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CONTACT ISOTROPIC REALISATIONS OF JACOBI
MANIFOLDS

MARIA AMELIA SALAZAR AND DANIELE SEPE

ABSTRACT. This paper investigates the local and global theory of contact
isotropic realisations of Jacobi manifolds, which are contact realisations of min-
imal dimension. These arise in the study of integrable Hamiltonian systems
on contact manifolds, while also extending the Boothby-Wang construction of
regular contact manifolds. The main results of the paper are local smooth
and contact normal forms for contact isotropic realisations, which, amongst
other things, provide an intrinsic proof of the existence of local action-angle
coordinates for integrable Hamiltonian systems, as well as a cohomological cri-
terion to construct such realisations. Moreover, one of the smooth invariants
of such realisations is interpreted as providing a type of transversal projective
structure on the foliation of the underlying Jacobi structures.

1. INTRODUCTION

This paper studies a certain family of contact realisations of Jacobi manifolds. A
contact structure on a smooth manifold M is a maximally non-integrable smooth
hyperplane distribution H C T M (cf. Definition 1); these can be thought of as odd-
dimensional analogues of symplectic structures (which are closed, non-degenerate
2-forms). This analogy is far-reaching. For instance, as a symplectic manifold
(S,w) gives rise to a Poisson bracket on C*°(S) (a Lie bracket which satisfies a
Leibniz-type rule) which is transitive, so can contact structures be seen as (odd
dimensional) transitive examples of Jacobi manifolds. A Jacobi structure on a
smooth manifold P is a local Lie bracket {-, -} on the space of sections of some fixed
real line bundle L — P (cf. Definition 4 and [24, 26, 27, 28]). A contact manifold
(M, H) naturally comes equipped with a Jacobi bracket on the space of sections of
the line bundle TM/H — M, which is not necessarily trivial, or even trivialisable,
e.g. the projectivisation of the cotangent bundle with canonical contact structure
(cf. [1, Appendix 4] for more details). Continuing with the analogy

symplectic : Poisson = contact : Jacobi,

just as symplectic realisations of Poisson manifolds play an important role in under-
standing the geometry of Poisson structures (cf. [5, 6, 9, 22]), so do contact reali-
sations of Jacobi manifolds, i.e. surjective submersions ¢ : (M, H) — (P, L,{-,-})
which are Jacobi morphisms (cf. Remark 4). Intuitively, symplectic/contact reali-
sations contain information regarding the ‘integration’ of the Lie algebraic structure
encoded in a Poisson/Jacobi manifold; as such they should be thought of ‘desingu-
larisations’ of the underlying Poisson/Jacobi structures (cf. [6, Section 7] and [34,
Section 3.2]).
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The types of contact realisations considered in this paper are those of mini-
mal dimension, i.e. the dimension of the total space (M, H) is as small as possi-
ble. These are called contact isotropic realisations and are contact realisations
¢: (M,H) — (P,L,{-,-}) with the extra condition that the fibres are ‘isotropic’.
Informally, this condition can be described as follows. For each m € M, maximal
non-integrability of H induces a non-degenerate bilinear form on H,,, i.e. a sym-
plectic form. Then the fibres of ¢ are isotropic if, for each m € M, ker D,,, ¢ N H,, is
an isotropic subspace (cf. Definition 12 for the precise notion). The simplest such
example is given by the Boothby-Wang construction of regular contact manifolds
(cf. [4, 19]), which can be seen as contact isotropic realisations of symplectic man-
ifolds viewed as Jacobi structures (cf. Example 15). Intuitively, contact isotropic
realisations exhibit the most rigid behaviour amongst contact realisations: this ob-
servation stems from the results concerning symplectic isotropic realisations of Pois-
son manifolds. These realisations can be used to study the geometry of integrable
Hamiltonian systems on symplectic manifolds (cf. [14, 17]); moreover, recently they
have been studied in relation to Poisson manifolds of compact type (cf. the forth-
coming [8]). The work in [14] provides local and global classifications of symplectic
isotropic realisations; this begs the question of whether analogous results hold for
contact isotropic realisations, especially in light of the recently introduced notion
of integrable Hamiltonian systems on contact manifolds (cf. [21, 30] and Section
6.1 for further details).

The aim of this paper is to classify contact isotropic realisations of Jacobi man-
ifolds. The approach taken combines the framework of [14, 17] developed to study
symplectic isotropic realisations, with new techniques coming from recent work on
the integrability of Jacobi structures (cf. [10] and also [11] for even more general
methods applicable to Lie groupoids and algebroids). The main difficulty to ap-
ply the ideas of [14, 17] directly is the presence of non-trivial line bundles, which
complicate matters both conceptually and technically. This is precisely why the
methods of [10, 11] are employed in this paper; the upshot of this approach is to
provide intrinsic results on contact/Jacobi manifolds whose underlying line bundles
are non-trivial, of which there are not many in the existing literature, while also
extending results on the specific types of realisations under consideration in this
paper (cf. [2, 4, 21]).

The isotropy condition imposes a restriction on the type of Jacobi manifolds ad-
mitting a contact isotropic realisation. Associated to a Jacobi structure (P, L, {-,-})
is a Lie algebroid structure on the first jet bundle J'L of L — P, which consists
of a Lie bracket on I'(J1L) and a compatible map p : J'L — TP (cf. Proposi-
tion 2 and [10]). This plays a central role in this paper. A necessary condition
for (P,L,{-,-}) to admit a contact isotropic realisation is that the structure be
regular with even dimensional leaves, i.e. p is of constant even rank (cf. Lemma
3). Examples of such Jacobi manifolds are regular Poisson structures, zero Jacobi
structures (defined on any line bundle), and locally conformal symplectic manifolds
(cf. Example 7). Once this necessary condition is established, the first main result
is a smooth classification of contact isotropic realisations of a fixed Jacobi mani-
fold (P, L,{-,-}); as in the case of symplectic isotropic realisations, there are two
invariants:
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e a period lattice ¥ C ker p C J'L (cf. Definition 11), all of whose sections
are holonomic, i.e. of the form j'u for some u € T'(L) (cf. Corollary 12);
e the Chern class ¢ € H?(P;X) (cf. Definition 14).

This follows from Theorem 9, whose proof is entirely analogous to that of [32, The-
orem 8.15]. In fact, the content of Theorem 9 is that a smooth local model for a
contact isotropic realisation with period lattice ¥ is given by ker p/¥ — P.

The second main result is a contact local normal form (in a neighbourhood of a
fibre) for contact isotropic realisations. Recall that, given a line bundle L — P, its
first jet bundle J'L comes equipped with a canonical contact structure H, defined
as the kernel of the Cartan 1-form .., € Q'(J'L; L) (cf. Example 2 for further
details).

Contact model. A contact isotropic realisation ¢ : (M,H) — (P,L,{-,-}) is
locally isomorphic to

7 (ker p/X, ker(0g + 7% 3)) — (P, L, {-,}),

where 0y € Q' (ker p/3; L) is induced by Ocan and B € Q1 (P; L) is a locally defined
1-form determined (not uniquely!) by the Jacobi bracket.

This is the content of Theorem 13, which provides a more precise statement. While
there exist similar results in the literature regarding integrable Hamiltonian systems
on contact manifolds (cf. the theorems on existence of action-angle coordinates in
[2, 21]), the above statement and the proof presented in this paper are more in-
trinsic, as the various geometric objects related to Jacobi structures are used in a
natural fashion to obtain the local normal form.

Given a regular Jacobi manifold (P, L, {-,-}) whose foliation F consists solely of
even dimensional leaves, a natural question to ask is to construct all its contact
isotropic realisations. The third main result of the paper answers this question
once a suitable X C ker p has been fixed, by providing a cohomological criterion
which is analogous to that of [14, Theorems 4.2 and 4.3].

Cohomological criterion. A cohomology class ¢ € H*(P;X) is the Chern class
of a contact isotropic realisation of (P,L,{-,-}) if and only if Dc = [w], where
D : H3(P;X) — H%(F;L) is a homomorphism induced by the classical Spencer
operator of J'L, and [w] is a the cohomology class of a foliated 2-form with values
in L determined by the Jacobi bracket.

The above criterion provides both a common framework and an extension of var-
ious existing results in the literature, such as the criterion for constructing reg-
ular contact manifolds (cf. [19, Theorems 7.2.4 and 7.2.5]), and the cohomologi-
cal criterion for the existence of completely integrable contact forms of toric type
(cf. [2]). At the heart of the above result lies the classical Spencer operator
D :T'(J'L) — Q' (P; L), which recently has been discovered to play a central role in
Jacobi geometry (cf. Observation 6 for a definition of D and [10] for further results).

In analogy with a symplectic isotropic realisation of a Poisson manifold, associated
to which is an integral affine structure transversal to the symplectic foliation, the
last main result of this paper characterises the underlying geometric structure on
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the foliation F of a Jacobi manifold (P, L, {-,-}) admitting a contact isotropic re-
alisation. The idea is to use give an intrinsic characterisation of the period lattice
¥ C J'L, i.e. which does not rely on the given realisation (cf. Definition 18).
As expected from the case L = P x R, the ensuing geometric structure on F is
transversally integral projective, i.e. it gives rise to a foliated atlas with val-
ues in real projective spaces along with an integrality condition (cf. Definition 21);
what is surprising is that this result holds even when L is non-trivial: this is the
content of Theorem 19.

The structure of this paper is as follows. Section 2 recalls basic notions and
properties of contact and Jacobi manifolds which are used throughout; particular
importance is given the Lie algebroid associated to a Jacobi manifold, described
from the point of view developed in [10] (cf. Section 2.3). Contact isotropic realisa-
tions are introduced and studied in Section 3. After establishing a simple necessary
condition on the Jacobi structure for the existence of such a realisation (cf. Sec-
tion 3.1), there is an intermezzo dealing with properties of the family of Jacobi
manifolds that occur: these share many properties with regular Poisson manifolds.
This is the content of Section 3.2. The smooth and contact local normal forms of
contact isotropic realisations are constructed in Sections 3.3 and 3.4 respectively.
The question of constructing contact isotropic realisations, both locally and glob-
ally, is dealt with in Section 4. Any regular Jacobi manifold all of whose leaves
are even dimensional admits locally a contact isotropic realisation (cf. Section 4.1);
the cohomological problem of glueing these local constructions together is solved
in Section 4.2. The geometric structure induced by a contact isotropic realisation
on the foliation of a Jacobi manifold is introduced in Section 5. Some interesting
examples and applications of the theory developed are discussed in Section 6. These
include integrable Hamiltonian systems on contact manifolds, which are shown to
be equivalent to contact isotropic realisations of a special class of Jacobi manifolds
(cf. Section 6.1), and contact isotropic realisations of Poisson manifolds and of
locally conformal symplectic manifolds (viewed as Jacobi structures on the trivial
line bundle) in Sections 6.2 and 6.3 respectively. Throughout this note, there are
two types of comments, labelled Observation and Remark respectively; those with
the former label are central to the problems studied in this paper, while those with
the latter may be skipped at a first reading.

Notation and conventions. Throughout the paper, whenever a collection of open
sets {U;} is counsidered, U;,;, iy = Uiy, N ... NU;, for any finite set of indices
i1,...,in. All line bundles considered in this paper are real unless otherwise stated.
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programme of the Centre de Recerca Matematica and by the Max Planck Institute
for Mathematics in Bonn. D.S. was partly supported by ERC starting grant 279729
and by the NWO Veni grant 639.031.345.
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2. GENERALITIES ON CONTACT AND JACOBI MANIFOLDS

This section recalls basic definitions, properties and examples of contact and
Jacobi manifolds that are used throughout this paper (cf. [3, 10, 15, 18, 28] amongst
others for further details and proofs).

2.1. Contact manifolds and their properties.

Definition 1 (Contact manifolds). A contact manifold is a pair (M, H) con-
sisting of a manifold M and a smooth hyperplane distribution H C T'M with the
property that the curvature map defined on sections by

1) ¢:D(H) x D(H) — TM/H, ¢(X,Y) := [X,Y] mod H,

is fibre-wise non-degenerate. The distribution H is said to be a contact distribu-
tion.

Remark 1. If H is co-orientable, i.e. the line bundle TM/H — M is trivialisable,
then a choice of trivialisation for TM/H — M corresponds to a globally defined
1-form 6 € QY(M) satisfying H = ker . In this case, the condition of equation (1)
can be rephrased as non-degeneracy of df|g.

Observation 1. Most works in the literature deal with contact manifolds (M, H)
whose associated line bundle L := TM/H — M is co-oriented (cf. Remark 1).
However, there are natural examples of contact manifolds which do not satisfy
this hypothesis, e.g. the canonical contact structure on the projectivisation of any
cotangent bundle (cf. Example 2 for other important examples which are central
to this work). In general, given a contact manifold (M, H) as in Definition 1, the
contact structure H can be described tautologically as the kernel of § € Q' (M, L),
where
0:TM - L=TM/H

is the projection. The condition of equation (1) can be rephrased as fibre-wise
non-degeneracy of (X,Y) — 6([X,Y]), for X,Y € H. In fact, contact manifolds
can be equivalently described as pairs (M, 6) consisting of a smooth manifold M
and a point-wise surjective 1-form 6 € Q(M, L), such that the curvature defined
on sections by

2) T(ker6) x T(ker6) — T(L), (X,Y) s co(X,Y) := 0([X,Y])

is fibre-wise non-degenerate. Throughout this paper, both points of views are used
for different purposes and the 1-form satisfying 0 = ker H is referred to as a gen-
eralised contact form.

Example 2. Let 7 : L — P a line bundle and denote by pr : J'L — P the first
jet bundle

J'Lly = {jpu | u € T(L)}.
Any (local) section u € T'(L) induces a (local) section jlu € I'(J'L) which is defined
by p — j;u; these are called holonomic sections. The Cartan contact form

Ocan € QY (J' L, pr*L)

detects holonomic section in the sense that a section ¢ of J'L is holonomic if and
only if £€*0.,, = 0. The Cartan contact form is defined as follows. By abuse of
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notation denote by pr : J'L — L the canonical projection and let X € Tj;uJ L.
Then

ecan(X) = DpT(X) - DU(DW(X))7
lies in ker D & pr*L. As its name suggests, the Cartan contact form 6., is a
generalised contact form.

Throughout this subsection, fix a contact manifold (M, H) unless otherwise

stated, and denote by
L=TM/H
the induced line bundle and by 6 : TM — L the projection.
Definition 3. (Reeb vector fields) A Reeb vector field of the contact manifold
(M, H) is any vector field R satisfying
[R,T(H)] Cc T'(H).

The vector space of Reeb vector fields is henceforth denoted by Xgeen (M, H).

The following lemma relates Xgeen (M, H) with I'(L) (cf. [10] for its proof).

Lemma 1. The map
XReeb(M, H) — I'(L)
R +— 0(R)
is a vector space isomorphism.
Observation 2. The vector field R, associated to u € I'(L) is called the Reeb

vector field of w and is uniquely defined by 0(R,) = u and 6([R,, H]) = 0, where
0 € QY(M, L) is a generalised contact form. If f € C°°(M), it can be checked that

Ry, = fRy + ch(—df|m @ u),

where 0([02(7)), ]) = —n for any section n € I'(Hom(H, L)) (and the convention
followed is the same as in [28]).

Remark 2. The above notion of Reeb vector fields generalises the commonly found
notion of the Reeb vector field associated to a co-oriented contact structure, which,
in the above description, is nothing but R;.

The isomorphism of Lemma 1 allows to define another geometric structure as-
sociated to a contact manifold (M, H), namely the Reeb bracket on I'(L), given
by
(3) {uv U} = 9([Ru7 Rv])7

for u,v € I'(L). The triple (M, L, {-,-}) gives rise to a Jacobi structure, as explained
in the next subsection.

2.2. Jacobi structures. As symplectic forms are special examples of Poisson
structures, so are contact distributions instances of a more general geometric struc-
ture, first introduced in [24, 26], and further explained in [28].

Definition 4 (Jacobi structure). A Jacobi structure on a manifold P is a pair
(L,{-,-}) consisting of a line bundle L — P, and a Lie bracket {-,-} on I'(L) with
the property that it is local, in the sense that

supp({u,v}) C supp(u) Nsupp(v) Vu,v € I'(L),
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where supp(u) denotes the support of w. The triple (P, L,{-,-}) consisting of a
manifold P and a Jacobi structure (L, {,-}) is henceforth referred to as a Jacobi
manifold.

Observation 3 (cf. [26]). If L = P x R, a Jacobi structure {-,-} is completely
described by a pair (A, R) € X%(P) x X(P), satisfying

4) [A,A] =2RAA, [A R]=0,
where [-, -] is the Schouten bracket. The Lie bracket on I'(L) = C*°(P) is given by

for f,g € C>(P).

Example 5. A contact manifold (M, H) comes equipped with a natural Jacobi
structure (L, {-,-}), where L =TM/H — P and {-,-} is the Reeb bracket (3).

Example 6. A Poisson manifold (P, A) is a manifold P along with a bivector
field A € X%(P), which satisfies [A,A] = 0. In light of Observation 3, Poisson
manifolds (P, A) are precisely Jacobi structures on P x R — P with Ap = A and
Rp =0.

Example 7. A locally conformal symplectic manifold is a triple (P,o,7),
where P is a manifold, (o,7) € Q?(P) x Q(P), o is non-degenerate, dr = 0, and
do = —7 A 0. Following [28], given (P,o,7) define a bivector A € X?(P) and a
vector field R € X(P) uniquely by

W(R)o = —1 and L(Aﬁ(n))a =-n

for all n € Q'(P), where ¢ denotes the interior product. Then (P,Ap, Rp) is a
Jacobi manifold (cf. [28]).

In the literature on Jacobi manifolds two types of maps between Jacobi manifolds
are considered, namely those which are, in some sense, ‘strictly’ Jacobi and those
which are up to some rescaling (conformal). The following definition provides a
common framework for both of the above types of maps in the more general setting
of Jacobi manifolds in the sense of Definition 4.

Definition 8 (Jacobi maps). Let (N, Ly, {:,-}n) and (P, Lp,{-,-}p) be Jacobi
manifolds such that there exists an isomorphism F' : ¢*Lp — Ly. A map ¢: N —
P is said to be Jacobi with bundle component F if for all u,v € T'(Lp)

{Fod¢*u,Fo¢ v}y =Fo¢p"{u,v}p.

Observation 4. Fix a Jacobi manifold (P, L,{-,-}). Let {U;} be an open cover
of P with the property that, for each i, there exists a nowhere vanishing section
v; : Uy — L, which trivialises L|y, 2 U; x R. Then, for each i, there is a unique
Jacobi structure (U; x R, {-,-}; := {-,-}|v;). If 4,5 are such that U;; # 0, then
there exists a nowhere vanishing function g;; : U;; — R such that v; = g;;v; on
Uij. The Jacobi manifolds (Usj, Uy x R, {-,-};]v,,) and (Usj, Uiy x R, {-, - }ilv,;) are
Jacobi isomorphic with bundle component g;; (viewed as a bundle isomorphism
Ui; x R — U;; x R). Conversely, given an open cover {U;} of P such that

e for each i, there is a Jacobi structure on U; x R;
e for each pair ¢, j with U;; # 0, the Jacobi structures on U;; X R are isomor-
phic with bundle component g;; : U;; = GL(R);
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e the collection of nowhere vanishing functions {g;;} satisfy the cocycle con-
dition, i.e. for all 4, 5,1 for which Us;; # 0, gi = g;19i;;
then there exists a unique Jacobi structure on the line bundle L — P whose (iso-

morphism class) is uniquely defined by the collection of {g;;} (cf. [15, Section
1.4]).

Example 9. If, in the above definition, Ly and Lp are trivial, and the bundle
component is the identity, the condition that ¢ : (N, Ly, {-,-}~n) — (P,Lp,{-, -} pP)
is a Jacobi map is equivalent to asking that Ay and Ry are ¢-related to Ap and
Rp respectively, where (Ay, Ry) and (Ap, Rp) are the bivector and vector fields
which uniquely determine the Jacobi structures on Ly and Lp respectively (cf.
Observation 3).

2.3. The Lie algebroid associated to a Jacobi manifold. Given a Jacobi
manifold (P, L,{:,-}), the first jet bundle J'L — P can be endowed with the
structure of a Lie algebroid, which codifies the geometry of (P, L, {-,-}) — cf. [7]
for a definition and examples of Lie algebroids. This Lie algebroid is described in
[23] for the trivial line bundle, in [13] in the general case, and more recently from
a different point of view in [10]. Its defining properties are given in the proposition
below, stated without proof (cf. [10]).

Proposition 2. Given a Jacobi manifold (P, L,{-,-}), there exists a Lie algebroid
structure on J'L which is uniquely characterised by the following properties:

(I) The anchor map p: J'L — TP satisfies

{uv fU} = f{u) U} + Lp(jlu)(f)va

for all u,v € T'(L), f € C*(M);
(II) The Lie bracket on T'(J'L) satisfies

[jtu, jto] = jH{u, v}, Vu,veT(L).
This Lie algebroid is henceforth referred to as the associated Lie algebroid to the
Jacobi manifold (P, L,{-,-}).

Example 10 (Trivial line bundle, cf. [12]). For Jacobi structures on the trivial
line bundle L = P x R, uniquely defined by a pair (A, R) as in Observation 3, the
Lie algebroid structure on J'L = J'P = T*P & R has anchor p = ps_ g given by

p(n, ) = Ap(n) + ARp,
for any element (7, \) € T*P @ R, and Lie bracket defined by

[(n, 1); (&, 9)] = ([0, Ela—ir(MAE)+F Lr(E) =g LR (1), A1, )+ Lo, 1) (9) — Li(e.0) ()
for any two sections (), f), (£, g) € T(J'P).

Observation 5. For a contact manifold (M, H), where H = kerf, with 0 €
QOY(M, L), the Lie algebroid structure of J!'L associated to the underlying Jacobi
structure defined in Example 5 can be expressed in terms of the Reeb vector fields,
and the curvature map cg (cf. equation (2)). Using the defining property (I) of
the anchor and the definition of the Reeb bracket of equation (3), it follows that
p(j*u) = R,. This implies that, given (u,n) € T'(J'L),

p(u, 77) =R, + Cg(an) =R, + Cg(D(ua n)‘H)'
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Observation 6 (The Spencer operator of a Jacobi manifold, cf. [10]). The first
jet bundle J'L — P fits into a short exact sequence of vector bundles

(5) 0-TPRL-SJLE L0,

where pr : J'L — L is the standard projection, and i(df @ u) = fj*(u) — j'(fu) for
f e C>(P) and u € I'(L). While the above sequence is not canonically split, there
is a canonical splitting at the level of sections, which is very useful when studying
geometric structures on J'L. This splitting, known as the Spencer decomposi-
tion, is used extensively in this paper; it is defined by u + j'u, for u € T'(L). This
induces the Spencer decomposition
I(J'L)=T(L) & I'(Hom(TP, L)),
where the C°°(P)-module structure on the right hand is given by

fo(u,¢) = (fu, ¢+ df @ u).
The projection to the second component
D:T(J'L) = QP;L), (u,n)—n

is the so-called classical Spencer operator; D is compatible with the Lie alge-
broid of a Jacobi manifold (P, L, {,-}) in the following sense. First, L is a repre-
sentation of J!L with flat connection uniquely defined by

(6) V:D(J'L) x (L) = (L), Vji,(v)={u,v}

(and extended using the Leibniz rule, cf. [10] for details). Secondly, D satisfies the
following conditions (of Spencer operators on Lie algebroids [11])

(7) Dy (@) = Var (pr(a)) + pr([a, o'])
(8) Dx[a, a’] = Va(on/)fD[p(a),X]o/ — VO/(D)(Oé) -+ D[p(a/%X]a,

for any o,/ € T'(J'L) and X € X(P). Henceforth, the above Spencer decomposi-
tion is going to be used tacitly unless otherwise stated.

Jacobi manifolds whose underlying characteristic distribution Imp C TP has
constant rank play an important role in this paper (cf. Lemma 3).

Definition 11. A Jacobi manifold (P, Lp, {-,-}) is said to be regular of corank k
if, for all p € P, dimker pp,, = k.

Remark 3. There exist other notions of ‘regular’ Jacobi manifolds in the literature
which are different to the one of Definition 11 (cf. [16]).

3. CONTACT ISOTROPIC REALISATIONS: DEFINITION AND INVARIANTS

3.1. Definition and basic properties. The following definition introduces the
main object studied in this paper.

Definition 12 (Contact isotropic realisations). A contact isotropic realisation
of a Jacobi manifold (P, Lp,{-,-}) is a contact manifold (M, H) together with a
surjective submersion ¢ : (M, H) — (P, Lp,{-,-}) with connected, compact fibers
satisfying the following properties
(IR1) ¢ isa Jacobi map with bundle component F' : ¢*(Lp) — Lps (cf. Definition
8);
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(IR2) H = ker 0 is transversal to ¢, i.e.
H +Ker D¢ = TM,
(IR3) Ker D¢ C (Ker D¢)*, where
(Ker D¢)* == par(¢*J' Lp)

is the pseudo-orthogonal distribution of ker D¢, where ¢*.J! Lp is identified
with its image in J'Lj; via the map F.

Henceforth, whenever referring to an isotropic contact realisation ¢ : (M, H) —
(P,Lp,{-,}), the dimensions of M and of P are fixed to be 2n+ 1 and 2n+1—k
respectively, unless otherwise stated.

Remark 4.

e The assumption on compactness of the fibres of a contact isotropic realisa-
tion can be weakened for what follows, but it is imposed at this stage to
simplify the exposition;

e A surjective submersion ¢ : (M, H) — (P, Lp,{-,-}) with connected fibres
satisfying only properties (IR1) and (IR2) is called a contact realisation.

Observation 7. Each of the properties in Definition 12 have important implica-
tions.

(1) Property (IR1) implies commutativity of the following diagram

Iy~ TM

ol lw

"' Lp ——>= " TP,

where ppr, pp are the anchor maps for the Jacobi structures on P and
M respectively, and ¢* : ¢*J'Lp — J'Lj is the injective vector bundle
morphism given by jlu + j!(F¢*u). This can be seen as follows. Consider
{u, gv}p for any sections u,v € I'(L) and any function g € C*°(P); using
the defining property (I) of the anchor of a Lie algebroid associated to a
Jacobi structure together with property (IR1), it can be shown that

¢*(pp(j'u)g) = pu (' (Fo u)d*g),

which, in turn, implies the claimed result;
(2) Property (IR2) can be used to show that for all m € M, dim(H,, N
ker D, ¢) = k — 1, since

dim(H,, + ker D,,¢) — dim H,,, — dimker D,,,¢» = dim(H,,, Nker D,, )

and by property (IR2), for all m € M, H,, + ker D,,,¢ = T,,,M;

(3) When (P,Lp,{-,-}) is Poisson, condition (IR3) is equivalent to requiring
that, for all m € M, the vector space ker D,,,¢N H,, is isotropic with respect
to the symplectic structure on H,, induced by a suitable choice of contact
form (cf. [25] for details). This explains the nomenclature used in the
definition.
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Not all Jacobi manifolds admit isotropic contact realisations; in fact, a necessary
condition is that the structure be regular and all its leaves be even dimensional. This
is the content of the next lemma, which should be compared to [32, Proposition
8.10], which proves an analogous statement for isotropic realisations of Poisson
manifolds.

Lemma 3. For a contact isotropic realisation ¢ : (M,H) — (P,Lp,{-,-}) the
Jacobi structure on P is reqular with corank equal to k, and all its leaves are even
dimensional.

Proof. Fix points p € P and m € M such that m € ¢~ !(p). Using item (1) of
Observation 7,

9)  tkppp(Jy(Lp))) = 1k (parm © 6" (J'Lp)) — 1k ker(Dol,,, 06 (11Lp))-

On the one hand, property (IR2) implies that py; 0 ¢* : ¢* J*Lp — TM is injective:
indeed, Observation 5 gives that for (u,n) € T'(Lp) ® QY(P,Lp) ~T'(J'Lp),

pu (67 (u,0)) = Rp(gruy — ¢ (F o (6™nlm)).

If parm (6™ (u,n)) = 0, then Rp(4-y)(m) = ¢*(F o (¢*n|g))(m) € H. By definition
of the Reeb vector field, this means that

F(¢*u)(m) = Rp(g+y)(m)mod H = 0.

Hence, F o (¢*nm|m) = 0 which in turns implies that ¢*n,,|z = 0. Condition (IR2)
implies that Dé|g,, : Hy — Tym) P is surjective (as ¢ is a surjective submersion);
thus ¢*n,|r = 0 holds if and only if 74,y = 0, thus proving injectivity of pps o ¢*.

Condition (IR3) gives that rk ker(Dg|,,,0¢*s11,) = tk ker D¢ = k. By defini-
tion tk J'Lp = 2n — k + 2, while injectivity of pas o ¢* implies that

k parm(¢0*J Lp) = 2n — k + 2;

equation (9) yields rk pp(J)(Lp))) = 2n+2 — k —k = 2n+ 2 — 2k. Since p € P
is arbitrary, the proof of the lemma is completed. (I

3.2. Properties of regular Jacobi manifolds all of whose leaves are even
dimensional. In light of Lemma 3 a necessary condition for a Jacobi manifold
to admit a contact isotropic realisation is that it is regular and all its leaves are
even dimensional. The aim of this subsection is to prove some properties of Jacobi
manifolds of this kind, which generalise those enjoyed by regular Poisson manifolds
(which are an example of this family of Jacobi structures). Throughout this sec-
tion, let (P,Lp,{-,-}) be a regular Jacobi manifold all of whose leaves are even
dimensional, unless otherwise stated. The notation employed below follows from
that of Section 3.1.

Proposition 4. Let (P,Lp,{-,-}) be a regqular Jacobi manifold with even dimen-
sional leaves. Then w : ker pp — P is a bundle of abelian Lie algebras, so that the
inclusion ker pp < J'Lp is a morphism of Lie algebroids.

Proof. Since ker pp is the kernel of the anchor p : J'Lp — TP and the restric-
tion of m : J'Lp — P to ker pp is a vector bundle, it follows that 7 : ker pp — P
is a bundle of Lie algebras. It remains to show that each such Lie algebra is abelian.
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Let v* C T*P denote the conormal bundle of the regular foliation F whose
distribution is TF := Im(p : J'Lp — TP). By assumption, the corank of the
Jacobi structure is k, which implies that the rank of v* — P is k — 1. The claim is
that ker pp fits in a short exact sequence of vector bundles

0—>v"®Lp —kerpp — Lp — 0,

where the projection ker pp — Lp is nothing but the restriction of pr : J'Lp — Lp
(cf. Observation 6). To this end, it suffices to prove that

(10) v*® Lp =kerpp N (T*P ® Lp) = ker prixer pp-

For, if equation (10) holds, then dimension counting implies that the restriction pr :
ker pp — Lp is surjective. First, it is shown that v* ® Lp C ker pp. Suppose that
df®@u eTl'(v*®Lp), and fix g € C>*°(P) and v € I'(Lp). Using the C*°(M)-module
structure of the Spencer decomposition of I'(J1Lp) (cf. Observation 6), have that
i(df ©u) = f7'u— " (fu), and therefore pp(i(df ®u)) = fop(ju) - pp(i*(fu))-
The defining property (I) of the anchor implies that

Loareuw(9)v = FLoG1u)(9)V = Lo (fuy) (9)V
(11) = f({u, gv} — g{u,v}) — ({ fu, gv} — g{fu,v})
= *Ep(dg®v)(f)u = 0.

This shows that v* ® Lp C kerpp N (T*P ® Lp). In order to show that equality
holds, it suffices to check that, for each p € P, dimkerpp, N (T*P ® Lp), =
k — 1. To this end, note that kerpp N (T*P ® Lp) = ker pp|r+pgr,. The map
pp : T*"P ® Lp — TP is, in fact, antisymmetric, i.e. for any 1, € T*P ® Lp,
n(p(€)) = —&(p(n)). This can be checked directly from the defining property of the
anchor pp (in the case of trivial coefficients, this map is given by the sharp of a
bivector). Thus, for each p € P, the vector space pp (T, P ® Lp,) C T,F is even
dimensional. On the other hand, since k > dimker pp,, T:PQLp, > k—1, it follows
that

2n — 1 < dim pp,(T, P ® Lpy) < 2n,

with dim pp (T, P ® Lp,) = 2n if and only if dim ker pp,
dim pp,(T;P @ Lp,) is even dimensional, it follows that dim ker pp7p|T;p®prp =

T:P®Lp, = k—1. Since
k —1; as p € P is arbitrary, this completes the proof that equation (10) holds.

Using the above description of ker pp, it is possible to prove that ker pp — P is
a bundle of abelian Lie algebras. Let a, o’ € T'(ker pp); the Spencer decomposition
of Observation 6 gives that [o, /] = (pra, /], D]a, o/]), where D : I'(J'Lp) —
QY(M; Lp) is the classical Spencer operator. Writing o = (u,n) and o = (v,&),
where u,v € I'(Lp) and 1, & € Q(P; Lp), the compatibility conditions of equations
(7) and (8) yield the following formula for the Lie bracket restricted to sections of
ker pp

(12) [, @] = (=Varu, Valé()) = Var (1)),

where V is the J!Lp-connection defined by equation (6). There are two cases to
consider: the first case is when v = 0 = v, and the second is when v = 0 and v # 0.
Note that, for dimensional reasons, I'(ker pp) is (locally) generated by elements of
this form, and therefore, as ker pp is a bundle of Lie algebras it is enough to check
that the bracket is zero on these elements. Suppose first that « = 0 = v; using the
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defining properties of V and of pp (cf. equation (6) and property (I) respectively),
the following equality can be proved

(13) Ves = —E(pp(j's)),
where s € I'(Lp) is arbitrary (and analogously for V,s). Since {,7 € I'(v* @ Lp),
equation (13) implies that [,&] = 0. Thus it only remains to consider the case

u =0 and v # 0. Write o = jlz +i(y), for v € QY(P, Lp); without loss of
generality, the section z € I'(Lp) can be taken to be nowhere vanishing at the cost
of restricting its domain of definition, say to U C P. This does not matter to
the purpose at hand, as the aim is to check that a fibre-wise Lie algebra structure
is abelian and, to do so, there is a freedom in choosing the sections «,a’ under
consideration. Since pp(a’) = 0, the defining property (I) of pp implies that the
operator Vo () : I'(Lp|ly) — T(Lply) is C°°(U)-linear and hence it defines a
vector bundle automorphism Lp|y — Lp|y. As Hom(Lp,Lp) is trivial and of
rank 1 (because Lp is of rank 1), then there exists a smooth function G € C*°(U)
such that

Va(s)(p) = G(p)s(p),
for all s e I'(Lp|y) and p € U. Hence,

Gz=Vu(z) ={z2} —7(pr(i'2)) = —7(pr(7)) = 0,

where antisymmetry of pp : T*P ® Lp — Lp is used to obtain the last equality.
As z € I'(Lp|y) does not vanish at any point, it follows that G = 0. This, in turn,
implies that [, @’] = 0 in this case as well, thus completing the proof. O

Observation 8. The previous proof shows that under the hypotheses of Proposi-
tion 4, the connection V : T'(J'Lp) x I'(Lp) — I'(Lp) (cf. equation (6)) restricted
to I'(ker p) C I'(J1L) is zero.

The next aim is to construct a cohomology class associated to (P,Lp,{:,})
which generalises the foliated cohomology class given by the leafwise symplectic
form induced by a regular Poisson manifold. As in the proof of Proposition 4,
denote the characteristic foliation of (P, Lp, {-,-}) by F. Intuitively, the cohomology
class defined below is a foliated 2-form with values in Lp. However, in order to
formalise this intuition, it is necessary to prove that there is a T F-connection on
Lp associated to the Jacobi structure (Lp,{-,-}p), where the foliation TF C TP
is viewed as a Lie subalgebroid. Let V be the J 1L p-connection on Lp defined by
equation (6).

Proposition 5. There is a unique TF-connection V : T(TF) x T'(Lp) — T'(Lp)
on Lp uniquely defined by

(14) Vop(ituy = Vj1,0 = {u,v}.

Proof. Observation 8 implies that V is well-defined as a connection. Flatness of V
follows from that of V, thus completing the proof.
[l

In light of Proposition 4, it makes sense to consider the Lie algebroid cohomology
H*(F; Lp), which is defined as the cohomology of the complex of smooth foliated



14 MARIA AMELIA SALAZAR AND DANIELE SEPE

forms with values in Lp with the following (standard) differential dz

drw(Xi, ..., Xig1) 112(*1)i+jw([Xqu],X1,-~,Xi, s Xy, Xig)

1<j

(15) o .
+Z(_1)Z+IVX7:(W(X17~~-,Xia~-~aXl+1))v

for X1,..., X141 € I(TF) and w € Q(F; Lp) := T'(A'T*F @ Lp), and where hat
denotes omission. The next lemma associates a cohomology class in H?(F; Lp) to
(P7 Lp, {‘, })

Lemma 6. The foliated 2-form with values in Lp uniquely defined by
(16) w(pp(jtu), pp(i'v)) == {u,v}p,
for any u,v € T'(Lp), is a 2-cocycle, i.e. drw = 0.

Proof. Since sections of the form jlu, for u € T'(Lp) form a C°°(P)-basis of
['(J'Lp) and TF = pp(JtLp), equation (16) defines a unique map I'(TF) x
I'(TF) — I'(Lp) which is manifestly antisymmetric. Let f € C°°(P) and fix
u,v € I'(Lp); then

w(fpp(itu), pp(iv)) = wlpp(fu,df @ u), pp(j'v)) = {fu,v}p +df @ u(pp(j'v))

= f{u,v}p — Loproy fu+ Loproyfu = fwlpp(itu), pp(i'v)),

where the first equality follows from the C*°(P)-structure on I'(J!Lp) arising from
the Spencer decomposition (cf. Observation 6), the second by definition of w, and
the third by the characterising property (I) of the anchor pp (cf. Proposition 2).

The above calculation shows that equation (16) indeed defines a foliated 2-form
with values in Lp (also denoted by w) as it is C°°(P)-bilinear.

To check that drw = 0 it suffices to check that

drw(pp(j'u), pp(itv), pp(itw)) =0

for any u,v,w € I'(Lp). This follows from the fact that drw is C°°(P)-linear in
each entry and that sections of the form pp(jlu) form a C°°(P)-basis of T'(TF).
Then

drw(pp(Gtu), pp(ito), pp(i'w)) = Vo ruy (@(pp('0), pp(i'w))) + c.p.

— (W([pp(G'u), pp(3'V)], pp(j'w)) + c.p.) = {u, {v,w}p}p + c.p.

— (wlpp([i'u, j'0]), pp(i'w)) + c.p.) = —(w(pp (G {u, v}p), pp(j'w)) + c.p.)
= —({{u,v}p,w}p +cp.)=0,

where c.p. stands for cyclic permutation, the second equality follows from the fact
that pp is a map of Lie algebroids, the third by the defining property (II) of the
Lie bracket on J'Lp (cf. Proposition 2) and by the Jacobi identity for {-,-}, which
also implies the last equality. This shows that drw = 0, as required. ([l

Observation 9. The following is an explicit formula for w

w(pp(u,n), pp(v,¢)) == {u,v}p +nlpp(v,0)) = {(pp(i'u)),
for (u,n), (v,¢) € T(JP).
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3.3. Smooth classification. Any contact realisation ¢ : (M, H) — (P,Lp,{-,-})
(cf. Remark 4) comes equipped with an action of the Lie algebroid J!Lp, in the
sense that there exists a vector bundle map v : I'(J'Lp) — X(M) satisfying

(A1) it induces a Lie algebra homomorphism I'(J'Lp) — X(M);
(A2) for all m € M, Dy © Y = Piy(m)-

Lemma 7. Let ¢ : (M,H) — (P,Lp,{-,-}) be a contact realisation. The map
W:¢*J'Lp — TM given at the level of sections by

(b*jlu — RFO¢*u7 Yu € F(LP)
defines a faithful action of J'Lp on ¢ : M — P.

Observation 10. Note that i can be alternatively described as the composite
pu o ¢* 1 ¢*J Lp — TM, where the notation is as in item 1 of Observation 7.

Proof of Lemma 7. Since ¢ : (M,H) — (P,Lp,{-,-}) is a Jacobi map, item 1 in
Observation 7 implies that

(17) Dé o par 0 6" = 6" (pp)-

In light of Observation 10, it follows that property (A2) holds. It remains to prove
that ¥ induces a Lie algebra morphism, i.e.

(18) U, o)) = [¥(a), ()] = 0,

for all o,/ € T'(J'Lp). This equation holds when a,a’ € T'(J'P) are holonomic
sections, i.e. of the form jlu, jlv for smooth sections u,v € C°(P). This is because
¢: M — P is a Jacobi map with bundle component F', which implies that

(19) RFO¢*{U,U} = R{Fod)*u,Fqu*U} = [RFO¢*uaRFo¢*1)]-

for u,v € T'(Lp), where in the last equality property (3) of the Jacobi bracket of
(M, H) is used. In general, notice that the left hand side of equation (18) satisfies

d([fa, o)) = [P(fa), ()] = (6" /) (¥ ([e, o)) = [P(e), ¥ (a)));

for f € C*°(P) and «,a’ € T'(J'Lp). This again follows from the fact that ¢ :
(M,H) — (P,Lp,{-,-}) is a Jacobi map, so that equation (17) holds. Thus, since
equation (18) holds for holonomic sections and these generate I'(J'Lp) as a C>°(P)-
module, it follows that equation (18) holds for all sections of J!P, which proves
that ¢ satisfies property (Al). The proof of Lemma 3 shows that ¢ is injective
(this follows from property (IR2)). O

The following proposition shows that, for a contact isotropic realisation ¢ :
(M,H) — (P, Lp,{-,}), the restriction of the action of Lemma 7 to the Lie subal-
gebroid ker pp — P yields an action.

Proposition 8. Let ¢ : (M,H) — (P,Lp,{-,-}) be a contact isotropic realisation
of a Jacobi manifold. The action i restricted to the bundle of abelian Lie algebras
ker pp, is a vector bundle isomorphism over M,

Y @* ker pp — ker Do,
which at the level of sections v : T'(ker pp) — I'(ker D@) is a Lie algebra map.
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Proof. Property (A2) implies that the image of ¥|xer», consists of wvertical vector
fields, i.e. tangent to the fibres of ¢. On the other hand, property (A1) implies
that at the level of sections v : I'(ker pp) — I'(ker D¢) is a Lie algebra map. Now,
since by Lemma 7, the action 9 : ¢* ker pp — T'M is injective and for all p € P,
dimker pp, = k = dim ¢~!(p), dimension counting implies that for all m € M,

Y((¢" ker pp)m) = Tm¢_1(¢(m))'
([l

The action ¢ : ¢* ker pp — T'M should be thought of as being infinitesimal; since
the fibres of ¢ are compact, 1 can be integrated to an action of w : ker pp — P
considered as a bundle of abelian Lie groups.

Remark 5. In fact, the action ¥ can be integrated under a weaker assumption on
the fibres, which is generally known as completeness (cf. [6]). All following results
hold in this more general setting with the appropriate modifications.

Fix a contact isotropic realisation ¢ : (M,H) — (P,Lp,{-,-}) and let ¢ :
¢*kerpp — TM be the associated infinitesimal 7 : ker pp — P action. The
integrated action is given by

U :kerpp X, M — M
(20) 1
(,m) = g (m),

where
ker pp x4 M :={(a,m) € kerpp x M | () = ¢(m)}

is a smooth manifold, and ., is the time-1 flow of 1(¢* ).

Observation 11. For each p € P, the action of equation (20) restricts to an
action of the abelian Lie group ker pp, = R on ¢~1(p). Connectivity of ¢~1(p)
and Observation 8 imply that the action of ker pp,, is transitive. Moreover, since
ker pp ), is an abelian Lie group, if j;u € ker pp, is such that \I!(jzl,u7 m) = m, then
W(jpu,m’) = m’ for any other m’ € ¢~'(p). This is because the isotropy of the
action at any two points on ¢~!(p) are equal. Therefore, if

Y, = {j;u € kerpp, | @}})u =id},

then ¢~ (p) = ker pp,/%,; since ¢! (p) is compact by assumption, it follows that
#~1(p) is diffeomorphic to T* and that >, is a cocompact lattice in ker pp, and,
therefore, isomorphic to Z*.

Just as in the theory of symplectic isotropic realisations of Poisson manifolds, the
isotropy of the action of equation (20) plays an important role in the classification
of contact isotropic realisations of Jacobi manifolds.

Definition 13 (Period lattice). The subset
Y= H Yp Ckerpp,
peP
is called the period lattice of the isotropic contact realisation ¢ : (M,H) —
(Pv Lp, {'7 })

Remark 6. The above notion of period lattice extends that of a Legendre lattice
introduced in [2].
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The following theorem provides a local model for isotropic realisations
¢ : (MaH) — (PaLP7{7})7
its proof is omitted as it is entirely analogous to that of [14, Theorem 2.1].
Theorem 9. Let ¢ : (M,H) — (P,Lp,{-,-}) be an isotropic realisation with asso-

ciated period lattice 2. Then

(I) ¥ is a closed submanifold of ker pp;
(II) the quotient ker pp /Y. is a smooth manifold and the projection

7 ker pp/¥ — P
is a fibre bundle with fibre TF;
(IIT) upon a choice of a local section o : U C M — ¢~ (U), the map
(21) U, kerpp/Ely = 671 (U), [a] = wo(o(n(a)
s an isomorphism of fibres bundles, making the following diagram

v,

ker pp /S|y

S

commute.

Fix a good open cover U := {U;} of P, i.e. all finite intersections of the elements
of U are contractible, and, for each i, fix a section o; : U; — M. Suppose that
U;j # 0; then the composite \Il;jl oW, : kerpp/Xly,; — ker pp/E|y,; is given by
translation along the fibres by a section t;; : U;; — ker pp /%, i.e.

;o Wo (o) = [o] + tig(m(a)),
where ¢;; is uniquely defined by o;(p) = goiij (p(0i(p)) for all p € U;. The collection
{t;;} defines a Cech cohomology class
t € HY(U; € (ker pp /X)) = HY(P; € (ker pp /X)),

where C*(ker pp/%) is the sheaf of smooth sections of ker pp/¥ — P, and the
isomorphism follows from the fact that open cover U is good.

The short exact sequence of sheaves

1— ¥ <= C®kerpp) — C=®(ker pp/%) — 1,
where, by abuse of notation, ¥ denotes the sheaf of sections of ¥ — P, induces a
long exact sequence in cohomology whose connecting morphisms

§: H*(P;C* (ker pp /%)) — H*H(P; X))
are isomorphisms for all k > 1, since C*(ker pp) is fine.

Definition 14. The cohomology class ¢ = §(t) € H%(P;X) is called the Chern
class of the contact isotropic realisation ¢ : (M, H) — (P, Lp,{-,-}).

In conclusion, this section proves that a contact isotropic realisation
¢:(M,H)— (P,Lp,{-,-})
is classified smoothly by
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e its period lattice ¥ C ker pp C J'Lp;

e its Chern class ¢ € H?(P; X);
this is, two contact isotropic realisations ¢ : (M,H) — (P,Lp,{-,-}) and ¢’ :
(M',H") — (P, Lp,{,}) are smoothly equivalent if and only if their period lattices
and Chern classes coincide, where smooth equivalence means the existence of a
diffeomorphism B : (M, H) — (M', H') satisfying Bo ¢ = ¢'.

3.4. Contact classification. This section studies the problem of finding a (lo-
cal) contact classification of contact isotropic realisations, which complements the
results of Section 3.3. The main result in this section is Theorem 13 which pro-
vides a local normal form for generalised contact forms arising in contact isotropic
realisations. Before proving Theorem 13, some preparatory results are required.
Throughout, fix a contact isotropic realisation ¢ : (M, H) — (P,Lp,{-,-}) with
compact fibres, generalised contact form 6 € Q!(M, Ly;), and bundle component
denoted by F : ¢*Lp — TM/H. Denote by § € Q'(M; ¢*Lp) the one form given
by the composition F~! o 4.

Recall that for any section o € T'(kerpp), ¥(¢p*a) € T'(ker D¢), where ¢ :
¢*ker pp — TM is defined as in Lemma 7. Therefore, the flow ¢f, : M — M of
(¢* ) preserves the fibres, i.e. gpog!, = ¢ for allt € R. Hence, (p%)*¢*Lp = ¢*Lp
canonically. This allows to define a ‘Lie derivative’ type operator on Q*(M;¢*Lp)
by

d ¢

(22) (‘Caw)m = % t:o((gpa)*w)nl

for any m € M and w € Q!(M,¢*Lp). It obeys rules which are analogous to that
of the standard Lie derivative, for instance,

d toy* S \*

(@) wm = (68) (Cate))m

The following lemma, stated below without proof, shows that the above Lie deriva-

tive also satisfies a familiar identity involving the interior product (cf. [11, Lemma
3.8]).

Lemma 10. For any w € Q(M;¢*Lp) and X € X(M),

(23)

lix, Lalw = (ipx,p(gra)w)-

These differential geometric tools allow to prove an important property of the
flows ¢!, which generalises [14, Lemma 2.1].

Lemma 11. For any section a = (u,n) € T'(ker pp),

Proof. Fix points p € P and m € ¢~ (p), a tangent vector X,, € T, M, and a
section (u,n) € T'(ker pp) defined near p. Extend X,, to a (locally defined) vector
field X. Since ¢ o gp(lu ;) = ¢, the following expression makes sense

(21) (Phun)- 00 = [ ((i«ofu,m)*é) (X)a.
0
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Consider the integrand

(;t(sofu,n))*é> (X) = (Pfum) " (Lum(X)

= (Plum) " (Lo 0D, (X)) + 0([Dpl ) (X), 0(6u, 9" 0)])),
where the first equality follows from equation (23) and the last by Lemma 10; write

D%,n) (X) = Z fiAei + Xh

(25)

where f,; € C%(M), At = (¢ usi, ¢*nes) € T(ker Dg), and X, € T(H) are all
time-dependent, with D¢(X,) = Dp(X ). This decomposition follows from property
(IR2) and the fact that the action v : I'(¢* ker pp) — I'(ker D¢) is an isomorphism
of Lie algebras. On the one hand,

é(DQPfu,n) (X)) = é(z Jri0(P ue s, @™ 1)) = Z frid ut i,

since (P uri, @™ nei)) = par(F o (9 uri, ™ mei)) = Rropru,; + Cg(F ° ¢ Nilm),
cg(F o ¢* i) € T'(H) for all t,i, and by definition of Reeb vector fields (cf.
Observation 2). Thus

(26)  Liun (0D}, (X)) = EM(Z Frit i) = > (Lopgum fri) o e

since ¥ (¢*u, p*n) € I'(ker D¢). On the other hand,
(27)

O([DP{u ) (X) (0", & m)]) = ([ X, (7w, ")) + D O((fui Avi (67w, "))

= 0([Xs, (¢ u, ¢™n)]) — Z Loy (pu,iem) f1,i0( A

é([j(n V(o u, 9™ n)]) — Z ‘Cw(¢*u,¢*n)ft,i¢*ut,ia

where the second equality follows from the fact that A;;, ¥(¢d*u, ¢*n) € T'(ker Dg)
and this is a bundle of abelian Lie algebras (since ker pp — P is and ker D¢ =
¢* ker pp as bundles of Lie algebras), and the third by definition of A; ;. Plugging
equations (26) and (27) into equation (25), obtain that

(28)

i(wﬁu,n))W) () = (Pl Lm0 (X) = (Do) O (6", 6 n)]);

the right hand side of equation (28) can be computed to be
O([Xy, ch(@nlm)]) = 6" nlu(Xe) = ¢* (N(DS(X1)))) = ¢* (n(DS(X)),

where the second equality follows from property (IR2), and the last from D¢(X' 1) =
D¢(X). Therefore, equation (28) becomes

(29) (jt(sofw))*e) (X) = (plun) 0" (1D(X)) = ¢" (Do X)) = (" n)(X),
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where the second equality follows from ¢ o ¢! ¢. The above equation implies

(um) —
that the integrand of equation (24) is independent of ¢, thus yielding that

(Pluy) @ = O)(X) = (¢"n)(X).

This implies that at the point m € M the 1-forms (g@%u n))*é_ 0 and ¢*n are equal;
since m is arbitrary, this completes the proof. ([

As in the case of symplectic isotropic realisations of Poisson manifolds, Lemma
10 provides a local description of the sections of the period lattice ¥ — P.

Corollary 12. Any local section of ¥ — P is of the form jlu, for some locally
defined section u € T'(Lp).

Proof. Suppose that (u,n) € T'(X) (possibly locally defined). By definition, gp%u’n) =
id. Fixpe P, X, € T,P, m € ¢~ *(p) and X,,, € H,, with Dp,¢(X,) = X,,.
Applying Lemma 11 to the section (u,7), obtain that 1(X,) = 0. Since p € P and
X, € T,P arc arbitrary, it follows that 7 = 0. This means precisely that (u,n) is
holonomic, i.e. of the form jlu as required. O

Observation 12. Consider the canonical contact form 0.,, € QI(J 17 p) described
in Example 2. By Corollary 12, translations by elements of ¥ preserve .., (as
(4, 7)*0can = 1, for u € T'(Lp),n € Q' (P, Lp), and sections of ¥ are holonomic),
and therefore its restriction to ker pp C J'Lp descends to a 1-form

0o € Q' (ker pp/%; 7 Lp),
which does not necessarily define a contact distribution (unless ker pp = J'Lp).

The following theorem gives a local normal form for sufficiently small open ¢-
saturated neighbourhoods of the fibres of ¢ : (M,H) — (P,Lp,{-,-}); as such,
it can be thought of as providing local action-angle variables in analogy with
[14, Corollary 2] in the case of complete isotropic realisations of Poisson manifolds,
and [2, Theorem 1] and [21, Theorems 4 and 5] in the case of non-commutative
integrable systems on contact manifolds (the former with elliptic-type singularities)
once a suitable local contact form has been fixed (cf. Section 6.1 for the relation
between integrable Hamiltonian systems on contact manifolds and contact isotropic
realisations).

Theorem 13. [Action-angle coordinates] Given a local section o : U C P —
(M, H), then

Ul =0y + 00,
where U, : ker pp /3| — ¢~ 1(U) is defined by equation (21).

It is important to remark that all forms in the above theorem take values in
7T'*Lp.
Proof. First, it is shown that the difference U0 — 6y € Q' (ker pp/S|y;7*Lp) is
basic, i.e.
(30) U0 — 0y =73
for some 1-form B € QYU;Lp). This is the case if iz(¥%0 — ) = 0 and

L7(V%0 — 0y) = 0 for any Z tangent to ker(r : ker pp/S|y — U), (where Lyw €
OF(ker pp/¥;7*Lp) is defined as in (22) for any w € Q¥(ker pp/;7*Lp)). In
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order to prove this, identify (canonically) T7y
isomorphism T7 (ker pp/3) ~ 7* ker pp. Observe that for sections (u',n’), (u,n) €
D(kerpp), Uo((u',n) + t(u,n)) = ’Euw)(\llo(u',n’)) for any t € R, where cpfum) :
M — M is the flow of ¥(¢*(u,n)). Equivalently,

(31) \IIO' © @Euﬂ)) = ‘qu,v) © \110'7
where on the left hand side (p’éu V) ¢ ker pp/% — kerpp/¥ stands for the flow of

(kerp,, /X,) with ker pp,, via the

7*(u,7), given by jiv — jiv+t(u,n)(p). Differentiating equation (31), obtain that
Dij1Vo (7 (u,n)) = (d™w, ¢"n)w, (j10)-
Consider iz (V%0 — 6y); the above yields
iz950(j,v) = O, () V(@™ u, ¢"n)) = O, (1) (Rrgeu + c(Fd™0|1)) = up.
for any p € P. On the other hand, 6y restricted to n* ker pp is equal to the
projection pr : ker pp — L which implies that iz0y = 00,j11)v(u777) = u,. Thus
iz(U:0 — 0y) = 0 follows. To compute the Lie derivative along Z, observe that
* N d * * /1) d * * N
‘ch:[Ioe = %(@Eu,n)) (\Ijoe)‘tzo = %\de o (@Eun)) 9|t:0
where the second equality uses equation (31). By equation (29), have that

() Oli=0 = ¢*n,
which implies that £z ¥*60 = 7*n. On the other hand,

d d . * * d * *
L7600 = %(‘Pﬁu,n))*eOh:O = %(ld +tm" o (u,n)")boli=0 = %(90 ) |e=0 = 7",

where the third equality uses that for a section (u,n) : P — JL, (u,17)*0can = 0.
With this, £z(¥%0 — 6y) = 0. As vector fields of the form 7*(u,v) generate
7" ker pp >~ T™(ker pp/¥) as a C*°(ker pp/¥)-module, this implies that equation
(30) holds.

To show that 8 = ¢*8, consider the section z : P — kerpp/¥,p — [£,] = 0 of
7 ker /¥ — P. Then 2*pr*ff = 3, 2*V30 = 0% as ¥, 0 2 = 0, and 2%0p = 0 as
for any s € I'(X), s*0can = 0 (see Observation 12). Therefore, 5 = o*6. O

4. CONSTRUCTING CONTACT ISOTROPIC REALISATIONS

In analogy with the classification of symplectic isotropic realisations of Poisson
manifolds carried out in [14], the classification of contact isotropic realisations over
a given regular Jacobi manifold (P, Lp,{-,-}) of corank k, all of whose leaves are
even dimensional, consists of the following two parts:

Part 1: Classify closed submanifolds ¥ C kerpp for which the composite ¥ —
ker pp — P is a ZF-bundle and all of its sections are holonomic. Such a
submanifold is henceforth called period lattice even though it may not
necessarily arise from a contact isotropic realisation;

Part 2: Having fixed a period lattice ¥ C ker pp, determine which cohomology
classes in H?(P; ) give rise to contact isotropic realisations, i.e. whether
the total space of the (isomorphism class of the) principal ker pp/3-bundle
associated to ¢ admits a contact structure which makes the projection to
P into a contact isotropic realisation.
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Part 1, while very interesting in its own right, is beyond the scope of this paper;
Section 5 gives an alternative geometric interpretation of a period lattice. This
section concentrates on solving the problem outlined in Part 2. To this end, it is
important to remark that there already exist partial solutions to this question, as
the following examples show.

Example 15 (Regular contact manifolds). Suppose that (P, Lp,{-,-}) is a closed
symplectic manifold, so that Lp = P x R and the Jacobi bracket is nothing but
the Poisson bracket on C°°(P) induced by a symplectic form w. Then ker pp =
P xR C J'Lp, which implies that any period lattice ¥ is trivial. Let ¥ C ker pp
be a period lattice and suppose that « € T'(X) is a nowhere vanishing section.
Corollary 12 gives that o = j! f for some smooth function f, which implies that f
is a non-zero constant function. Without loss of generality, fix f = 1. A contact
isotropic realisation ¢ : (M, 6) — (P,w) is nothing but a principal S!-bundle whose
infinitesimal action is generated by the Reeb vector field Rj,; associated to the
connection 1-form (which is a contact form!) 6 € Q'(M) (cf. Remark 2). A co-
oriented contact manifold (M, 0) as above is known in the literature as a regular
contact manifold (cf. [4, 19]). Such a bundle exists if and only if the cohomology
class [w] € H?(P;R) is integral and the Chern class of the bundle must then be equal
to [w] (cf. [19, Theorems 7.2.4 and 7.2.5]). Reformulating this result in this paper’s
language, (P,w) endowed with the period lattice ¥ — P admits a contact isotropic
realisation if and only if [w] is integral and the corresponding Chern class equals
[w], where H?(P;Y) is identified with H2(P;Z). In particular, not all elements of
H?(P;X) give rise to a contact isotropic realisation (in fact, there may be none that
does).

Example 16 (Zero Jacobi structure). Suppose that (P, Lp, {-,-}) is endowed with
the zero Jacobi structure, so that Lp = P x R and the Jacobi bracket is identically
zero. In this case, ker pp = J'Lp := J'P. Given any period lattice ¥ C J'P,
it can be shown that every cohomology class in H?(P;X) gives rise to a contact
isotropic realisation, as proved in [2].

The main result of this section provides a cohomological criterion that solves Part
2 in the spirit of [14, Theorems 4.2 and 4.3] which unifies and extends Examples
15 and 16 above (cf. Theorem 17). The rest of the section is structured as follows.
First, it is shown that locally any regular Jacobi manifold (P, Lp, {-,-}) all of whose
leaves are even dimensional with a period lattice ¥ C ker pp admits a contact
isotropic realisation (cf. Section 4.1). The global obstruction to constructing these
objects is investigated in Section 4.2.

4.1. Local construction. Fix notation as in Theorem 13 and its proof. Let
¢: (M,H) - (P,Lp,{-,-}) be a contact isotropic realisation with characteristic
foliation denoted by F, and let ¢ : U — M be a local section. Theorem 13 proves
that U0 = 0y + n*0*0, where 0y € Q' (ker pp/%; 7" Lp) is the 1-form constructed
in Observation 12. The next lemma shows that 0*0 € Q' (P;0*¢*Lp) = QY (P; Lp)
is related to the foliated 2-form uniquely defined by w(pp(jiu), pp(itv)) = {u,v}p
(cf. Proposition 6).

Lemma 14. The restriction of the 1-form o*0 to the foliation F satisfies dro*6 =
w, i.e. it is a local primitive for w.
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Proof. As in the proof of Proposition 6, it suffices to check that
dra*0(pp(j'u), pp(i'v)) = wlpp(i'u), pp(i'v)).
By definition,
(32)
dra*0(pp(itu), pp(i'0)) = =" 0(lpp (i u), pp(5'0)]) + V1w (0*0(pp (510)))
_ Vpp(jlv)(a*a ]
First, consider
Vo (itw) (0 0(pp(§10))) = V10 (0" (0(Da(pp (510)))));
since poo = id and ¢ : (M,H) — (P,Lp,{,-}) is a Jacobi map with bundle
morphism F', it follows that
Do(pp(5'v)) = pu (G (F 0 6*v)) + X,

where X, € T'(ker D¢|,(17)) (and similarly for u). Note that since ker D¢ = pps o
F(¢* ker pp) and the vector fields X,,, X,, are only defined on o(U), it follows that
there exist local sections (w,n), (z,() € I'(ker pp) with

Thus by definition of pps (cf. Observation 5)
B(Do(pp(7'0))) = B(prr (G (F 0 670)) + par (F(672,6°0))) = & (v + 2),
and, similarly, (Do (pp(jlu))) = ¢*(u+ w). Therefore, by definition of V,
(33) Vir(ruy (@ 0(pp(5'0)) =V pp g1y (0" 0(pp (1)) = {u, v+2}p—{v, utw}p.
On the other hand,
(0*9_)([ p(i'w), pp(j'0)]) = o (0(Do([pp(i'u), pp(i'v)])))

" (0(([Da(pp(5'w)), Do(pp(i'v)])))
O'*( ([RF(¢ (u+tw)) + CQ(FO QS 77|H)’RF(¢ (v+2)) +CG(FO ¢ §|H)]))

( +1

(¢

(34)

|

7" (O(Ryp (o (utw)) F(s* v+z>>}M c§(F o ¢™nlu), ch(F o ¢"C|u)]))
¢"({u+w,v+ 2}p) — ¢*n(pa (F 0 ¢7()))

= {u +wv+zlp— (D¢(,0M(F 0 ¢"())) ={u+w,v+z}tp —n(pp(Q)),
where the third equality follows from the definition of pj; and the above conven-
tions, the fourth from the defining property of Reeb vector fields (cf. Definition

3), the fifth by definition of Reeb vector fields and the curvature map, and the last
from the fact that ¢ is a Jacobi map with bundle component F'. Observe that since

(’LU, 77)7 (Zv C) S F(keer)v
{w,2}p —n(pp(Q)) = {w, z}p +nlpr(j'2)) = wlpp(w,n), pp(z¢)) =0,

where the general definition of w is used (cf. Observation 9). Thus equation (34)
yields that

*

(U*e_)([pp(jlu),pp(jl’u)]) = {uvv}P + {uvz}P + {wvv}P'

Using this identity together with equation (33) in equation (32) yields the required
result. (]
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The condition of Lemma 14 is, in fact, sufficient to construct a local contact
isotropic realisation of a regular Jacobi manifold all of whose leaves are even di-
mensional; this is the content of the next proposition, stated below without proof
(it can be checked using local coordinates, for instance). Fix one such (P, Lp, {-,})
and a period lattice 3 C ker pp.

Proposition 15. Let U C P be an open set and fiz 3 € QY (U, L) with the property
that dxf = w. Then

[ (kel"ﬂ/mU, 00 + ﬂ'*ﬂ) - (Ua LUv {'7 })
is a contact isotropic realisation.

4.2. A cohomological criterion. Fix a regular Jacobi manifold (P, Lp, {-,-}) all
of whose leaves are even dimensional, whose underlying foliation is denoted by
F, and a period lattice ¥ C J'Lp. By assumption, I'(X) consists solely of holo-
nomic sections (cf. Corollary 12); thus the restriction of the Spencer operator
D : T'(kerpp) — QY(P;Lp) (cf. Observation 6) descends to a homomorphism
D : T(ker pp/%) — QY(P; Lp).

The next lemma shows that the image D(I'(ker pp/X)) consists solely of d-
closed 1-forms, where dr is defined as in equation (15).

Lemma 16. For any o € I'(ker pp), dzD(a) = 0.

Proof. Tt suffices to check that dzD(a)(pp(jlu), pp(jlv)) = 0 for any u,v € T'(Lp)
(cf. the proof of Lemma 6). Fix two such sections of Lp; by definition of dr,

dzD(a)(pp(j'u), pp(5'v)) = =Dipp(jru),ppiey (@)
(35) + VorGrw) (Dpp10) (@) = Vpr 10y (Dppjruy (@)
= —Dyp i1 {uwyr) (@) +{u, Dypgroy (@)} p — {v,Dpp(jruy (@)} ps

where the second equality uses properties of the anchor map pp, of the Lie bracket
on I'(J'Lp), and the definition of V (cf. equation (14)). Let z € I'(Lp) be any
section; then

D, (j1z)(a) = Vaz +pr([j'z,a]) = pr([j'z,o]) = —pr(la, j'2])
= Vi (pr(a)) — Dy ('2) = {2, pr(a)}p,
where the first and fourth equalities use the compatibility condition for the Spencer
operator of equation (7), the second uses that o € I'(ker pp), the third exploits
anti-symmetry of the Lie bracket, and the last follows by definition of the J'L p-

connection V (cf. equation (6)). Applying the above equality to the right hand
side of equation (35), it follows that

drD(a)(pp(j'u), pp(i'v)) = —({{w,v}p,pr(a)}p +cp.) =0,
where c.p. stands for cyclic permutation and the last equality follows from the

Jacobi identity. This proves that dxD(«) = 0, thus completing the proof. O

Let C*®(ker pp/¥) and Z'(F;Lp) denote the sheaves of smooth sections of
ker pp/% — P and of foliated closed 1-forms with values in L p respectively. Lemma
16 implies that there is a morphism of sheaves

(36) D :C*®(ker pp/%) — ZY(F; Lp),
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which induces a homomorphism at the level of cohomology with values in the above
sheaves,

(37) D : H'(P;C>®(ker pp/%)) — HY(P; Z'(F; Lp)).

Recall that HY(P;C% (ker pp /X)) = H%(P;X) (cf. the discussion preceding Defini-
tion 14), while a standard double Cech-Lie algebroid differential complex argument
implies that H!(P; Z(F; Lp)) = H?(F; Lp). Using these identifications tacitly, the
above yields a homomorphism D : H?(P;X) — H?(F; Lp) which plays a central
role in the following theorem, which is the main result of this section.

Theorem 17. A Jacobi manifold (P,Lp,{-,-}) admits a contact isotropic realisa-
tion with period lattice ¥ and Chern class ¢ € H?(P;X) if and only if De = [w],
where w € Q%(F; Lp) is the closed foliated 2-form constructed in Lemma 6.

Proof. The strategy is similar to that of [14, Theorems 4.2 and 4.3]. Throughout
the proof, let U := {U;} denote a good open cover of P unless otherwise stated.
Suppose first that ¢ : (M, H) — (P, Lp,{-,-}) is a contact isotropic realisation with
Chern class ¢ € H2(P;X), and denote by § € Q!(M;¢*Lp) the induced generalised
contact form. For each i, let o; : U; — M be a local smooth section of ¢; as in
Theorem 9, the section o; induces a local trivialisation W, : ker pp /S|y, — ¢~ H(U;).
By Definition 14, a Cech cocycle representing ¢ is given by the smooth maps tij -
Ui; — ker pp /% defined by

Vit o Wi([a]) = [o] + tij(n(a)),
where 7 : ker pp /¥ — P is the projection (cf. the discussion following Theorem 9).
Thus a Cech cocycle representing De is given by {ti;00 = f)(tl-j)}, where the equality
follows by definition of 0y (cf. Observation 12). By definition of ¢;;, ¥ ot;; = o; on
U,j; thus
(38) 050 =1t5;0050 =t5;(60 + 70, 0) = t5;00 + 0,0,
where the second equality uses Theorem 13, and the last follows by noticing that

mot;; = id. Equation (38) gives that ¢;0p = 06 — 0r0. By Lemma 14, d}-(o;fé) =
w = d}-(og‘g); this implies that the cohomology class corresponding to the Cech

cocycle {030 — 70} is precisely [w], as it is the difference of two primitives of w.

Conversely, suppose that D¢ = [w]. Choose the good open cover U so that, for
each 4, there exists a primitive for w|y,, i.e. there exists 3; € Q' (F|y,; Lp) with
drf; = w|y,. Since F is regular, the foliated 1-forms 3; can be extended to honest
1-forms (i.e. elements of Q' (U;; Lp)), which are henceforth also denoted by 3; by
abuse of notation. Since Dc = [w], there exists a Cech cocycle {t;;} representing c
(subordinate to the above good open cover) which satisfies tfjﬁo = fB; — Bi on Uyj.
For each i, consider the contact isotropic realisation 7 : (ker pp/X|y,, 00 + 7*5;) —
(Ui, Lplu,, {-,-}plu,) (cf. Proposition 15). The principal ker pp/E-bundle over P
with Chern class ¢ is constructed (up to isomorphism) by glueing the above local
models using the translations ¢;;. The condition ;60 = ; — B; ensures that the
locally defined generalised contact forms 0y + 7*3; patch together to give a globally
defined generalised contact form 6 € QY(M;¢*Lp), where ¢ : M — P is the
principal ker pp/Y-bundle over P with Chern class ¢ constructed above. Setting
H := ker 6, have that ¢ : (M,H) — (P,Lp,{-,-}) is a contact isotropic realisation
as it suffices to check that the properties (IR1), (IR2) and (IR3) hold locally and
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they do by construction, since the bundle is obtained by glueing contact isotropic
realisations. This completes the proof of the theorem. ([

Example 17. Theorem 17 can be used to construct examples of contact isotropic
realisations all of whose invariants are non-trivial, i.e. with non-trivial line bundle,
with period lattice ¥ defining a non-trivial local system of coefficients and with
non-zero Chern class. To this end, consider RP? with the tautological line bundle
7 — RP? and the zero Jacobi bracket. Example 20 below shows how to construct a
period lattice Ygpe C J17. It can be checked that H2(RP?; Xgpe) =2 Z3 (cf. [31] for
the explicit calculation). Since the Jacobi structure under consideration is trivial,
the induced characteristic foliation is by points; in other words, H?(F;7) = 0. This
implies that the homomorphism D : H?(RP?; Ygp2) — H?(F; 7) is identically zero;
Theorem 17 therefore gives that all ¢ € H2(RP?; Xgp2) give rise to contact isotropic
realisations. Taking ¢ # 0, obtain an example of contact isotropic realisation defined
on a non-trivial line bundle with non-trivial invariants.

5. TRANSVERSAL INTEGRAL L-PROJECTIVE STRUCTURES

The period lattice ¥ associated to a contact isotropic realisation ¢ : (M, H) —
(P,Lp,{-,-}) induces a geometric structure on the characteristic foliation of the
Jacobi manifold (P, Lp,{-,-}). The aim of this section is to introduce this struc-
ture, which, in the case of the zero Jacobi structure on the trivial line bundle, has
already been noticed (cf. [2]). Intuitively, this is the analogue of the geometric
structure induced on the symplectic (regular!) foliation of on the base of a sym-
plectic isotropic realisation of a Poisson manifold.

Throughout this section, let (N, F) denote a foliated manifold whose foliation
has codimension [, and let 7 : L — N be a line bundle, unless otherwise stated.

Definition 18. A transversal integral L-projective structure (TIP-structure
for short) on (N, F) is a choice of
e flat T F-connectionon 7: L — N, V:T'(TF) x I'(L) — I'(L);
e an embedded smooth submanifold ¥ C J'L satisfying
(T1) the composite & < J'L — N is a fibre bundle with fibre Z'*! and structure
group GL(I + 1;Z) (henceforth referred to as a Z!*1-bundle);
(T2) any locally defined section ¢ : U C N — ¥ is holonomic, i.e. & = jlu for
some u € I'(L);
(T3) any locally defined section jlu: U C N — X is flat, i.e. Vu =0.

Before giving some examples of the above structure, it is useful to reformulate the
existence of a flat T F-connection and property (T1) in Definition 18 in equivalent
terms; this is done in the following lemma.

Lemma 18. The foliated manifold (N, F) admits a transversal integral L-projective
structure if and only if there exists an embedded submanifold ¥ C J'L satisfying
properties (T1), (T2), and

(T4) X® := X @R fits in a short exact sequence of vector bundles

(39) 0=v"@L =8 5 L0,

where v* C T*N is the conormal bundle to the foliation, and L® — L is the
restriction of the canonical projection J'L — L.
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Proof. Suppose that (N, F) admits a transversal integral L-projective structure, so
that there exist V and ¥ as in Definition 18. The aim is to prove that the short
exact sequence of equation (39) holds. First, it is shown that the map % — L
is pointwise surjective. Fix a point p € P, an open neighbourhood p € U and a
trivialisation L|y & U xR. By shrinking U if needed, it may be assumed that |y is
also trivialisable; properties (T1) and (T2) imply that there exist smooth functions
U, ..., w1 € C°(U) with the property that jlus,...,j'u;4 1 are a frame of X|y.
It suffices to prove that there exists ¢ such that u;(p) # 0. Suppose the contrary;
since V is a flat connection, it can be locally written by

Vxu:=du(X) + B(X)u,

where X € I'(TF|y), u € C*®°(U) and B € Q(F) is a closed foliated 1-form. Prop-
erty (T3) implies that, for all 4, and for all X € T, F, d,u;(X,) = B,(Xp)ui(p) = 0.
Thus, for all 4, dyu; € v;. Using the identification J'U = T*U @ R, have that
Jptua, ..., Jptuiyr € v ®0 C J'U. However, dim vy = [, which contradicts the inde-
pendence of jluy,...,j'u;41 on U. Since p € P is arbitrary, this argument shows
that X® — L is pointwise surjective.

To complete the proof that equation (39) holds, it suffices to show that v* ® L =
(T*P ® L) N X®. To this end, fix p € P, let U be an open neighbourhood over
which both L and J'L can be trivialised as above. Given any element of o, €
(T3P ® L) NX¥, (by possibly shrinking U if needed) there exists a smooth section
a:U = (T*Pe L)NEE with a(p) = a,, since (T*PR L)NZE =ker(XR — L) — P
is a vector bundle of rank I. As above, fix a frame jluy,...,j u; 1 of B|y; then

I1+1
there exist smooth functions fi,...fiy1 € C°(U) with a = > fijlu;. Since
i=1

I+1
a € T(ker(J'L — L)|y), it follows that > fiu; = 0 on U. Using property (T3),

for all X € T(TF|v), -
I+1 I+1
0=Vx()_ fiui) = > dfi(X)u; = D(a)(X),
=1 =1

where D is the Spencer operator. This implies that D(«) € I'(v* ® L|y), which, in
turn, gives that a € T(v*® L|y), since o € T'(ker(J'L — L)|y). Thus oy € v ® Ly;
since both p and «, are arbitrary, this proves that (T* P L)NER C v*® L. Equality
follows by dimension counting; this shows that X® fits in the short exact sequence
of equation (39).

Conversely, suppose that ¥ C J!L satisfies properties (T1) and (T2), and that
the short exact sequence of equation (39) holds. Let v € T'(L) and p € P; since
YR — L is surjective, there exists an open neighbourhood U of p and a section
jtu € T(Z|y) with u(g) # 0 for all ¢ € U. Then, locally, there exists a smooth
function f € C*°(U) with v = fu. For X € T'(TF|y), define

(40) Vx’l} = ﬁx(f)u

The above is well-defined, for if v = f’u’ for some other smooth nowhere vanishing
section v/ € T'(L|y) with j'u’ € T'(X|y), then, by definition, fjlu— f/jlu’ € T'(XR),
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and
fitu=fit" = (G (fu), D(fi'w) = G (Fu'), D(f'5)
= (0,D(fj'u - fj'u)) eT(T* P& L).

Thus fjlu — f'j'u' € v* ® L, which implies that, for all X € T'(TF|v), Lx(f)u =
Lx(fu, giving that the formula (40) is independent of the choices made. It can
be checked that equation (40) defines a flat T'F-connection and that ¥ satisfies
property (T3) as required. This completes the proof of the lemma. O

Example 19 (Radiant transversal integral affine structures). Let = C v* be a
transversal integral affine structure on the foliated manifold (N, F), i.e. Z is an
embedded submanifold which is a full rank lattice of v* and such that any (locally
defined) smooth section o € T'(Z) is closed. Such structures arise naturally in the
study of isotropic realisations of Poisson manifolds (cf. [14]). The existence of
a = as above is equivalent to the existence of an atlas {(U;, 5;)} of submersions
s+ U; — R locally defining the foliation F such that for all i,j with U;; # 0,
there exists h;; := (Aij,cij) € GL(I;Z) x R! with 3¢; = h;j 0 5; on Uy; (cf. [33] and
Theorem 19 below for an analogous statement for TIP-structures). Suppose further
that Z is radiant, i.e. for all indices ¢, j as above, ¢;; = 0 (cf. [20, 33] for a more
intrinsic definition). Then = gives rise to a TIP-structure on the trivial line bundle
L := N xR — R with flat connection V := dz, where d# denotes the restriction of
the exterior derivative to T'F, as follows. Let {(U;, »;)} be an atlas of submersions
as above; for each i, set »; := (f},..., f!). The 1-forms df},...,df! are linearly
independent over U; and Z|y, = Z{df}!,...,df!). Locally = can be extended to a
lattice of J'L|y, by considering

Z(GUfE s
since E is radiant, these locally defined lattices patch together to yield a globally
defined lattice = C J'L. The lattice

Y =Za Z({')

satisfies properties (T1), (T2) and (T4) by construction. In light of Lemma 18, it
defines a TIP-structure.

The following example is, in some sense, ‘universal’ (cf. Definition 21 and The-
orem 19).

Example 20 (The tautological line bundle over RP'). Let RP! be the real projec-
tive space and denote by 7 — RP! the tautological line bundle, whose fibre at
a point [I] € RP! is given by 7y = I The aim is to construct a transversal integral
T-projective structure on RP! endowed with the trivial foliation. Thus it suffices
to construct a full-rank lattice ¥zp: C J17 all of whose sections are holonomic, i.e.
so that it satisfies properties (T1) and (T2).

The universal cover of RP! can be identified with R!*1\ 0 and the pull-back of 7
to RI*1\ 0, denoted by 7 is trivialisable. In fact, it can be described as follows: it is
the line bundle whose fibre over r € R*1\ 0 is given by R(r). A nowhere vanishing
section of 7 is given by z : 7 + (r,7). The bundle J'7 admits a full-rank lattice
given by

Y= Z(jlul, e ,jlul+1>,
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where u; := hz, and r = (rq,...,741). It can be checked that X defines a

transversal integral 7-projective structure on R*!\ 0. The quotient of R+ \ 0
by the R*-action by homotheties can be identified with RP!; the quotient of 7 by
the obvious lifted action yields 7. By construction, the lifted R*-action on J'7
preserves 3, which implies that ¥ induces a full-rank lattice Ygrpt C J'7 which
satisfies property (T2), as Y does. Thus Zgp: defines a transversal integral 7-
projective structure.

Another way of constructing TIP-structures is through the following special class
of foliated atlases.

Definition 21. A transversal integral projective atlas of (N, F) (TIP-atlas
for short), is an atlas A := {(U;, x;)} of submersions x; : U; — RP!, locally defining
F, and smooth maps A;; : U;; — GL(l + 1;Z) for all ¢, j with U;; # 0 satisfying
o x; = [Aij] o x; on Uj;, where [A;;] € PGL(l 4 1;R) is the equivalence class
of AU’
e {A;;} satisfies the cocycle condition, i.e. for all 4, j, k with Uy # 0, Aix =
AjkAij~

Remark 7. There is a natural notion of two TIP-atlases being compatible (essen-
tially inducing the same structure) and, thus, of mazimal TTP-atlases. Henceforth,
whenever two TIP-atlases are said to be equal, it means that they are compatible
(and hence contained in the same maximal one).

Observation 13. A TIP-atlas {(U;, x;)} on (N,F) gives rise to a TIP-structure
as follows. The line bundle L — N is defined by

(41) L=x"(r):= Hxi‘(T)/ ~,

where (m,vp)) € xj(7) is related to (m',v)) € xj(7) if m =m’ € N (hence Aj;
maps the line [ to I' € R*1) and vy = Ay (vr)) € R The reason why equation
(41) yields a well-defined smooth line bundle is that {A;;} satisfies the cocycle
condition. With this, there is a canonical inclusion of vector bundles

X' ix*(Jr) = J'L,
where x*(J'7) := [Ix;(J'7)/ ~, and 7 : Ty, m)RP" — T,

Uxi(m)

7€ XH(J'T)m is
1

related to 7' : Ty, (m)RP! — T,

Uxj(m’)

T € X;(J' ) if m = m/ and DAjj oy =
7" o DA;;. Explicitly, x is defined by sending the class of v € x;(J'7)y to the
linear map

X*(’Y) : TmN — T[m,vxi(,m]L? X = [Xv’Y(DXZ(X))]
As Aij € GL(l + 1;Z), then

L= X" (Zgpt) = HX:(ERPZ)/ ~CJ'L

is a well defined lattice sitting inside J'L via the map y. Note that tk(¥) =
rk (Zgpt) = 1 + 1, and that 3 has properties (T1) and (T2). Finally, Lemma 18
implies that ¥ C J'L defines a TIP-structure on (N, F), since X¥ fits into the exact
sequence (39) by construction.
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In fact, Observation 13 can be strengthened, since every TIP-structure also gives
rise to a TTP-atlas. This is the content of the following theorem.

Theorem 19. There is a 1-1 correspondence between

e a transversal integral L-projective structure ¥ C J'L of (N, F);
o q transversal integral projective atlas {(Ui, xi)} of (N, F).

The correspondence is given by

L=x*(1), X=x"(Zrp),
where the notation is as in Observation 13.

Proof. Observation 13 provides a way to construct a TIP-structure starting from a
TTP-atlas. It remains to prove that that a TIP-structure gives rise to a TIP-atlas
and that the two procedures are inverse to one another.

Fix a TIP-structure ¥ C J'L of (N,F). Choose an open cover {U;} of N
with the property that over each U; the line bundle 7 : L — N trivialises via
the nowhere vanishing section z; : U; x R — 7r_1(UZ-)7 and denote the transition
functions by ¢;; : U;; — GL(R). Without loss of generality, assume that all U; are
small enough so that |y, can be trivialised with local frame af, ... O‘f—&-l e'(E|y,)
and transition functions denoted by A;; : U;; — GL(l+1;Z). Property (T2) implies
that for all i and each r = 1,...,l+1, there exist smooth functions g’ : U; — R with
al = jl(gtz;). The TIP-atlas is going to be constructed using these functions g¢;
before proceeding to the construction, two preparatory claims need to be proved.

Claim 1. For each 4, the smooth map y; : U; — Ry, := (gi,. .. ,g)+1) takes
values on R*1\ 0 and is transversal to the Euler vector field E = ZxT%.
T

Proof of Claim 1. Indeed, as jlg§7...,jlgf+1 are a frame of Y|y, and ¥ — L
is pointwise onto by property (T4), it follows that ¥; # 0. Secondly, to prove
that y; is transversal to E, i.e. ImDy; + E = TR'™! it suffices to show that
X7 : Ann(E) — v* is injective. Using the same argument of Lemma 18, have that
dgl |7= gt |, for some fixed closed, foliated 1-form [3; hence

which implies that x;(Ann(E)) C v*. To show that y; : Ann(E)g, ) — v, is
injective for any p € Uj, it suffices to show that it is surjective (which is, of course,
equivalent by dimension counting). Let v, € v, and extend it to a locally de-
fined smooth section v € I'(v*|y,). By property (T4) there exist smooth functions
L fH e 0= (U;) with

y=) [fitg e c Ly, .
s

Using the Spencer decomposition, it follows that > f"gi =0 and > f"dg’ = 7.
Therefore, x7(y') =~ for

v = Zfr(p)de e I'(Ann(FE)

Xi(Ui)»

and hence surjectivity follows. ([
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Claim 2. The diagram

Xi X
cjiAij
Rl"rl \OéRH—l \0
commutes.
Proof of Claim 2. This follows by definition of the maps ¥;. O

Using Claims 1 and 2, a TIP-atlas can be defined as follows. Set y; : U; — RP!
to be the composite

Xi - Uz & RH_l \O i> RPZ,
where ¢ : RIH1 \0 — RP! is the quotient map. By Claim 1, y; is a submersion, and
Claim 2 implies that x; = [4;;] o x; on U;;. Moreover, since Dg(E) = 0, equation
(42) implies that Dy;|# = 0, hence F is tangent to the fibres of y; on the one hand,

and on the other, dimension counting shows that for p € U;, T'F,, = ker D, x;. This
shows that the atlas {(U;, x;)} defines an TIP-atlas for (N, F).

It remains to show that these constructions are inverse to each other. Start
with a TIP-structure X C J!L, and construct the TIP-atlas {(U;, x;)} as above.
First, it is shown that L is isomorphic to x*(7), as constructed in Observation 13.
Observe that, for each 4, x}7 is trivialisable; a nowhere vanishing section is given
by p — (p, xi(p)); this follows from the fact that x; = go¥; and ¢* is trivialisable.
For each i, define a local trivialisation of x*(7)|y, by

Pi : Ui xR — X*(T)|Um (pa t) = (patXI(p)) € X:(T)
The transition functions with respect to these trivialisations are given by
¢i(p,t) = (p, txi(p)) ~ (p, Aij (tX:(p)))

= (Mt A5 (G () = (s tesg % () = 05 i),
J
for p € U;;. Since the cocycle of transition functions of x*(7) and L are equal
over the same open cover, it follows that they are canonically isomorphic. This
identification can be used to show that the TIP-structure obtained from the TIP-
atlas {(U;,x:)} as outlined in Observation 13 is the same as the original TIP-
structure. Moreover, it is straightforward to check that given a TIP-structure
obtained from a TIP-atlas as in Observation 13, the induced TIP-atlas is compatible
with the original one. In both cases, details are left to the reader to check. O

6. SOME EXAMPLES

6.1. Integrable systems on contact manifolds. Let (M, H) be a 2n+ 1-dimen-
sional contact manifold. A vector field X € X(M) is said to be an infinitesimal
automorphism of (M, H) if its flow preserves H, or, equivalently, if [X,Y] € H
for any Y € T'(H). Suppose that ¢ : (M, H) — P is a proper surjective submersion
onto a 2n+ 1 — k-dimensional smooth manifold P with connected fibres (i.e. a fibre
bundle).
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Definition 22. The quadruple (M, H, ¢, X'), where X is an Abelian Lie algebra
of infinitesimal automorphisms of (M, H) of dimension k, is a complete pre-
isotropic contact structure if
e ker D¢+ H =TM;
e the subbundle ker D¢ N H is isotropic or, equivalently, it is involutive (cf.
[21, Lemma 2]);
e the orbits of X coincide with the fibres of ¢, i.e. the orbits of the action of
the simply connected abelian Lie group integrating X are the fibres of ¢.

Remark 8. While connectedness of the fibres of ¢ is not required in [21], it is
assumed here for simplicity. Many of the arguments below carry over to the case
of disconnected fibres with small modifications.

The aim of this section is to prove the following result, which relates the notion
of Definition 22 to contact isotropic realisations.

Proposition 20. Given a complete pre-isotropic contact structure (M, H,¢,X),
there exists a unique line bundle Lp — P (up to isomorphism), a bundle iso-
morphism F : ¢*Lp — L, and a unique Jacobi structure (Lp,{-,-}) so that ¢ :
(M,H) — (P,Lp,{-,-}) is a contact isotropic realisation with bundle component
F.

The strategy of the proof is, first, to obtain the result locally (with the trivial
line bundle), and then globalise. In order to prove the local statement, recall the
following theorem, stated below without proof (cf. [21, Theorem 3]).

Theorem 21. Given a complete pre-isotropic contact structure (M, H, ¢, X), for
any m € M there exists an open ¢-saturated set U with m € U, a contact form
Ou such that X preserves 0y, and the foliation ker Dol is Oy-complete, i.e. first
integrals of ker D¢|y are closed under the Jacobi bracket induced by 0y .

The key idea behind the proof of Theorem 21 is to construct 8y by fixing an
element of ker D¢ to be its Reeb vector field. This can be achieved as follows. Fix
m € M and consider a small enough neighbourhood of m such that

e there exists a local section X of ker D¢ which is transversal to H;
e the contact distribution is locally defined as ker @, for 6 a locally defined
contact form.

The 1-form 6y := 6/6(X) is again a contact form which locally defines the
contact distribution H and it has the property that X is its Reeb vector field (cf.
[21, proof of Theorem 3]). Theorem 21 implies the local form of Proposition 20, as
stated in the following corollary, which, in fact, proves a slightly stronger statement:

Corollary 22. There exists a unique Poisson structure Ay on W = ¢(U) C P
which makes ¢ : (U,0u) — (W, Aw, W X R) into a contact isotropic realisation with
the identity as bundle component.

Proof. Since ¢ is a submersion, it is an open map, which implies that W = ¢(U) C
P is an open set. Let f,g € C°°(W) be smooth functions. Then,

(43)

{071,079} = AL (7S, ¢7dg) + (6" 1) X (679) — (¢"9) X (#7f) = Afy(¢7df, 67 dg),
where Ay is the bivector defined by 6y, and the equality follows from the fact that
X = Ry € T'(ker D¢). Since first integrals of ker D¢|y are closed under the above



CONTACT ISOTROPIC REALISATIONS OF JACOBI MANIFOLDS 33

Jacobi bracket (cf. Theorem 21 above), equation (43) implies that there exists a
unique smooth bivector Ay, on W which is defined by the following equation

(44) ¢*(Aw (df,dg)) = A} (¢*df, ¢"dg).

Note that equation (44) implies that D@(Ay) = Aw. The bivector Ay is Poisson
since

[Aw, Aw] = [Dé(Av), Do(Av)] = Dé([Av, Av])) = Dop(2X A Ay) =0,

since D$(X) = 0 by Theorem 21. As the Jacobi structure defined by Ay is
completely determined by the pair (A, 0) € X2(W) x X(W), and Do(Ay) = Aw
and D¢(X) = 0, this implies that ¢ : (U, 0y) — (W, Aw) is Jacobi with the identity
as bundle component (cf. Example 9); this proves property (IR1). Property (IR2)
follows from the fact that X € T'(ker D¢). The distribution ker D¢ contains the
Reeb vector field of Oy and is pre-isotropic in the sense of [21, Definition 1]; by [21,
part (i) of Theorem 2], it follows that ker D¢ C (ker D¢))*, so that property (IR3)
holds. This completes the proof of the corollary. (I

Proof of Proposition 20. Let {U;} be an open cover of M, where each U; is an
open set of the type described in the statement of Theorem 21, so that, for each
i, there exists a X-invariant contact form 6y,. For each ¢, Corollary 22 gives a
Poisson (and hence Jacobi) structure on W; := ¢(U;). Suppose that i, j are such
that U;; # 0; since both 6y, and 0y, are contact forms on Ujj, there exists a
nowhere vanishing function Gj; : U;; — R with 6; = G;;0;. As both 0y, and
Oy, are X-invariant, it follows that for all X € X, LxG}; = 0. Given that the
orbits of X" coincide with the fibres of ¢, this implies that G; is basic, i.e. there
exists a unique nowhere vanishing function g;; : W;; — R, where W; = ¢(W;)
and Wij = W,' n Wj = d)(Uw), with Gji = ¢*gjz’- If Ai denotes the Poisson
bivector induced on W; as in Corollary 22 (and similarly for j), it follows from the
construction that A; = gj_ilAi = gi;/\; on W;;, where the last equality follows from

the fact that G;; = G;il. Thus the Poisson bivectors A; and A; are isomorphic
on W;; up to a conformal factor; equivalently, the induced Jacobi structures on
the trivial line bundle over W;; defined by A; and A; are isomorphic with bundle
component g;;. Moreover, since the collection of functions {G;} satisfy the cocycle
condition, it follows that {g;;} also do. Therefore, by Observation 4, there exists a
line bundle L, — P (determined up to isomorphism), and a unique Jacobi structure
(Lp,{-,-}p) with the property that there exists a bundle isomorphism F : ¢*Lp —
Ly == TM/H (the latter depending on the explicit isomorphism used to identify
Lp — P as a representative of the isomorphism class of line bundles determined
by the cocycle {gi;}). The properties in the statement of the proposition are local
in nature, but these hold locally by Corollary 22, thus completing the proof. O

Remark 9. A closer look at the proof of Proposition 20 yields further restrictions
on (the isomorphism class of) the line bundle Lp — P. Using the notation of the
above proof, let A;, A; be Poisson bivectors on W, W; respectively; then there
exists a nowhere vanishing function g;; : W;; — R with A; = g;;A; on W;;. Since
the self-commutator of both A;, A; under the Schouten bracket vanishes, the above
equality implies that
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on W;;, where the sign convention used is that of [29]. Since ¢ : (Uj,0y;) —
(W;,A;) is a complete isotropic realisation, it follows that A; is a regular Poisson
bivector on W; (and, thus, on W;;, which is an open subset) — cf. Lemma 3.
Therefore, it can be checked that equation (45) gives that Ag- (dgi;) = 0, i.e. the

function g¢;; is a local Casimir for A;. However, since A; = g;lAj, it follows that
¢i; is also a local Casimir for A;. In other words, the transition functions of the line
bundle Lp — P can be chosen to be basic functions with respect to the foliation F
which is locally defined as the symplectic foliation of the Poisson bivectors A;.

Complete pre-isotropic contact structures lie at the heart of non-commutative
Hamiltonian integrability in the contact setting (cf. [21, Definition 3]).

Definition 23. Given an infinitesimal automorphism X of (M, H), the associated
differential equation
r=X

is said to be non-commutatively Hamiltonian integrable if there exists an
open dense subset M., C M, a proper surjective submersion ¢ : M,e, — P onto
a smooth manifold P with X tangent to its fibres, and an Abelian Lie algebra
X of infinitesimal automorphisms of (M, H) such that (M, H, ¢, X) is a complete
pre-isotropic contact structure.

In light of Proposition 20, (the regular part of ) a non-commutatively Hamiltonian
integrable system on a contact manifold gives rise to a contact isotropic realisation.
In particular, the structure theory for the latter developed in Sections 3 and 4 can
be applied to find invariants of the former. For instance, Theorem 13 provides local
action-angle coordinates for non-commutatively integrable Hamiltonian systems on
contact manifolds (cf. [2, 21] for alternative proofs).

6.2. The case of Poisson manifolds. Since a Jacobi manifold (P, Lp, {-,-}) ad-
mits a contact isotropic realisation only if it is regular and all of its leaves are even
dimensional (cf. Lemma 3), it is worth rephrasing some of the results of Sections
3 and 4 for regular Poisson manifolds, as many of the above objects simplify in
this case. Henceforth, let (P,Ap) be a regular Poisson manifold with symplec-
tic foliation denoted by JF; the induced Jacobi structure is defined on the trivial
line bundle Lp := P x R (cf. Example 6). Following Example 10, the anchor
pp: T*P®R — TP is given by pp(n, f) = Aﬁp(n), for any (n, f) € T*P®R. Thus

kerpp =1v*®R CT*"PBR,
while the Spencer operator is given by
D(n, f) :==df —n.
Moreover, the T F-connection given by Proposition 5 is
V :T(TF) x C®(P) — C>®(P), (X, f) — df(X);

thus the differential d 7 defined by equation (15) is the restriction of the exterior
derivative to the foliation F. The cohomology class [w] € H?(F;Lp) = H?(F)
defined by Lemma 6 is that of the foliated symplectic form defined by Ap.

Without loss of generality, consider a contact isotropic realisation ¢ : (M, 6) —
(P, Ap) with the identity as bundle component, where § € Q'(M) is a contact form.
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Let ¥ C ker pp denote the period lattice of ¢; by Corollary 12, any local section of
¥ is of the form jl f, for some f € C°°(P). However, since ¥ C v* ® R,

(46) Jifern(®) = dfel(v*);

it is important to notice that this does not hold in general, even for regular Jacobi
structures defined on the trivial line bundle. The equality ker pp = v* & R can
be exploited to give another way to construct the homomorphism of equation (37)
which underpins the cohomological criterion of Theorem 17. Denote the sheaf
of basic smooth functions on (P, F) by C..(P;F), é.e. it consists of smooth

functions which are locally constant on the leaves of F. There is a short exact
sequence of sheaves

15 C2 (P F) < C°(P) 255 ZH(F) > 1,

where C*°(P) and Z!(F) are the sheaves of smooth functions on P and of closed
foliated 1-forms respectively, and dz is the foliated exterior derivative.

Lemma 23. The following is a commutative diagram of short exact sequences of
sheaves

(47) 1 pIS C>(ker pp) — C=(ker pp/¥) ——1

| —— Ce (P F)——= C¥(P) ———= Z/(F) ——~ 1,
F

basic

where pr denotes the homomorphism of sheaves induced by the projection pr : T* P&
R — P xR, D is the homomorphism of sheaves defined by equation (36) which is
induced by the Spencer operator D, and X denotes the sheaf of smooth sections of
¥ — P.

Proof. First, observe that equation (46) implies that the image pr(X) of the sheaf
homomorphism pr : C*®(ker pp) — C* lies in the sheaf CJ°, (P;F). The only
non-trivial fact that needs checking is commutativity on the right hand side of the
diagram (47). Let [a] € T'(ker pp/X) and set o = (n, f) € T'(ker pp) be a lift of [a].
Then

D([a]) =D(n, f)|lr = (df = n)lr = drf = dF o pr(a),

where the third equality follows from the fact that ker pp = v* @ R. (I

Since both C>°(P) and C*(ker pp) are fine sheaves, there is a commutative dia-
gram

(48) HY(P;C> (ker pp /%)) — H2(P; %)

’ |

H'(P; ZY(F)) —— = H2(F),

where the vertical maps are induced by the outer vertical maps of diagram (47)
(cf. equation (37) also for the definition of D), and the horizontal isomorphisms are
the connecting morphisms induced by the short exact sequences in equation (47).
Therefore, the following corollary holds.
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Corollary 24. The map in cohomology
H?(P;3) — H*(P; Ciagio(P; F)) = H*(F)

induced by the sheaf homomorphism pr : ¥ — C25.(P; F) equals D via the identi-
fications of equation (48).

Corollary 24 indicates how to calculate the map D, which is central to un-
derstanding whether a regular Poisson manifold (P, Ap) with given period lattice
¥ C v* @ R admits a contact isotropic realisation (cf. Theorem 17). For instance,
suppose that 3 = Z(j'f1,...,j fx) for some basic functions f;, so that it induces
the trivial Z*-system of coefficients. Then (modulo torsion), an element in H2(P; )

can be written as
k

> lwil @4 fi,
i=1
where, for each i, w; € Q%(P) is a 2-form with integral cohomology class. Since the
map D : H?(P;X) — H?(F) is induced by the projection pr : ¥ — C2%;.(P; F) and
¥ is a trivial bundle,
k

k
D(Z[wz] ®j1fi) = Z[fi,wi]a
i=1 i=1
where, for each i, f;w; is a closed foliated 2-form since f; is basic.

6.3. Locally conformal symplectic manifolds. As a final example, the ques-
tion of which locally conformal symplectic (les for short) manifolds admit con-
tact isotropic realisations is tackled. Let (P,o,7) be a lcs manifold; without
loss of generality, it suffices to consider contact isotropic realisations of the form
¢ : (M,0) — (P,o,7), where § € Q'(P) is a contact form. Denote by (Ans, Rar)
the bivector and vector fields which uniquely define the Jacobi structure on (M, 6)
(cf. Observation 3).

Proposition 25. A lcs manifold (P,o,T) admits a contact isotropic realisation if
and only if the following conditions hold
(1) (P,o,n) is a globally conformal symplectic manifold, i.e. 7 =df, for some
fel>=(P);
(2) the cohomology class of the symplectic form & = el o is integral, i.c. [5] €
H?(P;7Z).
Moreover, a contact isotropic realisation ¢ : (M,0) — (P,o,df) is the same thing
as a principal S'-bundle whose infinitesimal action is generated by

e (Rar = Ny (67d1)),
whose Chern class is [o] € H?(P;Z) and satisfying df = ¢*o — ¢*df A 0.
The proof of Proposition 25 relies on the following two results.

Lemma 26. A necessary condition for a lcs manifold (P,o,7) to admit a con-
tact isotropic realisation is that 7 = df for some smooth function f € C®(P).
Moreover, ¥ = Z{Be~f(r, 1)) for some constant B € R.

Proof. Let ¢ : (M, 7) — (P,0,7) be a contact isotropic realisation. The dimension
of its fibres is 1 as it is equal to the corank of the Jacobi structure on P. By defi-
nition, ker pp = R{(7, —1)); since the fibres of ¢ are compact and by smoothness of
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the period lattice, X = Z{g(7, —1)) for some positive smooth function f € C*°(P).
Corollary 12 implies that there exists a smooth function A such that j'\ = (g7, —g);
in other words, 7 = d(—log g), as required. O

The following result is stated without proof, as it follows from a simple calcula-
tion.

Lemma 27. Let (P,0,df) be a globally conformal symplectic manifold. Then ¢ :
(M,0) — (P,o,df) is a contact isotropic realisation if and only if ¢ : (M,0) —

(P,) is a contact isotropic realisation, where § € Q*(M) is the contact form 0 :=
ef0 and 7 € Q*(P) is the symplectic form & = e/ o.

Proof of Proposition 25. Lemma 26 proves that property (1) in the statement of
the proposition is a necessary condition for (P, o, 7) to admit a contact isotropic
realisation. Henceforth, without loss of generality, assume that 7 = df and that
the aim is to construct a complete isotropic realisation of (P, o, df) with period net
¥ = Z(j'e~f) (all other cases follow by multiplying by a suitable constant). In this
case, Lemma 27 gives that ¢ : (M,0) — (P,o0,df) is a contact isotropic realisation
if and only if ¢ : (M,0) — (P,5) is; by Example 15, such a realisation exists if
and only if [5] is integral, and [5] is the Chern class of the S*-bundle ¢ : M — P.
Moreover, df = ¢*7, i.e.

¢*(e)(d0 + ¢*df A O) = dO = ¢*5 = ¢*(e))¢"a

which is equivalent to df = ¢*o — ¢*dfa A0, and the infinitesimal generator of the
action is given by the Reeb vector field of 8, which, written in terms of the bivector
and Reeb vector field of 6 is given by e™f (Ry; — Agw((b*df)) as required. O
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