) = Q' (M) & F(M). (4.46)

According to point 2 in Theorem 4.1.4, the previous Jacobi algebroid structure ([o, o] o, V)

over the pair (DR, Ryy) is equivalent to a Gerstenhaber-Jacobi structure over the
Diff] (Rar; Ras)-module Diff (Rar; Ryy) (see realizations (4.32) and (4.34) ). Moreover, the
graded algebra of multi-derivations Diff (Ry; Ryy) admits the realization

Xk (M) @ 21 (M) ~ Diff* (Ry;Ry),  (P,Q) «+— P —Q Aid, (4.47)
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where

k
(P=QA) (fryeees fi) = P(fryeee s fi) = 3 (— (fl,...,fj,...,fk>fj. (4.48)

7j=1
The Gerstenhaber-Jacobi structure [62] <[[0, OH(O’l),XEO’1)> consists in
[P—QAid,R—SAid]%Y =[P,R] —p(=)"PAS+rQAR
—([P.S]+ (=)@ Rl = (p—r) QA S) Aid, (4.49)
and
X0 q (R=SAid) = [P - QAid, R~ SN[ + QAR — (QAS)Aid.  (4.50)

Finally, wnvoking point 3 in Theorem 4.1.4, it results that the Jacobi algebroid struc-
ture (4.43)-(4.45) is equivalent to der-complex Qg — endowed with the homological degree

1 derivation dV covering de Rham differential d (that differential associated with the Lie
algebroid structure (4.43)-(4.44) over TM @ Ry;). The homogeneous elements from Qg
are the multi-linear and skew-symmetric applications

O (XN(M)®F (M) x - x (X (M) @ F (M) - F(M).

But the F (M)-module of k-multi-linear applications in the above is isomorphic to QF (M) &
Qkfl (M)

QF (M) & Q¥ (M) ~ QF (E’?,(’“w”) e W riaa’y, (4.51)
where

(w +id A" ) (X0 f1) sy (X f)) = (W X0 A A X+

k .
E D XA A A X (4.52)

Jj=1

Furthermore, the homological derivation of degree 1 in der-complez, d®, becomes
k k— k f— k
O ((w) +id A wl)) — 4@ +idA (—d( o) 4 %ﬁ) , (4.53)

where d is the standard de Rham differential associated with the manifold M.

Remark 4.1.8. Comparing the structures (4.49) (derived via the Gerstenhaber inner mul-
tiplication through (4.36)) and (3.8) (inferred from (3.4) via (3.8)), we conclude that they
coincide, as we expected.

Also, the relation (4.53) explains the provenience of definition (3.10).
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4.2 Jacobi bundles and Jacobi pairs

Let L — M be a line bundle. By its very definition [56], a Jacobi structure on the considered
line bundle is an R-Lie algebra structure on I' (L), {e, e}, which is a derivation in both of
its arguments,

{e,e} € D(L), ecT(L).

It is noteworthy that such a structure is nothing but a local Lie algebra [42] on the line
bundle L. — M. With these specifications, let’s fix the terminology. By definition, a Jacobi
bundle is a line bundle endowed with a Jacobi structure over it, (L — M, {e,e}) while a
Jacobit manifold is a manifold equipped with a Jacobi bundle over it.

The previous definition places the Jacobi structures into the framework of Jacobi alge-
broid structure ([, o], o, V) over the pair (DL, L). Indeed, if we use the notation J := {e, e}

J(Gl, 62) = {61, 62}, €1,6s € F(L), (454)

then J € D?L. Moreover, using the Gerstenhaber inner multiplication, direct computations
yields

(JolJ)(er,ea,e3) ={{e1,ea},e3}+ {{ea,e3},e1} + {{es,e1},ea} := —Jac{ey, ea,e3}, (4.55)

which further exhibits
[, J](e1, ea,e3) = 2Jac{ey, €2, €3}

The last equality shows that a Jacobi structure on a line bundle . — M consists of the
bi-differential operator J € D2L subject to the Maurer-Cartan equation

[J,J] = 0. (4.56)

So, from now on, a Jacobi bundle is addressed in terms of the pair (L — M, J) with J a
bi-differential operator, J € D?L, satisfying (4.56).

Remark 4.2.1. When the line bundle is trivial (4.17), according with Remark 4.1.7, a bi-
differential operator J € D?Ryy is expressed in terms of a pair (II, E) as J = 11— EAid (see
(4.48)). With this expression at hand, the Gerstenhaber-Jacobi bracket (4.49) implies that
equation (4.56) is equivalent to

LI+ 2[IAE =0, [II,E]=0. (4.57)

With this expression of the bi-differential operator J, the R-Lie algebra structure over F (M)
(see the first formula in (4.18)), {e, e}, reduces to the well-known Jacobi bracket

{f, 9} =in(df Ndg) +ig(fdg—gdf), [f,g€ F(M).

A smooth manifold M equipped with a pair (II, E) € X*(M) x X*(M) that verifies equations
(4.57) (the well-known Jacobi pair) is said to be a Jacobi manifold [33].
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In the light of the previous remark, we conclude that Jacobi pairs are in one-to-one
correspondence with trivial Jacobi bundles.

Let (L — M,J) be a Jacobi bundle. By means of the isomorphisms (4.34), the bi-
differential operator J € DL exhibits (via the fact that the module T'(J'L) is generated by
Im j' ) the element J € I' (A2J;L ® L)

(jlei Ajles, J) == J(er,e3), er,es € D(L) (4.58)
which further displays the morphism of F(M)-modules
JU T (J'L) = D(L), J*(j'er)es i=J (e1,e2), e1,e0 € (L), (4.59)
This morphism allows the introduction of a smooth distribution on the base manifold
K= Im (a 0 jﬂ) , (4.60)

known as the characteristic distribution of the considered Jacobi bundle. By definition, the
considered Jacobi bundle is said to be transitive if the characteristic distribution coincides
with the tangent space of the base manifold

K;=TM, (4.61)

or, equivalently, the vector bundle map o o JU: UL — TM is surjective.

It is noteworthy that the transitiveness in the present context is strongly related with
the transitivity [73] of a specific Jacobi algebroid associated with the considered Jacobi
bundle. This is due to the fact that any Jacobi structure J := {e, e} on a given line bundle
L — M is equivalent to a Jacobi algebroid structure ([e, o], p;, V”) on the pair (J'L, L)
(see Proposition 3.4 in [23] or Propositions 2.2 and 2.3 in [73]). The Jacobi structure .J
organizes J'L as a Lie algebroid with respect to

[jlelajleﬂJ = j1J<€1,€2), pJ<j1€) = Xm

where X, is the symbol (the well-known Hamiltonian vector field) corresponding to the
Hamiltonian derivation A., A, € D(L), associated with the section e € T'(L)

ANe(er) == J(e,er), e €T'(L), (4.62)
ie.,
Xe i =p(Ae). (4.63)
Moreover, in the light of axiom (4.56), which is equivalent to

[Aeu Aez] = A{61,62}7

it results that the Lie algebroid (J'L, e, 6], p;) enjoys the natural representation on the
line bundle L,

V7' J'L = DL, Vi, =A..
With these specifications at hand, it is clear that the characteristic distributions ; and
Im p; of the Jacobi line bundle (L — M, J) and respectively of the Jacobi algebroid
(J L,L (e, 0], py, \v&d ) coincide. As an immediate consequence, it results that the transi-
tivity of starting Jacobi line bundle is equivalent to that of the associated Jacobi algebroid.
This allows the integrability result given below.
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Theorem 4.2.2. The characteristic distribution of a Jacobi structure J € D?L on the line
bundle L — M is completely integrable [71, 72] with the characteristic leaves equipped with
transitive Jacobi structures induced by J.

Transitive Jacobi bundles. A deep analysis [73] of transitive Jacobi bundles over even-
dimensional base manifolds has shown that these are in one-to-one correspondence with
locally conformal symplectic structures (lcs for short) over the same base manifolds.

Definition 4.2.3. By its very definition [73], an lcs structure on a given line bundle L — M
is a pair (V,w) consisting in a representation V of the tangent Lie algebroid
(TM — M, [e,0],id) on a line bundle and a non-degenerate L-valued 2-form w € Q*(M; L)
which 1s closed with respect to the homological degree 1 derivation dy associated with the
Jacobi algebroid structure ([, o] ,id, V) on the pair (T'M, L) (see the third statement in The-
orem 4.1.4)

de = 0.

In the light of the previous definition, it is easy to associate a Jacobi structure to a given
lcs one. Indeed, the non-degeneracy of the 2-form w displays the vector bundle isomorphism

Wi TM - T*M®L, WX :=—ixw, (4.64)

with ix the standard right inner multiplication [51] by vectors. Denoting by w* its inverse,
we introduce the Hamiltonian vector fields by

X, :=w(dye), eecl(L), (4.65)
which exhibits the first-order differential operator
Xe:T'(L) > TM, e— X, (4.66)

Indeed, putting together definition (4.65) with the Leibniz rule verified by the homological
degree 1 derivation dy covering d

dv(f@)zdf®€+fdv€, fef(M),
it results that
Xio— fX. =W df ®e), feF(M)eecl(L).
At this stage, we define

J:T(L)xT(L) = T(L), J(er,ea):=(w, Xe; A Xe,), e1,60 € T(L), (4.67)

which is manifestly skew-symmetric and, due to (4.66), is a first-order differential operator
in each entry, i.e., J € D?L.

The previous definition together with the closedness of the 2-form w prove that the bi-
differential operator J verifies (4.56), i.e., it is a Jacobi structure on the line bundle.

In order to synthesize the converse relation, we introduce the bi-symbol of a given bi-
differential operator J € D?L. In view of this, we start from the Spencer short exact
sequence

QY M; L) S T(I'L) B T(L), v (df @e) = (fe) = fi'(e), molfi'(e)) = fe
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(which particulary splits as short exact sequence of R-vector spaces by the first-order pro-
longation j' : I'(L) — I'(J'L)) and consistently define the bi-symbol of J,
JeT (N(T*M ® L)* ® L), via

(A 6,J) = ((m) A7(8), J), .6 € Q(M;L). (4.68)
Using the natural pairing L*® L = Ry, the bi-symbol .J displays the vector bundle morphism
JT*M@L—TM, (05,40, @e;))es = (01 @e1) A (0 @ es), J) (4.69)

which enjoys . )
Jt=coJlon. (4.70)

At this stage, it becomes transparent that the bi-symbol of the bi-differential operator (4.67)
coincides with the inverse of the vector bundle isomorphism (4.64), J* = w!. This result is a
key clue for the converse implication proof. Indeed, a simple dimension counting shows that
if (L — M, J) is a transitive Jacobi bundle over an even-dimensional base manifold then,
its bi-symbol, J¥, is non-degenerate, i.e., it is a vector bundle isomorphism. This allows the
construction of the non-degenerate 2-form w € Q?(M; L) via

(w, JON Jn) == (0 A, J).
Invoking again the transitivity, one constructs the correspondence

VX =

e

A,

which is nothing but a representation of the tangent Lie algebroid (T'M — M, [e, ] id) on
the line bundle. By direct computation [73], it results that (V,w) is a locally conformal
symplectic structure on the line bundle L — M.

Remark 4.2.4. It is noteworthy that, in the context of trivial line bundles, the resulting
Jacobi pairs are in one-to-one correspondence with locally conformal symplectic ones [76].

Remark 4.2.5. From the flow of the previous argumentation, we can conclude that if (L —
M, J) is a Jacobi bundle over an even-dimensional base manifold, then it is transitive, if and
only if the bi-symbol J is non-degenerate.

Concerning transitive Jacobi bundles over odd-dimensional base manifolds, these were
shown to be in a one-to one-correspondence with contact structures over the same base
manifolds.

Definition 4.2.6. A contact structure over a smooth manifold (necessarily odd-dimensional)
M is a hyperplane distribution H C T'M which is maximally non-integrable i.e. its curvature

wy HXxH—=L:=TM/H, wy(X,Y):=[X,Y] modH (4.71)
15 non-degenerate, i.e., the linear map
Wy TH) = T(H* ®L), (W),X,Y):=—wy(X,Y)

18 1nwvertible.
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It is worth noticing that a contact structure can be defined, in a dual view, in terms of
a non-trivial canonical projection

Q' (M;L), (6,X):=X modH, (4.72)

which is nothing but the well-known contact 1-form. From this perspective, it results that
(4.71) is nothing but the curvature of the contact 1-form

Wy = —(dv@)h(erg <~ <(,UH,X /\Y> = <9, [X, Y]>, X,Y - F(H), (473)

with respect to an arbitrary T'M-connection on the line bundle L — M,V : TM — DL.
Motivated by a similar analysis that will be done for Jacobi bundles with background,
we will sketch here the well-known correspondence between contact structures and transitive
Jacobi bundles over odd-dimensional manifolds [23, 73].
Let ‘H be a contact distribution on M. In this context, there exists the decomposition of

R-vector spaces
X' (M) =Xy ®oT(H), (4.74)

where X4 is the R-Lie subalgebra
XeXxys [X,T(H) CT(H), (4.75)

of the R-Lie algebra X'(M) whose elements are the well-known Reeb vector fields [23](or
contact vector fields [73]). The previous decomposition comes from the splitting wgi :

I'(H*® L) — I'(H) of the short exact sequence of vector spaces

- 1 ® %
X~ X M) >T(H ®L),

where
XM X wpx e (H*®L), ox(Y):=—(0,[X,Y]). (4.76)
It is clear that ¢ is a first-order differential operator
prx = df|u @ (0, X) + feox, (4.77)

which reduces to the inverse of wh,, wj,, when restricted to T'(H),
ox =wy, X, X €T(H).

Now, putting together definition (4.72) and decomposition (4.74), it results that the
contact 1-form is invertible when restricted to X4,. This further exhibits the R-linear operator
X : (L) — X' (M) that associates to each section in the line bundle e € I'(L) the unique
vector field X, € X3 C X'(M) enjoying

0, X.) =e. (4.78)

Moreover, by particularizing (4.77) to Reeb vector fields (4.78) it results that prx, = df|y®e,
which combined with the splitting wy, eventually show that X is also a first-order differential
operator satisfying

Xpe = fXe —wi (Aflu®e). (4.79)
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The vector fields X, associated with smooth sections in the line bundle e € I'(L) are nothing
but the Hamiltonian vector fields. By means of these ingredients, the bi-differential operator
that we are looking for reads

JH(ehe?) = <9’ [Xem 62]>> €1,62 € F(L)

This definition combined with result (4.79) prove that Hamiltonian vector fields associated
with induced Jacobi structure Jy are generated (via multiplication with the elements from
commutative algebra F(M)) by Reeb vector fields, i.e., the induced Jacobi structure is
transitive.

Conversely, let (L — M, J) be a transitive Jacobi bundle over the odd-dimensional smooth
manifold M, dimM = 2m + 1. Due to the fact that J¥ comes from a skew-symmetric linear
map, it results that Im J* is even-dimensional. On the other hand, combining the relation
Im(o o J) = o(Im J) with the assumed transitivity further gives

o2m +2 = dim(J; L ® L) > dim(Im J*) = 2m + 1 4 dim(Im J* N Ker o),

which exhibits R )
dim(Im J* NKero) = 1 = dim(Im J) = 2m + 2

i.e. the surjectivity of J* and, moreover, the bijectivity of J. At the same time, due to the
fact that map (4.69) comes from the skew-symmetric one (4.68) implies that Tm J* is even-
dimensional. In addition, a dimension counting based on (4.70), dimIm .J* = dimIm(o o
J%) — dim(Ker(o o J*) N Im~), supplemented with the surjectivity of the map o o J leads
to: i) Ker(o o J) C Im+~ and ii) Im J* is a hyperplane distribution on M. Let’s denote this
distribution by

Hy:=ImJ* = (o 0J)(Im~). (4.80)

In the standard manner [51], this can be endowed with an L-valued 2-form, w; € I' (A*H* ® L)
via
(Wi, FanJp) = J(,B), a.f€Q (ML),
which is non-degenerate. It remains to show that wj; is nothing but the curvature of the
hyperplane distribution
(,Uj = CL)HJ,
where wy, is associated with the hyperplane distribution (4.80) via (4.73). To do so, we

show that the R-vector space decomposition (4.74) takes place. This is done by constructing
an appropriate short exact sequence of R-vector spaces

T(H,) 2 X (M) S ham(L — M, J), (4.81)

which, admits a split. Previously, we denoted by ham(L — M, J) the set of Hamiltonian
vector fields generated by the considered Jacobi structure

ham(L — M, J) :=Im (aojti ojl) :

Also, by i3, we mean the inclusion vector bundle morphism, i, : T'(H;) — X'(M).
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At this stage, we introduce the isomorphism of R-vector spaces
X :I(L) = bam(L — M,J), X:=ooJ oj !

that enjoys of )
Xie=JYdf@e)+ fX,, f€F(M), ecl(L).

This isomorphism, supplemented with Spencer short exact sequence of F (M )-modules

ONM; L) 5 D(J'L) = (L), (4.82)
and . R
iy,0J =00 J o, (4.83)

allow to close (via the universality of quotient space) the R-vector spaces diagram

1,0

QYM;L)—~=T(J'L) I'(L)
ljﬁ | laojﬂ LX (4.84)
(M) —> XY (M) —> ham(L — M, .J)

Invoking the fact that the first-order prolongation, j', splits the top line in (4.84), jtom o =
idp(z), it results that the down line (which is also a short exact sequence of R-vector spaces)
in the same diagram admits a split too. This is nothing but the inclusion of Hamiltonian
vector fields into the algebra of smooth vector fields

X o Z'ham - idham7
that finally exhibits
X' (M) =T(H;) ® ham(L — M, J).

Remark 4.2.7. If the line bundle is trivial then the resulting Jacobi pairs are in one-to-one
correspondence with coorientable contact structures [64, 76].

Remark 4.2.8. From the flow of the previous argumentation, we can conclude that if (L —
M, J) is a Jacobi bundle over an odd-dimensional base manifold, then it is transitive, if and
only if the linear map J is non-degenerate.

The previous results concerning transitive Jacobi bundles can be synthesized as follows.

Theorem 4.2.9. If a Jacobi structure J € DL on the line bundle L — M is transitive then
M is either a locally conformal symplectic structure (if the base manifold is even-dimensional)
or a contact one (if the base manifold is odd-dimensional) on the same line bundle.

Jacobi bundle maps. The category of Jacobi bundles is completed by morphisms of
Jacobi bundles, i.e., Jacobi maps. Let (L; — M;,{e,e};), i = 1,2 be two Jacobi bundles.
A regular vector bundle morphism (i.e. fiber-wise isomorphism) ¢ : L; — Ly covering
@ € C®(My, My) is said to be a Jacobi bundle map [56] iff

SD*{)V/L}2 = {%0*)\7 @*M}b )‘7“ € F(LQ) (485>

Previously, by ¢* we denoted the pull-back associated with the given regular vector bundle
morphism

P*:T(Le) = T(Ly),  (¢"p) (@) == (pa) " p(p(x)), @€ M.
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4.3 Twisted Jacobi bundles and twisted Jacobi pairs

In this part we relax the Maurer-Cartan equation (4.56) by twisting it via a closed L-valued
Atiyah 3-form ¥ € Q3 :=T (A3(DL)* @ L),

Al =0, (4.86)

i.e,

[J,J] =2 (A?’jﬁ)* v, (4.87)

where by A3J* we meant the linear (with respect to the commutative algebra F(M)) exten-
sion of map (4.59),

ASJELT (A*J'L) =T (A°DL), AT (ler, jles, jles) i= JH(jter) A JH(jles) A JH(5les).

In addition, in the light of isomorphisms (4.34), the object in the left-hand side of (4.87) is
an element from I' (A*J;L ® L).

According to Remark 4.1.6, der-complex (€29,dy) is acyclic. This means that there exists
the L-valued Atiyah 2-form Q € Q2 such that ¥ = d;2. With these prolegomena at hand,
we can introduce the concept of the twisted Jacobi bundle in its full generality.

Definition 4.3.1. A twisted Jacobi bundle is a triple (L — M, J,Q) consisting in a line
bundle L — M, a first-order bi-differential operator J € D?L and an L-valued Atiyah 2-
form Q2 € Q% that verify the consistency condition

[J,J] =2 (/\3jﬁ>* 4. (4.88)

Extending the terminology adopted for Jacobi manifolds, we say that a given smooth
manifold M is a twisted Jacobi one if it is the base manifold for a twisted Jacobi bundle.

In order to show that twisted Jacobi bundles encompass twisted Jacobi manifolds [62, 64],
we are going to briefly address the trivial line bundle situation (4.17). Using Remark 4.1.7,
the bi-differential operator J becomes

J=11-FEAid, (4.89)
while its ‘hat’ associated morphism reads
JE QU M) @ F(M) — X4 (M) @ F(M), JHO+ fAid) =110 + fE — (igh) Aid. (4.90)
Direct computation based on (4.90) exhibits the expression of A3 J*
AT + w A id) = AT + A2TTw A B — (A2 Ty + IFipw A E) Add, (4.91)
with A®II* the linear extensions of
I QY (M) — X1 (M), TTPa:= —j,IL

Invoking the definition of the homological degree 1 derivation (4.53), we can always
choose the Atiyah 2-form € as
Q=we QM)
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such that
d®Vw = dw +id Aw. (4.92)

Putting together the information in (4.89)—(4.92) into the twisted Maurer-Cartan equation
(4.88) one displays the equations

LILI) + EATL= AT dw + A’ TPw A B, [ETT] = — (A Tipdw + IT%ipw A E), (4.93)

which exhibit a twisted Jacobi structure [62, 64] on the base manifold M.
In the light of the previous analysis, we conclude that twisted Jacobi pairs (see Definition
3.1.1) are in one-to-one correspondence with twisted Jacobi bundles over trivial line bundles.
Like in the standard Jacobi bundles (see Section 4.2), we introduce the characteristic
distribution associated with a twisted Jacobi bundle (L — M, J, Q) via

K;:=Imoo J* (4.94)
and say that the considered twisted Jacobi bundle is transitive if
K;=TM. (4.95)

In the sequel we are focusing on the characterization of transitive twisted Jacobi bundles.
For doing this, we initially introduce the twisted versions of locally conformal symplectic
structures and contact ones.

Definition 4.3.2. A twisted locally conformal symplectic structure on a given line bundle
L — M is a pair ((V,w),&) consisting in a representation V of the tangent Lie algebroid
(TM — M,[e,e],id) on a line bundle and two L-valued 2-forms w,& € Q*(M; L), among
which w is non-degenerate and verifies the consistency condition

dy (w— @) = 0. (4.96)

Previously, by dy we denoted the homological degree 1 derivation associated with the
Jacobi algebroid structure ([e,e],id, V) on the pair (T'M, L) (see the third statement in
Theorem 4.1.4).

It is worth noticing that in the trivial line bundle context (4.17), a twisted locally confor-
mal symplectic structure reduces to a twisted locally conformal symplectic pair [19, 20]. The
manifold endowed with such a pair being nothing but a twisted locally conformal symplectic
one [62, 64]. Indeed, when the line bundle is trivial (4.17), according to Remark 4.1.5 the
flat connection V is given by the closed 1-form o € Q' (M), o := wy via (4.19). Clearly, here
closedness refers to de Rham differential, which coincides with homological degree 1 deriva-
tion associated with the Lie algebroid (T'M — M, [e, o] ,id) (see third statement in Theorem
4.1.1). Moreover, in the same context, the module Q°*(M; L) over the graded commutative
algebra Q°*(M) reduces to Q°(M) over the same graded commutative algebra, which fur-
ther implies that the L-valued 2-forms in Definition 4.3.2 are ordinary ones, w,w € Q%(M).
Within this framework, the homological degree 1 derivation (4.25), which will be denoted
by d., reduces to

dd =df+anb, acQ*(M). (4.97)



94 CHAPTER 4. JACOBI BUNDLES WITH BACKGROUND

The previous derivation is nothing but the well-known Morse-Novikov derivation [6]. With
all of these at hand, the considered twisted locally conformal symplectic structure reduces to
the pair ((w, @) ,w) with w a non-degenerate 2-form that verifies the consistency condition

dlw—w)+aA(w—w)=0,
i.e., a twisted locally conformal symplectic pair [16, 62, 64].

Definition 4.3.3. A twisted contact structure on a manifold M consists of a hyperplane
distribution H C TM and an L-valued 2-form 1 € Q*(M; L) such that

Q=wy+ Yy el (NNH ® L) (4.98)

is non-degenerate. In (4.98), wy is the curvature (4.71) of the considered hyperplane distri-
bution H.

It is noteworthy that the structure previously introduced has been recently addressed
[75] as almost contact structure.

Due to the skew-symmetry of €2, its non-degeneracy necessarily implies that H is even-
dimensional, which is equivalent with the fact that the base manifold M is odd-dimensional,
dimM = 2m + 1.

We briefly show that Definition 4.3.3 encompasses the twisted cooriented [28] contact
manifolds [64]. For doing this, we assume that the hyperplane distribution comes from the
contact 1-form 6 € Q'(M) via

H = Ker6, (4.99)

which further leads to the isomorphism
L =Ry

exhibited (via the universality property of the quotient vector bundle) by the surjective
vector bundle morphism
0:TM — Ry, X, — (6, X,).

Based on this isomorphism, the L-valued 2-forms from Definition 4.3.3 can be interpreted
as elements in I (A?H*). Particulary, by means of definition (4.71) it results that

wy = —db,, . (4.100)
At this stage we use a splitting of the short exact sequence of vector bundles [59]
w2 T SRy,
i.e., an injective vector bundle map € : Ry; — T'M which enjoys the property
0oe=idg,, .

The injective morphism is equivalent with a nowhere vanishing vector field £ € (T'M)*,

which satisfies
0,FE) = 1.
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Using the previous vector field, we introduce the vector bundle map
puTM —H, pu(X)=X—-(0,X)E
which is surjective and enjoys the property
Py © iy = idy .

Finally, we construct the 2-forms w := pjwy, @ = p; and Q= 3! = w+w. By
construction, it is clear that 3
0 = p;, Loy,
which, in the light of the non-degeneracy of €2, further leads to
ImQ” = Impj, = (Kerpy)° = (E)°.

The last result shows that T*M = Im Q° @ (8), which exhibits the volume form 6 A Q™. This
result supplemented with (4.100) display also the volume form

=0 A(d0— @)™, (4.101)

i.e., the considered distribution is a twisted cooriented [28] contact one [64].

At this stage, we remember that in the context of trivial line bundle it has been shown [62,
64]that twisted Jacobi bundles are in one-to-one correspondence either with twisted locally
conformal symplectic structures on the same line bundles (i.e. twisted locally conformal
symplectic pairs) when the base manifold is even-dimensional or with twisted cooriented
contact structures on the same base manifolds when the latter are odd-dimensional. This
result can be generalized to arbitrary line bundles as follows.

Theorem 4.3.4. Let (L — M, J, Q) be a transitive twisted Jacobi bundle. Then the following
alternative holds.

e [f the base manifold is even-dimensional then the considered Jacobi bundle is equivalent
to a twisted locally conformal symplectic structure on the same line bundle.

e [f the base manifold is odd-dimensional then the considered Jacobi bundle is equivalent
to a twisted contact structure displaying the same line bundle.

Proof. This will be done in the general context of Jacobi bundles with background (see
below). O

Moreover, in the same context (trivial line bundle), the characteristic distributions asso-
ciated with twisted Jacobi bundles have been proved to be completely integrable [62, 64].

In [64] (see Theorem 3.2) the proof uses the involutivity of the characteristic distribution
and the Jacobi bracket associated with the considered twisted Jacobi pair.

In [62], the proof has been done in two steps. Initially, the omni-Lie algebroid associated
with the trivial line bundle (4.17)

DRy = (TM x R) & (T*M x R)
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is organized as a d®VQ-twisted Courant-Jacobi algebroid. Then, it is shown that
graphJ? .= (jﬁ (a+ fAId),a+ f/\id> ,

with J* given in (4.90), is a Dirac-Jacobi subbundle in the previous Courant-Jacobi algebroid.
Due to the fact that its characteristic distribution coincides with Imo o J? it results the
integrability [22] of the characteristic distribution associated with the starting twisted Jacobi
bundle. Based on the recent results concerning Dirac-Jacobi bundles [79], the previous
algorithm can also be implemented for a generic twisted Jacobi bundle (L — M, J, ), where
the omni-Lie algebroid becomes

DL =DL& J'L

while its d Q-twisted Courant-Jacobi algebroid structure consists in the Dorfman-like bracket
[[(Dla N/l)? (D27 IUQ)]]dLQ = ([Dla D2]7 LI(IDIL’L)N2 - L(DZZL’L)dL,Ud + <dLQ, |:|1 A DQ A .>) s
the non-degenerate metric

(B, 1), (B2, p2))) = (O, p2) + (Do ) (4.102)

and the vector bundle morphism
pp:DL@ J'L — DL, pp(0,p) =L

In definition (4.102), we denoted by (e, @) the L-pairing between DL and J'L given in (4.41).
In the light of this result, the following theorem holds.

Theorem 4.3.5. Let (L — M, J,Q) be a twisted Jacobi bundle. Then its characteristic
distribution is completely Stefan-Sussmann integrable with the characteristic leaves transitive
twisted Jacobi manifolds.

4.4 Jacobi bundles with background and Jacobi man-
ifolds with background

In this section, we will do a complete characterization, as best as we can, of a Jacobi-like
bundle, which comes from (4.87) when we give up on the closedness condition (4.86).

Definition 4.4.1. A Jacobi bundle with a background 3-form, shortly a Jacobi bundle with
background, is a triple (L — M, J, V) consisting of a line bundle L — M, a first-order
bi-differential operator J € D*L, and an L-valued Atiyah 3-form ¥ € Q3 that verify the
consistency condition

[J,J] =2 (A?’ﬂ)* v, (4.103)

Extending the terminology adopted for (twisted) Jacobi manifolds, we say that a given
smooth manifold M is a Jacobi manifold with background if it is the base manifold for a
Jacobi bundle with background.
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To prove that Jacobi bundles with background encompass Jacobi manifolds with back-
grounds [16] (see Chapter 3), we analyze the outputs of the previous definition in the context
of the trivial line bundle (4.17). In view of this, we use Remark 4.1.7 and exhibit for the
bi-differential operator J expression (4.89). Furthermore, the 'hat' morphisms J¥ and A3J
are given by (4.90) and (4.91) respectively. In addition, by means of the isomorphism (4.51),
the Atiyah 3-form ® reads

U=¢p+wAid, ¢€QP(M), weQ*M). (4.104)

By inserting the previous information in the consistency equation (4.103), one derives the
equations

TILI + EAIL= AT + A TPw A B, [E ] = — (A’ ITFipg + Migw A E),  (4.105)

which is nothing but a Jacobi pair (II, F') with the background (¢, w) on the base manifold
M [16]. Remember that Jacobi pairs with background have been scrutinized in the previous
chapter.

The outputs displayed in the trivial line bundle setting allow us to conclude that Jacob:
pairs with background are in one-to-one correspondence with Jacobi bundles with background
over trivial line bundles.

As in the Jacobi/ twisted Jacobi bundles (see Sections 4.2 and 4.3), we define the char-
acteristic distribution corresponding to a Jacobi bundle with background (L — M, J, V) via
(4.94). Moreover, we say that the considered Jacobi bundle with background is transitive if
relation (4.95) takes place.

Let (L — M, J,¥) be a Jacobi bundle with background. Its characteristic distribution is
strongly related with the Hamiltonian vector fields generated by the first-order bi-differential
operator J € D?L. These vector fields are symbols associated with Hamiltonian derivations

A, eD'L, A.:=JY'e), eel(L), (4.106)

ie.,
X = 0o(A) (4.107)
Indeed, comparing the definition of characteristic distribution (4.94) with that of the Hamil-
tonian vector fields (4.108), we get
K= J{Xc: e eT(L)}. (4.108)

Proposition 4.4.2. The characteristic distribution K; corresponding to a Jacobi bundle
with background (L — M, J, V) is involutive.

Proof. Let {e, o} be the R-linear and skew-symmetric bracket associated with the first-order
bi-differential operator J,
{e1,e2} = J(e1,e2) = A e0. (4.109)

In the light of definition (4.109), result (4.55) leads to

1
5[[J, J](e1, ea,e) = [Dey, Desle — Dy enre,  €,€1,e0 € (L) (4.110)
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On the other hand, by means of the consistency equation (4.103), the previous relation gives
(Ao, Deyle — Dgeyesye = (U, Ay AN A, NAL),

or, equivalently
Dy, Doyle = Doy enye = (e 0w, A). (4.111)

The second term in the right hand side of the previous equality can be related to the image
of J*. Indeed, if we use the notation ® := L(AIZS’L)LZ?L)\I’, then ® € Q) = I'(J'L). In
addition, due to the skew-symmetry of J (see definition (4.58)), combined with the first
point in Remark 4.1.6, it results that

(@, J4(je)) = (jle A D, J) = —(® A jle, J) = —J¥(D)e (4.112)
Putting together results (4.111) and (4.112), we infer

[Doeys Dey] = Doy eny + J* <L(AD65’L)L(ADL’L)\I’> . (4.113)

el

Applying the anchor on the last equality

~ ( (DL,L) (DL,L
(X, Xoy] = X{ey o) + 00 J* (L(A S, )\If) , (4.114)

i.e., the characteristic distribution is involutive. O]

Theorem 4.4.3. The characteristic distribution corresponding to a Jacobi bundle with back-
ground (L — M, J, V), K , is completely Stefan-Sussmann [71, 72] integrable.

Proof. We can prove the theorem in two fashions. First, passing to local picture, the Jacobi
bundle with background reduces to a Jacobi pair with background whose characteristic dis-
tribution has been proved to be integrable (see Theorem 3.4.7). Second, by using Proposition
4.4.2, in the light of the holonomy groupoid associated with the characteristic distribution
2], the integrability emerges. ]

Transitive Jacobi bundles with background. Here, we shall analyze the transitive
Jacobi bundles. In the light of Remarks 4.2.5 and 4.2.8 it results that the analysis essen-
tially depends on the dimension parity of the base manifold. Invoking a similar analysis
in the previous chapter and sections of the present chapter, we expect to exhibit kinds of
locally conformal symplectic/ contact structures that encode transitive Jacobi bundles with
background.

Definition 4.4.4. A locally conformal symplectic structure with background on a given line
bundle L — M 1s a pair ((V,w), (@E,(D)) consisting of a representation V of the tangent
Lie algebroid (TM — M, [e, o] ,id) on a line bundle, two L-valued 2-forms w,& € O*(M; L)
among which w is non-degenerate and an L-valued 3-form + € Q3(M; L) that verify the
consistency condition

~

dy (w— @) = . (4.115)
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In the previous definition, we denoted by dy the homological degree 1 derivation as-
sociated with the Jacobi algebroid structure ([e, o], V) on the pair (T'M, L) (see the third
statement in Theorem 4.1.4).

Remark 4.4.5. The non-degeneracy of the 2-form w wmplies that the base manifold is nec-
essary even-dimensional.

It is worth noticing that when the line bundle is trivial (4.17) then the locally confor-
mal symplectic structure with background reduces to a locally conformal symplectic pair
with background [16, 19, 20]. The manifold endowed with such a pair being nothing but
a locally conformal symplectic manifold with background [16, 19, 20]. Indeed, when the
line bundle is trivial (4.17), accordingly with Remark 4.1.5 the flat connection V is given
by the closed 1-form o € Q' (M), o := wy via (4.19). Moreover, in the same context, the
module Q°(M; L) over the graded commutative algebra Q°*(M) reduces to Q*(M) over the
same graded commutative algebra, which further implies that the L-valued forms in Def-
inition 4.4.4 are exterior forms on the smooth manifold, w,& € Q2(M) and i) € Q3(M).
Within this framework, the homological degree 1 derivation (4.25), which will be denoted
by d,, reduces to (4.97). Putting together the previous information, the considered locally
conformal symplectic structure with background consists of the geometric objects

ae QUM), w,oeQAM), eQM),

among which « is closed and w is non-degenerate. In addition, the previous objects verify
the consistency condition
dlw—w)+aN(w—w)=1.

This means that <(w, a), (2/3 + dw, d))) is nothing but a locally conformal symplectic pair
with background [16, 19, 20].

Proposition 4.4.6. Let ((V, w), (Qﬂ, d})) a locally conformal symplectic structure with back-

ground on the line bundle L — M. Then, there exists a canonically associated transitive
Jacobi bundle with background (L — M, J, V).

Proof. Starting with the non-degenerate L-valued 2-form w, we introduce the Hamiltonian
vector fields by (4.65) and the first-order bi-differential operator J via (4.67). Also, by direct
computation we get
J(el, 62) = <dv€2, Xel> = VXel €9, (4116)
which shows that
A, == Ji(jle) = V., <a o jﬁ) (jle) = X.. (4.117)

Invoking the vector bundle isomorphism (4.64) again, the last result further proves that the
bi-differential operator (4.116) associated with the considered locally conformal symplectic
structure with background enjoys (4.95). Moreover, the bi-symbol associated with the bi-
differential operator (4.67) coincides with the inverse of (4.64), i.e.,

JH =t (4.118)
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that further leads to
TM =Imw* =Im J* C Im(c 0 J*) C TM (4.119)

which eventually means that the bi-differential operator associated to the considered locally
conformal symplectic structure with background verifies (4.61).

At this stage, using the pull-back of the symbol map o, from the remaining L-valued
forms involved in the considered structure (see Definition 4.4.4), we introduce the L-valued
forms in Atiyah der-complex

o= (N0) weQl, = (N0) e, (4.120)
that allow the construction of )
U :=diw + 1. (4.121)

With all this preparation at hand, we are ready to show that the consistency condition
(4.115) implies that the bi-differential operator (4.116) enjoys of (4.103), i.e., it is a Jacobi
structure with the background ¥ on the considered line bundle L — M. Indeed, by direct
computation we get

<de7 Xey N Xey A X63> = Z (VXel <w7X€2 A X63> - <w7 [X€17X€2] N X63>)

cyclic
= VXCQVX51€3 + VX53VXe261 -+ VXelee3€2
= J(ea, J(e1,e3)) + J (e3, J(ea, 1)) + J (e1, J(e3,€2))

1 1 , . ‘
= §HJ’ J](e1, e, e3) = <§[[J7 J].jter A jlea Ajles),

(dyw, Xe, A X, A Xe,) = (dyw, (O’ o jﬂ> (jler) A (O’ o jﬁ> (jlea) A <O’ o jﬁ> (jles))

(/\:))(7')>f< dv(;}, Ael A AEQ A A€3>
Laj7 Ael A Aeg A A€3>

d
</\3jﬁ> dL(D,jlel A\ j1€2 /\j1€3>,

o~ o~~~

and also

Inserting the last three equalities into the consistency condition (4.115), we conclude that
the bi-differential operator (4.116) enjoys of (4.103), i.e., (L — M, J, V) is a Jacobi bundle
with background, which, in the light of (4.119) is transitive. O
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Remark 4.4.7. The previous result allows us to conclude that, given a line bundle

L — M, every locally conformal symplectic structure with background ((V,w), (1&, w)) is fully
encoded into its associated transitive Jacobi structure with background (J, V). Indeed, from
(4.116) we can read both the T M -connection on the line bundle and the Hamiltonian vector
fields X. corresponding to sections in the line bundle, e € I'(L). Also, from (4.118) we
can read the non-degenerate L-valued 2-form w € Q(M;L). Finally, in the light of (4.42)
supplemented with the injectivity of o*, from (4.120) we can extract the remaining L-valued
forms & € QX(M; L) and ¢ € Q¥(M; L), once we have U € Q3.

There exists also the converse of the previous correspondence.

Proposition 4.4.8. Let (L — M, J, ®) be a transitive Jacobi bundle with background over
the even-dimensional base manifold M. There exists a locally conformal symplectic structure

with background ((V,w) , <2ﬂ,d)>> on the same line bundle L — M that generates (via
Proposition 4.4.6) the starting Jacobi structure with background.

Proof. Initially, we prove that the bi-symbol (4.68) associated with the bi-differential opera-
tor J is non-degenerate, i.e., map (4.69) is a vector bundle isomorphism. The skew-symmetry
of the bi-symbol (4.68) further implies that the rank of J* is even-dimensional. On the other
hand, the transitivity of the considered structure (4.95) supplemented with the fact that the
fibers of DL are one-dimension greater than those of Im J* exhibits the point-wise decom-
position

DL =TIm J* @ (1) (4.122)

and also R
J'L = Ker J* @ Im . (4.123)

By means of the result (4.70), the last point-wise decomposition of the fibers of the vector
bundle J'L allows to conclude that J* is a surjective vector bundle morphism, and, moreover

a vector bundle isomorphism. Based on this isomorphism, we construct the non-degenerate
L-valued 2-form w, w € Q*(M; L) via

(W, XANY):=(J,PXAJY), XY eX'(M). (4.124)
Denoting by J° the inverse of J!, we define the vector bundle morphism
V:TM — DL, V:=J'oyolJ, XYM)>Xw—VyeDIL, (4.125)

i.e., a T M-connection on the line bundle. We prove that this is a flat one. In view of this,
using the definition of Hamiltonian vector fields (4.106) and decomposition (4.123) we get

Vx, = JfoyoJ ogoJi(jle) = JHjle) = A.. (4.126)

With the previous result at hand, we prove that (4.125) is a flat connection. By direct
computation based on (4.126), (4.113) and (4.114), we derive the curvature associated with
the connection (4.125)

Ry (Xe, Xea) es = ([Vi, V] = Vin, v,y ) €0
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= ([Aelv A32] - A{61782}) €3 — <\II7 Ael A A62 A Aes)
[, ], 5 1 A jlea Agles) — (U, Ag, A Dy A AG)

[J,J] — (/\3ﬂ> U, jle; Ajleg Ajles) =0,

i.e., (4.125) is a flat connection.

It remains to identify the L-valued forms @ and ¢ from Definition 4.4.4 and to show
that they are enjoying the consistency condition (4.115). Due to the acyclicity of Atiyah
der-complex (see Remark 4.1.6) it results the decomposition

0 = Ker®d; @ Ker® L%DL L)

that further gives 3
U =dyw+ 1, (4.127)

with

o= PEy = PR, (4.128)

Now, due to the injectivity of map o*, supplemented with decomposition (4.122) it results
that there exists the unique L-valued forms & € Q*(M; L) and ¢ € Q*(M; L) such that

@ = (A%0) @ e, )= (/\30)*@/; € 0. (4.129)

Finally, we show that the L-valued forms (4.124) and (4.130) verify the consistency condition
(4.115). By direct computation, we successively obtain

<de7X€1 A X62 A X63> = Z (VXcl <W7X62 A Xe3> - < [Xeleez] A X63>)

cyclic
=Vx,Vx, e+ Vx, Vx, e1+ Vx, Vx, e
= J (e2,J(e1,e3)) + J (e3, J(e2,e1)) + J (€1, J(e3, €2))

1 1 } ) .
= §HJ7 J] (€1, €e2,e3) = <§[[<]7 J]];Jlel Ajles /\Jle3>;

(v, Xe, A Xoy A Xog) = {dvio, (70.J8) (jen) A (0 J7) (flea) A (070 JF) (les))
<(/\ ) dy@, Ngy A Doy A Dey)
< Lw Ael/\AeQ/\A >
=

d
(/\ Jﬁ) Az, jler A jles A jles),
and also
(), Xy A Xey A Xey) =
0) P, Lay A Doy A D)
U, Ny N Doy N DNey)
- <</\3jﬁ>* %, jrer A jles A jles).

that prove the consistency condition (4.115). O

W, <a ° Jﬁ) (jler) A (0 ° Jﬁ) (jles) A (0 ° jﬁ) (5les))
- (o
=
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The results offered by the last two propositions are compactly written in the theorem
below.

Theorem 4.4.9. Let L — M be a line bundle and (J,¥) be a Jacobi structure with back-
ground on it. Then the following conditions are equivalent:

1. (J, W) is associated with a (unique) locally conformal symplectic structure with back-
ground;

2. M is even-dimensional, and the structure (J, V) is transitive;
3. the bi-symbol J is non-degenerate.

In the last part of this section, we analyze transitive Jacobi bundles with background
over odd-dimensional base manifolds.

Definition 4.4.10. Let L — M be a line bundle and J be a bi-differential operator, J € D*L.
The operator is said to be non-degenerate if its corresponding ‘hat’ linear map (4.58) is non-
degenerate.

At this point, it is clear that the ‘musical’ maps associated with the non-degenerate linear
map J give a one-to-one correspondence between non-degenerate bi-differential operators and
non-degenerate Atiyah 2-forms

DL > J,J — non-degenerate <> 2 € Q7 , Q — non-degenerate
J = (JH =, (4.130)

which further leads to ]
A, = 5(/\i”jb)*[[J, J]. (4.131)

The last relation can be derived by direct computation, as follows.

<dLQa A61 A A62 N A63> = Z (Ae1 <Q7 A~'32 N Aes) - <Qa [Aeu Aez] N Ae's))

cyclic
= Z (Dey <QbA63> Ne,) — <QbAe3’ [Deys De,]))
cyclic
1
= - Z AN Dgye3 = —5[[J7 J]](€1,€2,€3)
cyclic
1 -1 -1 .1
=—glienjenjel]J])
1 o
= 5<(A3Jb)*[[J, TIy Dey A Doy A D).

This analysis is systematized in the proposition below.
Proposition 4.4.11. Let L — M be a line bundle.

1. For any Jacobi structure with background (J, V), the following conditions are equivalent:
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o (J, V) is non-degenerate, and
e (J,V) is transitive and M is odd-dimensional.

2. A non-degenerate Jacobi structure with background (J, V) is nothing more than a non-
degenerate bi-differential operator J on the considered line bundle.

3. If a twisted Jacobi structure (J,_\I/) is non-degenerate, then it is also closed, d, ¥ = 0,
with precisely U = dpQ), where O = (J%)~1.

Proof. 1. The assertions do not take into account the Atiyah 3-form, which means that the
proof follows as specified in Remark 4.2.8. 2. By considering a non-degenerate bi-differential
operator J, the unique Atiyah 3-form that enjoys of (4.103) is

1 3 7h\*
T = I, J].

3. The proof has been done in the preamble of the present proposition. O

Remark 4.4.12. The previous proposition shows that for a given line bundle L — M over
an odd-dimensional manifold, transitive Jacobi structures with background (J, V) coincide
with transitive twisted Jacobi structures (J,SY), where ¥ = dr{).

Proposition 4.4.13. For any twisted contact structure (H,v) on the smooth manifold M,
there is a canonically associated non-degenerate, and a fortiori transitive Jacobi structure
with background on the quotient line bundle L .= TM/H — M.

Proof. Let 6 be the canonical projection associated with the considered hyperplane distri-
bution (4.72). Inspired by the pure contact case (see Section 4.2), we introduce the R-linear
map ¢ : X1(M) - T(H*® L), X — px, via

ox(Y):=—(0,[X,Y]) — (Y, X AY), Y el(H). (4.132)

The previous definition is well-pose, and actually ¢ is a first-order differential operator.
Indeed, by direct computation, we get

prx(Y) = fox(Y) = (Y)(0.X), [feF(M), XeX'(M), Yel(H)

or, equivalently
orx — fex =df[n®0. (4.133)

We consider the vector subspace Ry of the R-vector space X'(M) defined by
Ry = Ker ¢,. (4.134)

We mention here that Ry is not a F (M )-submodule of X' (M) (just as the R-vector subspace
of Reeb vector fields (4.75)). With this preparation at hand, the short exact sequence of
R R-vector spaces

Cc 1 ® "
Ry — X" (M) > T (H*® L) (4.135)
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emerges. Due to the fact that
ox =X, X eT(H)
it results that the exact sequence (4.135) is split from the right by QF i.e.,
¢ o =idrprer) - (4.136)
This split exhibits the canonical isomorphism of R-vector spaces
(M) = RyoT(H), X (X —Qx)+ Qox. (4.137)

Using the projection on the first term in the decomposition (4.137), the linear map 6 €
Q(M; L), which particularly is an R-linear map of R-vector spaces, and invoking the univer-
sality of quotient space, we get the R-linear map that closes the diagram

x'(M)——~T(L)
pll / (4.138)
Ry
The map
X,:T(L) — Ry C X' (M), e X, (4.139)
is uniquely determined by
0,X,) =e. (4.140)

This is not linear (with respect to the commutative algebra F(M)), but it is a first-order
differential operator between the vector bundles L — M and T'M — M

Xie — fX, = —Q¥dfly®@e), feFM), ecT(L). (4.141)
As a by-product, the previous result ensures also that
{(X),:ee(L)}) =T,M, z€ M. (4.142)

With all these preparations at hand, we are in position to introduce the R-biliniar and
skew-symmetric bracket

{e1,ea} := (0, [ X, X)) + (U, Xy AN AL,), e1,e0 € T(L). (4.143)
By direct computation based on (4.137), (4.140) and (4.141), we can show that (4.143) is a
bi-differential operator
{er, fea} = (0, [Xey, Xpeo]) + (0, Xey A Xey)
= (0, [Xey, fXey — QA Sl @ €2)]) + (U, Xy A (fXe, — QA f |y ® €2)))
= (0, [Xey, f X)) + (00, Xey A fey) + i, (VA f [ @ €2)
= fler, ea} + (Xe, f)ea

If we denote with J := {e, e}, the previous reasoning shows that J € D?L. In addition, due
to
(00 ) (jle) = &, eeT(L),

in the light of (4.142), we conclude that J is non-degenerate. Invoking now Proposition
4.4.11, the proof is completed. [
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Proposition 4.4.14. Let (J,¥) be a Jacobi structure with background on a line bundle
L — M. Then the following conditions are equivalent:

1. there exists a twisted contact structure (H, ), and a vector-bundle isomorphism L ~

TM/H, such that (J,¥ = drS2) is the twisted Jacobi structure canonically associated
with (H, 1) (according to Proposition 4.4.13),

2. M 1is odd dimensional and the Jacobi structure with background is transitive,
3. the first-order bi-differential operator J associated with J (4.58) is non-degenerate.

Proof. The implication 1. = 2. is immediate from Definition 4.3.3, Remark 4.4.11, and
Proposition 4.4.13.

The equivalence between statements 2. and 3. preceded Remark 4.4.11.

Now we prove that 2. (or, equivalently 3.) implies 1. Let us denote by Q € Q% the
Atiyah 2-form defined by (4.130). Then, according to Proposition 4.4.11, it results that

U =dQ.

Further, let us consider the bi-symbol J associated with the considered bi-differential
operator J

JL J! DL
"M L — TM

Since J € I(AX(TM ® L*) ® L) is skew-symmetric and .J is non-degenerate, from the com-
mutative diagram, we can extract the following information:

e the kernel of the linear map Jt: T*M®L — TM is the (globally trivial) line subbundle
Ker J* C T*M ® L with a global frame 6 € Q'(M; L), which is uniquely determined

via )
o' = —J’1, (4.144)

e the image of J*: T*M ® L — TM, H := Im J*, is a hyperplane distribution.
The previous ingredients H and 6 are related via
H = Kerd = o((1)?). (4.145)
Indeed, for any n € QY(M; L), the skew-symmetry of J leads successively to
(0, J) = (nA6,J) = —(n, J*0) = 0.

Related to the second equality in (4.145), it comes immediate from Definitions (4.130) and
(4.144). If we denote by wy the curvature corresponding to 6, wy € T'(A*H ® L), which is
uniquely determined by

(we, X NY) :=(0,[X,Y]), X, Y el(H),
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then for any two derivations (J; 5 € D((1)?) = I'(0~(#)), by direct computation we get

<dL(O'*9)7 |:|1 VAN D2> == |:|1<0'*9, |:|2> - |:|2<O'*67 |:|1> - <O'*9, [Dl, D2]>
= D1<97 UD2> - D2<97 UDl> - <97 [0517 UDzD
= —<w9’ oo, A O—DQ>‘ (4146)

Further, if we denote by v, the L-valued 2-form, ¢ € Q?*(M; L), which is uniquely (in the
light of the injectivity of ¢*) defined by

(AN2o)* ) = =13 U = —13dQ,
then, using the contracting homotopy ¢y (see second point in Remark 4.1.6), it results
Q = dLL]lQ + LﬂdLQ = dL(O'*e) - (/\20')*w (4147)

Now, putting together the results (4.146), (4.147), and the fact that symbol map o : DL —
T M induces a vector bundle isomorphism

we conclude that Q := wy + |y € T(A*H ® L) is non-degenerate, i.e., (H,) is a twisted
contact structure.

It remains to show that the starting non-degenerate Jacobi structure with background
(J,¥) and the Jacobi structure with background associated with (#,1) (see Proposition
4.4.13) coincides.

Notice that, in the current situation, for any section in the line bundle e € T'(L), there
exist two, apparently different, associated Hamiltonian vector fields:

e the Hamiltonian vector field X, due to the structure (J, V) (see (4.63)), and
e the Hamiltonian vector field X, generated by the structure (#H, ) (see (4.139)).

As a preliminary step, we initially prove that the two Hamiltonian vector fields are, in fact,
identical. First, we show that for any e € I'(L), X, is a Reeb vector field, i.e., it belongs
to the vector subspace (4.134). Indeed, let Y be a section in the hyperplane distribution,
Y € T'(H). It results that there exists O € (1)* such that Y = op. By direct computation,
we successively infer

px, = —(0,[Xe,Y]) = (¢, Xe AY)
= —(0,[oa.,00]) =¥, 0n, A oT)
= — (070, [De, O]) — (AN%0) 2, AN ADO)
= (L 1A[A,O)) +(dQ, T AAAD)
= (A NAND) +0(Q, LA A)
= —[e + e = 0.
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Second, we prove that the Hamiltonian vector field enjoys (4.140). Using the same pedestrian
procedure, we derive

0, X.) = (60, Ae) = (00, Ji(jte)) = (jle, J)'UL) =e, eecT(L).
The previous argumentation prove that the specified Hamiltonian vector fields coincide, i.e.,
X=X, ecl(L). (4.148)

We close the proof by showing that the brackets associated with (J, V), and (#H, ), given by
(4.109), and (4.143) respectively, coincide. Indeed, starting from (4.109) and using (4.58),
(4.130), (4.147), and (4.148), we successively get

{er,es} = (ler A jles, J) = (Q, A AAL) = (dL(0*0) — (A20)*h, De, A D)
=D (070, Dey) — Dey(070, D) — (070, [Dey, Dey]) — (9, Xey A Xey)
= Doy (0, Xey) — Dy (0, Xey) — (0, [Xey, Xe,]) — (0, Xey A Xey)
= 2{617 62} - <97 [X€17 62]> - <¢,Xel A X62>7

1.e.

{617 62} = <97 [Xe1>X62]> + <¢7 X61 A X62>
which concludes the proof. n
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