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In this paper, we attach an L,-algebra to any coisotropic subman-
ifold in a Jacobi manifold. Our construction generalizes and unifies
analogous constructions by Oh-Park (symplectic case), Cattaneo-
Felder (Poisson case), Lé-Oh (locally conformal symplectic case).
As a new special case, we attach an L..-algebra to any coisotropic
submanifold in a contact manifold. The Lo.-algebra of a coisotropic
submanifold S governs the (formal) deformation problem of S.
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1. Introduction

Jacobi structures were independently introduced by Lichnerowicz [29] and
Kirillov [23], and they are a combined generalization of symplectic or Pois-
son structures and contact structures. Note that Kirillov local Lie algebras
with one dimensional fiber [23] are slightly more general than Lichnerowicz
Jacobi manifolds. In this note we will adopt the following definition, which
is equivalent to Kirillov’s one: a Jacobi manifold is a manifold M equipped
with a Jacobi structure, i.e. a pair (L,{—,—}) consisting of a line bundle
L — M and a Lie bracket {—, —} on sections of L which is a first order
differential operator in each entry (see Definition [2.1). Jacobi manifolds a
la Lichnerowicz correspond to the case when L = M x R is the trivial line
bundle, and are, somehow, more popular. So we reserve the terminology
standard Jacobi manifolds for them. While general Jacobi manifolds encom-
pass non-coorientable contact manifolds, standard Jacobi manifolds do not.

Coisotropic submanifolds in (standard) Jacobi manifolds have been first
studied by Ibanez-de Leén-Marrero-Martin de Diego [17]. They showed that
these submanifolds play a similar role as coisotropic submanifolds in Poisson
manifolds. For instance, the graph of a conformal Jacobi morphism f : M; —
M5 between Jacobi manifolds is a coisotropic submanifold in M; x Ms x R
equipped with an appropriate Jacobi structure. Other important examples
of coisotropic submanifolds in a Jacobi manifold M are leaves of the char-
acteristic distribution, and zero level sets of equivariant momentum maps.
Since the property of being coisotropic does not change in the same confor-
mal class of a standard Jacobi manifold (see Remark and Lemma ,
it seems to us that we should not restrict the study of coisotropic subman-
ifolds to those inside Poisson manifolds, and, even more, we should in fact
consider the case of coisotropic submanifolds in general (i.e. non-necessarily
standard) Jacobi manifolds.

One purpose of the present article is to extend the construction of an
Lo-algebra attached to a coisotropic submanifold S to the Jacobi case, gen-
eralizing analogous constructions in [35] (symplectic case), [5] (Poisson case),
[26] (locally conformal symplectic case). Our construction encompasses all
the known cases as special cases and reveals the prominent role of the gauge
algebroid DL of a line bundle L. In all previous cases L is a trivial line bundle
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while it is not necessarily so for general Jacobi manifolds. As a new special
case, our construction canonically applies to coisotropic submanifolds in any
(not necessarily co-orientable) contact manifold. We also provide a global
tensorial description of our Ls-algebra, in the spirit of [5], originally given
in the language of (formal) @-manifolds [I] for the symplectic case (see [35,
Appendix]).

The Lyo-algebra of a coisotropic submanifold S governs the formal defor-
mation problem of S. In this respect, another purpose of the present article is
to present necessary and sufficient conditions under which the L,-algebra of
S governs the non-formal deformation problem as well. Our Proposition [£.14]
extends — even in the Poisson setting — the sufficient condition given by
Schétz and Zambon in [39] to a necessary and sufficient condition. We also
discuss the relation between Hamiltonian equivalence of coisotropic sections
and gauge equivalence of Maurer-Cartan elements. We obtain a satisfactory
description of this relation (Proposition and discuss its consequences
(Theorem and Corollary [4.21]).

Note that Jacobi manifolds can be understood as homogeneous Pois-
son manifolds (of a special kind) via the “Poissonization construction” (see,
e.g. [8,132]). However, not all coisotropic submanifolds in the Poissonization
come from coisotropic submanifolds in the original Jacobi manifold. On the
other hand, if we regard a Poisson manifold as a Jacobi manifold, all its
coisotropic submanifolds are coisotropic in the Jacobi sense as well. In par-
ticular, the deformation problem of a coisotropic submanifold in a Jacobi
manifold is genuinely more general than its analogue in the Poisson setting.

Our paper is organised as follows. In Section [2| we attach important al-
gebraic and geometric structures to a Jacobi manifold. Our approach, via
gauge algebroids and first order multi-differential calculus on non-trivial line
bundles, unifies and simplifies previous, analogous constructions for Poisson
manifolds and locally conformal symplectic manifolds. In Section [3] using
results in Section |2 we attach an L..-algebra to any closed coisotropic sub-
manifold in a Jacobi manifold. In Section [4] we study the deformation prob-
lem of coisotropic submanifolds. In particular we discuss the relation be-
tween smooth coisotropic deformations and formal coisotropic deformations
as well as the moduli problem under Hamiltonian equivalence. In Section
we apply the theory to the contact case, which is, in a sense, analogous to
the symplectic case analysed by Oh-Park [35]. In Section@ we present an ex-
ample of a coisotropic submanifold in a contact manifold whose deformation
problem is obstructed.

Finally, the paper contains two appendices. The first one collects some
facts about gauge algebroids and Schouten-Jacobi algebras that are needed
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in the main body of the paper. In the second one we compute explicitly the
multi-brackets in the L..-algebra of a pre-contact manifold, thus providing
a proof of Theorem [5.25

2. Jacobi manifolds and associated algebraic and geometric
structures

In this section we recall the definition of Jacobi manifolds and present impor-
tant examples (Definition Examples of them. Our primary sources
are [23], [29], [32], [14], and the recent paper by Crainic and Salazar [7]
whose philosophy/approach ¢ la Kirillov we adopt. Accordingly, we retain
the terms standard Jacobi manifolds for Jacobi manifolds in the sense of
Lichnerowicz. Generically non-trivial line bundles and first order multi-
differential calculus on them play a prominent role in Jacobi geometry.
We also associate important algebraic and geometric structures with Ja-
cobi manifolds. Namely, we recall the notion of Jacobi algebroid (see [14]
and [18] for the equivalent notion of Lie algebroid with a 1-cocycle), but we
adopt a slightly more general approach to incorporate the non-trivial line
bundle case. We discuss the existence of a Jacobi algebroid structure on the
first jet bundle J!L of the Jacobi bundle of a Jacobi manifold (M, L, {—, —})
(Example , first discovered by Kerbrat and Souici-Benhammadi in the
standard case L = M x R [21] (see [7] for the general case). Finally, we dis-
cuss the notion of morphisms of Jacobi manifolds.

2.1. Jacobi manifolds and their canonical bi-linear forms
Let M be a smooth manifold.

Definition 2.1. A Jacobi structure on M is a pair (L,{—, —}) where L —
M is a (generically non-trivial) line bundle, and {—,—} : T'(L) x I'(L) —
I'(L) is a Lie bracket which, moreover, is a first order differential operator
in both entries. A Jacobi manifold is a manifold equipped with a Jacobi
structure. The bundle L and the bracket {—, —} will be referred to as the
Jacobi bundle and the Jacobi bracket respectively.

A Jacobi bracket {—,—} is, by definition, a (first order) bi-differential
operator. We collect basic facts, including our notations and conventions,
about (multi-)differential operators in Appendix [Al In the following, we will
often refer to it for details.
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Example 2.2.

1) Any (possibly non-coorientable) contact manifold (M, C) is naturally
equipped with a Jacobi structure, with Jacobi bundle given by the
(possibly non-trivial) line bundle TM/C (see Section [5).

2) Recall that a locally conformal symplectic (l.c.s.) manifold is natu-
rally equipped with a standard Jacobi structure sometimes called the
associated locally conformal Poisson structure. There is a slight gen-
eralization of a l.c.s. manifold in the same spirit as Jacobi manifolds
(see Appendix A of [44]). Call it an lLc.s. manifold as well. Then, any
l.c.s. manifold is naturally equipped with a Jacobi structure [44].

3) Let {w¢}ier be a smooth l.c.s. deformation of a l.c.s. form wy on
a manifold M, where [ is an open interval in R containing 0. De-

note by J; the standard Jacobi structure on M associated with wy,
and let J:C®(M x I)x C*®°(M x I) — C>®°(M x I) be defined by

J(G, f)(x,t) := Ji(f(—,1),3(—,t))(z). Then it is not hard to verify that
(M x I,J) is a standard Jacobi manifold.

Let (M,L,{—,—}) be a Jacobi manifold and A € I'(L). Then Aj :=
{\,—} is a derivation of L. The symbol of Ay (see Appendix will be
denoted by X).

Remark 2.3. By definition, a Jacobi bracket {—, —} on sections of a line
bundle L — M satisfies the following generalized Leibniz rule

(2.1) {A fuy = A+ X ()w,
A\ €eD(L), feC®(M).

Denote by J!'L the bundle of 1-jets of sections of L and let j' : I'(L) —
['(J'L) be the first jet prolongation. The bi-differential operator {—, —} can
be interpreted as an L-valued, skew-symmetric, bi-linear form J : A2J'L —
L. Namely, J is uniquely determined by

TN 5 ) = {\ n},
for all A\, u € I'(L).

Remark 2.4. As {—, —} and J contain the same information, we will some-
times identify them and write .J = {—, —}. For instance we will write [J, (J]%/
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for the Schouten-Jacobi bracket of {—,—} and another (first order) multi-
differential operator O (see Appendix . On the other hand, we will always
use the symbol J for the bi-linear form A?J'L — L, and we will always use
the symbol {—, —} when we want to act with the bracket on sections of L.

Denote by DL = Hom(J'L, L) the gauge algebroid of the line bundle
L (see Appendix |A| for details). Then, the bi-linear form J determines an
obvious morphism of vector bundles J# : J'L — DL, defined by J#(a)\ :=
J(a,j1)), where o € T(J'L) and A € T'(L). The bi-symbol Ay of {—,—}
will be also useful. It is defined as follows. Recall that there is a natu-
ral vector bundle embedding v : T*M ® L — J!L, sometimes called the co-
symbol, well-defined by (df ® \) := j1(f\) — fj'A, for all f € C*°(M), and
A € I'(L). The co-symbol fits in the exact sequence

0——>T*M®L- J'L—L—0,

where J'L — L is the natural projection. Then Ay : A2(T*M ® L) — L is
the bi-linear form obtained by restricting J to T*M ® L regarded as a sub-
bundle of J'L via the co-symbol. Namely,

Ay(n,0) == J(v(n),7(0)),

for all n,0 € T*M ® L. It immediately follows from the definition that

(2.2) Aj(df @ \,dg ® )
={fAgn} = folh u} — FXa (g + gXu(f)A
= (Xyalg) — fXa(9)) 1

where f,g € C*°(M), and \,u € T'(L).

The skew-symmetric form A; determines an obvious morphism of vec-
tor bundles A# :T*M ® L — TM, implicitly defined by (A#(n ®N), ) =
Aj(n®@ A, 0@ p), where n,0 € QY (M), A\, u € T(L), and (—, —) is the duality
pairing. In other words,

(2.3) AF(df @ \) = Xpx — fX),

feC>®(M), AeT'(L). The morphism A# can be alternatively defined as
follows. Recall that DL projects onto T'M via the symbol o. It is easy to
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see that the diagram

A#
T"M @ L —>TM

| T

JiL—" . prL

commutes, i.e. A?E = o o J# o, which can be used as an alternative defini-
tion of A? Finally, note that

(JFom)(df ®A) = Apx — fAL.
2.2. Jacobi algebroid associated with a Jacobi manifold

Definition 2.5. A Jacobi algebroid is a pair (A, L) where A — M is a Lie
algebroid, and L. — M is a line bundle equipped with a representation of A.

Remark 2.6. Jacobi algebroids are equivalent to Grabowski’s Kirillov al-
gebroids [12, Section 8].

Let A — M be a Lie algebroid with anchor p and Lie bracket [—, —]4,
and let £ — M be a vector bundle equipped with a representation of A.
In the following we denote by (I'(A®A*),d4) the de Rham complex of A
and by (I'(A*A* ® E),da g) the de Rham complex of A with values in E. Its
cohomology, the de Rham cohomology of A with values in E, will be denoted
by H(A, E).

Now, let M be a manifold and let L — M be a line bundle. Denote by
J1 L the dual bundle of J'L. Sections of J; L are first order differential oper-
ators I'(L) — C°°(M). Moreover, denote by D*L = I'(A®*J1 L ® L) the space
of alternating, first order multi-differential operators I'(L) x --- x I'(L) —
I'(L) (see Appendix [A] for more details).

Example 2.7. (cf. [21, Theorem 1], [19, (2.7)], [I4, Theorem 13]) Let
(M,L,J ={—,—}) be a Jacobi manifold. It is not hard to see (see, e.g.,
[7]) that there is a unique Jacobi algebroid structure on (J!L, L) with an-

chor py, Lie bracket [—, —];, and flat J! L-connection V7 in L such that
ps(G'A) = X,
(2.4) G s = 3 )

V}'Jl)\ﬂ - {)‘7 ,U}v
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for all \,u € T'(L). If ¢, x € I'(J'L) are generic sections, we have

ps(¥) = o(J*)

and

(2.5) [, X17 = LyspX — Loty — 51T (1, X).

Lemma 2.8. Let J € D?L be an alternating, first order bi-differential op-
erator: J :T'(L) x I'(L) — I'(L). Then

1) for all \,p € I'(L),
(2.6) T\ ) = =[N, ™.

2) (cf. [14, Theorem 1.b, (28), (29)]) J is a Jacobi bracket, i.e. it defines
a Lie algebra structure on T'(L) iff

(2.7) 7,757 =0,
where [—, —]57 is the Schouten-Jacobi bracket (see Appendiz .

Proof. The first assertion is a consequence of the explicit form of the
Schouten-Jacobi bracket. The second assertion is a particular case of Theo-
rem 3.3 in [27]. O

Remark 2.9. Denote by X*(M) = @, X*(M) the space of (skew-symmet-
ric) multi-vector fields on M. When L = Ry, := M x R, the trivial line bun-
dle, then the space DFT1L of alternating first order multi-differential oper-
ators on I'(L) with k + 1 entries, identifies with X*+1(M) @ X¥(M) (see
Appendix . In particular, an alternating, first order bi-differential oper-
ator J identifies with a pair (A,I') where A is a bi-vector field and I is a
vector field on M. In this case, Equation is equivalent to

[T,A]°Y =0 and [A,A]°Y =2AAT

where [—, —]5N is the Schouten-Nijenhuis bracket on multi-vectors.

Remark 2.10. Let (M, 7) be a Poisson manifold, with Poisson bi-vector
7, and Poisson bracket {—, —}.. The differential d, := [r, =]V : X*(M) —
X* (M) has been introduced by Lichnerowicz. The cohomology of (X*(M), d)

is the Lichnerowicz-Poisson cohomology of (M, 7). For more general Jacobi
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manifolds (M, L,J = {—,—}) it is natural to replace multi-vectors with
multi-differential operators, i.e. elements of D*L, and the Lichnerowicz-
Poisson differential by the differential dy := [J, —]°’. The resultant coho-
mology is called the Chevalley-Eilenberg cohomology of (M, L,{—,—}) [15,
29]. Furthermore, the action of (D*L)[1] on T'(A®JiL) (see Appendix [A
gives rise to another cohomology, namely the cohomology of the complex
(I(A®J1L), X ), also called the Lichnerowicz-Jacobi cohomology of (M, L,
{=,=}) (see, e.g., [28]). It is easy to see that the complex (I'(A®J1L), X )
is nothing but the de Rham complex of the Lie algebroid (J'L, ps,[—, —]J)-
Similarly, the complex (D*L, d) is the de Rham complex of (J'L, ps, [—, —]7)
with values in L.

2.3. Morphisms of Jacobi manifolds
Let (My, L1,{—,—}1) and (Ma, L, {—, —}2) be Jacobi manifolds
Definition 2.11. A morphism of Jacobi manifolds, or a Jacobi map,

(M17 Ly, {_7 _}1) - (M27 L, {_7 _}2)

is a vector bundle morphism ¢ : L1 — Lg, covering a smooth map ¢ : My —
My, such that ¢ is an isomorphism on fibers, and ¢*{\, u}a = {¢*\, ¢*u}1
for all A\, u € T'(L2).

Definition 2.12. An infinitesimal automorphism, or a Jacobi derivation,
of a Jacobi manifold (M, L,{—,—}) is a derivation A of the line bundle
L, equivalently, a section of the gauge algebroid DL of L, such that A
generates a flow by automorphisms of (M, L, {—, —}) (see Appendix [A). A
Jacobi vector field is the symbol of a Jacobi derivation.

Remark 2.13. Let A be a derivation of L, let {¢;} be its flow, and let O
be a first order multi-differential operator on L with k entries, i.e. 0 € D*L.
It is easy to see that (similarly as for vector fields)

2.9 | (eo=oa

where @, denotes the push forward of [J along a line bundle isomorphism
¢ : L — L', defined by (L) (\},...,\L) == (" H)*(O(p* A, ..., 9*A})), for
all ,...,\, € (L) (see also Appendix |[A| about pushing forward deriva-
tions along vector bundle morphisms). In particular, A is an infinitesimal
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automorphism of (M, L, {—, —}) if and only if [J, A]*’ = 0. Since

(2.9) L7, AT (A, 1) = {AX, 1} + (N, A} — A{X, 1},
we conclude that A is an infinitesimal automorphism of (M, L, {—, —}) iff
(2.10) A{N ) = {AN p} +{X\, Ap}

for all A\, u € T'(L). In other words A is a derivation of the Jacobi bracket.

Remark 2.14. More generally, let {A;} be a one parameter family of
derivations of L, generating the one parameter family of automorphisms
{¢+t}, and let O € D*L. Then

d
dt
Remark 2.15. Definitions [2.11] and encompass the notions of con-
formal morphisms and infinitesimal conformal automorphisms of standard
Jacobi manifolds, respectively. In particular two standard Jacobi structures

are conformally equivalent if and only if they are isomorphic as Jacobi struc-
tures.

(2.11) ()0 = [(p0). 0, A5

Let (M,L,J = {—,—}) be a Jacobi manifold and A € I'(L). Note that
(2.12) Ay ={A -} =[N

The Jacobi identity for the Jacobi bracket immediately implies that not only
A\ is a derivation of L, but even more, it is an infinitesimal automorphism of
(M, L,{—,—}), called the Hamiltonian derivation associated with the section
A. Similarly, the symbol X of Ay will be called the Hamiltonian vector field
associated with A. Clearly we have

(2.13) [Ax, Al =Apy,  and  [Xy, Xu] = X0

for all A\, € T'(L). Jacobi automorphisms L — L generated by Hamilto-
nian derivations will be called Hamiltonian automorphisms. Similarly, dif-
feomorphisms M — M generated by Hamiltonian vector fields will be called
Hamiltonian diffeomorphisms.

Example 2.16. Let (M, L,{—, —}) be a Jacobi manifold. The values of all
Hamiltonian vector fields generate a distribution X C TM which is, gener-
ically, non-constant-dimensional. Distribution K is called the characteristic
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distribution of (M, L, {—,—}). The Jacobi manifold (M, L, {—, —}) is said to
be transitive if its characteristic distribution X is the whole tangent bundle
T M. Identity implies that /C is involutive. Moreover, it is easy to see
that K is constant-dimensional along the flow lines of a Hamiltonian vector
field. Hence, it is completely integrable in the sense of Stefan and Sussmann.
In particular, it defines a (singular) foliation, also denoted K. Each leaf C
of IC, is called a characteristic leaf and possesses a unique transitive Jacobi
structure defined by the restriction of the Jacobi bracket to L|c, see Corol-
lary 2 for a precise expression. In other words, the inclusion L|c < L is a
Jacobi map. Moreover, a transitive Jacobi manifold (M, L,{—, —}) is either
an l.c.s. manifold (if dim M is even) or a contact manifold (if dim M is odd)
[23].

3. Coisotropic submanifolds in Jacobi manifolds
and their invariants

In this section we propose some equivalent characterizations of coisotropic
submanifolds S in a Jacobi manifold (M, L,{—,—}) (Lemma Corol-
lary (3)) Then we establish a one-to-one correspondence between coiso-
tropic submanifolds of (M, L,{—,—}) and certain Jacobi subalgebroids of
the Jacobi algebroid (J'L, L) (Proposition . In particular, this yields a
natural L..-isomorphism class of L.,-algebras associated with each coiso-

tropic submanifold (Proposition and Proposition (3.18]).

3.1. Differential geometry of a coisotropic submanifold

Let (M,L,J ={—,—}) be a Jacobi manifold, and let x € M. A subspace
T C T,M is said to be coisotropic (with respect to the Jacobi structure
(L, J ={—,-})), if A??E(T0 ® L) C T, where T® C T M denotes the anni-
hilator of T' (cf. [17, Definition 4.1]). Equivalently, T° ® L, is isotropic with
respect to the L-valued bi-linear form A .

A submanifold S C M is called coisotropic (with respect to the Jacobi
structure (L, J = {—,—})), if its tangent space 1,5 is coisotropic for all
reS.

Lemma 3.1. Let S C M be a submanifold, and let I's denote the set of
sections \ of the Jacobi bundle such that A|s = 0. The following three con-
ditions are equivalent:

1) S is a coisotropic submanifold,
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2) T's is a Lie subalgebra in T'(L),
3) X\ is tangent to S, for all A € T'g.

Proof. Let S C M be a submanifold. We may assume, without loss of gener-
ality, that L is trivial. Then I'g = I(S) - I'(L), where I(S) denotes the ideal
in C*°(M) consisting of functions that vanish on S. In particular, if X is
a generator of I'(L), then every section in I'g is of the form fA for some
feI(S). Now, let f,g € I(S). Putting = A in and restricting to S,
we find

{79\ s = (AT (df © 2, dg)Als:
This shows that (1) <= (2). The equivalence (2) <= (3) follows from the
identity X»(f)puls = {A, fu}ls, forall A € I'g, p € I'(L), and f € I(S). O

Now, let S C M be a coisotropic submanifold and let T°S C T*M]|g be
the annihilator of T'S. The (generically non constant-dimensional) distribu-
tion Kg := A?(TOS ® L) C TS on S is called the characteristic distribution
of S.

Remark 3.2. In view of (2.3), Kg is generated by the (restrictions to S
of) the Hamiltonian vector fields of the kind X, with A € T'g.

From Lemma [3.1] one can easily derive the following

Corollary 3.3.

1) (c¢f. [3, §2]) The characteristic distribution Kgs of any coisotropic sub-
manifold S is integrable (hence, it determines a foliation on S, called
the characteristic foliation of .S).

2) (cf. [23]) Every characteristic leaf C, i.e. any leaf of the characteristic
distribution KK = Kar has an induced Jacobi structure (L|c,{—, —}c)
well-defined by {\|c, ple}e = {\, pu}lc, for all \,uw € T'(L). The induced

Jacobi structure is transitive.

3) A submanifold S C M 1is coisotropic, if and only if TS NTC is coiso-
tropic in the tangent bundle T'C, for all characteristic leaves C inter-
secting S, where C is equipped with the induced Jacobi structure.

Example 3.4.

1) Any coisotropic submanifold (in particular a Legendrian submanifold)
in a contact manifold is a coisotropic submanifold with respect to the
associated Jacobi structure (see Section for details).
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2) Let S be a coisotropic submanifold of a Jacobi manifold (M, L, {—, —}),
and let X € X(M) be a Jacobi vector field such that X, ¢ T,.S, for all
x € S. Then T, the flowout of .S along X, is a coisotropic submanifold
as well. Indeed, let {¢;} be the flow of X. Clearly, whenever defined,

¢+(S) is a coisotropic submanifold, and the claim immediately follows
from Lemma [3.1]

3.2. Jacobi subalgebroid associated with a closed coisotropic
submanifold

We are interested in deformations of a closed coisotropic submanifold, so,
from now on, we assume that S is a closed submanifold in a smooth manifold
M. Let A — M be a Lie algebroid. Recall that a subalgebroid of A over S
is a vector subbundle B — S, with embeddings j: B A and j: S — M,
such that the anchor p : A — T'M descends to a (necessarily unique) vector
bundle morphism pp : B — T'S, making diagram

B—1 .4
PBi lp
dj
TS —=TM

commutative and, moreover, for all 3,3 € T'(B) there exists a (necessar-
ily unique) section [8, 8'|p € T'(B) such that whenever a,a’ € T'(A) are j-
related to 3,8 (i.e. jo 8 = aoj, in other words a|s = 3, and similarly for
B, then [a, a’]4 is j-related to [3, 5] p. In this case B, equipped with pp
and [—, —]p, is a Lie algebroid itself. One can also give a notion of Jacobi
subalgebroid as follows.

Let (A, L) be a Jacobi algebroid with representation V.

Definition 3.5. A Jacobi subalgebroid of (A, L) over S is a pair (B,/),
where B — S is a Lie subalgebroid of A over S C M, and ¢ := L|g — S is
the pull-back line subbundle of L, such that V descends to a (necessarily
unique) vector bundle morphism V|, making diagram
B *]> A
V"’l iv
Dj,

Dl —— DL
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commutative. Here j; : £ — L is the inclusion (see Appendix [A|for a defini-
tion of the morphism Djp).

If (B, ?) is a Jacobi subalgebroid, then the restriction V|, is a represen-
tation so that (B, ¥), equipped with V|, is a Jacobi algebroid itself.

Now, let (M,L,J ={—,—}) be a Jacobi manifold, and let S be a sub-
manifold. In what follows, we denote by

e (:= L|g the restricted line bundle,

o NS :=TM)|g/TS the normal bundle of S in M,

e N*S:= (NS)*=T%S C T*M the conormal bundle of S in M,
o NS :=NS®/*, and by

Np*S := (NyS)* = N*S ® £ the (-adjoint bundle of N S.

The vector bundle N,*S will be also regarded as a vector subbundle of
(J'L)|s via the vector bundle embedding

Ni*S — (T*M ® L)|s = J'L|s,

where ~ is the co-symbol. If A € T'(L), we have that (j')\)|s € T'(N;*S) if
and only if \|g =0, i.e. A € T'g.

The following proposition establishes a one-to-one correspondence be-
tween coisotropic submanifolds and certain Lie subalgebroids of J!'L.

Proposition 3.6. (cf. [20, Proposition 5.2]) The submanifold S C M is
coisotropic if and only if (N;*S,¢) is a Jacobi subalgebroid of (J'L,L).

Proof. Let S C M be a coisotropic submanifold. We want to show that N,*S
is a Jacobi subalgebroid of J'L. We propose a proof which is shorter than
the one in [20]. Since S is coisotropic, we have

(3.1) ps(Ne*S) C TS,
and similarly
(3.2) V/(N,*S) C De.

Next we shall show that for any «, 3 € T'(J1L) such that alg, 8|s € T'(N;*S)
we have

(3.3) [O(,,@L]’S c F(NfS).
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First we note that if a|g € T'(N;*S) then a = 3 fj!\ for some A € I's. Using
the Leibniz properties of the Jacobi bracket we can restrict to the case
a, B € j'T's. The latter case can be handled taking into account and
Lemma Moreover, using , we easily check that

[, Bls]s = 0 if a|g = 0 and B|s € T(N,*S).

This completes the “only if part” of the proof.

To prove the “if part” it suffices to note that condition , regarded
as a condition on the image of the anchor map of the Lie subalgebroid N,*S,
implies, in view of , that S is a coisotropic submanifold. O

Remark 3.7. Different versions of Proposition |3.6| were proved for the
Poisson case [47), Proposition 3.1.3], [4, Proposition 5.1], [31, Theorem 10.4.2].

3.3. L,-algebra associated with a coisotropic submanifold

Let M be as above, and let S C M be a closed submanifold. Let
Py :T'(J1L) — T'(NyS)
be the projection adjoint to the embedding
NS o IV e (Po(A)ey an) = (B, y(0a)),

where A € I'(J1L), a € I'(N,*S), and = € S. Tensorizing by I'(L) we also
get a projection

P:DL —T(NS).

It is not hard to see that P coincides with the composition
(3.4) DL % X(M) — I'(TM|s) — T(NS),

where the second arrow is the restriction, and the last arrow is the canonical
projection. Projection Py extends uniquely to a (degree zero) morphism
of graded algebras I'(A*J;L) — I'(A*NyS) which we denote again by Fj.
Similarly, P extends uniquely to a (degree zero) morphism of graded modules
(D*L)[1] — T(A*NyS ® €)[1] which we denote again by P. As in the Poisson
case (see, e.g., [6]), the projection P : (D*L)[1] — T'(A*NgS ® £)[1] allows to
formulate a further characterization of coisotropic submanifolds.

Proposition 3.8. The submanifold S is coisotropic if and only if P(J) = 0.
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Remark 3.9. Let S C M be any submanifold, then P(.J) does only depend
on the bi-symbol Ay of J. To see this, note, first of all, that the symbol
o :DL — X(M) induces an obvious projection D*L — I'(A*(TM @ L*) ®
L). Moreover, in view of its very definition, P : (D*L)[1] — T'(A*N;S & ¢)[1]
descends to an obvious projection

D(A*(TM ® L*) ® L)[1] —s D(A*N,S © 0)[1],

which, abusing the notation, we denote again by P. Now, recall that Ay €
I'(A2(TM ® L*) ® L). It immediately follows from the definition of P that,
actually,

P(J) = P(Ay).
In particular S is coisotropic if and only if P(A;) = 0.

From now on we assume that S is coisotropic. In this case, the Jacobi
algebroid structure on (Ny*S,¢) (Proposition turns the graded space
I'(A*NgS ® £) into the de Rham complex of Ny*S, with values in . To ex-
press the differential dy,- g in terms of the differential dy = [J, —1%/ on D*L
it suffices to find a right inverse I : I'(A*N,S ® ¢)[1] — (D*L)[1] of P. How-
ever, there is no natural way to do this unless further structure is available.
In what follows we use a fat tubular neighborhood as an additional structure.
Before giving a definition, recall that a tubular neighborhood of S is an em-
bedding of the normal bundle NS into M which identifies the zero section 0
of NS — § with the inclusion ¢ : S — M. Denote by 7 : NS — S the pro-
jection and consider the pull-back line bundle Lyg := 7*¢ = NS xg ¢ over
NS. Moreover, let if, : £ < L be the inclusion.

Definition 3.10. A fat tubular neighborhood of £ — S in L — M over a
tubular neighborhood T : NS — M is an embedding 7 : Lyg — L of vector
bundles over 7 : NS — M such that the diagram

Lyg=m0—T" oL

N, A

commutes.
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In particular, it follows from the above definition that 7 is an isomor-
phism when restricted to fibers. A fat tubular neighborhood can be under-
stood as a “tubular neighborhood in the category of line bundles”. In the
following we regard S as a submanifold of NS identifying it with the image
of the zero section 0: S — NS.

Lemma 3.11. There exist fat tubular neighborhoods of £ in L.

Proof. Since fibers of NS — S are contractible, for every vector bundle V' —
NS over NS there is a, generically non-canonical, isomorphism of vector
bundles NS xg V|g =V over the identity of NS. Now, let 7: NS — M
be a tubular neighborhood of S. According to the above remark, the pull-
back bundle 7L — NS is (non-canonically) isomorphic to Lyg. Pick any
isomorphism ¢ : Lyg — 7% L. Then the composition

Lys —2 7L — L,

where the second arrow is the canonical map, is a fat tubular neighborhood
of ¢ over T. O

Choose once for all a fat tubular neighborhood 7 : Lyg < L of £ over
a tubular neighborhood 7 : NS — M of S. We identify NS with the open
neighborhood 7(N.S) of S in M. Similarly, we identify Lyg with L|;(vg). In
particular NS inherits from 7(NS) a Jacobi structure with Jacobi bundle
given by Lys. Abusing the notation we denote by J again the Jacobi bracket
on I'(Lyg). Moreover, in view of Proposition there is a projection P :
(D*Lng)[1] = T'(A*NgS @ £)[1] such that P(J) = 0.

Now, regard the vertical bundle V(NN.S) := ker dr as a Lie algebroid and
note preliminarily that

1) There is a natural splitting T'(N.S)|s = T'S & NS, where the projec-
tion T'(NS)|s — T'S is dm, while the projection T'(NS)|s — NS is the
natural one. In particular, sections of N.S can be understood as vector
fields on VS along the submanifold S and vertical with respect to .

2) Since m: NS — S is a vector bundle, the vertical bundle V' (N.S) iden-
tifies canonically with the induced bundle 7*N.S — NS. In particular,
there is an embedding 7* : T'(N.S) < X(N.S) that takes a section v of
NS to the unique vertical vector field 7*v on NS, which is constant
along the fibers of 7, and agrees with v on S.

3) Since Lyg =7 = NS xg ¥, there is a natural flat connection D in
Lyg, along the Lie algebroid V(N .S), uniquely determined by Dx7*A =
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0, for all vertical vector fields X on N.S, and all fiber-wise constant
sections 7\ of Lyg, A € T'(¢).

With these preliminary remarks we are finally ready to define a right
inverse I : ['(A*NyS ® £)[1] — (D*Lyg)[1] of P: (D*Lyg)[1] = T'(A*NS ®
¢)[1]. First of all, let

I:T(NS) < DLyg

be the embedding given by I(v) := Dr-,. Tensorizing it by I'(L},¢) we also
get an embedding

I() : F(NgS) — F(JlLNs).

The inclusion I extends uniquely to a (degree zero) morphism of graded
algebras I'(A*NyS) — I'(A*J; Lng) which we denote again by Iy. Similarly, I
extends uniquely to a (degree zero) morphism of graded modules I'(A*N;S ®
0)[1] = (D*Lys)[1] which we denote again by I. It is straightforward to
check that

P[)OIO:id and Pol=id.

Using I and the explicit expression for the Schouten-Jacobi bracket, one can
check that

(3.5) dn,sec = (PodyoI)(a) = P[J, I(a)]"/

for all & € T'(A®NpS ® £)[1].

The rightmost hand side of reminds us of the Voronov construction
of Lo-algebras via derived brackets. We refer the reader to [40] for details.
Our conventions about Ls-algebras are the same as those in [46]. In par-
ticular, multi-brackets in L.o-algebras in this paper will always be (graded)
symmetric. Now, using the derived bracket construction, we are going to de-
fine an Loo-algebra structure {my} on I'(A®*NyS ® ¢)[1] whose first (unary)
bracket m; coincides with the differential dy,- 5. The following Proposition
is an analogue of Lemma 2.2 in [10], see also [5] and [35, Appendix].

Proposition 3.12. Let I :T(A*NyS ® €)[1] — (D*Lng)[1] be the embed-
ding defined above. There is an Loo-algebra structure on T'(A*NyS ® £)[1]
given by the following family of graded multi-linear maps my : T(A*NyS ®
O[1%F — T(A* NS @ 0)[1]

(3.6) my(&r,..., &) = Pl [[J1(&)]%, 1(&)]57 - T(&)]°.
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Proof. First, we observe that the image of I is an abelian subalgebra of the
graded Lie algebra ((D®*Lyg)[1],[—,—]°7), or equivalently, the Schouten-
Jacobi bracket [I(«), I(3)]°” vanishes for any two sections a, 8 € T'(A®*NypS ®
£)[1]. The last assertion is a consequence of the (generalized) Leibniz prop-
erty for the Schouten-Jacobi bracket, and the fact that if & and 8 are
sections of NS then derivations I(«) and (/) commute.

Next, we will show that the kernel of the projection P is a graded Lie
subalgebra of (D*Lyg)[1]. Clearly, ker P is the I'(A®J; L ys)-submodule gen-
erated by those sections of DLyg whose symbol is tangent to S. Since such
sections are preserved by the Schouten-Jacobi bracket, it is easy to check
that ker P is also preserved, using the generalized Leibniz property
again.

Finally, recall that J € ker P. It follows that ((D*Lyg)[1],im I, P, J) are
V-data [46, Theorem 1, Corollary 1]. See also [10, §1.2, Lemma 2.2] and [0]
where the terminology V-data has been introduced for the first time. This
completes the proof. O

Remark 3.13.

1) In view of (3.5)), the differential m; coincides with the Jacobi algebroid
differential dp,-g.¢.

2) If (M,w) is a l.c.s. manifold and S is a coisotropic submanifold in M,
then m; can be identified, via A#, with a deformation of the foliation
differential of the characteristic foliation of S [26].

3.4. Coordinate formulas for the multi-brackets

In this subsection we propose some more efficient formulas for the multi-
brackets in the L..-algebra of a coisotropic submanifold. Let (M, L,J =
{=,—1}) be a Jacobi manifold and let S C M be a coisotropic submanifold.
Moreover, as in the previous subsection, we equip S with a fat tubular
neighborhood 7 : Lyg — L.

Remark 3.14. By their very definition, the m’s satisfy the following prop-
erties:

(a) my is a graded R-linear map of degree one,

(b) my is a first order differential operator with scalar-type symbol in each
entry separately.
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Because of (b) the my’s are completely determined by their action on all
AeT(0) =T(A°NyS ®¢), and on all s € [(NS) = T'(A'N,S ® £). Moreover
(a) implies that, if &1,...,& € T(A*NyS ® £)[1] have non-positive degrees,
then mg(&1,...,&k) = 0 whenever more than two arguments have degree —1.

From now on, in this section, we identify

e a section A € I'(¢), with its pull-back 7*\ € I'(Lyg),

e asection s € I'(NS), with the corresponding vertical vector field 7*s €
[(m*NS) =2 T(V(NS)),

e a section ¢ € I'(INy*S) of the f-adjoint bundle N,*S = N*S ® ¢ with
the corresponding fiber-wise linear section of Lyg.

Moreover, we denote by (—,—): NS ® Ny*S — ¢ the obvious ({-twisted)
duality pairing.

Proposition 3.15. The multi-bracket myy1 s completely determined by

(3.7) Mg y1(S1y. 0oy Sk—1, A\, V) = (—)kID>51 D, AN Vs,

(38) <mk+1(817"‘78k))‘)7(p>

=—(-)" <D51 oD AN ) - ZD51 Dy, - Dy, X, <3ia90>})

)

S

(3.9)
(Mpp1(s15-- 0, 8k11), 0 @ Y)

= —(_)k (Dsl o ’]D)Swl{@’ d)}

D Do By Dy Doy (0o ), (55,90} + {655, 9), (52, 9))

- ZD& e ]5; o 'D8k+1 ({<3i7 <,0>71/1} + {()07 <Sl?¢>})>

)

S

where \,v € T'({), s1,..., 5641 € D(NS), p,0 € T(N;*S), and a hat “=7 de-
notes omission.
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Proof. Equation (3.7)) immediately follows from (3.6|), (2.6)), and the easy re-
mark that [A, \]°/ = A(\) for all A € DLyg = D'Lys, and A € T(Lys) =

DL 5. Equation (3.8)) follows from (3.6)), (2.9), and the obvious remark that
(s,) = Dsp, hence Dg, Dy, 0 = 0, for all s, 1,592 € T(INS), and ¢ € T'(N;*S).
Equation (3.9) can be proved in a similar way. [l

Let z% be local coordinates on M, and let u be a local generator of I'(L).
Define local sections p* and V,, of Ji L by putting

W (fu) =Ff, Val(fp) = 0uf,

where f € C®(M), and o = 0/0z%. Then I'(A*J1L) is locally generated,
as a C°°(M)-module, by

Vo, Ao AVq,, Vo, N AV, Ap*, k>0,
with a; < -+ < ay. In particular, any A € I'(A®J; L) is locally expressed as
A = Xal"'ak:val A A Vak 4 gal---ak_lval A A vak—l A :U’*v

where X% g¥-1 ¢ C°(M). Here and in what follows, we adopt the
Einstein summation convention over pair of upper-lower repeated indexes.
Hence, (D*L)[1] is locally generated, as a C°°(M )-module, by

Va, N+ AVq, @ w0, Va, N+ AVq, , ANid, k>0,
with o < -+ < ag, and any O € (D*L)[1] is locally expressed as
O=X""%Vy A AVq @u+ g " 1Vye, A-- AVq,_, Nid.
Remark 3.16. Let J € D?L. Locally,
(3.10) J=JPVyAVs®pu+ JV,4 Aid,
for some local functions J8, jo.

Now, identify Lyg with its image in L under 7 and assume that:

e coordinates z® are fibered, i.e. (2%) = (%, y%), with 2¢ coordinates on
S, and y® linear coordinates along the fibers of 7 : NS — S,

e the local generator p is fiber-wise constant so that, locally, T'(¢) C
I'(Lys) consists exactly of sections A such that V,A = 0.
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In particular, the local expression (3.10]) for J expands as

(3.11) J = (IO ATy + 20, AV + JIVAY) @ g
+ (J*V, + J'V;) Add.

We have the following
Corollary 3.17. Locally, the multi-bracket my 1 is uniquely determined by

Myes1 (a3 0aryy) = —(=) 00y ++ Oy, J?| 00 A b @ s
Wey1 (Bays - - Oayy f11) = (=)0, -+ Oay (2J70if + J[)|g O,
Wyet1 (Oays - -5 Oay_ys [ 11, g1t)
= (=) 84, -+ Ouy_, [2T90; 019 — T (f0ig — 90if)]| 4 1

where f,g € C®(5), and §, := 0y @ u*.
3.5. Independence of the tubular embedding

Now we show that, as already in the symplectic [35, Appendix], the Pois-
son [6], and the l.c.s. [26, Theorem 9.5] cases, the Loo-algebra in Proposi-
tion does not really depend on the choice of a fat tubular neighborhood,
in the sense clarified by Proposition [3.18] below. As a consequence, its Loo-
isomorphism class is an invariant of the coisotropic submanifold.

Proposition 3.18. Let S be a coisotropic submanifold of the Jacobi mani-
fold (M,L,J ={—,—}). Then the Lo-algebra structures on T'(A*NyS ® ¢)[1]
associated to different choices of the fat tubular neighborhood Lyg — L of £
i L are Lso-isomorphic.

The proof is an adaptation of the one given by Cattaneo and Schétz in
the Poisson setting (see Subsections 4.1 and 4.2 of [6], see also Remark
below) and it is based on Theorem 3.2 of [6] and the fact that any two
fat tubular neighborhoods are isotopic (in the sense of Lemma below).
Before proving Proposition[3.18] let us recall Cattaneo—-Schétz Theorem. We
will present a “minimal version” of it, adapted to our purposes. The main
ingredients are the following.

We work in a category of real topological vector spaces. Let (b, a, P, Ag)
and (h,a, P,A;) be V-data [10]. We identify a with the target space of P.
Note that (b, a, P, Ag) and (b, a, P, A1) differ by the last entry only. Voronov
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construction associates Loo-algebras to (h, a, P, Ag) and (b, a, P, A1). Denote
them ag and a; respectively. Cattaneo and Schétz main idea is proving that
if
e Ay and A; are gauge equivalent elements of the graded Lie algebra b,
and

e they are intertwined by a gauge transformation preserving ker P,

then ag and a; are Lyo-isomorphic. Specifically, Ay and A are gauge equiv-
alent if they are interpolated by a smooth family {At}te[o,l] of elements
Ay € b, and there exists a smooth family {ft}te[o,l} of degree zero elements
& € b such that the following evolutionary differential equation is satisfied:

d
12 — A = [&, Ay
(3 ) dt t [é-tu t]
One usually assumes that the family {&:},c0) integrates to a family
{#t}iefo,1) of automorphisms ¢ : h — b of the Lie algebra b, i.e. {¢¢}ic(o1]
is a solution of the Cauchy problem

d
(3.13) S 0(0) =)&)
¢o = id

Finally we say that Ag and A; are intertwined by a gauge transforma-
tion preserving ker P if the family {ft}te[o,l] above satisfies the following
conditions:

1) the only solution {at}c(o,1], Where a; € a, of the Cauchy problem

d
(3.14) 7= Plag, &]

apg =0

is the trivial one: a; = 0 for all ¢ € [0, 1],
2) [&:,ker P] C ker P for all t € [0,1].

Theorem 3.19 (cf. [6, Theorem 3.2]). Let (h,a, P,Ag) and (h,a, P,A;)
be V-data, and let ag and ay be the associated Loo-algebras. If Ag and Ay
are gauge equivalent and they are intertwined by a gauge transformation
preserving ker P, then ag and a; are Lo,-isomorphic.
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The last ingredient needed to prove Proposition [3.18|is provided by the
following

Lemma 3.20. Any two fat tubular neighborhoods 7o and 71 of S are iso-
topic, i.e. there is a smooth one parameter family of fat tubular neighbor-
hoods Ty of ¢ in L, and an automorphism v : Lys — Lns of Lngs covering
an automorphism ¥ : NS — NS of NS over the identity, such that Ty = 79,
and Ti =m0,

Proof. In view of the tubular neighborhood Theorem [16, Theorem 5.3],
there is a smooth one parameter family of tubular neighborhoods 7; : NS —
M of S in M, and an automorphism v : NS — N.S over the identity such
that Ty = 70, and 71 = 71 0 9. Denote by 7 : NS x [0,1] — M the map
defined by T (v,t) = T:(v) and consider the line bundle

p:Lys®nsT*L — NS x [0,1].

Note that

1) fibers of NS x [0, 1] over S x [0, 1] are contractible,
2) Lyg®ns T"L reduces to End £ x [0,1] = Rgyo1) over S x [0,1].

It follows from 1) and 2) that L3¢ ®ns 7T L is isomorphic to the pull-
back over NS x [0,1] of the trivial line bundle Rgjq 1 over S x [0,1]. In
particular, p is a trivial bundle. Moreover, p admits a nowhere zero section
v defined on (S x [0,1]) U (NS x {0,1}) and given by id; on S x [0, 1], by T
on NS x {0} and by 7; on NS x {1}. By triviality, v can be extended to a
nowhere zero section Y on the whole NS x [0, 1]. The section Y is the same
as a one parameter family of vector bundle isomorphisms Y; : Lyg — T, L
over the identity of N.S. Denote by T; : Lys — L the composition

Lys 5 T7L — L,

where the second arrow is the natural inclusion. By construction, the 7T;’s
are line bundle embeddings covering the 7;’s. Finally, there exists a unique
automorphism v : Lygs — Lyg over ¢ such that 73 = 7 o). We conclude
that the 7;’s and 1 possess all the required properties. (]

Proof of Proposition[3.18. Let 79,71 : Lys < L be fat tubular neighborhoods
over tubular neighborhoods 79,71 : NS < M. Denote by Jy and J; the
Jacobi brackets induced on I'(Lyg) by 79 and 71 respectively, i.e. Jy =
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(15 1)sd, and Jy = (17 1)4J (see Remark about pushing forward a multi-
differential operator along a line bundle isomorphism). In view of Lemma
it is enough to consider the following two cases:

Case I: 71 = 19 0 ¢ for some automorphism i : Lyg — Lyg covering an
automorphism ¥ : NS — NS of NS over the identity. Obviously, ¢ iden-
tifies the V-data ((D*Lys)[1],Im I, P, Jy) and ((D*Lys)[1],Im 1, P,.J;). As
an immediate consequence, the Lo-algebra structures on I'(A*NyS ® ¢)[1]
determined by 79 and 71 are (strictly) Loo-isomorphic.

Case II: 79 and 71 are interpolated by a smooth one parameter family
of fat tubular meighborhoods 1. Consider ¢y := Tt_l oT1g. It is a local auto-
morphism of Lyg covering a local diffeomorphism ¢; = 7, Lo 70, well de-
fined in a suitable neighborhood of S in NS, fixing S point-wise and such
that ¢o =id. Let & be infinitesimal generators of the family {¢;}. They
are derivations of Lyg well defined around S. Our strategy is using & and
¢ to prove that Jy and J; are gauge equivalent Maurer-Cartan elements
of (D*Lyg)[1] intertwined by a gauge transformation preserving ker P, and
then applying Theorem [3.19] However, the ¢;’s are well-defined only around
S in NS. In order to remedy this minor drawback, we slightly change the
graded space D*L g underlying our V-data, passing to the graded space
Dp Lns of alternating, first order, multi-differential operators on Lyg in a
formal neighborhood of S in N.S. The space Df Ly is defined as the inverse
limit

lim D.LNs/I(S)nD.LNS,
<—

where I(S) C C*°(NYS) is the ideal of functions vanishing on S. In a sense,
Dy Lns consists of “Taylor series normal to S” of multi-differential op-
erators. Our V-data ((D*Lyg)[1],Im I, P, J) induce in an obvious way new
V-data ((Df,Lns)[1], Im Itor, Pror, Jror). In particular, Jg, is the class of J in
(D;OTLNS)D]’ and Itor : T(A*NyS @ 0)[1] — (,DgorLNS)[l] is the natural em-
bedding. Moreover, in view of Corollary the Loo-algebra determined
by ((D*Lns)[1],Im I, P, J) does only depend on Ji,. Therefore, the V-data
((Df.orLNS) [1] y Im Ifor, Pfor, Jfor) and ((D.LNS) [1], Im I, P, J) determine the
same Lo-algebra.

Now, being well defined around S, the ¢;’s determine well-defined au-
tomorphisms ¢; := (¢¢)« : (Df, Lns)[1] — (Df,,Lns)[1] such that ¢g = id.
Similarly the &’s descend to zero degree elements of (Df Lyg)[1] which
we denote by & again. Clearly, the family {¢:(Jo)sor } interpolates between
(Jo)for and (J1)sor and, in view of Equation , the ¢;’s satisfy the Cauchy

problem (3.13)). Finally,
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1) from uniqueness of the one parameter family of automorphisms ¢,
generated by the one parameter family of derivation &, it follows that
the Cauchy problem (3.14]) possesses a unique solution,

2) ¢¢|¢ = id so that the &’s vanish on S, hence [£;, ker P] C ker P for all ¢.

The above considerations show that (Jy)gr and (Jp)gr are gauge equivalent
and they are intertwined by a gauge transformation preserving ker P. Hence,
from Theorem the Loo-algebra structures on I'(A®*NyS @ £)[1] associ-
ated to the two choices 7y and 71 of the fat tubular neighborhood Lyg < L
are actually Lso-isomorphic. (|

Remark 3.21. In the contact case, as already in the l.c.s. one, there exists
a tubular neighborhood theorem for coisotropic submanifolds. As a conse-
quence, the proof of Proposition [3.18| simplifies. In particular, it does not
require using any formal neighborhood technique.

4. Deformations of coisotropic submanifolds in Jacobi
manifolds

In this section, we introduce the notion of formal coisotropic deformation of
a coisotropic submanifold (Definition . We prove that formal coisotropic
deformations are in one-to-one correspondence with (degree 0) Maurer-
Cartan elements of the associated Ls-algebra (Proposition . We also
give a necessary and sufficient condition for the convergence of the Maurer-
Cartan series M C(s) for any smooth section s (Proposition [4.14)), extending
a previous sufficient condition given by Schétz and Zambon in the Poisson
case [39]. Analysing the notion of Hamiltonian equivalence of coisotropic
deformations (Proposition leads to a definition of Hamiltonian equiv-
alence of formal deformations (Definition [£.19). We show that Hamiltonian
equivalence of formal coisotropic deformations coincides with gauge equiva-
lence of the corresponding Maurer-Cartan elements (Proposition and
derive consequences of this fact (Theorem Corollary . Finally we
compare our results with related results obtained by other authors (Re-

marks and .

4.1. Smooth coisotropic deformations

Let (M,L,J ={—,—}) be a Jacobi manifold and let S C M be a closed
coisotropic submanifold. We equip S with a fat tubular neighborhood 7 :
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Lyg — L and use it to identify Lyg with its image. Accordingly, and sim-
ilarly as above, from now on in this section, we abuse the notation and
denote by (L, J = {—, —}) (instead of (Lyg, 7, 1J)) the Jacobi structure on
NS (unless otherwise specified). A C'-small deformation of S in NS can be
identified with a section S — NS of NS. We say that a section s : § — NS
is coisotropic if its image s(5) is a coisotropic submanifold in (NS, L, J).

Definition 4.1. A smooth one parameter family of smooth sections of
NS — § starting from the zero section is a smooth coisotropic deformation
of S if each section in the family is coisotropic. A section s of NS — S is
an infinitesimal coisotropic deformation of S if €s is a coisotropic section
up to infinitesimals O(g?), where ¢ is a formal parameter.

Remark 4.2. Let {s;} be a smooth coisotropic deformation of S. Then

ar
dt |, :

is an infinitesimal coisotropic deformation.

Recall that a section s : S — NS is mapped, via I : T'(A*NyS ® 0)[1] —
(D*L)[1], to a derivation I(s) := Dy« of L, where 7 : NS — S is the projec-
tion. Let {®;} be the one parameter group of automorphisms of L generated
by I(s) and denote expI(s) := ®;. Clearly expI(s)(v,\) = (v + s(x), \),
for all (v,\) € L= NS xg/{, x = n(v). Further, let pr: J'L — NS be the
projection, denote by j'expI(s): J'L — J'L the first jet prolongation of
exp I(s), and consider the following commutative diagram

NpS— 2 g LRI g
i 0 l exp I(s) l
T —_— >

S —NS<__—=Ns

where 0 is the zero section. Note that s = exp I(s) 0 0.

Proposition 4.3. Let s: S — NS be a section of w. The following three
conditions are equivalent

1) s is coisotropic,

2) PlexpI(~s).J) =0 (cf. [39))
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3) the vector bundle pro jtexpI(s) oy : Ny*S — 5(S) is a Jacobi subal-
gebroid of J'L.

Proof. 1) <= 2). Let P® : DL — I'(N.S) be the composition
DL - X(M) — I(TM|ys)) — T(NS),

where the second arrow is the restriction, and the last arrow is the canon-
ical projection (cf. ) The surjection P?® extends to a surjection of
graded modules (D*L)[1] — I'(A°*N,S ® ¢)[1] which we denote again by P?*
(and is defined analogously as P : (D*L)[1] — I'(A*NyS @ £)[1]). By Propo-
sition s is coisotropic if and only if P*(J) = 0. Since

Dl =expl(—s)«DL|ys) and expl(=s),NS=NS,
we obtain
(4.1) P*=Poexpl(—$)s.

In particular, P*(J) = P(exp I(—s)«J) = 0 if and only if s is coisotropic.
1) <= 3). Note that pro jlexpI(s) oy : N;*S — s(S) is the f-adjoint

bundle of the normal bundle of s(.5) in N.S. Now the claim follows immedi-

ately from Proposition [3.6] O

Remark 4.4. Let s be a section of NS. In view of Remark
P3(J) = P*(Ay), where, in the right hand side, P*® denotes the extension
T(A(T(NS)®@ L*) @ L) — T'(A*NyS @ ¢) of the composition X(NS)—
L(T(NS)|s(s)) — T(NS) defined analogously as P : (D*L)[1] — T'(A*NeS ®
0)[1]. Moreover, it is clear that

Aexp[(fs)*J = €xp I(_S)*AJ7

where Acyp, 7(—s),.s 18 the bi-symbol of exp I(—s).J, and, in the right hand
side,

expI(=s) : TN (T'(NS)® L") ® L) = T'(A*(T(NS)® L*) ® L)
denotes the isomorphism induced by the line bundle automorphism exp I(—s).

It immediately follows that s is coisotropic if and only if P(exp I(—s)«Ay) =
0.
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4.2. Formal coisotropic deformations

Let € be a formal parameter.

Definition 4.5. A formal series s(¢) = > e's; € T(NS)[[e]], s; € T(NS),
such that so = 0, is called a formal deformation of S.

The formal series I(s(e)) := Y 50"I(s;) € (DL)[[¢]] is a formal deriva-
tion of L. It is easy to see that the space (DL)[[¢]] of formal derivations of
L is a Lie algebra, which has a linear representation in the space (D*®L)[[¢]]
of formal first order multi-differential operators on L via the following Lie
derivative:

(4.2) LeAle) = [£(0), AT =Y " > (6, A%,
k=0 i+j=k

for £(e) = Y0 €%, & € DL, and A(e) = Y2 &'A;, A; € D°L.
We define the exponential of the Lie derivative L¢() as the following
formal power series

(4.3) exp Le(e) Z 1Eee)

Proposition [4.3] motivates the following

Definition 4.6. A formal deformation s(¢) of S is said coisotropic, if
P(exp El(s(a))J) =0.

Remark 4.7. Let £(¢) € (DL)|[¢]]. Define a Lie derivative

Ley : TN(T(NS) @ L*) @ L)[[e]] = T(A*(T(NS) @ L*) ® L)][[e]],
in the obvious way. It is easy to see that
(4.4) P(exp Li(s(e))J) = P(exp Ly(s())Ar),

for all formal deformations s(¢) of S (cf. Remarks[3.9and [4.4). In particular,
s(e) is coisotropic if and only if P(exp Ly(s(z))As) = 0.

Remark 4.8 (Formal deformation problem). The formal deformation
problem for a coisotropic submanifold S consists in finding formal coisotropic
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deformations of S. Let s(g) = Y % e’s; be a formal coisotropic deformation
of S. Then s; is an infinitesimal coisotropic deformation. On the other hand,
in general, not all infinitesimal coisotropic deformations can be “prolonged”
to a formal coisotropic deformation. If this is the case, one says that the for-
mal deformation problem is unobstructed. Otherwise, the formal deformation
problem is obstructed. The formal deformation problem of S is governed by
the Loo-algebra (I'(A®*NpS @ £)[1], {my}) in the sense clarified by the follow-
ing proposition.

Proposition 4.9. A formal deformation s(e) of S is coisotropic if and only
if —s(e) is a solution of the (formal) Maurer-Cartan equation

(4.5) MC(=s(2) =3 %mk(—s(f;), o —s(2)) =0,
k=1

Proof. The expression M C(—s(g)) should be interpreted as an element of
T(A*NgS @ £)[[e]]. The proposition is then a consequence of (4.3), P(J) =0,
and the following identities

for £ € I'(NS), which immediately follow from the definition of my. O

Let s be a section of NS. The Maurer-Cartan series of s is the series

MC(-s) = Z
k=1

1
me(=s, ..., —s).

x>

In general, M C(—s) does not converge, not even for a coisotropic s. However,
we have the obvious

Corollary 4.10. Let s be a section of NS such that the Maurer-Cartan
series M C(—s) converges. Then s is a coisotropic deformation of S if and
only if MC(—s) = 0.

Corollary 4.11. A section s of NS is an infinitesimal coisotropic defor-
mation of S iff

(4.7) my(s) = 0.

By Remark (1), my coincides with the Jacobi algebroid de Rham
differential dp,-s¢. Hence, a similar argument as in the proof of Theorem
11.2 in [35] yields
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Corollary 4.12. Assume that the second cohomology group H?(Ny*S, ()
of the Jacobi subalgebroid N;*S C J'L with values in ¢ is zero. Then every
infinitesimal coisotropic deformation can be prolonged to a formal coisotropic
deformation, i.e. for any given class o € H*(Ny*S, ) Equation has a
solution s(€) = > o2, €'s; such that my(s1) = 0 and [s1] = a. In other words,
the formal deformation problem is unobstructed.

There is also a simple criterion for non-prolongability of an infinitesimal
coisotropic deformation to a formal coisotropic deformation based on the
Kuranishi map:

Kr: HY(N;*S,0) — H*(N;*S, (), [s] — [ma(s,s)].

Since my is a derivation of the binary bracket mso, the Kuranishi map is well-
defined. Moreover, similarly as in [35] (Theorem 11.4) we have the following

Proposition 4.13. Let a = [s] € HY(N;*S, (), where s € T(NS) is an in-
finitesimal coisotropic deformation, i.e. dn,«ses =mys =0. If Kr(a) #0,
then s cannot be prolonged to a formal coisotropic deformation. In particular,
the formal deformation problem is obstructed.

4.3. Formal deformations and smooth deformations

In this subsection we establish a connection between formal coisotropic de-
formations and smooth coisotropic deformations. We do this introducing the
notion of fiber-wise entire bi-symbol, which is a slight generalization of the
notion of fiber-wise entire Poisson structure introduced by Schéatz and Zam-
bon in [39], and is motivated by the Taylor expansion of the bi-linear form
P(expI(—s).Ay) (Proposition [4.14)).

Let E — S be a vector bundle. Recall that a smooth function on F is
called fiber-wise entire if its restriction to each fiber of F is entire, i.e. it is real
analytic on the whole fiber. Now, let £ — S be a line bundle, and L := F X g
£. A section of L is called fiber-wise entire if it is a linear combination of fiber-
wise constant sections, with coefficients being fiber-wise entire functions. Let
0 e T(AM(TE ® L*) ® L). We regard © as a multi-linear map

0:N\MT*E® L) — L.
The multi-linear map O is called fiber-wise entire if

O(dft ® A1,...,dfi ® \p)
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is fiber-wise entire, whenever f1,..., fr are fiber-wise linear and Ay, ..., Ag
are fiber-wise constant. Equivalently © is fiber-wise entire if its components
in some (and therefore any) system of vector bundle coordinates are fiber-
wise entire functions (cf. [39, Lemmas 1.4, 1.7]).

Now, let S and (NS, L, J = {—, —}) be as in Subsection [4.1] The follow-
ing proposition generalizes the main result of [39] establishing a necessary
and sufficient condition for the convergence of the Maurer-Cartan series
MC(—s) of a generic section s € I'(NJS).

Proposition 4.14. The bi-symbol Ay of the Jacobi bi-differential operator
J is fiber-wise entire iff, for all sections s € I'(NS), the Maurer-Cartan se-
ries MC(—s) converges to P(expI(s)«J) = P(expI(s)«Ay) in the sense of
point-wise convergence.

Proof. Let (2%) = (2%, y%) be vector bundle coordinates on NS, with 2! co-
ordinates on S, and y® linear coordinates along the fibers of NS. More-
over, let u be a fiber-wise constant local generator of I'(L). The Jacobi bi-
differential operator J is locally given by Equation , or, equivalently,

Equation :
J = (T AV + 2TV AV 4 JIVAYS) @ e (SO, + V) Add,
Accordingly, the bi-symbol A is locally given by

Ay = (Jab(sa A Gy + 2096, A 8; + T8, A 5j) ®

where 6, := 0, ® p*. In particular, Ay is fiber-wise entire if and only if its
components J%, J% J¥ are fiber-wise entire functions. Now, let s € I'(N.S)
and denote by {®;} the one parameter group of automorphisms of L gen-
erated by I(s). Then, from P(J) = P(A;) = 0, Equations (4.6), ([4.4), and
the very definition of the Lie derivative, we get

L OF( Dy, g, )Ny

k=0 ty=-=t,=0
e}
1 d
=P y ﬂ o (‘I)—t)*AJ
k=0 =

Let (z,y,A\) € L,z € S,y € NS, A € L,. Then

(I)—t(m7y7 )‘) = (xmy - ts(x)a A)
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(D)l g = (J™ 0 ®;)0, Ay ® p1+ 2(J% 0 ®;)5, A (8; — ts2p) @ p
+ (7 0 @) (6; — tsida) A (6 — ts)0,) @

where s¢ denotes the partial derivative with respect to ' of the a-th local
component of s in the local basis (9,) of I'(NS). Hence

(4.8)
Z 1 dF
< k! dtk |,

(J“bots — 2ts0(J%ots) + tZS?S?(JijOt8)> I NOp @ fi.
=0

Assume that Ay is fiber-wise entire. Then the Taylor expansions in ¢, around
t=0, of J%ots, J¥ots, and JY ots converge for all t’s, in particular for
t = 1. It immediately follows that the series in the right hand side of
converges as well. This proves the “only if” part of the proposition (cf. the
proof of the analogous proposition in [39]).

For the “if part” of the proposition assume that the series in the right
hand side of ( converges for all s. First of all locally, we can choose s
to be ¢ Constant” with respect to coordinates (z*,y*). Then s¢ = 0 and (4.8 .
reduces to

) (Ja” o ts) Sa A Sy @ p.
t=

1 dF
(4.9) => o aF

k=0
Since s is arbitrary, shows that the J%’s are entire on any straight
line through the origin in the fibers of N.S. Since the Taylor series of the
restriction to such a straight line is the same as the restriction of the Taylor
series, we conclude that the J%’s are fiber-wise entire. Now, fix values i, ag
for the indexes ¢, a respectively, and choose s so that s = 5;0 dg, to see that
the J%%’s are fiber-wise entire for all ag,ig. One can prove that the J%’s
are fiber-wise entire in a similar way. This concludes the proof. O

Corollary 4.15. Let (M,L,J = {—,—}) be a Jacobi manifold, and let S C
M be a coisotropic submanifold equipped with a fat tubular neighborhood
T: Lys < L. If 771 A is fiber-wise entire, then a sections: S — NS of NS
is coisotropic if and only if the Maurer-Cartan series MC(—s) converges to
Zero.
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4.4. Moduli of coisotropic sections

Jacobi diffeomorphisms, in particular Hamiltonian diffeomorphisms, pre-
serve coisotropic submanifolds. Two coisotropic submanifolds are Hamil-
tonian equivalent if there is an Hamiltonian isotopy (i.e. a one parameter
family of Hamiltonian diffeomorphisms) interpolating them. With this def-
inition at hand one can define a moduli space of coisotropic submanifolds
under Hamiltonian equivalence. Now, let .S be a coisotropic submanifold. In
this section we adapt the definition of Hamiltonian equivalence to the case
of coisotropic sections of NS — S [20, Definition 6.3]. In this way we define
a local version of the moduli space under Hamiltonian equivalence.

Definition 4.16. (cf. [26, Definition 10.2]).

1) Two coisotropic sections sg, s; € I'(NS) are called Hamiltonian equiva-
lent if they are interpolated by a smooth family of sections s; € I'(NS)
and there exists a family of Hamiltonian diffeomorphisms ; : NS —
NS of (NS,L,J ={—,—}) (i.e. the family {¢:} is generated by a fam-
ily { X, } of Hamiltonian vector fields, where the \;’s depend smoothly
on t) and a family of diffeomorphisms g; : S — S, t € [0, 1], such that
go = idg, Y9 =idyg and sy =Y 0spo g, LA coisotropic deformation
of S is trivial if it is Hamiltonian equivalent to the zero section.

2) Two infinitesimal coisotropic deformations sg,s; € I'(N.S) are called
infinitesimally Hamiltonian equivalent if s; — sg is the vertical compo-
nent along S of an Hamiltonian vector field. An infinitesimal coisotropic
deformation is trivial if it is infinitesimally Hamiltonian equivalent to
the zero section.

Note that both Hamiltonian equivalence and infinitesimal Hamiltonian
equivalence are equivalence relations. The notion of infinitesimal Hamilto-
nian equivalence is motivated by the following remark.

Remark 4.17. Let sg, s; be Hamiltonian equivalent coisotropic sections,
and let s; be the family of sections interpolating them as in Definition
4.16/(1). Then s; is obviously a coisotropic section for all ¢. Moreover, sg
and

S0+ — S
Ot

are infinitesimally Hamiltonian equivalent coisotropic sections.
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Proposition 4.18. Let sg,s1 € I'(NS) be Hamiltonian equivalent coiso-
tropic sections. Then sg, s1 are interpolated by a smooth family of sections
st € I(NS) and there exists a smooth family of sections Ay of the Jacobi
bundle L such that s; is a solution of the following evolutionary equation:

d
(4.10) 5= P(exp I(—st)«Ay,).

If S is compact, the converse is also true.

Proof. Denote by m : NS — S the projection. First of all, let sg, s1 be Hamil-
tonian equivalent coisotropic sections, and let sy, 1, g+ be as in Defini-
tion(l). The g¢;’s are completely determined by the 1);’s via g = o ¢y o
so. In their turn, the ¢;’s are generated by a smooth family {X},} of Hamil-
tonian vector fields, \; € T'(L). Differentiating the identity s; = 1y 0 59 0 g; *
with respect to ¢, one finds

d
4.11 —s¢ = P (A
(4.11) S = P(A,)
where, for a section s € I'(N.S), the projection P*: (D*L)[1] — ['(A°*N,S ®
0)[1] is defined as in the proof of Proposition To see this, interpret the
s¢’s as smooth maps, and consider their pull-backs s; : C°(NS) — C*(S).
Then sy = (g; D*o s; 0 ¢ and a straightforward computation shows that

*

—S
dt”t

which is equivalent to (4.11]). Equation (4.10) now follows from (4.1)).
Conversely, let S be compact, s; be a solution of Equation (4.10) in-

terpolating sp and s1, and let {¢} be the one parameter family of Hamil-
tonian diffeomorphisms NS — NS generated by {X),}. The compactness
assumption guarantees that v is well-defined for all ¢ € [0, 1] (see, e.g. [40,
Lemma 3.15]). In view of again, s; is the (unique) solution of
starting at so. In particular, v maps diffeomorphically the image of sg to
the image of s;. Hence, the map ¢ = w o ¢y 0 sg is a diffeomorphism and
stzwtoswg;l. O

= s; 0 X, o (id —7" o s}).

Note that if {s;} is a solution of (4.10)) interpolating coisotropic sections
S0, 81, then s; is a coisotropic section for all ¢. Proposition motivates
the following
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Definition 4.19. Two formal coisotropic deformations

so(€), s1(¢) € T(NS)[[e]]

are called Hamiltonian equivalent if they are interpolated by a smooth family
of formal coisotropic deformations s¢(g) € T(NS)[[e]] (i-e. si(e) =D, st.ie’
and the s;;’s depend smoothly on t) and there exists a smooth family of
formal sections A\;(g) € T'(L)[[¢]] of the Jacobi bundle such that

d

@St( €) = P(exp Ls, () D (o))

We now show that formal coisotropic deformations so(e), s1(g) are Hamil-
tonian equivalent if and only if —sg(g), —s1(¢€) are gauge equivalent solutions
of the Maurer-Cartan equation MC(£(e)) = 0. Two solutions &y(e),&1(e)
of the Maurer-Cartan equation are gauge equivalent if, by definition, they
are interpolated by a smooth family of formal sections & () € T'(N.S)|[[e]] =
T'(ALNyS ® £)[[]] and there exists a smooth family of formal sections \(¢) €
L(0)[[e]] = T(A° NS ® £)[[¢]] such that

(4.12) —Et Z;? kt1(6e(e), - -5 &e(e), Aele)).
k=0

Gauge equivalence is an equivalence relation. Moreover, it follows from Equa-
tion (4.12)) that &(e) is a solution of the Maurer-Cartan equation for any
Proposition 4.20. Two formal coisotropic deformations

so(e), s1(e) € T(VS)([e]]

are Hamiltonian equivalent if and only if —so(e) and —s1(g) are gauge equiv-
alent solutions of the Maurer-Cartan equation.

Proof. Recall that ker P C (D*L)[1] is a Lie subalgebra. As Voronov notes
[46], this can be rephrased as:

(4.13) P[0y, 05]%7 = PIIPOy,05)57 + P[0y, TPO,]
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01,02 € (D*L)[1]. Now, let {s;(e)} be a family of formal coisotropic defor-
mations, and let {\;(¢)} be a family of formal sections of L. Put

Tu(e) =1 [LI(=se @) I(=s1())],

~
k times

In particular, PJg(e) = mg(—s¢(e), ..., —s:(e)). Compute

P(exp Li(s, () A (e))

=3 L P M)
k=0

- i %P[ijk(a), A (€))% — i i F k() IPA())%
k=0 k=

= _P[I(MC(—s,(e))), HP (Ae(e)]s)]>”
=0
-3 %mHl(_st(g), o si(e) M(e)ls),
k=0

where we used (4.13)), and the fact that MC(—s(e)) =0 for all ¢. This
concludes the proof. O

Corollary 4.21. Two solutions of are infinitesimally Hamiltonian
equivalent if and only if they are cohomologous in the complex (I'(A®*NyS ®
0)[1],my). Hence, the infinitesimal moduli space (i.e. the set of infinitesimal
Hamiltonian equivalence classes) of infinitesimal coisotropic deformations
of S is HY(T(A®NyS ® 0)[1],my) = HY(N,*S, 0).

Remark 4.22. Corollary generalizes [26, Lemma 6.6], which has been
proved by a different method.

Now, we establish necessary and sufficient conditions for the convergence
of both the Maurer-Cartan series M C(—s) and the series

=1
(4.14) S\MC/(— k;Zk M1 (=8, ..., =5,

for generic sections s € I'(NS) and A € T'(¢). In this way, we can describe
moduli of coisotropic sections in terms of gauge equivalence classes of non-
formal solutions of the Maurer-Cartan equation. First of all, let ¥ and L



1088 H. V. Lé, et al.

be as in the beginning of Section A multi-differential operator A €
(D*L)[1] is fiber-wise entire if it maps linear sections (of L) to fiber-wise
entire sections. Equivalently, A is fiber-wise entire if its components in vector
bundle coordinates are fiber-wise entire.

Theorem 4.23. The Jacobi bi-differential operator J is fiber-wise entire
iff, for all sections s € I'(NS), and A € I'(L), the Maurer-Cartan series
MC(-s) converges to P(expI(s)«J), and the series 6y, MC(—s) (4.14
converges to P(expI(s).A)), in the sense of point-wise convergence.

Proof. We already know that the bi-linear form A is fiber-wise entire if and
only if M C(—s) converges for all s. Now, it is easy to see that P(exp L(5)A\) =
P(exp L5 X)) for all s e '(NS), and A € I'(L) (cf. ) Moreover, from
the proof of Proposition |4.20, we get

oxsMC(=s) = —P(exp L1(5Ax) = —P(exp LX)

Therefore, similarly as in the proof of Proposition we find

Sy MC(—s) = —PS " a
Als T Zk! diF|,_

((I)ft)*XX
0

The bi-differential operator J is locally given by (3.11)), hence a straightfor-
ward computation shows that

5)\|SMC(_ )
-3 5
k! dtk

where we used the same notations as in the proof of Proposition and g

is the component of A|g in the basis . The assertion now follows in a very
similar way as in the proof of Proposition 4.14 U

[28ig(<]“iots) —2ts] ig(J7ots)+g(J%ots) —ts?g(Jios)] Ous
t=0

Corollary 4.24. Let (M,L,J = {—,—}) be a Jacobi manifold, and let S C
M be a compact coisotropic submanifold equipped with o fat tubular neighbor-
hood 7 : £ — L. If T7J is fiber-wise entire, then two solutions sg, s : S —
NS of the (well-defined) Maurer-Cartan equation MC(—s) =0 are Hamil-
tonian equivalent if and only if they are interpolated by a smooth family of
sections s; € T'(IN.S) and there exists a smooth family of sections Ay of € such
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that st is a solution of the following well-defined evolutionary equation:

%(—St) = (5)\tMC(—St).

Remark 4.25. Immediately after a preliminary version of the present
work appeared on arXiv, Schatz and Zambon, independently, finalized a pre-
print, now published [40], where they discuss the moduli space of coisotropic
submanifolds of a symplectic manifold. In particular, they use our same
method to prove Corollary in the symplectic case (see [40, Theorem
3.21]). Note that 7, 1J is automatically fiber-wise entire in Schitz-Zambon
situation and, therefore, convergence issues don’t appear in their work.

5. The contact case

Contact manifolds form a distinguished class of Jacobi manifolds. In this
section we consider in some details (regular) coisotropic submanifolds in a
contact manifold (M, C). A normal form theorem is available in this case.
As a consequence, the L,-algebra of a regular coisotropic submanifold S
in (M,C) does only depend on the intrinsic pre-contact geometry of S.
In particular, we get rather efficient formulas (from a computational point
of view) for the multibrackets, analogous to those of Oh and Park in the
symplectic case [35, Equation (9.17)].

5.1. Coisotropic submanifolds in contact manifolds

Let C' be an hyperplane distribution on a smooth manifold M. Denote
by L the quotient line bundle TM/C, and by 6 : TM — L, X — 6(X) :=
X mod C' the projection. We will often interpret # as an L-valued differ-
ential 1-form on M, and call it the structure form of C. The curvature
form of (M,C) is the vector bundle morphism w : A2C — L well-defined
by w(X,Y) =0([X,Y]), with X, Y € I'(C). Consider also the vector bundle
morphism o’ : ¢ = C* @ L, X — w’(X) := w(X, —). The characteristic dis-
tribution of (M,C), is the (generically singular) distribution kerw’ = C=,
where we denoted by V1« the w-orthogonal complement of a subbundle
V C C. Note that the definition of curvature form works verbatim for dis-
tributions of arbitrary codimension (See also [35], Section 4] for a detailed
exposition on the curvature form).

Remark 5.1. The characteristic distribution of an hyperplane distribution
C is involutive.
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Definition 5.2. A pre-contact structure on a smooth manifold M is an
hyperplane distribution C on M such that its characteristic distribution
kerw’ has constant dimension. A pre-contact manifold (M,C) is a smooth
manifold M equipped with a pre-contact structure C'. The integral foliation
of ker w” is called the characteristic foliation of C' and will be denoted by F.

See [306], Section 5] where essentially the same definition was given in
terms of the one-form generating the hyperplane distribution in relation to
the study of normal forms of a contact form of Morse-Bott type.

Remark 5.3. The curvature form w of (M, C') measures how far is C' from
being integrable. Indeed, C'is integrable if and only if w = 0, or, equivalently,
w” = 0. Accordingly, C is said to be mazimally non-integrable when w is non
degenerate, or, equivalently, ker W =0.If C is maximally non-integrable,
then C is even-dimensional, M is odd-dimensional, and w” is a vector bundle
isomorphism, whose inverse will be denoted by w# : C* @ L — C.

Definition 5.4. A contact structure on a smooth manifold M is a maxi-
mally non-integrable hyperplane distribution C' on M. A contact manifold
is a smooth manifold M equipped with a contact structure C.

Let (Mp,C1) and (Ma,Cs) be contact manifolds. A contactomorphism
¢ (Mq1,C1) = (Mg, Cs) is a diffeomorphism ¢ : My — Mj such that

(d$)Cy = Cs.

An infinitesimal contactomorphism (or contact vector field) of a con-
tact manifold (M,C) is a vector field X € X(M) whose flow consists of
local contactomorphisms. Equivalently, X € X(M) is a contact vector field
if [X,T'(C)] Cc I'(C). Contact vector fields of (M, C') form a Lie subalgebra
of X(M) which will be denoted by X¢ (see e.g. [36, Proposition 2.3]).

Proposition 5.5 (cf. [7], [36, Proposition 2.3]). Let (M,C) be a contact
manifold. There is a natural direct sum decomposition of R-vector spaces:
X(M)=XcaI'(0).

Proof. For X € X(M),let px € I'(C* ® L) be defined by ¢ x (V) = 6([X,Y]),
Y € T'(C). The first order differential operator ¢ : (M) — I'(C* @ L), X
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¢x, sits in a short exact sequence of R-linear maps
(5.1) 0— Xo s X(M) -5 T(C*® L) — 0,

where the second arrow is the inclusion. Now the C°°(M )-linear map I'(C* ®
L) — X(M) given by the composition

D(C* ® L) 5 1(C) — X(M)

splits the sequence (5.1). O

In what follows, for A € T'(L), we denote by X, the unique contact vector
field such that (X)) = \.

Proposition 5.6. A contact structure C' induces a canonical Jacobi struc-
ture (L,{—,—1}), where the Lie bracket {—,—} on I'(L) is uniquely deter-
mined by X .y = [Xa, Xu]. The symbol of the first order differential oper-
ator Ay :={\,—} € DL is X,.

Now, let (M, C') be a contact manifold, and let S C M be a submanifold.
The intersection C'g := CNTS is a generically singular distribution on S.
More precisely S is the union of two disjoint subsets Sy, S1 defined by

e p € S if and only if dim(Cg), = dim S,

e p € 5 if and only if dim(Cg), = dim S — 1.

If S =) then S is said to be an isotropic submanifold of (M,C). In other
words, an isotropic submanifold of (M,C) is an integral manifold of the

contact distribution C'. Locally maximal isotropic, or, equivalently, locally
maximal integral submanifolds of C' are Legendrian submanifolds.

Proposition 5.7. Let S = S1. The following conditions are equivalent:

1) Cg is a pre-contact structure on S, with characteristic distribution
given by (Cs)* C Cls,

2) (Cs)p is a coisotropic subspace in the symplectic vector space (Cp,wp),
i.€. (C’S);“ C (Cs)p, forallpe S,

3) S is a coisotropic submanifold of the associated Jacobi manifold
(M,L,J ={-,-}).

Proof. The equivalence 1) <= 2) amounts to a standard argument in sym-
plectic linear algebra. The equivalence 2) <= 3) is based on the following
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facts. Let (L, J = {—, —}) be the Jacobi structure associated to (M, C'). For
AeD(L), and f € C(M) put Yy := A% (df ® \) = Xy — fX). We have
the following:

° Yﬁ)\ € F(C).

e Let I(S) C C°°(M) be the ideal of functions vanishing on S. Then Y7
is tangent to S if and only if Xy is tangent to S, for all f € I(S), and
A e ().

o W(Yj\, X) = X(f)A forall f€ C(M), AeI(L), and X € I(C).

Now it is easy to see that (Cg)*« C Cg if and only if S is coisotropic in
(M,L,{—,-1}). O

Definition 5.8. If the equivalent conditions 1)-3) in Proposition are
satisfied, then S is said to be a regular coisotropic submanifold of (M, C).

Remark 5.9. Unlike the equivalence 1)<=2), in Proposition the
equivalence 2)<=>3) continues to hold also without assuming that S=95.

Remark 5.10. Let (M, L,{—,—}) be a Jacobi manifold. Then (L,{—, —})
is the Jacobi structure induced by a (necessarily unique) contact structure
if and only if the associated bi-linear form J : A2J'L — L is non-degenerate
(see [45]). In particular, Hamiltonian derivations of a contact manifold, ex-
haust all infinitesimal Jacobi automorphisms, and Hamiltonian vector fields
exhaust all Jacobi vector fields.

5.2. Coisotropic embeddings and L.-algebras from pre-contact
manifolds

From now till the end of this section we consider only closed regular coisotro-
pic submanifolds. The intrinsic pre-contact geometry of a regular coisotropic
submanifold S in a contact manifold M contains a full information about
the coisotropic embedding of S into M, at least locally around S. This is
an immediate consequence of the Tubular Neighborhood Theorem in contact
geometry (see [30], [36, Section 5], see also [LI] for the analogous result in
symplectic geometry).
Let (S,Cg) be a pre-contact manifold, with characteristic foliation F.

Definition 5.11. A coisotropic embedding of (S,Cyg) into a contact man-
ifold (M,C) is an embedding i:S < M such that (di)Cs = Cyg), and

(di)TF = Cifg), where w is the curvature form of (M, C).
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Remark 5.12. Clearly, in view of Proposition [5.7] if i : S < M is a coiso-
tropic embedding of (S, Cyg) into (M, C), then i(S) is a coisotropic subman-
ifold of (M, C).

Let 41 and i3 be coisotropic embeddings of (.S, C's) into contact manifolds
(M, C1) and (Ms, Cy), respectively.

Definition 5.13. The coisotropic embeddings i1 and 75 are said to be lo-
cally equivalent if there exist open neighborhoods U; of i;(S) in Mj;, j = 1,2,
and a contactomorphism ¢ : (U1, C1|y,) — (U2, Ca|y,) such that ¢ o iy = is.

Theorem 5.14 (Coisotropic embedding of pre-contact manifolds:
existence and uniqueness). FEvery pre-contact manifold admits a coiso-
tropic embedding. Additionally, any two coisotropic embeddings of a given
pre-contact manifold are locally equivalent.

Theorem is a special case of Theorem 3 in [30]. We do not repeat
the “uniqueness part” of the proof here. The “existence part” can be proved
constructively via contact thickening. This is done for later purposes in the
next subsection.

Corollary 5.15 (L..-algebra of a pre-contact manifold). Every pre-
contact manifold determines a natural isomorphism class of Lo-algebras.

Proof. The “existence part” of Theorem and Proposition guaran-
tee that a pre-contact manifold (S, Cg) determines a Loo-algebra up to the
choice of a coisotropic embedding (S, Cs) C (M, C), and a fat tubular neigh-
borhood 7: NS xg ¢ < L of £ in L, where { = T'S/Cg and L is the Jacobi
bundle of (M, C). Any two such Lo-algebras are L-isomorphic because of
Proposition [3.18 and the “uniqueness part” of Theorem [5.14 O

5.3. Contact thickening

We now show that every pre-contact manifold (S, Cs) admits a coisotropic
embedding into a suitable contact manifold uniquely determined by (S, Cs)
up to the choice of a complementary distribution to the characteristic dis-
tribution. Thus, let (S,Cg) be a pre-contact manifold, F its characteristic
foliation, ¢ = T'S/Cg the quotient line bundle, and let 6 : 'S — ¢ be the
structure form. Theorem is a “contact version” of a theorem by Gotay
[11] and can be proved by a similar technique as the symplectic thickening
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of [35]. Accordingly, we will speak about contact thickening. See also [36] for
a relevant discussion on contact thickenings in a different context.

Pick a distribution G on S complementary to T'F, and let prr.q : T'S —
TF be the projection determined by the splitting TS = G@ TF. Put
T F :=T*F®{, and let g : T)*F — S be the natural projection. We equip
the manifold Tp* F with the line bundle L := ¢*{. The ¢-valued 1-form 6 can
be pulled-back via ¢ to an L-valued 1-form ¢*# on T,*F. There is also an-
other L-valued 1-form 65 on T,*F. It is defined as follows: for a € T,*F,
and & € T, (Ty*F)

(0c)a(&) = (aoprrcodq)(§) € bo = La, 2= g(a),

where « is interpreted as a linear map T, F — £,. By definition, 8¢ depends
on the choice of the splitting G.

Proposition 5.16. The distribution C' := ker(0g + ¢*0) is a contact struc-
ture on a neighborhood U of im 0, the image of the zero section 0 of q. Ad-
ditionally O is a coisotropic embedding of (S,Cs) into the contact manifold
(U,Cly).

Proof. Use Darboux lemma and choose local coordinates (z?,u®, z) on S
adapted to Cg, i.e.

0 0
T our Ca&’

L(TF) =(9/0z"), T(Cs)={0/02",C,), C,

where the C,’s are linear functions of the u®’s only. The section u := 6(9/0z)
is a local generator of T'(¢). Moreover 6 is locally given by 6§ = (dz — Cpdu®) ®
1, and the curvature form wg of Cg is locally given by

9, _oC,
ous  Oub’

1
wg = iwabdualc A dub\c WUy, Wap =

In particular, the skew-symmetric matrix (w,p) is non-degenerate. We will
use the following local frame on S adapted to both Cg and G:

E /
(6.@“ @ ) ’

where C), := (id — prr.¢)(Cs), and Z := (id — prr.¢)(90/0z). Now, let p =
(pi) be linear coordinates along the fibers of ¢ : T;*F — S corresponding to
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the local frame (dx!|rz ® u). Then (9/0x%,C., Z, a%i) is a local frame on
Ty*F. It is easy to check that locally

0
r =({X;,C
(€)= (XuChuy).

where X; := 0/0x" — p; Z. Finally, the representative matrix of the curvature
of C' with respect to the local frames (X;, C, a%i) of C' and ZmodC of
T(T,*F)/C =L is

0o 0 &
(5.2) 0 wep O up to infinitesimals O(p)
-5 0 0

J

This shows that C' is maximally non-integrable around the zero section of
T,*F. Moreover, it immediately follows from that the zero section of
T,*F is a coisotropic embedding (transversal to fibers of ¢). This concludes
the proof. O

The contact manifold (U, C|y) is called a contact thickening of (S, Cg).
Now, let VS be the normal bundle of S in U. Clearly NS = T,;*F, hence
NS = T*F. According to the proof of Corollary [5.15] the choice of a comple-
mentary distribution G determines an Loo-algebra structure on I'(A®* NS ®
0)[1] = T(A*T*F @ £)[1]. Moreover, such Loo-structure is actually indepen-
dent of the choice of G up to L.,-isomorphisms. Sections of A*T*F ® ¢
are f-valued leaf-wise differential forms on S and we also denote them by
Q°(F, L) (see below).

5.4. The transversal geometry of the characteristic foliation

Similarly as in the symplectic case (cf. [35, Section 9.3]), the multi-brackets
in the Ly.-algebra of a pre-contact manifold can be expressed in terms of
the “geometry transversal to the characteristic foliation”. To write down
this expression, we have to describe the relevant transversal geometry. Let
(S, Cs) be a pre-contact manifold with characteristic foliation F. Denote by
NF :=TS/TF the normal bundle to F, and by N*F = (NF)* =T°F C
T*S the conormal bundle to F.

Recall that T'F is a Lie algebroid. The standard Lie algebroid differential
in Q°(F) :=T(A*T*F) will be denoted by dr and called the leaf-wise de
Rham differential. There is a flat T F-connection V in N*F well-defined by

Vxn:=Lxn, Xel(TF), nel(N*F).
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Remark 5.17. The connection V is “dual to the Bott connection” in NF.

Asusual, V determines a differential in Q*(F, N*F) :=['(A*T*F @ N*F)
denoted again by dr. There exists also a flat T F-connection in ¢, denoted
again by V, and defined by

Vx0(Y):=0(X,Y]), X eDl(TF), Y exX(M).

The corresponding differential in Q°(F,¢) := I'(A*T*F ® ¢) will be also de-
noted by dr. Now, let J}_f be the vector subbundle of J'¢ given by the kernel
of the vector bundle epimorphism

ov:JU —T*Fol i (dr)),.

Sections of Jiﬁ will be interpreted as sections of J'¢ “transversal to F”. Note
also that the Spencer sequence 0 — T*S ® ¢ — J' — £ — 0 restricts to a
“transversal Spencer sequence” 0 — N*F ® £ — J{ ¢ — ¢ — 0 and the two
fit in the following exact commutative diagram of vector bundle morphisms

0 0 0
0——=N*Fxl Jie 14 0
0—=T*S®/ Je 4 0
pv \L
0—=T"FU=—T"FR({—>0
0 0

In what follows the embeddings v : T*S ® ¢ < J' and N*F @ £ — J| /¢
will be understood, and we will identify df ® A with j'(f\) — fji)A, for
any f € C*(S9), and A € I'(¢). Recall that an arbitrary o € I'(J¢) can be
uniquely decomposed as a = j1\ +n, with A € T'(¢), and n € T(T*S ® £).
Then, by definition, for p € S, a, is in J1 £ if and only if oy (n,) = —(dr)),.
Finally, there is a flat T'F-connection in J1 ¢, also denoted by V, well-defined
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by
(5.3) Vxi =Ly, ¢,

for all ¢ € T'(J1 L) and X € I'(TF). Accordingly, there exists a differential
in Q°(F, J1¢) :=T(A*T*F ® J}{) which we also denote by d.

Now, note that the curvature form of (S, Cs), wg : A2Cg — £, descends
to a(n f-valued) symplectic form w, : A2(Cs/TF) — £. In particular, it de-
termines a vector bundle isomorphism ' : Cs/TF — (Cs/TF)* @£ (see

Section .

Remark 5.18. Let pe S, X € X(5), and A =6(X). Recall that ¢x €
['(C% @ £) is defined by ¢x (Y) = 0([X,Y]), forallY € T'(Cs) (cf. Section[5.1)).
Then we have that j;)\ € J1¢if and only if (¢x), € (Cs/TF)* ® L. Further-
more it is easy to check, for instance using local coordinates, that when
jll,)\ = 0 the following holds:

1) X, € (Cs)p, and

2) w(X,,Y,) =0([X,Y]y), for all Y € I'(Cy).
Therefore, if jiA = 0, then X, mod T, F = (@)™ (¢x)p, and the following
definition is well-posed.

Definition 5.19. Define an : Jiﬁ — NJF to be the vector bundle mor-
phism uniquely determined by:

(5.4) o JT(jiN) = Xpmod TpF — (W)~ (éx )p,
where p € M, A € ['(¢), and X € X(S), such that jiA € J} L, and A = 6(X).

Proposition 5.20. There exists a vector bundle morphism J | : /\2Ji€ —/
uniquely determined by putting

(5.5) JLGpA 3y X)) = 0([Y, Y'],),

where p € M, \,\' are V-constant local sections of £ and Y,Y' € X(S) are
such that an(jlx\) =Y modI'(T'F) and an(jl)\’) =Y modI'(TF).

Proof. First of all notice that every point in J1/¢ is the first jet of a V-
constant local section of £. Hence Definition makes sense. Moreover, the
right hand side of does only depend on A, X'. Indeed, first of all, §(Y) =
A, and 6(Y’) = XN. Moreover, if Y € I'(TF), then, 0 = Vy X =6([Y,Y’]).
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Finally, one can check, e.g. using local coordinates, that the right hand side
of (5.5 does actually depend on the first jets at p of A\, X’ only. This shows
that J, is well-defined. O

The vector bundle morphism J, : A2J}¢ — ¢ will be interpreted as the
transversal version of the bi-linear form J associated to a Jacobi bi-differential
operator J.

5.5. An explicit formula for the multi-brackets

Retaining the notations from the previous subsection, choose a distribu-
tion G on S which is complementary to T'F, i.e. T'S = G & TF. There is a
dual splitting T*S Z T*F & N*F and there are identifications NF = G,
T*F = GY. Furthermore the induced splitting of 0 = N*F ® /¢ — T*S ®
¢ — T*F ® ¢ — 0 lifts to a splitting of 0 — J1 ¢ — JY — T*F @ ¢ — 0. Hence
JU = JH e (T*F® (). Let F € T(A’G* @ T'S/G) be the curvature form of
G. The curvature F will be also understood as an element F € T(A’N*F @
TF)CT(AN*(JIl®*) @ TF), where we used the embedding N*F @ £ —
Jie.

- Let dg : C*°(S) — I'(N*F) be the composition of the de Rham differ-
ential d : C*(S) — Q!(S) followed by the projection Q'(S) — I'(N*F) de-
termined by the decomposition T%S = T*F & N*F. Then dg is a I'(N*F)-
valued derivation of C°°(S) and will be interpreted as the “transversal de
Rham differential”.

Proposition 5.21. There exists a unique degree zero, graded R-linear map
e: QF) = QF,N*F) such that

1) elo=(s)y = da,
2) [e,dr] =0, and
3) the following identity holds

e(r A7) =7 Ne() + (=) Ae(r),
for all homogeneous T,7" € Q(F).
In order to prove Proposition the following Lemma will be useful:

Lemma 5.22. Let f be a leaf-wise constant local function on S, i.e. drf =
0, then drdgf =0 as well.
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Proof. Let f be as in the statement. First of all, note that df takes values
in N*F, so that dg f = df. Now recall that drdgf = 0iff 0 = (drda f, X) =
Vxdaf=Lxdgf forall X eI'(T'F), where V is the canonical T'F-connection
in N*F. But Lxdgf = Lxdf = d(X f) = 0. This completes the proof. [

Proof of Proposition[5.21 The graded algebra Q(F) is generated in degree
0 and 1. In order to define ¢, we first define it on the degree one piece Q! (F)
of Q(F). Thus, note that Q' (F) is generated, as a C°°(S)-module, by leaf-
wise de Rham differentials dr f € Q!(F) of functions f € C*°(S). The only
relations among these generators are the following

dr(f+g)=drf+drg,
(5.6)  dr(fg) = fdrg+ gdrf.
drf = 0 on every open domain where f is leaf-wise constant,

where f, g € C*®(S). Now define ¢ : Q1(F) — QL (F, N*F) on generators by
putting

€f = dgf and €d]:f = d]:dgf,

and extend it to the whole Q! (F) by prescribing R-linearity and the following
Leibniz rule:

(5.7) e(fo) = fe(o) + o @da f,

for all f € C*°(S), and o € QL(F). In order to see that ¢ is well defined it
suffices to check that it preserves relations . Compatibility with the first
two relations can be checked by a straightforward computation that we omit.
Compatibility with the third relation immediately follows from Lemma
Finally, in view of the Leibniz rule , dg and € combine and extend to a
well-defined derivation Q(F) — Q(F, N*F). By construction, the extension
satisfies all required properties. Uniqueness is obvious. |

The graded differential operator € will be also denoted by dg.

Similarly, there is a “transversal version of the first jet prolongation j!”.
Namely, let jb : T'(¢) — T'(J1¢) be the composition of the first jet prolon-
gation j!:T'(¢) — I'(J¢) followed by the projection I'(J*¢) — T'(J1¢) de-
termined by the decomposition J'¢ = J} & (N*F ® ¢). Then j}, is a first
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order differential operator from I'(¢) to I'(J{¢) such that

(5.8) J&(FA) = figA + (daf) ® A,

A eI(¢) and f € C*(S), where, similarly as above, we understood the em-
bedding N*F ® £ — J}_K. As announced, the operator jé will be interpreted
as the “transversal first jet prolongation”.

Proposition 5.23. There exists a unique degree zero graded R-linear map

§: Q(F, 0) — QF, JLE) such that
1) dlre) = Jés
2) [0,dr] =0, and
3) the following identity holds

(T AQ)=TA§(w)+daT Qw,

for all T € Q(F), and w € Q(F, L), where the tensor product is over
Q(F), and we understood both the isomorphism

(5.9) Q(F, N*F) g QF,0) 2 Q(F, N*F o 0)
Q(F)

and the embedding N*F ® £ < J1 /.
In order to prove Proposition the following Lemma will be useful:

Lemma 5.24. Let pu be a leaf-wise constant local section of £, i.e. drp =0,
then d;jé,u =0 as well.

Proof. Let p be as in the statement. First of all note that, by the very
definition of J}_E, j'u takes values in Jié so that jé,u = j'u. Now recall
that drjlp =0 iff 0 = (drjtu, X) = Vxjlp for all X € I(TF), where V
is the canonical T'F-connection in J}_f. But ijé,u =Vxjlp=7'Vxu=0,
where we used . This completes the proof. U

Proof of Proposition[5.23. In this proof a tensor product ® will be over
C*°(S) unless otherwise stated. We can regard Q(F,¢) = Q(F) @ T'(¢) as
a quotient of Q(F)®r I'(¢) in the obvious way. Our strategy is defining
an operator &' : Q(F) ®@r I'(¢) — Q(F, J1¢) and prove that it descends to
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an operator & : Q(F,¢) — Q(F, J1¢) with the required properties. Thus, for
o€ Q(F) and X € T'({) put

(5.10) §'(0 @A) =0 @ jGA + dao ®qr) A € Q(F, J10),

where, in the second summand, we understood both the isomorphism ([5.9))
and the embedding N*F ® ¢ < J1/ (just as in the statement of the propo-
sition). In order to prove that ¢’ descends to an operator § on Q(F,¢) it
suffices to check that ¢'(fo @r A\) = §' (0 @& fA) for all o, A as above, and
all f € C*°(S). This can be easily obtained using the derivation property of
dg and . Now, Properties 1) and 3) immediately follows from .
In order to prove Property 2), it suffices to check that ddzrA = d]:jé/\ for
all X € I'(¢) (and then use Property 3)). It is enough to work locally. Thus,
let u be a local generator of I'(¢) with the further property that dru = 0.
Moreover, let f € C°(S), and compute

8dr(fu) = 6(drfon) = drf@jou+ dadrfop = drf@jGu+ drdafopu
=dr(fiGp+dafou) = dr(iG ),

where we used drp = 0, Proposition Lemma and (5.8]). Unique-

ness of ¢ is obvious. O

The graded differential operator d will be also denoted by le.

Now, interpret J; € ['(A2(J10)* ® ¢) as a section # € ['((JI{® *)* ®
(J10)*). The interior product of # and F € N(A}(J1H{@*) @ TF) is a
section F# € I'(End(J}¢) ® TF ® £*). For any u € Q*1(F, ¢), the interior
product of F# and p is a section ipspu € QF(F, End J1¢). Now, we extend

1) the bi-linear map J, : A2J1¢ — £ to a degree +1, Q(F)-bilinear, sym-
metric form

(= =)o QF, JLON] x QUF, JHO)[1] — QF, 0)[1]

2) the natural bilinear map o : End J1 ¢ ® End J{ ¢ — End J! ¢ to a degree
+1, Q(F)-bilinear map

Q(F,End J{ 0)[1] x Q(F,End J} £)[1] — Q(F,End J} 0)[1],

also denoted by o, and
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3) the tautological action End J{¢® J1¢ — J1/ to a degree +1, Q(F)-
linear action

Q(F,End J{ )[1] x Q(F, JLO[1] — QF, J1O[1].

Theorem 5.25. The first (unary) bracket in the Lo -algebra structure on
Q(F,0)[1] is dr. Moreover, for k > 1, the k-th multi-bracket is given by

(511) mk(yl,...,yk)

1 . . ) .
=3 Z €(0,1) (J&Vo (1), (iF#Ve(2) © -+ O iF#Va(h-1)) JGVo(k)) ¢
O'Gsk

for all homogeneous vy ... v, € Q(F,L)[1], where e(o, p) is the Koszul sign
prescribed by the permutations of the p’s.

Proof. See Appendix O

Remark 5.26. The explicit form of the contact thickening (see Subsec-
tion [5.3)) shows that the Jacobi bracket is actually fiber-wise entire. In par-
ticular Corollaries and always apply to the contact case.

6. An example

In [48], Zambon presents an example of a coisotropic submanifold Sp in a
symplectic manifold whose coisotropic deformation problem is obstructed.
Zambon’s example was also considered by Oh and Park in [35], and in the
latter paper the obstruction is discussed in terms of the Lo.-algebra of Sp.
More recently the same example was reconsidered by Lé and Oh in [26],
where it is proved that Sy is also obstructed when seen as a coisotropic
submanifold in a l.c.s. manifold. There is a contact analogue of Zambon’s
example, discussed in some details in [42] (see also [41]). Here, we describe
another example of a regular coisotropic submanifold S in a contact manifold
whose coisotropic deformation problem is formally obstructed. Unlike the
example in [42] Section 4.8], S has a non-simple characteristic foliation.
From this point of view, this section is closely inspired by [35], Section 12]
(symplectic case, see also [22]). Actually, the S in this section can be guessed
from that in [35, Section 12] via “contactization”. Nonetheless the contact
and the symplectic cases seem to be independent: seemingly no result about
the one could be found from the other.
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Consider the 7-dimensional coorientable contact manifold (M, C), with
M =R x St and C := ker 0, where the global contact 1-form 6 € Q(M)
is given by

3
0:=dp—> pidg'.
=1

Here (¢', p;) are the Cartesian coordinates on R® = T*R3 and ¢ is the angle
coordinate on S'. We will also use polar coordinates (r;, ¢;) on each plane

R? = {(¢",pi)}, i =1,2,3.
The contact distribution C' possesses a global frame given by

0 _0. 0
; p28¢7

D= —

op;’ 'og
and, for f € I'(Ryr) = C°°(M), the corresponding contact vector field X is
given by

9 5

8 2 + figb

In particular, 9/0¢ is the Reeb vector ﬁeld X1. As we know, there is an
induced Jacobi bracket J = {—, —} on the trivial line bundle Ry; — M. It
is straightforward to check that

0
XfZDifaf

0 0
J=D; A idA—.
8 +1 30
Take the functions H; := %r? € C*(M), i =1,2,3. For every positive
real number a > 0, put H,) := Hi + aHs, and define the 5-dimensional
submanifold S, C M by putting

So = H} (1/4) 0 Hy' (1/2).

Since {H(y), H3} =0, and 0, dH(,), dH3, are linearly independent on a
neighborhood of S,, from Proposition we get that S, is a regular coiso-
tropic submanifold of (M, C'). Hence, it inherits the structure of a pre-contact
manifold, with pre-contact distribution Cy := C NT'S,, i.e. Cy is the kernel
of the global pre-contact form 6, := f|rg, € Q'(S,). Moreover its character-
istic distribution 7'F possesses a global frame consisting of Xp, 1 /4\5(1 and
XH,-1/2|s.- In particular, all characteristic leaves of (S, Cy) are orientable.

Remark 6.1. For a = 1, the characteristic foliation F is simple, and its
leaf space is diffeomorphic to CP* x S'. On the other hand, for o # 1, F
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is not simple. Specifically, for o ¢ Q, every characteristic leaf contained in
S, N H{*(]0,1/4]) is dense in S,. Finally, for a = m/n, with m and n co-
prime integers, there are characteristic leaves with non-trivial holonomy:
characteristic leaves contained in S, N Hy '(0) (resp. S, N H; *(1/4)) have
cyclic holonomy group of order m (resp. n).

Put U, := S, N H;'(0,1/4[). Then U, is an open and dense subset of
Sa, covered by charts with local coordinates (u1,us,x,y, z) defined by

up = @3, U2 = ¢1 + age,

3
x = Hy, y:¢2—a¢1, Z:¢+2Hi <¢i—;sin(2¢i)>.

i=1

The latter are actually (local) Darboux coordinates on S,, i.e. locally 6, =
dz — ydx. So, locally, we also have

o 9 0 0 0 o 0

Note that the vector fields 8%1, 8%2, 8%, D, % do not depend on the

Darboux chart, and are globally defined on U,. Moreover, the vector fields
8%1 and 8%2 (resp. leaf-wise differential forms dru; = (duy)|rF and drug =
(dugz)|rF) uniquely prolong to a global frame of T'F (resp. T*F). Hence, for
any 0 < ¢ < 1/8, we can pick a distribution G on S, complementary to T'F

and satisfying the following additional property

0 0
. Sle.. = (35 2 32)

where Uy C U, is the open subset defined by Uy := Sy N Hfl(]s, 1/4 —
e[). From now on we assume we have fixed such a distribution G. After this
choice:

9

Ua,a

e around Sy, (M, C) identifies with the contact thickening of (S,, Cy)
determined by the splitting T'S, = TF & G (see Section ,

e the L-algebra of S, is given by (Q°(F), {my}) with the multibrackets
determined by G as in Theorem [5.25

Focus on the explicit expressions of m; and my. From coorientability,
my : Q°(F) — Q°*(F) boils down to the leaf-wise de Rham differential dr :
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Q°(F) = Q°(F). Hence, for f,g € C*(S,), the following identities hold:

0 0
my(f) = / ~—dFuy + idﬂ@,
ouq Ous
(6.3) 99 of
ml(fd}'ul +gd]-'u2) = <8u1 — 8112) druys N drus.
Let

Jo ={—,—}a : C(U,) x C*(U,) — C*(U,)
be the bi-differential operator defined by

0 8

From (6.1)), (6.2)), and Theorem we get that

ma(f,9) = —{/f, g}a;
ma(f, grdrur + godruz) = —{f, g1 }adrur — {f, g2}adrus,
mo(fidrur + fadrusz, grdrus + gadrus)

= ({f1,92}a — {f2, 91}a) drur A dFus,

(6.4)

on Uype.

We can extract from (6.3)) and (6.4) information about the coisotropic
deformation problem of S,. Take s = fdru; + gdrus € Q' (F). From Corol-
lary it is an infinitesimal coisotropic deformation if and only if

dg  Of
(6.5) S un =0

Additionally, from Corollary two infinitesimal coisotropic deformations
s; = fidrui + g;dFus, with ¢ = 0, 1, are infinitesimally Hamiltonian equiva-
lent if and only if there exists h € C*°(S,) such that

- oh . oh
1=Jo Duy’ g1 = 9o Oy’
Let s = fdrui + gdrus be an infinitesimal coisotropic deformation, with
supp(s) C U,. Assume that s can be prolonged to a formal coisotropic de-
formation. Since € can be chosen arbitrarily small, from Proposition [4.13
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there exist h, k € C*°(S,) such that

af ok  oh

(Df) — (Dg )f’JTy s Ouy

9y 3f
6.6 = —
(6.6) 9. Yoz
Integrating over a compact characteristic leaf £, we get the following
(weaker) necessary condition for the formal prolongability of s

(6.7) / / (f ~ g5+ (DN - (Do) ) drurdzus = 0.

Proposition 6.2. If a € Q, then the coisotropic submanifold S, of (M,C')
is formally obstructed.

Proof. Let o = 7%, with m and n coprime integers. In this case the charac-
teristic foliation F, has orientable compact leaves. Pick two non-constant
functions xy € C*(S!) and p € C*°(R) such that supp(p) C ]0,1/4a[. Then
there exist two functions f, g € C°°(S,) uniquely determined by

(6.8) flur,ug, ,y,2) = p(x),  glur,uz,z,y,2) = p(x)x(ny).

Put s := fdrui + gdrus € Q' (F). The latter is an infinitesimal coisotropic
deformation of S, which is formally obstructed. Indeed s fulfills (6.5)), but
it fails to fulfill the constraint (6.7]):

// (f — g5 + (Df)gz - (Dg)g‘D drurdrus

Z,Y,2

= %(%)%@)d@)x'(n@) #0,

where, for any (Z,y, z), we denoted by L(Z, 7, Z) the characteristic leaf given
by the level set . =Z,y =9,z = Z. O

Remark 6.3. The case a ¢ Q is more involved. In particular, it requires a
better understanding of the characteristic foliation of (S, Cy). We hope to
discuss it in details elsewhere.
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Appendix A. Derivations, infinitesimal automorphisms of
vector bundles and the Schouten-Jacobi
algebra

Let M be a smooth manifold, and let £ — M be a vector bundle over M. A
first order differential operator A : I'(E) — I'(E) is a derivation of E if there
exists a (necessarily unique) vector field X such that A(fe) = X (f)e + fAe
for all f € C*°(M), and e € T'(E). In this case we write 0(A) = X, and call
it the symbol of A. The space of derivations of E will be denoted by DFE.
It is the space of sections of a (transitive) Lie algebroid DE — M over M,
sometimes called the gauge algebroid of E, whose Lie bracket is the com-
mutator of derivations, and whose anchor is the symbol o : DE — T'M (see,
e.g., [25, Theorem 1.4] for details). The fiber D,E of DE through = € M
consists of R-linear maps § : I'(E) — E, such that there exists a, necessarily
unique, tangent vector v € T, M, called the symbol of § and also denoted by
o(0), satisfying the obvious Leibniz rule §(fe) = v(f)e(z) + f(z)d(e), for all
feC>®(M) and e € T'(E).

Remark A.1. If F is a line bundle, then every first order differential op-
erator ['(F) — I'(E) is a derivation of E. Consider the trivial line bun-
dle Ry := M x R. Then I'(Rys) = C°°(M). First order differential oper-
ators I'(Rps) — I'(Rpy) or, equivalently, derivations of Ry, are the oper-
ators of the form X +a:C>®(M) — C*(M), where X is a vector field
on M and a € C*°(M) is interpreted as an operator (multiplication by
a). Accordingly, in this case, there is a natural direct sum decomposition
DRy = X(M) @ C*°(M), the projection DRy; — C°°(M) being given by
A — Al

The construction of the gauge algebroid of a vector bundle is functo-
rial, in the following sense. Let ¢ : E — F' be a morphism of vector bundles
E — M, F — N, over a smooth map ¢ : M — N. We assume that ¢ is reg-
ular, in the sense that it is an isomorphism when restricted to fibers. In
particular a section f of F' can be pulled-back to a section ¢* f of E, defined
by (¢*f)(z) :== (qb|;311 o fo@)(z), for all x € M. Then ¢ induces a morphism
of Lie algebroids D¢ : DE — DF defined by

D¢(0)f == #(6(¢°f)), &€ DE, fel(F).

We also denote ¢, := Da.
Derivations of a vector bundle E can be also understood as infinitesimal
automorphisms of F as follows. First of all, a derivation A of E determines a
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derivation A* of the dual bundle E*, with the same symbol as A. Derivation
A* is defined by A*p:=0(A)op — oA, where p: ['(E) = C®(M) is a
C°°(M)-linear form, i.e. a section of E*. Now, recall that an automorphism of
FE is a regular morphism ¢ : E — E covering a diffeomorphism ¢ : M — M.
An infinitesimal automorphism of E is a vector field Y on E whose flow
consists of (local) automorphisms. In particular, Y projects onto a (unique)
vector field Y € X(M). Note that one parameter families of infinitesimal au-
tomorphisms generate one parameter families of automorphisms and vice-
versa, any one parameter family of automorphisms is generated by a one pa-
rameter family of infinitesimal automorphisms. Infinitesimal automorphisms
of E are sections of a (transitive) Lie algebroid over M, whose Lie bracket
is the commutator of vector fields on E, and whose anchor is Y — Y. It
can be proved that a vector field Y on E is an infinitesimal automorphism
if and only if it preserves fiber-wise linear functions on FE, i.e. sections of
the dual bundle E*. Finally, note that the restriction of an infinitesimal
automorphism to fiber-wise linear functions Y|pg.) : I(E*) — I'(E*) is a
derivation of E*, and the correspondence Y Y]l*i( B) is a well-defined iso-
morphism between the Lie algebroid of infinitesimal automorphisms and the
gauge algebroid of F.

If A is a derivation of E, Y is the corresponding infinitesimal automor-
phism, and {¢;} is its flow, then we will also say that A generates the flow
{¢} by automorphisms. We have

—|  die=Ae,

dt|,_,

for all e € T'(F). Similarly, if {A;} is a smooth one parameter family of
derivations of F, {Y};} is the corresponding one parameter family of infinites-
imal automorphisms, and {v,} is the associated one parameter family of

automorphisms, then we will say that {A;} generates {1:}. We have

d * *
a%e = (Y1 o Ay)e.

We now pass to multiderivations. We limit ourselves to the case when E
is a line bundle, and we denote it by L. First of all, notice that, in this case,
DL ® L* is the dual vector bundle to the first jet bundle J'L — M of L. In
the paper we often adopt the following notation: J1L := DL ® L*. The ex-
terior algebra I'(A®J; L) consists of alternating, first order multi-differential
operators from I'(L) to C*°(M), i.e. R-multi-linear maps which are first or-
der differential operators on each entry separately. Let A € I'(A*.J;L), and



Deformations of coisotropic submanifolds 1109

A" € T(A¥ J1L). If we interpret A and A’ as multi-differential operators,
then their exterior product is given by

(A1) (AAA) O, Apiw)
= Z (_)UA(AU(I)’ B Aa(k))A/()‘a(k+l)7 SR )‘cr(kJrk’))v
O'ESk‘kl

where Ai,..., \eyir € I'(L), and Sy denotes (k, k')-unshuffles. Similarly,
['(A*J1L ® L) consists of alternating, first order multi-differential operators
from T'(L) to itself. For this reason we often denote D*L :=T'(A*J;L ® L),
where DL = T'(L) and D'L = DL. Note that D*L does also identify with
L-valued, skew-symmetric forms on J' L. We will often understand this iden-
tification.

We also consider the graded space (D®L)[1] obtained from D*®L by shift-
ing degrees by 1. Beware that an element of DL is a multi-differential oper-
ator with k-entries but its degree in (D*L)[1] is k — 1. There is a I'(A®J; L)-
module structure on (D*L)[1] given by the same formula as above.

Remark A.2. A Jacobi bracket {—,—} on L will be interpreted as an
element of D?L. So, it corresponds to the associated bi-linear form .J :
A2JYL — L via the identification D2L = T'(Hom(A2J'L, L)). Accordingly,
we will sometimes identify {—, —} and J (see Section [2| for more details).

The Lie bracket on D'L = I'(DL) and the tautological action of DL on
L extend to a Lie bracket on (D*®L)[1]. This Lie bracket is a “Jacobi version”
of the Schouten bracket between multi-vector fields, therefore we call it the
Schouten-Jacobi bracket and denote it by [—, —]°7. It is defined by

0,075 = (=) 0e 0 -0 o [,

where 0 € D*HL, [0 € DFHL, and 0o [ is given by the following “Ger-
stenhaber formula”:

(OO )My Akghrtn)
= Y ()OO Ay A1) Ar 2y - - Ar(lrh41))s

TESK 41,k

where A1, ..., Agtr41 € T'(L).
The Schouten-Jacobi bracket satisfies the following Leibniz property:
there is an action by (graded) derivation O+ Xg of ((D*L)[1], [—, —]°")
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on the graded algebra I'(A®*J; L) such that
(A.2) O,A AT = Xg(A) AT + (—)PIAA A [O,0797,

forall 0,0 € (D*L)[1] and all A € I'(A®*J; L). The action O — X is de-
fined as follows. For O € D**t1L, the symbol of O, denoted by o € NTM®
AFJ1L), is, by definition, the A*.J; L-valued vector field on M implicitly de-
fined by:

O'D(f)()\l, .. ,)\k))\ = D(f)\,)\l, .. ,)\k) — fD()\,)\l, . .,)\k),

where f € C*°(M). Finally, for any A € T'(ALJL), and O € D**1L, the sec-
tion Xp(A) € T(A*HJLL) is given by

(A3)  Xo(A)(My- s et

= ()P N () on( A1) A ) Pri1)s - - Ar(irsy)
TESLIC

= D ()TAON@) s A1) Ar(hr2)s - Ar(i)-

TESk41,1-1

Remark A.3. Denote by X*(M) =TI (A*TM) the Gerstenhaber algebra
of (skew-symmetric) multi-vector fields on M. When L = Ry, then D*L =
I'(AFJ1L). Moreover, there is a canonical direct sum decomposition D**1 [ =
XFL(M) @ XF(M), where the projection D¥1L — X*(M) is given by O
O(1,—,...,—). In particular, the Schouten—Jacobi bracket on (D*L)[1] can
be expressed in terms of the Schouten—Nijenhuis bracket on multi-vector
fields (see [14] for more details).

Appendix B. The L-algebra of a pre-contact manifold

In this appendix we provide a coordinate proof of Theorem [5.25

Let (S,Cgs) be a pre-contact manifold, with normal line bundle ¢ :=
TS/Cg, and characteristic foliation F, and let G be a complementary dis-
tribution to T'F, i.e., T'S = G ® T'F. As shown in Subsection the bun-
dle T, F :=T*F ® { is equipped with an hyperplane distribution C' which
is contact in a neighborhood of the zero section 0: the contact thickening
of (S,Cg). Moreover 0 is a coisotropic embedding. In particular, there is
an Loo-algebra (I'(A*NyS ® £)[1],{my}) attached to (S,Cs). In this case,
NS =T;F, so that I'(A*N;S ® ) = Q(F,¥). In the following we will un-
derstand this isomorphism. We will show below that the multi-brackets my
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are given by formula which is the contact analogue of Oh-Park for-
mula (see [35, Formula (9.17)]). We will do this in local coordinates. From
now on, we freely use notations and conventions from Subsections
and 5.5

Let (z°,u%, z,p;) be local coordinates on Ty F chosen as in the proof of
Proposition [5.16] Distribution G on S is then locally spanned by vector fields
of the form

o 0 9,0
=g TG O T

and the structure and curvature forms of C's are locally

(@

1
0= (dz—Cpdu®)@p, w= §wabdu“ A dul.

The matrix (wgp) is invertible. Denote by (w®) its inverse. We also need the
curvature form F € I'(A2N*F @ TF) of G. It is locally given by

1 . )
F = <2ngdua A du® + Fidu® A dz> ® 5
where

b= Ga(G)) ~ Gy(G) and  F = Ga(GY) — G(GY).

It is easy to see that the structure form © of the contact distribution on the
contact thickening is locally given by

0 = [(1 - piG')dz — (Ca + piGL)du® + pida’] @ p,

A long, but straightforward computation then shows that the bi-linear form
J € T(A%2J1L ® L) of the Jacobi stucture on the contact thickening is locally
given by

2
where W, := W + p;iF?, and

1 A
J = ((W;l)aﬁma AOg + VEA vz) ®

0 G -1 ‘ 0 0 0
W:=1| -C, wap O and F':=| 0 F;b F!
1 0 0 0 —F 0

Moreover V', V; € Diff1 (L, Ryy 7) = I'(J1 L) are given by

) o 0
Vi(fu) = 8;1 and  Vi(fu) = 6f |
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Finally, O, = 0,0,, 0, € I'(J; L) with

0= p* —p; V',
Oa = Va —pj %i] V' + GV,
o :=V —p; %ij V' + GV,
where
W) = f Vi) = ST and V(i) = 9L

Now, the my’s are graded first order multi-differential operators. In partic-
ular, they are completely determined by their action on elements in Q(F, ¢)
of the form fu, f € C>(S), and drx’ ® p. The right hand side of Equation
is also a graded first order multi-differential operator in its arguments.
We conclude that Equation is satisfied, provided only it is satisfied
for v1, ..., v, being generators of the above mentioned kind.

An easy computation in local coordinates shows that m; = —dx. More-
over, from Corollary We see that my depends on the derivatives of W, !
with respect to the p;’s at p := (p;) = 0 up to order k. By induction on k
we get

OFW,,

B.1 Y
(B.1) Opi, - - - Opi,

= (—)k Z W lF-opw—1l. .. Flempy—L.
p=0 oESy

Now, formula ([5.11)) follows from Corollary equation (B.1)) and the

remark that

J&(fr) = fitp+ (Gof)du ® p+ (Gf)dz @ p,

and

. . oG .
Je(dra’ @ p) = da' @ '+ S-tdra © (du® © p)

oG" ;
J
+ jd]:x ® (dz ® u),

after a straightforward computation.
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