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Abstract. We construct a first-order local model for Poisson manifolds around a large class of
Poisson submanifolds and give conditions under which this model is a local normal form. The
resulting linearization theorem includes as special cases all the known linearization theorems for
fixed points and symplectic leaves. The symplectic groupoid version of these results gives a solution
to the groupoid coisotropic embedding problem.
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1. Introduction

A fundamental problem in Poisson geometry is to understand the behavior of a Poisson
manifold around a given symplectic leaf [26, 54, 56]. There is a well-known first-order
local model for a Poisson structure around a symplectic leaf due to Vorobjev [53]. This
first-order local model is the cornerstone for the study of the Poisson geometry around
the leaf. Using it, one can study normal forms around symplectic leaves [18], stability of
symplectic leaves [15], etc.

Symplectic leaves are only one class among several interesting classes of submani-
folds in Poisson geometry. A local normal form around Poisson transversals has also been
found in [29], and one hopes to understand the geometry around other important classes of
submanifolds, such as Poisson submanifolds, coisotropic submanifolds or Poisson—Dirac
submanifolds. Unlike the special case of symplectic leaves, in general, there is no first-
order local model around a Poisson submanifold. In this paper, we identify conditions for
the existence of such a model, extending the known model for symplectic leaves, and we
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prove a normal formal theorem generalizing the known (smooth) linearization results for
fixed points [12,26] and symplectic leaves [18].

In order to state our results, we introduce some notation and terminology. Let us
denote by X°*(M) the space of multivector fields on a manifold M. We have the space
of Poisson structures on M, denoted by

(M) = {n € X2(M) : [, 7] = 0}.

Given a submanifold S C M, which will always be assumed to be closed and embedded,
we denote by X (M) the subspace of multivector fields ¢ € X°(M) tangent to S, i.e.,
such that 9|s € X°(S). Then we have the space of Poisson structures in M for which S
is a Poisson submanifold, denoted by

(M, S) :={x € ¥5(M) : [r, 7] = O}.

Let Is C C®°(M) denote the vanishing ideal of S. The space of first-order jets of multi-
vector fields tangent to S can be identified with (see Section 2) the quotient

JsEs(M) = X5 (M)/I5 - X (M).

The Schouten bracket descends to J Sl X (M), and we have the space of first-order jets of
Poisson structures at S, defined as follows:

JITU(M, S) :={r € J§X%(M) : [r,7] = O}.

We will see that specifying an element t € J Sl II(M, S) amounts to giving a Lie al-
gebroid structure on the restriction of the cotangent bundle 7¢ M for which the natural
projection

us: T¢M — T*S

is an infinitesimal multiplicative (IM) closed 2-form. We do not distinguish between these
two descriptions, and denote an element T € J ; IT(M, S) as apairt = (TgM, jus).

We have a map which associates to a Poisson structure tangent to S its first-order jet
along S, denoted by

Jg: TI(M, S) — J¢TI(M, S).
This map, in general, is not surjective (see Example 2.2).

Definition 1. Given a class ¥ C JS1 (M, S), we call a splitting 0: ¢ — T1(M, S) of the
map J ¢ a first-order local model for the class €.

We state now a simplified version of our first main result (see Section 7 for more
precise statements).

Theorem 2 (Existence of local models). The class € C J Sl I[1(M, S) of first-order jets of
Poisson structures satisfying the partially split condition admits a first-order local model
0:%¢ — II(M, S).
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The “partially split” condition in the statement of the theorem is a condition on a jet
telJ ; I1(M, S) expressed in terms of the IM (infinitesimally multiplicative) geometry of
the pair r = (TL(;k M, 1is). It amounts to the existence of an IM Ehresmann connection [27],
and we will give the precise definition later. We use the IM Ehresmann connection to
construct the local model o (7) from Theorem 2 explicitly. Moreover, we show that, up to
isomorphism, the result is independent of this choice. For now, we point out that the class
of jets satisfying this condition is a large class that includes many examples of interest.
For instance, we will see that it contains the following three classes of first-order jets
= (TgM, ps):

o Tg¢M is transitive;
e Tg¢ M integrates to a proper groupoid;

e kerus C TgM is abundle of semi-simple Lie algebras.

Definition 3. Consider the map o: % — I1(M, S) from Theorem 2. Given a Poisson
structure v € TI(M, S) with J§ € €, we will call o (J§ ) € TI(M, S) the linear approx-
imation for 7 around S. If 7 and o (J 5171) are isomorphic around S via a Poisson diffeo-
morphism fixing S, then we will say that o(Jbln) is a normal form for 7 around S.

Our second main result is the following linearization theorem (see Theorem 8.7).

Theorem 4 (Normal form). Assume that ¢y C J bll'[(M , S) consists of first-order jets
T =(TgM,us) suchthat Tg M is integrable by a compact Hausdorff Lie groupoid whose
target fibers have trivial second de Rham cohomology. Then there exists a first-order local
model 6: 6y — T1(M, S), and U(JSIJT) is a normal form for w € TI(M, S) around S
whenever JSIJT € %o.

This result includes as special cases the most important smooth linearization theorems
around fixed points and symplectic leaves from the literature.

e For a fixed point S = {xo}, the first-order jet (Tg M, j15) becomes just a Lie alge-
bra g. The local model always exists and is just the linear Poisson structure on g*. If g
is compact, semi-simple, then any of its integrations is a compact Lie group G with
H?(G) = {0}, so satisfies the assumptions of the theorem and one recovers Conn’s lin-
earization theorem [12]. Actually, one can allow g to be compact with one-dimension-
al center, resulting in the slightly more general result due to Monnier and Zung [50].

e For a symplectic leaf S, the first-order jet (Tg M, jus5) is a transitive algebroid over
a symplectic manifold. The local model always exists and it coincides with the one
constructed by Vorobjev [53]. Theorem 4 includes the linearization theorem due to
Crainic and Marcut [ 18] and its generalization due to Marcut [45].

e For a general Poisson submanifold, the local model can be regarded as a way of glu-
ing together Vorobjev-type local models above the symplectic leaves of (S, |s) (see
Proposition 7.20). For Poisson submanifolds, the main result to date was the rigidity
theorem due to Marcut [45]. The following improved version of this result is a direct
consequence of Theorem 4 (see Corollary 8.10).
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Corollary 5 (Neighborhood equivalence). Let (M, ) be a Poisson manifold and S C M
a Poisson submanifold. If T§ M is integrable by a compact Hausdorff Lie groupoid whose
target fibers have trivial second de Rham cohomology, then any Poisson structure ©’ on M
with Jgn = J; 7’ is locally isomorphic to T around S.

Our proof of Theorem 4, and hence of Corollary 5, will make use of the rigidity theo-
rem of [45]. However, Corollary 5 is an improvement, since the rigidity theorem assumes
that (M, r) is a priori integrable, while our result assumes that only the restriction Tg M
is integrable. This is a consequence of the existence of our local model. For example,
we obtain the following statement (see Corollary 8.9).

Corollary 6. Let (M, ) be a Poisson manifold and S C M a Poisson submanifold.
If T¢ M is integrable by a compact Hausdorff Lie groupoid whose target fibers have
trivial second de Rham cohomology, then there is a neighborhood U C M of S consisting
of compact symplectic leaves and such that 7|y is integrable.

The proof of the rigidity theorem in [45] uses a version of the Nash—-Moser fast
convergence method, similar to Conn’s proof [12]. We will also give a direct proof of
Theorem 4 under the additional assumption that the integration is target 1-connected, by
using techniques developed by Crainic and Fernandes in [16]. This then leads to a geo-
metric proof of Theorem 5 under this additional assumption, which is independent of the
results in [45].

The results above can be generalized in several directions. For example, we will
consider extensions to Dirac geometry, constructing first-order local models and prov-
ing normal forms results for Dirac manifolds around invariant submanifolds (i.e., mani-
folds saturated by presymplectic leaves). Another possible direction is to construct local
models and normal forms around other types of submanifolds. We will introduce and
discuss one such class, which we call coregular submanifolds. These include as spe-
cial cases transversals submanifolds and invariant submanifolds. By passing to a satu-
ration of a coregular submanifold, we are able to extend our results to such submani-
folds.

Another goal of the paper is to give a symplectic groupoid version of the previous
results. Besides being interesting in its own right, it provides a guide for both the construc-
tion of local models and the proofs of various linearization results for Poisson structures.
It can be understood by applying a dictionary global <> infinitesimal, whose first entries
are as follows:

Global side Infinitesimal side
Symplectic groupoid (§,w) = M Poisson manifold (M, )
Saturated submanifold S C M Poisson submanifold S C M

Over-symplectic groupoid (95, ws) = S First-order local data 7 € J 51~H(S , M)
Coisotropic embedding (§s,ws) < (§,w) A Poisson structure = € I1(M, S)
witht =J 51~7t
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The first two entries in this dictionary are well known (see, e.g., [14,57]), so let us discuss
briefly the other entries. Given a symplectic groupoid (¢, w) = M integrating a Poisson
manifold (M, i), its restriction to a closed, embedded Poisson submanifold S C M yields
a coisotropic groupoid embedding

Fls.ols) = (9. 0).

The restriction (§|s, w|s) is an example of an over-symplectic groupoid in the sense
of [7] (see Definition 3.2). The groupoid coisotropic embedding problem asks:

e Given an over-symplectic groupoid (§s, ws), is there a groupoid coisotropic embed-
ding i: (8s,ws) — (¥, w) into some symplectic groupoid?

e Given two groupoid coisotropic embeddings ix: (Fs, ws) — (Fx,wr), k = 1,2, are
they locally isomorphic around g, i.e., is there a local symplectic groupoid isomor-
phism ®: (61, w1) — (2, w;) such that D o iy = i,?

We will obtain answers to these questions by applying a multiplicative version of the
classical Gotay coisotropic embedding theorem [35]. For that, given an over-symplectic
groupoid (§s, ws), the kernel of wg yields a vector bundle (VB) subgroupoid (in the
sense of [42] or [6]) of the tangent groupoid

kerws C T'Ss.

Definition 7. An over-symplectic groupoid (Fs, ws) is called partially split if there exists
a VB subgroupoid E C T'§s complementary to the kernel of wg,

TSgs =kerws & E.

The distribution E in this definition is an example of a multiplicative Ehresmann con-
nection, introduced in [27]. The results of [27] imply, for example, that over-symplectic
groupoids that are either transitive or proper are partially split. The partially split condi-
tion for first-order jets of Poisson structures, mentioned before, is the infinitesimal version
of this condition under the aforementioned dictionary.

Given a partially split over-symplectic groupoid (Fs, ws), we construct a local model
as follows. On the one hand, the groupoid §5 = S acts on the bundle ¥ = (kerwgs)|s — S,
and on its dual, and builds the action groupoid

g x PF =3 P

On the other hand, we will see that a partial splitting can be encoded by a multiplicative
connection 1-form a € Q' (§s:¥) (see Section 5). This allows us to define on the action
groupoid the closed multiplicative 2-form

wo := prg, ws + d{a, -).

Then g is non-degenerate on an open subgroupoid §y C §s x £* containing Fs =~
Gs x 0. So (8, wp) is a symplectic groupoid, and we obtain the next result (see Propo-
sition 5.7).
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Theorem 8 (Existence of groupoid coisotropic embeddings). Given a partially split over-
symplectic groupoid (§s, wg), the zero section iy: (Gs, ws) — (§o, wy) is a coisotropic
embedding.

We will show that the partially split condition is in fact equivalent to the existence of
a multiplicative symplectic structure wg on a neighborhood of &g in the groupoid local
model s X £* = £* for which iy is a coisotropic embedding. Moreover, we will show that
any two such symplectic structures are related, around g, by a groupoid isomorphism.

The specific Lie groupoid &5 x £* =2 £* appearing in the local model coincides with
the local model around invariant submanifolds for general Lie groupoids [22]. Namely,
if (95, ws) is embedded as a coisotropic subgroupoid of the symplectic groupoid (¢, w),
then we have a canonical isomorphism of groupoids

v(Fs) 3 v(S) >~ Fs x £* 3 ¥,

where v(§s) = v(S) is the normal bundle of g5 in §, which plays the role of the linear
approximation of ¥ around .

In the proper case, we obtain a normal form result for groupoid coisotropic embed-
dings, which is the global counterpart of Theorem 4 (see Corollary 5.21 and the comments
following it).

Theorem 9 (Normal form). Let (§s,ws) be an over-symplectic groupoid which is Haus-
dorff, target-proper, and has connected target fibers. Any groupoid coisotropic embedding
into a Hausdorff symplectic groupoid i: (§s,ws) — (§,w) is isomorphic around s to
the coisotropic groupoid embedding iy: (§s,ws) — (8o, wg) from Theorem 8.

Finally, as a consequence of this result, we have a groupoid coisotropic neighborhood
equivalence theorem, which is the global counterpart of Corollary 5.

Corollary 10 (Neighborhood equivalence). Let (§s,ws) be an over-symplectic groupoid
which is Hausdorff, target-proper, and has connected target fibers. Any two groupoid
coisotropic embeddings into Hausdorff symplectic groupoids ir: (8s, ws) — (Gx, wr),
k = 0,1, are locally isomorphic around §s.

Organization of the paper. We start by introducing, in Section 2, the appropriate first-
order data of a Poisson structure along a Poisson submanifold using the language of jets.
In Section 3, we recall some results about over-symplectic groupoids and explain the
relation to first-order jets. In Section 5, we work on the global side and consider the
groupoid coisotropic embedding problem, proving Theorems 8 and 9. We turn to the
infinitesimal side in Section 7, where we introduce the first-order local model and prove
Theorem 2. In Section 8, we discuss linearization and we prove the local normal form
(Theorem 4). Sections 4, 6 and 9 present many examples and are independent of the
rest of the text. In Appendix A, we discuss the Cartan calculus of multiplicative forms
and infinitesimal multiplicative forms, and we prove the multiplicative and IM versions
of Moser’s theorem. Appendices B and C contain extensions of our results to the Dirac
setting and to coregular submanifolds, respectively.
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2. Jets of Poisson structures

Let (M, ) be a Poisson manifold and S C M a Poisson submanifold. We will always
assume that S is embedded and closed in M. Since we are interested only in the local
picture around S, the second assumption is not very restrictive, as it always holds in
a tubular neighborhood of S

In describing the Poisson geometry of (M, m) around S, the first-order jet of =
along S plays a crucial role. The space of multivector fields tangent to S is closed under
the Schouten bracket and will be denoted by

XsM) ={0 eX’(M):¥|s e T(N'TS)}.
The space of Poisson structures tangent to .S, denoted by
(M, S) :={x € ¥5(M) : [r, 7] = 0},

consists precisely of the Poisson structures on M for which S is a Poisson submanifold.
We have the obvious restriction map to Poisson structures on S

nowm,S) —» 1(S), n+ ms:=mn|s.

On the other hand, let /g C C°°(M) denote the vanishing ideal of S. Foreach k > 1,
1 § - X°(M) is also a Lie ideal in X’g(M ). In particular, the quotient

JsEs(M) := X5(M)/ (13- %" (M))
inherits the structure of a graded Lie algebra.

Definition 2.1. An element of the space
JeTI(M, S) :={t € J§¥%(M) : [t,7] = 0}
is called a first-order jet of a Poisson structure at S.

We will give in later a more practical definition (see Remark 2.4). For now, a first-
order jet of a Poisson structure at S is a class of a bivector field tangent to .S, modulo
bivector fields that vanish to second order along S, and which satisfies the equation of
being a Poisson structure up to second order

{m e %%(M) Cm,om] e I§-%3(M)}

JII(M, S) =
§ 12-%2(M)

Notice that we have a commutative diagram

(M, S) _ s, JITI(M, S)
2.1)

TI(S).
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Although one can express any first-order jet t € J 51, I[1(M, S) in the form 7 = J 5171
for some bivector field 7 € %% (M), in general, one may not be able to choose 7 to be
a Poisson structure. In other words, the map J ; in the previous diagram, in general, is not
surjective. This is illustrated in the next example.

Example 2.2 ([43]). Let M = R3 and S = {(x,y,0) : x, y € R} C R3. The bivector
field w € %g (M) given by

T =12z0x N0y +x20x A0

satisfies
[, 7] = 2220, A 0y AN0D; € I§-E£3(M).

It follows that T = J§ () € J¢II(M, S), with induced Poisson structure g = 0.
Any bivector field 7 € X% (M) such that J 51 (7) = t takes the form

T=(z+22f1)0x Ady + (x2 4+ 22£2)dx A0z + 2% f30, A0,
for some smooth functions f1, f>, f3 € C*®°(R3). Next, one finds that
(7, 7] = 222(1 + O(1))3x A 3y A 9.
Therefore, [, 7] # 0, and so t does not belong to the image of J ;

In the rest of this section, we give an alternative description of first-order jets in terms
of infinitesimal multiplicative (IM) closed 2-forms (see Appendix A for a recollection of
definitions and basic facts about IM forms).

In order to motivate this description, recall that a Poisson manifold (M, ) has an
associated cotangent Lie algebroid 7*M => M with anchor 7* and Lie bracket

[Ol, /3]7[ = ”u(a)ﬂ — fnn(ﬂ)a — d]T(Ol, ﬁ) (22)

It is a classical result, first observed in [13], that one can actually characterize Poisson
structures by such Lie algebroid structures. More precisely, it is proved in [13] that there
is a one-to-one correspondence

Lie algebroids (T*M, [-, -], p) with
p:T*M — TM skew-symmetric

{Poisson structures} ~
[chl (M), Qél (M)] C chl (M)

T eX(M)

Using the language of IM forms, this classical result can be reformulated as stating that
there is a one-to-one correspondence (see [7] and also Corollary 2.9 below)

i i 1 * .« . 1
(M) = {Pmsson structures} ~ { Lie algebroids (T*M, [-, ], p) with } .

T eX2(M) Id: T*M — T*M aclosed IM 2-form

Now the main result of this section is the following submanifold analog of this classical
result. We denote by pus: Tg M — T*S the restriction map o > o|s.
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Proposition 2.3. Given a submanifold S C M, there is a one-to-one correspondence

Lie algebroids (T¢ M, [, -], p)

Te JIXL(M)| ~ ) 5
<« hus:TeM T*

with [t,7] =0 with s: Tg M = T75

J§TI(M, S) = {
a closed IM 2-form

Remark 2.4 (Working definition of first-order jet of a Poisson structure). This descrip-
tion of first-order jets turns out to be much more practical, and we will adopt it as our
working definition. Hence, we will often denote an element 7 € J Sll'I(M, S) as a pair
= (TgM, ps).

Example 2.5. In Example 2.2, the first-order jet t € J 51 IT1(M, S) corresponds to the pair
(TgM, pus), where Tg M is the Lie algebra bundle (i.e., p = 0)

R? x R?® — R?
with Lie bracket given on the basis e; = (dx)|s, e2 = (dy)|s, e3 = (dz)|s by
le1,e2] = e3, [er.e3] = xes, [e2,e3] =0,
and closed IM 2-form pg: Tg M — T*S given by

us(er) =dx, ps(ez) =dy, pus(ez)=0. (2.3)

The rest of this section is dedicated to proving the correspondence above as well as
relating it with the usual theory of jet bundles. The reader who is willing to accept this
identification can skip the remainder of the section altogether.

Remark 2.6. There is yet another approach to first-order jets along a submanifold. It
starts with the observation that if S is a Poisson submanifold of (M, ), then I is a Pois-
son ideal of (C*®(M), {-,-}). The quotient C*°(M)/Is is a Poisson algebra canonically
isomorphic to (C*°(S), {-, -}s), and the higher-order quotients C*°(M)/I g“ can be
interpreted as kth-order jets of m at S. In fact, given any manifold M with a closed
embedded submanifold S C M, it is not hard to see that there is one-to-one correspon-
dence between Poisson algebra structures on C*°(M)/1 § such that Ig/1 § is a Lie ideal
and first-order jets of a Poisson structure at .S, as defined above (see [44] for a proof,
and [51] for further applications).

2.1. Jets of multivector fields and derivations

We denote by J® E — M the nth-order jet bundle of a fiber bundle £ — M. A section
s € ['(J"E) is holonomic if it is the nth-order jet of a section f € I'(E),i.e.,if s = J" f.
We will be interested in first-order jets of the bundle £ = A2TM . This is motivated by
the following observation. The Lie bracket (2.2) of the cotangent algebroid of a Poisson
manifold (M, 7)) depends pointwise on the values and the first-order partial derivatives
of m, i.e., on the values of the section J'z € I'(J1(A2TM)). Moreover, we will see
that the first-order jet encodes precisely the data of the cotangent Lie algebroid. More
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generally, we will see which (possibly non-holonomic) sections 7 € T'(J1(A2TM)) give
rise to Lie algebroids on 7* M. For this, we recall briefly the approach to Lie algebroid
structures using multiderivations of a vector bundle developed in [19].
A derivation of degree d of a vector bundle £ — M is an R-multilinear, alternating
map
D:T(E)x---xT'(E) > I'(E),

(d+1)-times

for which there exists a bundle map op: A2 E — TM, called the symbol, such that

D(so...., fsa) = fD(so,....8q) + (ZLop(sorsa_r) J)Sd

for any sg,...,s5 € ['(E) and f € C°(M). The space of derivations of degree d is
denoted by Der? (E). It is the space of sections of a vector bundle D¢ E — M, which fits
into a short exact sequence of vector bundles

0> AHE*QE - DIE B AE*QTM — 0,
There is a graded Lie bracket
[, ]: Der*(E) x Der! (E) — Der* ! (E),

and it is proved in [19] that specifying a Lie algebroid structure on £ — M amounts
to giving a degree 1 derivation D € Der! (E) such that [D, D] = 0. The derivation D
defines the Lie bracket by [, 8] := D(«, B), while the anchor coincides with its symbol:
p:=0p.

In our case of interest E = T*M, we can generalize formula (2.2) and obtain a map
from jets of multivector fields to multiderivations.

Proposition 2.7. (a) We have a map of graded Lie algebras

i (XYM, ]) — (Der!(T*M). [, ]).

i=0
(b) The map in (a) induces an injective map of vector bundles
i JYATM) — DU(T* M),

whose image consists of elements D € D (T* M) with skew-symmetric symbol op €
AFITM Cc AITM ® TM.

Proof. Note that i (#) is determined by the relations

l(ﬁ)(df()vvdfd) = d(l?(fo""’fd))v O—i(ﬂ)(dflv""dfd) = 29ﬂ(dfl”d.fd)

for all fy,..., fg € C°°(M). Both the Schouten bracket and the bracket on derivations
can be described as graded commutators. Using these facts, one obtains, for exact 1-forms,
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the relation i ([¢, t]) = [i (¥}),i(7)]. Using the formula for the symbol of the commutator
of derivations given in the proof of [19, Proposition 1], one obtains that

Oli@®,i(@] = Ti([9,z])-
This implies item (a). Item (b) is straightforward. ]

Remark 2.8. The derivations with skew-symmetric symbol do not form a subalgebra of
all derivations. Therefore, one cannot use the map from item (b) of the proposition to
obtain a bracket on first-order jets.

This leads to the following interpretation of jets as Lie algebroids.
Corollary 2.9. There is a one-to-one correspondence

Lie algebroid structures on 7* M
with skew-symmetric anchor

{f € F(Jl(/\2TM))} ~
0:T*M — TM

with [i (1), ()] = 0

Under this correspondence, holonomic sections (i.e., Poisson structures) correspond to
Lie algebroid structures for which the identity map 1d: T*M — T*M is a closed IM
2-form.

Proof. The first part of the corollary follows from the proposition and the results in [19].
For the second part, consider a jet 7 satisfying [i (1), (r)] = 0. The anchor of the corre-
sponding Lie algebroid bracket [ , ] is given by p = n¥, where = € T'(A2TM) is the
bivector field covered by t. By (A.2), the identity map Id: T*M — T*M is a closed IM
form if and only if

o, Bl = Lot (B) — igspydu(a),

which is equivalent to 7 (z) = i(7) = i(J 7). Since i is injective, the conclusion fol-
lows. ]

2.2. Jets along a submanifold

We can describe first-order jets of Poisson structures as sections of a certain jet bundle
satisfying a PDE. Namely, the restriction J!(A°TM)|s — S has the subbundle of jets
tangent to S, denoted by

JYATM - A°TS) i= {1 € JHA'TM)|s : pryepg p(t) € A°TS).
This subbundle has an induced projection
Pripersy: JHATM 2 ATS) — JHA'TS),

and we call a section 7 € I'(J1(A"TM : A°TS)) holonomic if its image under this pro-
jection is holonomic, i.e., if there is y € X*(S) such that

pryiaers) () = Iy
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Since S is closed and embedded, this is equivalent to the existence of a multivector field
¥ € X5(M) such that J 1%|s =  (then ¥ is automatically tangent to S, with #|s = ).
Note that the section 1 is determined only up to elements in /%(S) - X°(M). Therefore,
we have a canonical identification between the set of holonomic sections of J'(A°TM :
ATS) and the quotient J; XG(M) = X5 (M)/(I§ - X*(M)), which we will use with no
further notice.

In general, a Poisson submanifold S C (M, ) gives rise to a Lie subalgebroid 7¢ M C
(T*M,[, ], 7%) of the tangent bundle. This Lie subalgebroid encodes precisely the first-
order jet data of J gn eJ Sl I1(M, S). To make this precise, we consider the following.
First consider multiderivations of 7*M with symbol tangent to S,

Der(T*M) := {D € Der’(T*M) : op(ai.....aq) € TSVa; € TE M.
We have the following relative version of Proposition 2.7.

Proposition 2.10. (a) Der(7T* M) is closed under the commutator bracket, and we have
a commutative diagram of graded Lie algebra homomorphisms

X5 (M) —— Der’y(T* M)
ng lrs
JIEF (M) =5 Der' (TEM),

where i is the map from Proposition 2.7 and where rg is the operation of restricting
a derivation of T* M tangent to S to a derivation of Tg M.

(b) The map is induces an injective vector bundle map
is: JYANIHITM - A2TITS) > DU(TEM),
whose image consists of elements D € <>T)‘I(T§l< M) whose symbol is a multivector
op € NUTS C NI TsM Q TS.

We have the following analog of Corollary 2.9. The proof is entirely similar, where
one uses instead Proposition 2.10. In particular, this yields the main result of this section.

Corollary 2.11. There is a one-to-one correspondence

Lie algebroid structures on 7g M
with anchor p: T¢ M — TS such that

(s (@), p(B)) = —(us (B). p(a))

Under this correspondence, holonomic sections (i.e., first-order jets of Poisson structures)
correspond to Lie algebroids for which s is a closed IM 2-form

T e D(JYA2TM : A2TS))|  ~
{ with s (). 75 (1)] = 0 }

Lie algebroids (Tg M, [-,]. p)
with us: TgM — T*S

J$TI(M, S) = {
a closed IM 2-form

TeJiXZ(M)| ~
with [z,7] =0



R. L. Fernandes, 1. Marcut 1226

3. Over-symplectic groupoids

In this section, we start by recalling the notion of over-symplectic groupoid and its prop-
erties. This is the type of groupoid one obtains by restricting a symplectic groupoid to an
invariant submanifold, i.e., a (complete) Poisson submanifold of the underlying Poisson
manifold. This is also the type of groupoid for which one can hope to find coisotropic
embeddings. We show in this section that the infinitesimal data corresponding to an over-
symplectic groupoid (s, ws) is precisely a first-order jet of a Poisson structure at S.
Our conventions for Lie groupoids and Lie algebroids are the same as in the companion
paper [27] and in the monograph [17].

3.1. Over-symplectic groupoids

Unless otherwise stated, all groupoids are assumed to be Hausdorff and target connected.
The latter implies that the orbits of a groupoid coincide with the orbits of its Lie algebroid.
We will denote the restriction of a Lie groupoid § = M to a submanifold S C M by

gls :=s71(S) NntTL(S).

This is always a groupoid §|s = S, but it may fail to be smooth, i.e., to be a Lie sub-
groupoid. However, if S is saturated by orbits of §, then

Gls =s 1(S) =t71(9),
and 9|s = S is a target connected Lie subgroupoid of § = M.

Proposition 3.1. Let (§,w) = (M, ) be a symplectic groupoid and S C M a closed
embedded Poisson submanifold. Then §|s = S is a closed embedded coisotropic Lie
subgroupoid of § = M. The restriction of the symplectic form ws 1= w|g|¢ is a closed
multiplicative form on §|s satisfying

kerws C kerdsg N kerdtg,
where ss and ts are the source and target maps of §|s = S.

Proof. Since S is a closed Poisson submanifold, it is a union of symplectic leaves, and
since § is target connected, it follows that S is a saturated submanifold for §. Therefore,
F|s = S is a closed embedded Lie subgroupoid of & = M. Moreover,

kerds = kerdss C T9|s and kerdt=kerdts C T§|s.

Since w is multiplicative and closed, the restriction wg is also multiplicative and closed.

Now, recall that a Poisson map transverse to a coisotropic submanifold pulls it back
to a coisotropic submanifold. Since a Poisson submanifold is also coisotropic, we can
apply this fact to the target map t: (§, w) — (M, ) to conclude that §|s = t~1(S) C §
is a coisotropic submanifold.
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Finally, we prove the statement concerning ker wg. Since kerds, kerdt C 7' (9|s), for
v € ker wg we have that

ws(v,w) =wl,w) =0 VYw € kerds + kerdt.
Hence, we obtain that
kerws C (kerdt)t® N (kerds)™® = kerds N kerdt = kerdsg N kerdtg. ]

The previous proposition shows that the restriction of a symplectic groupoid to a Pois-
son submanifold is an over-symplectic groupoid in the sense of [7].

Definition 3.2. An over-symplectic groupoid is a groupoid §s = S together with a closed
multiplicative 2-form ws € Q2(Fs) such that

kerws C kerdsg N kerdtg.

We will need the following properties of over-symplectic groupoids.
Proposition 3.3 ([7, Proposition 4.5]). Let §s =2 S be a Lie groupoid and ws € Q*(Es)
a closed multiplicative 2-form. The following are equivalent:
(a) (8s,ws) is over-symplectic;
(b) (kerdtg) s = kerdsg;
(¢) rank(wg|y) =2dim S, forall x € S;
(d) kerws|y C kerdyss Nkerdyts, forall x € S;

(e) there exists a Poisson structure on S, such that ts: (§s,ws) — (S, ws) is a forward
Dirac map.

Moreover, if these hold, ws has constant rank and the orbits of §s coincide with the
symplectic leaves of (S, ws).

We have the following converse to Proposition 3.1.

Proposition 3.4. Leti: (§s,ws) — (§, w) be a coisotropic embedding of an over-sym-
plectic groupoid in a symplectic groupoid. The corresponding embedding of units
(S, ws) = (M, ) is a Poisson map. If the embedding is closed, then S is a saturated
submanifold of M and §s = §|s.

Proof. Since §g is an embedded subgroupoid of &, the source/target fibers of gg are
embedded submanifolds of the source/target fibers of §

sg'(x) CsTHx), tg'(x) ct'(x) VxeS.
We claim that they have the same dimension, so these are open inclusions. Indeed,
dimsg!(x) = dimtg'(x) = dim g5 — dim S,
1
dims™!(x) = dimt™'(x) = dim§ —dim M = 3 dim¥,

dim§ = dim(kerws) + dim ¥s = 2(dim §s — dim S,
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where in the second equation we used that § is a symplectic groupoid, and in the last
equation we used Proposition 3.3 and the fact that the embedding is coisotropic. These
equations imply our claim

dimsg'(x) = dimtg'(x) = dims ™' (x) = dimt™"(x).

It follows that the orbits of §5 = S are open subsets of the orbits of § = M. There-
fore, S is a Poisson submanifold with Poisson structure 7 s. Thus we obtain the following
commutative diagram:

(85, ws) —— (§, )

L.

(S,]TS) ;)(M,JZ),

where the horizontal arrows are backward Dirac and t is forward Dirac. It follows by [30,
Lemma 3] applied to §|s that also tg is forward Dirac, i.e., the induced Poisson structure
on the base of the over-symplectic groupoid (¥s, ws) coincides with rrg.

Now if the embedding is closed, the source/target fibers of ¥g are closed submanifolds
of the source/target fibers of §. Since they are connected, they coincide, that is,

sg'(x) =s1(x), tg'(x)=t"'(x) VxeS.
This implies that S is saturated and that §5 = §|s. ]

Note that for an over-symplectic groupoid (s, ws), the distribution ker wg is inte-
grable. If ker wg is a simple foliation, then wgs descends to a symplectic form wg on the
leaf space 95/ ker wg, which inherits the structure of a symplectic groupoid

(9s/kerws,ws) = S

integrating the Poisson manifold (S, g). This explains the term “over-symplectic”.
We can summarize this discussion by the following diagram:

restriction

symplectic groupoids along S over-symplectic

(9, 0) 3 M with 4 ——————————— groupoids
saturated submanifold S coisotropic (Fs,ws) = S

\embeddlng /

symplectic groupoids
(§s/kerws.ws) = S|’

We will see in Section 4.4 an example of an over-symplectic groupoid which does not
admit a coisotropic embedding into a symplectic groupoid.
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3.2. Over-symplectic groupoids and first-order jets

We will show now that over-symplectic groupoids are the global objects corresponding
to first-order jets of Poisson structures along Poisson submanifolds. In other words, the
previous diagram is the groupoid version of diagram (2.1).

Let (§s,ws) = S be an over-symplectic groupoid with Lie algebroid As = S.
Then wg induces a closed IM 2-form u: As — T*S (see Appendix A). By Proposi-
tion 3.3, this bundle map is surjective. In fact, the following holds.

Proposition 3.5. Let 5 =2 S be a target 1-connected Lie groupoid with Lie algebroid
As = S. There is a one-to-one correspondence

over-symplectic structures| ~  [surjective IM closed 2-forms
ws € Q2(9s) n:As —> T*S

Proof. According to our conventions, As = kerdt|s. Then, as explained in Appendix A,
the one-to-one correspondence between multiplicative forms and IM forms associates to
a closed multiplicative form wgs € Q% (&s) the closed IM form u: As — T*S given by
composing the maps

b T
kerdt|s 2> Tdgs —> T*S,

where pr is the pullback along the unit map S < &s. By Proposition 3.3, ws € Q% (Fs)
is an over-symplectic structure if and only if

(ker dt|s)*@s = kerds|s. (3.1)

The inclusion kerds C (ker dt)>@s holds for any multiplicative 2-form, and using the
decomposition Ts&s = T'S @ kerds|s, we see that (3.1) is equivalent to

(kerdt|s)t»s N TS = {0}.
This condition is equivalent to u being surjective. ]

Given a pair (Ag, (), where u: As — T*S is a surjective closed IM form, we can
choose a manifold and an isomorphism of vector bundles As >~ T¢ M such that u be-
comes the canonical projection ps: Tg M — T*S: for example, we can choose M :=
(ker w)*. So by Corollary 2.11, we see that the infinitesimal data (As, u) codifying
an over-symplectic groupoid is the same thing as a first-order jet of a Poisson structure
(T¢ M, ps). This justifies one of the entries in the dictionary from the introduction.

Now if (85, ws) = S is an over-symplectic groupoid integrating the pair (As, u)
and it admits a coisotropic embedding i: (§s, ws) — (§, w) into a symplectic groupoid
(%,w) = (M, 7), then we obtain

e a Poisson embedding (S, wg) — (M, 7);
e anisomorphism (As,n) =~ (TgM, jus);

e (M, ) is asolution of the realization problem for = = (Tg M, us):

Jemw =1.
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Next we will look at some examples before we discuss the problem of the existence of
coisotropic groupoid embeddings.

4. Examples of over-symplectic groupoids

We give a few examples of over-symplectic groupoids which will be useful later.

4.1. Products

Let (X, wy) = S be a symplectic groupoid and G be a Lie group. We obtain an over-
symplectic groupoid by forming the product

g5 =X xG, ws:=pryos.

4.2. Transitive over-symplectic groupoids

By Proposition 3.3, an over-symplectic groupoid (§s, ws) = S is transitive if and only
if the Poisson structure induced on its base is non-degenerate: s = ™! for a symplectic
form w € Q2(S). Assuming this to be the case and denoting the isotropy group at x € S
by G = G5 ., we obtain a principal G-bundle t:s~!(x) — S with a symplectic form o
on the base. Applying again Proposition 3.3 (e), one sees that t*® = wg |1 (y)-

Conversely, if we are given a principal G-bundle p: P — S with a symplectic form
w € Q2(S), then the gauge construction produces a transitive groupoid

s =Pxg P =S,
together with the closed, multiplicative 2-form
ws = (popry)*w—(popr)we Qz(gs)-

This makes (§s, wg) a transitive over-symplectic groupoid.
These constructions are inverse to each other, up to isomorphism. So transitive over-
symplectic groupoids correspond to principal bundles with a symplectic form on the base.
At the infinitesimal level, if Ag is the Lie algebroid of &g, the corresponding closed
IM 2-form is given by 11 = " o p.

4.3. Over-symplectic bundles of Lie groups

At the other extreme, by Proposition 3.3, an over-symplectic groupoid (§s,ws) = S is
a bundle of Lie groups if and only if the Poisson structure on its base vanishes: 7g = 0.
These already provide non-trivial examples even in the case of a trivial group bundle, i.e.,
if &g is the product

s >~2GxS —> S,
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for a fixed Lie group G. Since any multiplicative 2-form on a Lie group is trivial, a mul-
tiplicative 2-form wg € Q2(G x S) has the form

ws =1n+c,

where (see [7, Section 6.4])

e the mixed component 1 x) € Ty, G ® TS satisfies that, for any w € TS, iy is
a multiplicative 1-form on G, which is the same as a bi-invariant 1-form on G, ora G-
invariant element of g*;

e the horizontal component is a group homomorphism
G > g c(g) € Q%(S).

Then, the condition that wg is closed translates to

d .
31,2, @) = dGun)liexs € Q*(S), v eq.

At the infinitesimal level, we have the trivial Lie algebra bundle Ag = g x S — S,
and the induced closed IM 2-form is

u:gx S —>T*S, (w,u)) =ipiynlg=e. veEg, weTS.
The IM-condition says that u: g — Q1(S) satisfies
p([v, w]) = 0. .1

Conversely, the reconstruction of wg from p works as follows. The component 7 can
always be defined as

n(w,w) =iyp(dLe-1v), veTG, weTS.

The component ¢: G — Q2(S) is a group homomorphism integrating the Lie algebra
homomorphismdo pu: g — Q2(S ), which exists, e.g., if G is simply connected. Moreover,
if 41 itself integrates to a group homomorphism A: G — Q1(S), then

ws =dA, where X(g’x) = prg(A(g)).

When G is a compact Lie group, the group homomorphism ¢: G — Q2(S) must be
trivial, and so its Lie algebra version d o u: g — ©22(S) vanishes. The IM condition (4.1)
then means we can view u: g — Q1(S) as a 1-form . € Q1(S, (g*)°). When this form
is exact (e.g., if H'(S) = 0), there is f € C*®(S) ® (g*)¢ such that

p() ={dfiv), veg.

The non-degeneracy of p is equivalent to f being an immersion, and we obtain the fol-
lowing expression for wg in terms of f:

ws (w1, v1), (w2,v2)) = (df (1), dL; " (w2)) — (df(v2), AL, (wy))
for all (w;,v;) € T,G & TxS.
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4.4. Non-existence of a coisotropic embedding

Thejett € J 51 I1(M, S) in Example 2.2 satisfies the condition 5 = 0. The corresponding
pair (Tg M, pus) has zero anchor, i.e., it is a bundle of Lie algebras. This Lie algebroid
integrates to a bundle of 1-connected Lie groups §s = S which is Hausdorff. An explicit
description is the following. We use coordinates (x, y) in § = R2, and s = t: §5 — S
is the trivial bundle pr: R> = R% x R? — R2, where on the fiber we use coordinates
(u, v, w). The multiplication m: §s x5 §s — &g of the group over (x, y) € S is given by

exul _ 1

—Uz).
x
Note that this is not a trivial group bundle.

By Proposition 3.5, there is a multiplicative closed 2-form wg on §s. The resulting
over-symplectic groupoid (§s, ws) does not admit a coisotropic embedding, for other-
wise 7 would be in the image of J{, contradicting Example 2.2.

It is not hard to show that the over-symplectic structure is

(u1,v1, wy) - (U2, V2, w2) = <M1 +uz,v1 + e, wy + wy +

ws =dx Adu+dy Adv+wdx Ady —xdy Adw,

by proving that this form is closed, multiplicative and induces the IM form (2.3).

4.5. Principal type

Let (X, ws) = S be a symplectic groupoid, and let /£ = S be a transitive Lie groupoid.
Consider their product over S,

Gs :={(0,h) € T x H :s3(0) = sx(h), t=(0) = te(h)} = S,

with groupoid structure such that the inclusion §5 — X x J is a groupoid map. Smooth-
ness of Gg follows because, as for any transitive Lie groupoid, the anchor map (tgz,sg):
H — S x § is a submersion. Then &g is an over-symplectic groupoid with multiplicative
2-form

ws = pra(os) € Q*(Fs),

which we will call the over-symplectic groupoid of principal type associated to (X, )
and #. The terminology comes from the fact that, if one fixes a base point xo € S, the
transitive groupoid #¢ can be identified with the gauge groupoid # >~ P xg P associated
to the principal bundle P := 53‘,1 (x0), with projection tg: P — S and structure group
G:= S;el (xo) N t;el (x0)-

The Poisson structure g induced on S by the over-symplectic groupoid (s, wg) is
the same as the one induced by the symplectic groupoid (X, @x). Some of the previous
examples fit into this setting:

e  When P is the trivial principal bundle, P ~ G x S, or equivalently # = (S x §) x G,
then G is the product s = ¥ x G of Example 4.1.
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e For a symplectic pair groupoid (X, wx) = (S, ws) X (S, —ws), we have g ~ H,
and we obtain the transitive over-symplectic groupoid of Example 4.2.

e When X is the symplectic groupoid (T*S, wean), then we obtain the bundle of Lie
groups §s = T*S x5 K, with wg = pr”}* § @ean, Where K is the bundle of isotropy
groups of J, or equivalently, the associated bundle P xg G, where G acts on G by
conjugation.

4.6. Over-symplectic groupoid inducing a non-integrable Poisson structure

Let H be a compact semi-simple Lie group. Consider the symplectic groupoid

(T*H» Wean) = E)*

integrating the linear Poisson structure on h*. Let S C h* be the unit sphere around the
origin with respect to an H -invariant inner product. Then S is a Poisson submanifold, and
therefore we obtain the over-symplectic groupoid

95 :=T"'H|s ~HxS =S withws 1= ®canlgs-

For § # $0(3, R), the Poisson manifold (S, rg) is not integrable, and so g is not of
principal type.

5. Groupoid coisotropic embeddings

In this section, given an over-symplectic groupoid (Fs, wg) admitting a multiplicative
Ehresmann connection, we construct a local model: it is a symplectic groupoid (5, wo),
where (Fs, wg) sits as a coisotropic subgroupoid. We will show that the local model
is essentially unique and we discuss a normal form theorem. We will see that the local
model can be thought of as a multiplicative (or groupoid) version of the classical Gotay
coisotropic embedding theorem.

5.1. The groupoid local model

Let (85, ws) be an over-symplectic groupoid. We start by observing that §s acts on the
vector bundle
f:= (kerwg)|s C As,

where Ag is the Lie algebroid of §s. By Proposition 3.3, ¥ C ker ps. Then an arrow
g € §s from x :=sg(g) to y := tg(g) acts by conjugation on the isotropies,
1

d _
g: kerps|x — kerpsly, g-a= Fr PR exp,(fa)g™, (5.1)

where exp,: ker ps|x — (§s)x is the Lie group exponential. Since ws is multiplicative,
this action preserves ¥ C ker ps. So £ is a §g-representation.
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The dual representation allows us to define the action groupoid
Gg x ¥ =3 £*.

We would like to construct a multiplicative symplectic structure on this groupoid (which
is not always possible; see Section 4.4). It will be convenient to introduce the follow-
ing notion, which originates from the theory of multiplicative connections developed
in [27].

Definition 5.1. Given an over-symplectic groupoid (§s, ws) = S, a multiplicative con-
nection 1-form for §s is a -valued multiplicative 1-form a € Q! (s; ¥) satisfying

agh) =&,

where £ € ¥(9s) is the left-invariant vector field determined by £ € T'(¥).

An over-symplectic groupoid (§s, ws) which admits a multiplicative connection 1-
form is called partially split (in the next subsection, we will motivate the choice of this
terminology).

Now, given a multiplicative connection 1-form & € Q2};(s, ), we have an associated
(ordinary) 1-form (e, -) € Q! (&g x £*), defined by

(v,2) > (g (v),n) for (v,z) € Tg8s x15 Tyt™.

Proposition 5.2. Given an over-symplectic groupoid (§s, ws) and a multiplicative con-
nection 1-form a € Q(8s,¥), the closed 2-form

wy = prg, ws + d{o. ) € Q%(Fs x £¥) (5.2)
is multiplicative. Moreover, there is an open groupoid neighborhood
(¥s 3 S) = (S 3 Mo) C (s x¥* 3 £¥)
on which wy is non-degenerate and the first map is a coisotropic embedding
it (§s.ws) = (%o, wo).

Proof. Since « is multiplicative, a direct computation shows that (c, -) is a multiplicative
1-form on s x £*, and so is its differential. Since the projection prg : §s x £* — Gs is
a groupoid morphism, it pulls back multiplicative forms to multiplicative forms, and we
conclude that @ is multiplicative.

The fact that wy is non-degenerate along the zero-section §5 < &g x £* and that i is
a coisotropic embedding can be checked directly using the condition o (&) = £Z, and that
(85, ws) is over-symplectic. Alternatively, this follows from Gotay’s coisotropic embed-
ding theorem (see the next section).

Finally, we need to find an open set §, where wq is non-degenerate and which is
a subgroupoid. Consider the open subset My C £* consisting of points x such that wg|y
is non-degenerate. By Proposition 3.3 (c), § := (§s x £*)|p, is over-symplectic, and
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by the last part of that proposition, wg is non-degenerate on §. Thus (§, wy) is indeed
a symplectic groupoid. In order to comply with our convention that Lie groupoids are
target-connected, we let &y be the open subgroupoid of § consisting of the connected
components of the identities. |

Definition 5.3. Given a partially split over-symplectic groupoid (§s, ws), with a mul-
tiplicative connection 1-form «, the symplectic groupoid (§p, wo) constructed in the
previous proposition is called a groupoid local model for (s, ws).

‘We will see in the next subsection alternative expressions for wg, and we will show that
for any two multiplicative connection 1-forms, the corresponding groupoid local models
are isomorphic around §s.

Remark 5.4. In general, the subgroupoid ¥y = My of g x £* = £* cannot be taken to
be a full groupoid neighborhood, i.e., of the form §s x My = M, for some §g-invariant
open set My C £* containing the zero section. However, this is always possible if §5 = S
is a proper groupoid (see [22, Lemma 5.3]).

5.2. The partially split condition

Over-symplectic groupoids are not always partially split. The natural setup for this notion
is the theory of multiplicative Ehresmann connections developed in [27]. We now recall
this notion briefly and give alternative descriptions. In the case of over-symplectic group-
oids, this will lead to alternative descriptions of the symplectic form on the local model.

Given a Lie groupoid ¥s = S with Lie algebroid Ag, we call a vector subbundle
t C Ag a bundle of ideals of §g if ¥ C ker ps and ¥ is invariant under the §g-action by
conjugation (5.1). The fact that ¥ is invariant under conjugation implies that

o e T(As), E€T () = [a.&] e T(®),

so this justifies the use of the term “bundle of ideals”.
‘We have the following equivalent descriptions of the notion of “connection” for a bun-
dle of ideals ¥ C Ag for §s (for details and terminology see [27, Section 2.3]).

() A multiplicative connection 1-form for £ is a multiplicative 1-form « € Q4;(s, £)
satisfying

a(gh) =€ EcT@).

By associating to a multiplicative connection 1-form « the distribution
E :=kera C TSy,

we obtain the following equivalent notion.

(ii) A multiplicative Ehresmann connection for £ is a wide subgroupoid E of T9s =
TS such that
T6s = E®K,
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where K C T'§s is obtained by spreading f using (left or right) translations
Kg := dLg(¥sg)) = dRg (fi(g)) C kerds Nkerdt.

Note that K =2 Og is a subgroupoid of the tangent groupoid 7§s = TS, which is
canonically isomorphic to the semi-direct product G5 xs ¥ = S, via

gs xst = K, (g,v) > dLg(v).

Then a multiplicative Ehresmann connection gives a splitting of the inclusion of VB
groupoids

Under the duality operation in the category of VB groupoids [6], we obtain the VB
groupoids 7*§s = A and K* = £*, and the dual VB groupoid map

gsb(?* ~ K* §<TT*§S
\ /

*

£ 5

gs
\ J“l 4
S. /
The groupoid K* =2 £* is isomorphic to the action groupoid §s x £* = £* of the dual
action of §g on £*. This leads to the following equivalent notion.

(iii) A partial splitting is a VB groupoid morphism ®: K* — T*gg that splits the
projection p: T*gs — K*
po ®=Id

The corresponding Ehresmann connection is given by
E = (Im®)°.

Another equivalent notion is the following.

(iv) A linear closed multiplicative 2-form '™ € Q2 (K*) that restricts to the canon-
ical symplectic form on ¥ xg £* C Ts K*

0"™((v1,€1). (V2. 62)) = E2(v1) — E1(v2)  if (vg, Ek) € F xg B¥,
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where linear means that
m;‘(wh“) =to™, >0,

where m;: K* — K* is fiberwise multiplication by ¢ > 0. Using the partial splitting or
the connection 1-form, the linear form is given by

o™ = O*wean = d{at, ).
A bundle of ideals admitting such a structure is called partially split.

Remark 5.5. There are several reasons for our choice of the terminology “partial split-
ting”. The main reason, as explained in the companion paper [27], is the following.
Multiplicative Ehresmann connections appeared first as Ehresmann connections for a sur-
jective submersive groupoid morphism ®:§ — J# covering the identity. Such a morphism
determines a short exact sequence of groupoids:

5K >83H 1.

The existence of an Ehresmann connection for @, which is equivalent to the bundle of
ideals ¥ = Lie(X) being partially split, is weaker than the existence of a splitting for this
short exact sequence. Moreover, a partial splitting can be thought of as an infinitesimal
version of a splitting of this sequence. We refer to [27] for more details. The designation
“partial splitting” also allows us to distinguish these from other splittings that appear in
the sequel.

Let us return to our discussion of over-symplectic groupoids and their local models.
For an over-symplectic groupoid (s, ws), the relevant bundle of ideals is ¥ = (kerws)|s,
and we have K = ker wg. In particular, note that

Gg x F* ~ (kerwg)®.

The symplectic form wq on the local model g, can be written as follows:

e using a multiplicative connection 1-form o € };(s,¥) as in the definition
wo = pry, ws +d(a,);
e using a partial splitting ®: g5 x £* — T*gg
wo = Prg, s + O" Weun;
e using a linear closed multiplicative 2-forms 0™ € Q%,(gs x £*)
wy = prgs ws + o',

The last expression shows that wy is the sum of a constant multiplicative form pr* wg
and a linear multiplicative form '™,

We can also explain the origins of the local model. It is a multiplicative version of
the well-known Gotay’s coisotropic embedding [35]. In the classical case, starting with
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a pair (C, wc), where wc is a closed 2-form of constant rank, one constructs a symplectic
manifold (X, wg) and a coisotropic embedding (C, wc) < (X0, wp) as follows. A choice
of complementary subbundle

TC =kerwc ® E

determines an embedding
0O: (kerwc)* — T*C.

The form
wo 1= pre oc + OFwean € Q% ((kerwe)*)

is non-degenerate along the zero section C >~ O¢ and hence defines a symplectic form in
a neighborhood Xy C (ker wc)* of C. Moreover, the zero section C becomes a coiso-
tropic submanifold of (Xg, wg) with induced 2-form wc. Gotay’s result says that any
coisotropic embedding of (C, wc) in a symplectic manifold is locally isomorphic to the
local model (Xg, wg).

The local model we constructed is the multiplicative version of Gotay’s model.

The construction in Proposition 5.2 can be viewed in a slightly different way. For any
over-symplectic groupoid (§s, ws), we have an associated symplectic groupoid

(T*8s, wcan + pr* ws) = A.
Corollary 5.6. For any splitting ©, the local model is a symplectic subgroupoid
O: (89, wo) — (T*Es, wean + pr* ws).

In Section 7.4, we will discuss this construction at the level of Lie algebroids, and
then we will describe explicitly the corresponding Poisson structure on A%.

5.3. Existence of multiplicative Ehresmann connections

The following result gives some geometric meaning to the existence of a partially split
condition: it shows that a multiplicative Ehresmann connection exists if and only if the
groupoid (ker wg)* = gg x £* can be made into a symplectic groupoid around §s such
that the symplectic form restricts to ws. Therefore, the partially split condition is optimal
for the existence of a groupoid local model on g x £*.

Proposition 5.7. An over-symplectic groupoid (8s, ws) is partially split if and only if
there exists a groupoid neighborhood

(§s 3 8) = (S0 3 Mo) C (s x ¥ 3 ¥7),

together with multiplicative symplectic structures wy € 2%(8y) whose pullback along the
zero section i:§s — Gs X ¥* is wg,
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Proof. Proposition 5.2 gives one implication.

For the converse, let (¥, wo) be as in the statement. The fact that G is coisotropic fol-
lows from Proposition 3.1. The restriction of the tangent groupoid 7' (§s x £*) = Tt* to
the invariant submanifold Ts£* ~ T'S @ £* is the action groupoid Tgs x £* = TS @ £*.
This has the subgroupoids

K:=(Tgs)t»0 =S, T6 3 TS and s xE* =3 £*,
where the last is an embedded normal bundle for 5. We obtain that
E = (85 x £*)Leo N Tgg

is a vector bundle complementary to K in 79s. Multiplicativity of w¢ implies that E is
subgroupoid. Hence (s, ws) is partially split. |

Example 5.8. Consider the over-symplectic groupoid (§s, ws) from Section 4.4. The
action of g on the line bundle

P = (kerwg)|s = (xdy + 0y)|s

is given on a section s € I'(f) by

(x,y,u,v,w)-s(x,y) = e*¥s(x, y).

Therefore, the groupoid (kerwg)* = gs x £* has one-dimensional orbits, and so it cannot
be a symplectic groupoid. The previous proposition implies that (§s, ws) is not partially
split. This also follows from the fact that the corresponding first-order jet cannot be real-
ized as a Poisson structure.

Another type of obstructions to the partially split condition, different from the pre-
vious example, results from the general theory of multiplicative connections developed
in [27]. In particular, the results from [27, Section 2.3] when applied to over-symplectic
groupoids, give the following.

Proposition 5.9. Let (S5, ws) be partially split over-symplectic groupoid and let ¥ =
(kerws)|s. A choice of partial splitting ©: (ker ws)* — T*§s yields

(1) A linear connection V on ¥ which preserves the bracket

Vx[& nle = [Vx&.nle + 6, Vxnle. X € X(S), §.n e T(F).

In particular, £ is a locally trivial bundle of Lie algebras.

(ii) For each x € S, a splitting of the isotropy Lie algebra gx = ker pg|y into a direct
sum of ideals
dx = ?x S [x~

There are also some classes of over-symplectic groupoids that are always partially
split. For example, we have the following fundamental result from [27].
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Theorem 5.10. Every bundle of ideals for a proper Lie groupoid is partially split.
Corollary 5.11. Every proper over-symplectic groupoid is partially split.

Other classes of partially split over-symplectic groupoids are discussed in the example
section.

Remark 5.12. A bundle of ideals arising from locally trivial groupoid fibrations has been
studied in [41] in the context of the theory of non-abelian gerbes. There, the authors have
defined a cohomology which contains an obstruction class for the existence of multiplica-
tive Ehresmann connections.

5.4. Uniqueness of the local model

We will extend the Moser method to the groupoid setting. Consider an action groupoid
Gsx V=3V,
where V' — S is a representation of 5 = S.

Proposition 5.13. Let (§s,ws) = S be an over-symplectic groupoid. Consider two open
groupoid neighborhoods

EFs=3S) > 3M)CEsxV 3V), k=01,
together with multiplicative symplectic structures wy, € Q2(8;) extending ws
iYor =ws, k=0,1.

Then there exists a symplectic groupoid isomorphism ®: (8}, wg) = (§!, w), defined
between open groupoid neighborhoods §s C §; C §y, satisfying ®|gg = 1d.

Applying this result to the representation V' = £*, we obtain that the local model is
well defined up to isomorphism.

Corollary 5.14. The germs of any two groupoid local models for (§s, wg) are isomor-
phic.

We begin by making the following observations about such groupoids.
Lemma 5.15. Any open groupoid neighborhood,
Fs3S)=>EFEIM)CEsxV3YV),
has an open subgroupoid
Fs=2SH—=>EF 3IM)CE3M),
which is invariant under multiplication by A € [0, 1]

(g.e) €9 — my(g.e) =(g,Ae) c .
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Proof. 1t is easy to see that the following is a subgroupoid of §,
9 ={(g.e):(g.le) e§VAc[0,1]} C ¥,
which is open and invariant under multiplication by A € [0, 1]. |
Lemma 5.16. Consider an open groupoid neighborhood
Fs3S)=>EFIM)CEsxV3V),

which is invariant under multiplication by A € [0, 1]. Any closed multiplicative form
o€ Q’If/[(ﬁ) whose pullback along the zero section i: §s — § vanishes, i.e.,

i*oa =0 e QK (gs).
is exact with a primitive multiplicative form, i.e.,
a=dB withp e Q1 (9).
Moreover, we can take B to vanish at points of Gs.

Proof. Assume first that § = §g x V. We only need to observe that the usual homotopy
operator preserves multiplicative forms. Indeed, let i: §s < §s x V' be the zero section,
P: 85 x V — §g the projection, denote by X the Euler vector field of the vector bundle
p:V — SandsetY = (0,X) € X(§s x V). Then

Id—(ioP)*=dH + Hd,

where
H: QEsxV)—= Q1 Esx V), o>1,

is the homotopy operator

1
1 .
HO) = [ SmiGrpdh.
0
The fact that %mi (iyy) is smooth at A = 0 follows because
mg(iyy) = P* oi*(iyy) = 0.

Since m,:8§s x V — g x V is a groupoid morphism and Y is a multiplicative vector
field, H maps multiplicative forms to multiplicative forms. So if & is a closed multiplica-
tive form whose pullback to §s vanishes, we have « = dH(«). The form g = H(«) is
multiplicative and vanishes at points of 5.

Finally, note that if & C gg x V is invariant under multiplication by A € [0, 1], the
same formula gives the homotopy operators for §. ]

The following shows that the representation V' from Proposition 5.13 is actually iso-
morphic to £* (see Proposition 5.18 for a more general version of this result).
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Lemma 5.17. Consider an open groupoid neighborhood,

(s 2 8) (G2 M)C(GsxV V),

together with a multiplicative symplectic form w € Q2?(8). Then s is a coisotropic sub-
manifold. Let ¥ := (Ts§s)*® C Ts$§s. Then the vector bundle map

e: V=¥, {(pu),v) =w((0,v),u,0), ucV,, vek’t,,

is a §s-equivariant isomorphism, where we regard

d
(v.0) € Ta,,0Fs x V), (0.u) = —

dr ,:0(1"’[”) € T1,,00(Fs x V).

Proof. The fact that §s is coisotropic follows from Proposition 3.1. Note that ¢ is in-
jective
kerg =V NEte =V N Tsgs = 0.

The fact that §g is a coisotropic submanifold implies also that ¥ and V' have the same
rank, so @ is a linear isomorphism.

It remains to show that ¢ is equivariant. Let g € §g, x := s(g), y := t(g), and let
v € ¥y, u € V. Denote

yi :=expy(tv) € (§s)y and u,:=tu.

We have that

w((g™" v.0),(0,u)) = w(% &g, 0), %‘tzo(lx»ut))
= a)(% &7 0(5.0). %‘tzo(g’l,g ) (g ur))
= % &0, c%‘tzo(g_lﬁg-ut)) +0
=o(S] 60000 5] @ e uniygou)
=0to(5] 0oL T]  hgun)

= 0((v,0), (0, g - u)),

where we have used twice that w is multiplicative. This equality is equivalent to ¢ being
Gg-equivariant: (g - u) = g - p(u). |

We are now ready to prove the multiplicative Weinstein—Moser theorem.

Proof of Proposition 5.13. Let¥ := kerwg|s. Consider the §s-equivariant isomorphisms
from Lemma 5.17, g: V => £*, corresponding to wy. By pushing forward wy along the
groupoid isomorphisms Id x ¢r: §s x V > G5 x £*, we may assume that V' = £* and
that wy restricted to £ xg £* is the canonical pairing. Therefore, for each z, the 2-form
wy = twy + (1 — t)wp is non-degenerate on Ts(Fs x £*) ~ TsEs & £*.
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We claim that there exists an open subgroupoid § C §s x £* containing s and invari-
ant under the multiplication m, A € [0, 1], such that for all ¢ € [0, 1], w; is a multiplicative
symplectic form on §. The 2-form w; is defined and multiplicative on the open sub-
groupoid

gz Z=g()ﬂg1 3M2 Z=M0ﬂM1.

Let M3 C M, be the set consisting of points x such that w;|;, is non-degenerate for
all r € [0, 1]. As we have seen, M3 contains S, and by the tube lemma, M3 is open.
By Proposition 3.3 (d), for all € [0, 1], w; is over-symplectic on the open subgroupoid
93 '= %|mu; = M3, and by the conclusion of that proposition, w; is non-degenerate
on §3. Finally, we let (§ == M) C (§3 = M3) be an open subgroupoid containing Fs
which is invariant under multiplication by ¢ € [0, 1], as in Lemma 5.15.

We apply a groupoid version of Moser’s trick to the path of symplectic multiplicative
forms w,; € Q%,(§),t € [0,1]. If X, is a time-dependent multiplicative vector field gener-
ating an isotopy of groupoid automorphisms ®': ¢ — &, starting at the identity at 1 = 0,
such that

(®)*w; = wg Vit €[0,1],
then, by the usual argument, X; must satisfy the equation
dix,w; = wo — w1.

Since wy — w1 is a closed multiplicative 2-form that vanishes on points of §g, and § is
invariant under multiplication by ¢ € [0, 1], by Lemma 5.16, we can find a primitive j
which is multiplicative and vanishes on §s. Consider the vector field X; € X(§) defined
by the equation

ix, 00 = B. te€lo.1].

Then X, is a multiplicative vector field vanishing on §s. The isotopy ®’, generated by X,
is defined on an open subgroupoid of § containing §s, and satisfies (®*)* (w;) = wp. Then
®! is the desired symplectic groupoid automorphism. ]

5.5. Linearization of symplectic groupoids

Having established conditions for the existence of a groupoid local model, we now ask

e To what extent can one expect the groupoid local model of a partially split (§s, wgs)
to be a normal form?

Recall that for a Lie groupoid § = M with a saturated submanifold S C M, one
defines the linear approximation to § around S as the normal bundle to the restriction

gs =9|s,

v(Fs) = v(S),
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where the groupoid structure is induced from the restriction of 7§ = TM to Ts M . More
concretely, it can also be identified with the action groupoid

v(Fs) = Gs x v(S),

associated with the normal representation of &g = S on v(S).

Recall (see [22]) that a Lie groupoid § = M is called linearizable around a saturated
submanifold S C M if there are groupoid neighborhoods §5 C U C § and §5 C V C
v(&s) and a groupoid isomorphism

o U SV,

which is the identity on §s. It is called invariantly linearizable around S, if there are
saturated neighborhoods S C U C M and S C V C v(S) such that

u=‘§|U and V:v(ﬁs)h/.

We call the isomorphism @ a linearization of § around S. The linearization problem
for Lie groupoids has been intensively studied [21,22, 58,59, 62]. In particular, it is well
known that proper (resp. s-proper) Hausdorff Lie groupoids can be linearized (resp. invari-
antly linearized) around saturated submanifolds.

Returning to the coisotropic embedding problem of an over-symplectic groupoid,
it turns out that the groupoid from the local model is naturally isomorphic to the linear
approximation. Notice that this property is independent of the existence of a multiplicative
Ehresmann connection.

Proposition 5.18. Let (§s,ws) be an over-symplectic groupoid. Given a groupoid coiso-
tropic embedding i: (§s, ws) — (8, w), then the isomorphism given by the symplectic
form descends to a groupoid isomorphism

b
Tgs§ ——— T4 9

I

v(gs) — —_+ (kerwg)*
whose base map is an isomorphism of §s-representations
v(S) >~ £*, where ¥ := ker(ws)ls.

Proof. Since i is a coisotropic embedding, it follows that it induces an isomorphism of
vector bundles making the diagram commute. Now observe that, since w is multiplicative,
all solid arrows in the diagram are groupoid morphisms, so it follows that the dashed arrow
is also a groupoid morphism. Denote this isomorphism by ®: v(§s) — (ker wg)* and its
base map by ¢: v(S) => £*. As we have remarked before, these groupoids are isomorphic
to action groupoids

v(9s) ~ G5 x v(S), (kerwg)* ~ Gg x £,
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where the isomorphisms are the pairs (prg, ,s), bundle projection and source map. Since ®
is a vector bundle map covering the identity, we obtain a commutative diagram of group-
oid isomorphisms

V(8s) —2— (kerwg)*

G5 w v(S) 19, g pr.

In particular, the map ¢ is an isomorphism of ¥g-representations. ]
The previous proposition allows us to restate Proposition 5.7 as follows.

Corollary 5.19. Given a symplectic groupoid (§,®) = M, its restriction (§s, wg) to
a saturated submanifold S is partially split if and only if the linear approximation
v(&s) = v(S) admits a closed multiplicative 2-form wq extending wg and which is non-
degenerate along §s.

Proposition 5.18 also shows that if a symplectic groupoid (¥, w) is isomorphic to
the local model (5, wp) around s, then the groupoid § is linearizable around S. Next,
we show that Proposition 5.13 implies that this is the only obstruction.

Theorem 5.20. If a symplectic groupoid (§,w) is linearizable (as a Lie groupoid) around
a saturated submanifold S, then (8, w) is locally isomorphic (as a symplectic groupoid)
to the groupoid local model of (§s, wg).

Proof. A linearization of § around S induces a multiplicative symplectic structure w; on
a groupoid neighborhood §; C §s x £* of §s such thati*(w;) = ws. By Proposition 5.7,
(8s, wg) is partially split, and so the groupoid local model (§y, wy) of Proposition 5.2
exists. Since i *(wg) = ws, Proposition 5.13 implies that (§y, wg) and (&1, w;) are iso-
morphic around s, and so (¥, w) and the groupoid local model (¥, @) are isomorphic
around G [ ]

The linearization theorems mentioned before (see, e.g., [22]) imply the following.

Corollary 5.21. Let (§,w) == M be a proper symplectic groupoid. For any closed em-
bedded invariant submanifold S C M, (§, w) is isomorphic around S to the groupoid
local model of (§s, ws). If, additionally, (§, ®) is target-proper, then § is invariantly
linearizable.

Let us now see that Theorem 9 in the introduction follows from Corollary 5.21. First,
the assumption in Theorem 9 looks weaker than in this corollary, since there one only
assumes the restriction ¥s = S to be target-proper. However, this is only apparent, as the
following general fact shows.

Lemma 5.22. Let f: X — Y be a submersion with connected fibers, and let Y. C Y be

the collection of points y € Y whose preimage f~'(y) C X is compact. Then Y, is open
inY,and f: f~1(Y.) — Y. is a locally trivial fibration.
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Proof. The foliation on X given by the fibers of f has trivial holonomy. By applying the
local Reeb stability theorem (see, e.g., [49]) to a fiber £ ~!(y), y € Y., we obtain a sat-
urated open neighborhood f~1(y) C U C X and a diffeomorphism U ~ f~!(y) x V,
with y C V' C Y, under which f becomes pry,. Since the fibers of f are connected,
it follows that U = f~1(V). Hence V C Y., and f is can be trivialized above V. L]

Proof of Theorem 9. The lemma applied to t: § — M yields the saturated open set M.
for which &y, is target-proper. The result follows from Corollary 5.21. ]

6. Examples of groupoid local models

In [27, Section 3], we give many examples of classes of groupoids with bundles of ideals
that are partially split. These lead to examples of over-symplectic groupoids which are
partially split. We give here some classes where one can find the symplectic groupoid
local models explicitly.

6.1. Transitive over-symplectic groupoids
Given a principal G-bundle P — S, the gauge groupoid
s =P xgP =S

is a transitive groupoid for which the adjoint bundle ¥ = P x¢ g is a bundle of ideals.
It was observed in [27, Section 3] that this groupoid is always partially split and that there
is a one-to-one correspondence

multiplicative connection| ~ principal bundle
1-forms o € Q!(gs.¥) connections 7 € QY(P;q)[ "

This correspondence is as follows: given a principal bundle connection n € Q!(P, g),

the 1-form pr n —prfn € QU(P x P, q) descends to a unique multiplicative connection
I-form o € Q! (8s, £) such that

q*a = pryn—pryn, (6.1)

where g: P x P — P xg P is the projection.

If (95, ws) is a transitive over-symplectic groupoid, then we saw in the example of
Section 4.2 that it is isomorphic to the gauge groupoid of a principal G-bundle p: P — S
over a symplectic manifold (S, w),

s ~ P xg P = S.
Under this isomorphism, the over-symplectic structure is given by

ws = (popry)*® — (popr)*o € Q*(gs).
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It follows that the bundle of ideals is the adjoint bundle
t = (kerwg)|s = P x¢ g.

Hence, every transitive over-symplectic groupoid (§s, wg) is partially split. An explicit
form for the local model (§y, wg) associated with a principal connection 7 is given by
a groupoid neighborhood of the zero section in

s x " = (P x P) xg g,
and the closed 2-form wy is obtained from expression (5.2)
wo = prg, ws + d{a, ),

and « is determined by (6.1). This local model is well known [18,44] and is the groupoid
version of Vorobjev’s local model around symplectic leaves [53].

6.2. Principal type

Let 95 := ¥ Xxgxs J be an over-symplectic groupoid of principal type associated to the
symplectic groupoid
o) S

and the transitive groupoid
H ~P XG P 3 S s

as in the example from Section 4.5. Note that
kerws = X Xgxs (kerdty Nkerdsy) >~ Fs xs ¥,
where, as in the previous example, the bundle ¥ coincides with the adjoint bundle
t = (kerws)|s = P Xg g.

Also as in the previous example, a principal connection € Q1 (P g) gives rise to a mul-
tiplicative connection o € Q!(J, ¥). The projection prg: §s — J is a groupoid map,
so it follows that we have a multiplicative connection 1-form on &g

priy a € QY (Fs, b).

We conclude that over-symplectic groupoids of the principal type are partially split. The
local model has supporting groupoid an open subgroupoid

G0 C (P xsXxs P)xga* =2 P xgqa*

and multiplicative form
wo = pry, oz + d{pry, o, ).
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6.3. Action groupoids

Let (95, ws) be an over-symplectic groupoid, where &g is the action groupoid of an action
of a Lie group G on a manifold S,

5=G6GxS5 =3 8S.

The kernel of wg defines a bundle of ideals £ < g x §. This means that each fiber is an
ideal ¥, C ker p, such that
Adg (?x) = f’gx,

where p: @ — X(5) denotes the infinitesimal action.

If there exists a G-equivariant splitting /: g X S — ¥, then the over-symplectic group-
oid (§s, wg) is partially split: this splitting yields a multiplicative connection 1-form
o € 23,(G x S;¥) by setting

%(g,x)(dLg (v), w) := [(v, x).

Consider, for example, a compact Lie group G with Lie algebra g and denote by (-, -)
a G-invariant inner product on g. Given any G-invariant submanifold S C g, the action
groupoid
s =GxS =S

is an over-symplectic groupoid with closed 2-form
(@s)(g,x)((dLg (v1), 21), (dLg (v2), 22)) = (v2,21) — (v1,22) — ([v1, v2]. x),  (6.2)

where (g,x) € G x S, v1,v; € gand z1, 2, € Ty S C g. The corresponding Lie algebra
bundle ¥ C g x S is
Fe={(w,x):we (TxS)*). (6.3)

The Lie group G acts on the total space of the bundle ¥,
g (w,x) = (Adg(w), gx),

and the groupoid g X ¥ = f is then identified with the action groupoid G x ¥ = ¥. Using
the inner product, we can identify g >~ g* and £ ~ £*.
The orthogonal projection gives a G-invariant splitting

ligx S —*t [):=m (v).
Then we obtain the multiplicative connections 1-form « € QIIM (G x S;¥) defined by
Qg x)(dLg(v), z) := e, (V).
This gives a closed multiplicative 1-form («, -) € 911\4 (G x ¥) (recall that ¥ ~ £*)

(av‘)(g,w,x)(dLg(v)auvZ) = (U, U)), (64)



Poisson geometry around Poisson submanifolds 1249

where g € G, (w,x) € ¥,v € gand (4, z) € T(y,x)f C g x g. The symplectic form on the
local model §y C G x ¥ is given, as usual, by restricting the closed multiplicative 2-form

wo = Prgys ws + d{a,-) € Q3,(G x ¥).
Using (6.2) and (6.4), we find

(@0) (g,w,x)((dLg (v1),u1,21), (AL g (v2), U2, 22))
= (v2,21) — (v1,22) — ([v1, 2], X) + (v2,u1) — (v1, u2) — ([v1, V2], W)
= (V2,21 +u1) — (v1, 22 +uz) — ([v1, V2], x + w). (6.5)

Note that ¥ is the normal bundle of S in g (see (6.3)) and that the Riemannian expo-
nential map ¥ — g is given by (w, x) — w + x. In particular, it is G-equivariant, and so
it induces a map of groupoids

Gxt—>Gxag,

which is an open embedding around G x S. Formula (6.5) shows that it is in fact an
embedding of symplectic groupoids, where we use the identifications 7*G ~ G x g* >~
G X g given by left-invariant translations and the invariant inner product, and endow 7T*G
with the canonical symplectic structure.

We conclude that for a compact Lie group G and any G-invariant submanifold S C g*,
a choice of G-invariant inner product gives an identification of the local model §y around
S with T*G. In other words, the symplectic groupoid T*G = g* is linearizable around
any invariant submanifold. This also agrees, of course, with Corollary 5.21, since
T*G = g* is an s-proper groupoid whenever G is compact. The next example shows
that the assumption that G is compact is crucial.

Example 6.1. Consider the non-abelian two-dimensional Lie group G and the associated
symplectic groupoid (T*G, wean) = g*, which integrates the linear Poisson structure on
a* ~ R? given by

T = X0y A dy.

Then T*G is not linearizable around the closed embedded Poisson submanifold S =
{x = 0}. For this, note that the over-symplectic groupoid §s := (T *G)|s, is, as groupoid,
the trivial bundle of Lie groups G x S — §, and that the orbits of §5 on the normal bundle
v(S) = £* are one-dimensional. So, as in Example 5.8, a partial splitting does not exist.

7. Local models of Poisson structures

We now come back to the infinitesimal level with the aim of constructing local models
for elements 7 € J ; IT1(M, S). Since any such element can be represented by a pair t =
(TgM, ps), i.e., as the infinitesimal counterpart of an over-symplectic groupoid, all we
have to do is to apply the dictionary to transfer the construction in the previous section to
obtain a local model for Poisson structures.
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7.1. The local model
Let us fix a first-order jet of a Poisson structure
(As, [ las. pas),  ws: As — TS,

i.e., a Lie algebroid together with a surjective IM 2-form. As usual, wg denotes the
induced Poisson structure on S. Let

f:=ker(us).
The IM conditions imply that

0t Ag 25 7*s 50

is a short exact sequence of Lie algebroids, where T*S = § is regarded as the cotan-
gent Lie algebroid of 7rg. In particular, ¥ is a bundle of ideals in Ag. Therefore, Ag has
a canonical representation on £

Vav =l vlas, @ €T(4s), y €T (D).

This is the infinitesimal version of the groupoid representation (5.1). It gives rise to the
semi-direct product Lie algebroid Ag xg ¥ = S, with Lie bracket

[(@1.71). (2. ¥2)] = (1. 02]as. Vi, v2 — Ve, 1)

and anchor p4 o pry . This is the infinitesimal version of the groupoid 5 x5 £ = S.
The infinitesimal version of the Lie groupoid §s x £* = £* is, of course, the action
Lie algebroid Ag x £* = £* associated with the dual representation V¥" of Ag on £*

Lpag@B. X) = (VoB. X) + (B. Vg X).

To build the local model, we need to know whether the Lie algebroid Ag x £* = £*
admits a closed IM 2-form o which is non-degenerate around S and whose restriction
to Ag is ;us. From the global picture, we know that such an IM form might not exist, and
so we need the infinitesimal analog of multiplicative connections and the partially split
condition.

Using the notion of infinitesimal multiplicative (IM) form with coefficients (see Ap-
pendix A), one obtains the infinitesimal version of Definition 5.1.

Definition 7.1. An IM connection 1-form on a first-order jet (As, ns) with kernel ¥ =
ker jus is an IM 1-form (L, /) € Q},(As;¥) whose symbol satisfies

1(§) =§ VEeTI().
A first-order jet is called partially split if it admits an IM connection 1-form.

The general theory of IM connections 1-forms was developed in [27], and will be
recalled briefly in the next subsection.
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Given an IM connection 1-form (L,/) € Q};(As;¥), we have an associated IM 1-form
((L,1),") € Q}\;(As x £*) which has components j1: As x £* — R and {: Ag x £* — TE*
defined on constant sections & € I'(Ag) by

p(@) =Il@), (@) =di(a) - L@),

where for a £-valued form 7 € Q¥(S, ¥), we denote by 7 € Q¥ (£*) the k-form given
by 7le := (pr*(n), §), with pr:£* — § denoting the bundle projection. The fact that
((L,1),-) = (u, ) is indeed an IM form is proven in [27, Proposition 5.4], and follows
directly from the IM conditions.

Using the IM-differential from definition (A.3), one obtains the closed IM 2-form

div((L,1),") = (£,0) € Qiyy(As x 7).
Then we can state the infinitesimal analog of Proposition 5.2.

Proposition 7.2. Given a first-order jet (As, us) and an IM connection 1-form (L,1) €
SZIIM (Ag;t), the closed IM 2-form

fo = pr s + dm((L.1).) € Qiy(As x £¥) (7.1)

is non-degenerate along S. Moreover, the zero section iy: As — As x £* is an algebroid
embedding satisfying iy jlo = [Ls.

Proof. The pullback of a (closed) IM form by a Lie algebroid morphism is a (closed)
IM form. Since the projection pr: Ag X £* — Ag is a Lie algebroid morphism, it follows
that (7.1) defines a closed IM 2-form.

Using the canonical isomorphism

Tgt* ~t TS,
the restriction
(o)log: As — TgE*

has components
o (pr*us)log:As =@ T*S, a0~ (0, us());
o (dm((L.0),"Dlog:As =¥t DT*S, a — (I(a).0).
Hence, (1o)|og is a fiberwise surjective map. Since the two vector bundles have the same

rank, (o is a non-degenerate IM 2-form along Og. ]

In the setting of the previous proposition, let My C £* be the open neighborhood of S
where (1o is non-degenerate. Then

Ag = (As X ?*)|M0 ~ As x My
carries the non-degenerate closed IM 2-form

olay: Ao = T* M.
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Definition 7.3. Given a partially split first-order jet (As, (ts), the pair (Ao, po) is called
the Lie algebroid local model of the IM connection 1-form (L,) € Q},(As;¥). The
corresponding Poisson local model is the Poisson manifold (M, i), where

71'3 = g © /J,gl

The fact that wo: Ao 55 T*M, is an isomorphism of Lie algebroids yields the identi-

fication
J§mo = (As, ps).

In conclusion, we have constructed a local model, in the sense of Definition 1, for the
classé C J ; I1(M, S) of partially split first-order jets of Poisson structures. Namely, by
the axiom of choice, for each t € ¥, we can chose an IM connection 1-form (L, [;), and
we let o(7) be the associated local model, i.e., o (7) := (My, p). We obtain Theorem 2

from the introduction. In the next subsection, we will see that different choices of IM
connection 1-forms produce isomorphic local models.

7.2. The partially split condition for jets

In order to understand the partially split condition and the existence of IM connection
1-forms, as in Definition 7.1, we recall briefly the notion of IM Ehresmann connection
introduced in [27].

Consider a Lie algebroid Ag and a bundle of ideals ¥ C Ag, i.e., £ C ker ps and
[, y]as € T'(¥), foralla € I'(As), y € I'(¥). So £ is a representation of Ag,

Vf[y = [, ylag-

In [27], we gave the following equivalent descriptions of IM connections for ¥:

(1) An IM Ehresmann connection for £ is a VB subalgebroid £ = TS of TA = TS
such that

TA=t®E.

(i) There is a natural inclusion Ag xs £ C TAg,

d
— t
@)= 2| @+)

which is a map of VB algebroids

AgxgtC—  TAg

\AS/

0s ©

—

TS
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An IM Ehresmann connection yields a partial splitting 0: As x £* — T*Ag, i.e., a VB-
algebroid map which is a splitting of the dual projection

(iii) Given a partial splitting 6: Ag x £* — T* Ag for £, one obtains an IM connection
1-form, i.e., an IM 1-form (L,[) € QllM (As;¥) whose symbol satisfies

[(§) =§ VEeT().
It is defined by setting for any « € I'(A) and v € TM
L()(v) := prg (07 (dar(v))),
I(o) := pr 6(@)|m.

where @ € X(A) is the vertical lift of the section c.

(iv) Finally, given an IM connection 1-form (L, ) € Q},(As;¥), one obtains a linear
closed multiplicative 2-form p'" € Q2(Ag x £*) by

Mlin = dIM((Lv l)’ )

We now return to our case of interest, namely first-order jets (As, ;s ) where the rel-
evant bundle of ideals is ¥ = ker . s. In the sequel, we will use the equivalence between
(1)—(iv) without further notice. So, for example, (As, jus) is partially split if it admits
a partial splitting 0: Ag X £* — T*Ag as in (ii). This is equivalent to our original Defini-
tion 7.1, which was stated in terms of the existence of an IM connection 1-form (L,/) €
Q{\1(As;¥), as in (iii). The closed IM 2-form in the local model (7.1) can be written using
the partial splitting 6 from (ii) as

Ho = szs ms + e*ﬂcan»

where flean € Q3,(T*Ag) is the canonical IM 2-form (see Example A.4), or using the
linear IM form u““ from (iv) as

[o = prig s + pu'.

In this expression, the first term is a constant IM 2-form and the second term is a linear
IM 2-form.

Remark 7.4. Let us stress that the partial split condition is not implied by the existence
of a Lie algebroid splitting r: T*S — Ag of s, see Example 9.14.
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As in the global case (cf. Proposition 5.9), the partially split condition implies certain
properties of the isotropy Lie algebras of a first-order jet.

Proposition 7.5 ([27]). If (As, is) is a partially split first-order jet of Poisson structure,
a choice of IM connection 1-form (L, 1) gives

(1) a linear connection on ¥ = ker ug
Vg€ = ixL(E),
which preserves the Lie bracket

VE[E e = [VEEnle + . VEnle. X € X(S), &.n e T(®);

(ii) for each x € S, a decomposition of the isotropy Lie algebra gy := ker pa|x into
a direct sum of ideals
gx ~ ¥ & (gx Nkerl).

We quote from [27] another interesting characterization of partially split jets which
will be useful later. Given a (usual) connection V on a Lie algebroid As = S, one has
the following associated A g-connections on Ag and 7'S":

ﬁaﬂ = Vo + [, B],
Vo X := p(Vxa) + [p(e). X].

They satisfy
p(VaB) = Vap(B).
The basic curvature of V is defined as the tensor

R$® (. B)(X) = Vx([o. B]) — [Vxet. B] — [, Vx B] — Vg, y& + Vg, x B,

where X € X(S) and «, B € I'(Ag). This curvature arises naturally in the study of Cartan
connections (see [1-3]). Proposition 5.9 from [27] implies the following.

Proposition 7.6. A first-order jet (As, is) with ¥ = Ker us is partially split if and only
if there is a vector bundle splitting |: As — ¥ of the short exact sequence

0>F—>Ag 25 T*S >0
and a (usual) connection V on Ag such that
Vi=0, I(R¥)=0. (7.2)

In this case, the pair (I, V) determines an IM connection 1-form (L,1) € Q}\(As;¥) by
setting
L: T(As) = QY(S:¥), ixL(a):=I1(Vxa).

Moreover, every IM connection 1-form (L, ) takes this form for some pair (I, V) satisfy-
ing (7.2).
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Remark 7.7. The connection V on Ag in the previous proposition is not uniquely deter-
mined by the IM connection 1-form (L, /) € Q}\,(As; ). In particular, this connection
should not be confused with the connection VX on ¥ from Proposition 7.6. They are
related by

Vs = 1(Vx§)

for X € X(S)and & € T'(¥).

7.3. Existence and uniqueness of the local model

The following proposition gives some geometric meaning to the partially split condition:
it shows that the partially split condition is equivalent to the algebroid local model Ag x £*
being the cotangent algebroid of a Poisson structure extending the given first-order jet.
This is the infinitesimal version of Proposition 5.7.

Proposition 7.8. A first-order jet (As, jus) with kernel ¥ := ker s is partially split if and
only if there exists an open neighborhood S C My C ¥* and a closed non-degenerate IM
2-form € Q3 (As x Mo) whose pullback along the Lie algebroid map i: As < Ags x £*
is us,

i*pn=us.

Proof. If (As, is) is partially split, then the local model p( from Proposition 7.2 is an
IM 2-form as in the statement.

Conversely, let 1 € Q3,(As x Mp) be as in the statement. We use that canonical
decomposition given by the vector bundle structure

Tgt* ~ ¢t T*S.
By assumption, u takes the following form along S':
wls: As = €D T*S, pls = (I, ws).

Letm;: Ag x £* — Ag x £* denote the fiberwise multiplication by ¢ > 0, which is a Lie
algebroid morphism. We have that

tlig})m}kﬂ = pr' us.

Moreover, [ty := %m;‘ (i — pr* ws) is a path of closed IM 2-forms, defined on m,—1 (Mp).
Then one can easily see that the following limit exists
lin .
=1
p = f e
(e.g., in coordinates) and it is a linear closed IM 2-form p!" € Q2,(As x £*).
If we assume that /| = Id, then for each t > 0, (u¢|s)|sr = (Id, 0), and so this holds

also for the limit 1''". Thus the characterization from item (iv) of the previous subsection
of the partially split condition holds.
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The general case can be reduced to this using Lemma A.13, which shows that the
map /[ |g: £ — ¥ is an Ag-equivariant linear isomorphism. Let ¢ := (/|¢)*: £* — £* denote
the transpose map. Then (Id, ): As x £* => Ag x £* is a Lie algebroid 1som0rphlsm
covering ¢. So My := @(My) is an open neighborhood of S over which Ag x M, carries
the non-degenerate IM 2-form

fi = (Id, o) () € Qfy(As x Mo).

Note that /i also extends pg and by construction, for every f € I'(¥), we have

1(B) = uls(B) = ¢™ o jils(B) = L(FL(P)).

which shows that [i restricted to ¥ C (Ag x £*)|g is the identity map. Therefore, the above
argument applied to [t shows that (Ag, wg) is partially split. |

The infinitesimal multiplicative version of Moser’s argument, which was proved in
Proposition A.11 (i), gives the following result.

Proposition 7.9. Let (As, iLs) be a first-order jet of a Poisson structure with kernel ¥ :=
ker ius. Consider two closed non-degenerate IM 2-forms jio, (b1 € Q3 (As x M), defined
on some neighborhood S C M C ¥*, which extend s,

i*ur =ps, k=0,1.
Then there exists an isomorphism of Lie algebroids
o: A5I>(M01>Asl><M1, q)*(/,Ll)Z/,Lo,

defined between open neighborhoods S C My, M1 C M and whose base map fixes S.
In particular, this base map gives a Poisson isomorphism between the induced Poisson
structure

¢: (Mo, o) = (M1, 71).
We conclude that the local model is well defined up to isomorphism.

Corollary 7.10 (Uniqueness of local models). Given a first-order jet of a Poisson struc-
ture (As, s), any two local models associated with distinct IM connection 1-forms are
isomorphic around S.

7.4. The local model as a Lie—Dirac submanifold

We discuss now the Lie algebroid version of the symplectic groupoid
(T*gSv Wean + Prgs wS) = AE (7.3)

and the infinitesimal version of Corollary 5.6. This gives another perspective on the par-
tially split condition and the geometry of the local model.
The main result in this section can be stated as follows.
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Theorem 7.11. Let (As, is) be a first-order jet of a Poisson structure. Then
(i)  The Lie algebroid T* As = A¥ carries the closed non-degenerate IM 2-form

W= fhean + Py, ps: THAs — T A,
where [Lea Is the canonical IM 2-form on T* Ag (see Example A .4).

(i)  The Poisson structure w4 on A% corresponding to | is given b
SIS S P glopisg y

# # -1
Tgops = Tag © (Id—przs LS © U)s

where 4 is the fiberwise linear Poisson structure on A’.

(iii) If (As, us) is partially split, then for any IM connection 1-form (L, 1) the dual
[*:¥% < A% realizes the local model (My, o) as a Lie-Dirac submanifold of
(AE» TAg s )-

(iv) Conversely, let (N, ) C (A%, Tas,us) be a Lie-Dirac submanifold containing S
such that the corresponding Lie subalgebroid Ay C T™* A§ satisfies

w (Anls) = As.

Then (As, us) is partially split, and (N, ) is isomorphic around S to the local
model (My, 7¢).

Before we prove this result, let us clarify the terminology used in the statement. First,
a submanifold i: N — M of a Poisson manifold (M, i) is called a Poisson—Dirac sub-
manifold if the Dirac structure L, = Graph(z#) pulls back to a Dirac structure on N
which is given by a bivector field: i* L, = Ly, . Then 7wy is a Poisson structure. We are
interested in the following special type of Poisson—Dirac submanifolds.

Definition 7.12. A Lie—Dirac submanifold of a Poisson manifold (M, r) is an immersed
submanifold, N < M, together with a vector bundle decomposition T;\‘,M = AyN &
(TN)®, for which Ay is a Lie subalgebroid of T*M.

These submanifolds were introduced and studied by Xu in [61], who called them
“Dirac submanifolds”, and further investigated in [14] where the term “Lie—Dirac sub-
manifold” was coined. In these references, it is proved that if N C (M, r) is a Lie-Dirac
submanifold as in the definition, then the following hold (see [61, Theorem 2.3 and
Remark 2.7 (iii)], and also [14, Section 8.3]):

(a) N is aPoisson-Dirac submanifold, hence has a Poisson structure 77 which does not
depend on the splitting of Ty M.

(b) The restriction map r: Ay = T*N is an isomorphism of Lie algebroids, where
T* N has the algebroid structure induced by 7y .

At the groupoid level, Lie-Dirac submanifolds correspond to symplectic subgroup-
oids. We have seen in Corollary 5.6 that the groupoid local models arise as symplectic
subgroupoids of the symplectic groupoid (7.3), so Theorem 7.11 gives the infinitesimal
analog of this statement.

The theorem also has the following surprising consequence.
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Corollary 7.13. The inclusion of the local model
= I*I (M(),T[()) — (AE,T[AS,MS)

is a backward Dirac map. Therefore, the local model depends only on the base map of the
IM connection 1-form.

‘We now turn to the proof of the Theorem 7.11.

Proof of (i). The Lie algebroid 7*Ag = A% with the IM 2-form u = fican + prjs s
represent the infinitesimal counterpart of the symplectic groupoid (7.3). Clearly, u is
a closed IM 2-form, being the sum of the canonical closed IM 2-form pic., (see Ex-
ample A.4), and the pullback of the closed IM 2-form pus via the Lie algebroid map
pryg: T*As — As. To show that  is invertible, we use a connection on Ag and the dual
connection on A§ to identify

T*AS ~T*S XS Ag- XS As, T*A§ ~T*S XS AS XS Ag.
Under these isomorphisms, u becomes

/,L(E,(X,Cl) = (S + ,LLS(CI),CZ,O{),

which is clearly invertible. ]

Proof of (ii). The Poisson structure corresponding to the closed non-degenerate IM 2-
form fican is the linear Poisson structure 74, on AE, with nﬁs = PT*Ag © [Lc_alll. Using
the explicit description from the proof of (i), we see that the Poisson structure w4 ;¢
corresponding to u is given by the formula from item (ii)

ﬂﬁs,us =preagop ! = f}s o (Id — pry iLs © fem)- "

Proof of (iii). This follows from the infinitesimal analog of Corollary 5.6.

Lemma 7.14. Let 0: As x £* — T*Ag be a partial splitting with base map i ‘= [*:
¥* — A%, and let (Mo, 7o) be the corresponding local model. Theni: Mo— (A5, A g 1)
is a Lie—Dirac submanifold with Lie algebroid

Apy = Im(p 0 0) C T*ASli(my).
and the induced Poisson structure on My is .
To prove this lemma, as seen in Proposition 7.2, we have the closed IM 2-form
Ho € Qy(As X £%), o = 6% (n) (74)

which is non-degenerate on My C £*, and ng = Px © ,uo_l. Over My, we have the follow-
ing diagram of Lie algebroid maps:

As x Mg —2 5 T*M,

[ [s

T*Ag — 2 T*A4%,
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where the horizontal arrows are isomorphisms, the algebroids on the right correspond to
the Poisson structures mo and w4 4, Tespectively, and the map ¢ is defined such that
the diagram commutes. Clearly, Aas, = Im(¢). Therefore, Ay, is a Lie subalgebroid,
and ¢: T*Mo — Apm, is a Lie algebroid isomorphism. Next, note that the explicit form
of (7.4) is

po(v) =i*(pnob(v)) Vv e Asx Mo,

or equivalently, using that p¢ is invertible and the definition of ¢
a=i%(p(@) VYaeT*M,. (7.5)

This shows that Apg, N (Ti(Mp))° =0, and so Apr, makes i: Mo — (A§. 74, ,05) aLie—
Dirac submanifold. We claim that the induced Poisson structure 7o on My coincides
with 7ry. For this, it suffices that they induce the same Lie algebroid structure on 7* M.
We know that both are isomorphic to Ay, : the one corresponding to 7y via the map
¢:T*My = A M, and by item (b) the one corresponding to it 77y via the pullback map
i*: Am, = T*M,. However, by (7.5), these maps are inverse to each other. So, indeed
TTop = T0o. |

Proof of (iv). Let S C N C A% be a Lie-Dirac submanifold such that the corresponding
Lie algebroid Ay C T*AY is given above S by

An|s = n(As) C T*A§.

By composing the Lie algebroid map !4, : Ay < T* As with the restriction T*As —

Ag X £*, we obtain a Lie algebroid map ®: Ay — Ag x £* which covers ¢ = p|y, where

p: Ay — £* is the projection. We claim that by shrinking N we can ensure that ® is a Lie

algebroid isomorphism onto Ag x My, where My = ¢(N) is an open neighborhood of §.
The condition that N is a Lie—Dirac submanifold with Lie algebroid Ay gives

Ay ® (TN)® = T} A%,

Under the decompositions for 7* A and 7* A from the proof of item (i), this condition
along S becomes

{(us(a),a) :a € As} ® (TsN)° =T*S & As,

where we identify 7S @ As >~ Tg A§. Since ¥ = ker us and TS C Ts N, this condition
is equivalent to
(TsN)° &t = Ag.

Equivalently, the differential of ¢ along S gives a linear isomorphism
d([)l TsN :> Tsf’*.

Therefore, after shrinking N, we may assume that ¢ is an open embedding. By assump-
tion, above S we have a Lie algebroid isomorphism ®|s: Ax|s 5 Ag. Therefore, by
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shrinking N further, we may assume that ® is a Lie algebroid isomorphism ®: 4y —>
As X My, where My = ¢(N) is an open neighborhood of S in £*, proving our claim.
Now observe that the restriction map un: Ay — T*N is a closed non-degenerate IM
2-form on Ay, therefore it defines a Poisson structure 7 on N. This follows since N
is Lie-Dirac with Lie algebroid Ay C T*A7%. Using the isomorphism ®, we obtain the
closed non-degenerate IM 2-form g := (®71)*(uy) on As x M. By the proof of (i),
the pullback of w along the inclusion As <> T*Ag is us. This implies that the pullback
of po along As — Ag x My is us. Proposition 7.8 implies that (Ag, is) is partially
split, and Proposition 7.9 implies that the Poisson structure 1y on My corresponding to (g
is isomorphic to the local model around S. Since ¢: (N, ry) —> (Mo, o) is a Poisson
diffeomorphism, the conclusion follows. [

7.5. IM connection 1-forms as couplings

In the case of symplectic leaves of Poisson structures, the classical approach to the local
model, due to Vorobjev, is via so-called couplings, which originated in the theory of sym-
plectic fibrations. There exists a similar approach to our local model, as we now discuss.

Consider a partially split first-order jet (As, ns) with a fixed IM connection 1-form
(L,1) € QL (As;¥). We use the base map to split the short exact sequence

ns

T*S 0

and to identify Ag ~ T*S & £. Then we obtain the following data:

(i) A linear connection V% on the vector bundle ¥ — S, given by
Vi€ = ix L(§).
(ii) AtensorU e I'(TS ® T*S ® £), given by
U(e, X) := —ix L(a).

The fact that this is a connection and a tensor follows from the symbol equation (A.6)
and the fact that /| = Id. Notice that the connection V% has already appeared in Propo-
sition 7.5. The following result is proved in [27, Section 5.4].

Proposition 7.15 ([27]). Given an IM connection 1-form (L,l) € QIIM (Ag;¥), the corre-
sponding data (VE, U) satisfies the structure equations:

(S1) the connection VL preserves the Lie bracket [-, ], i.e.,

Vi [§. 1 = [VEE. e + [ Vi ile:
(S2) the curvature of V¥ is related to [U, -] as follows:

L
\ #

L Lyl L _ 1.
v VH VKV, Y = [U(e, X), J;

@  [rh@).X]
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(S3) U satisfies the skew-symmetry condition

U, 75 (B)) = —U(B, 7k () (7.6)

and the “mixed” cocycle-type equation

Vfg(a) U, X) — v)fg V@ X) + VZU(. 75 ()
+ Ul [7E(B), X)) — UB. [xE (@), X]) = U(le, Blg, X)
forall X € ¥1(S), a, B € QU(S), £, np e T'(F).

We introduce the following notation.

Definition 7.16. Let (S, ws) be a Poisson manifold and (¥, [-, -]s) a Lie algebra bundle
over S. A coupling data is a pair (VL, U), where VL is a connection on ¥, and U €
I'(TS ® T*S ® ?) is a tensor field satisfying the structure equations (S1), (S2) and (S3).

In the rest of this section, we show that the coupling data determines completely the
partially split jet, and hence the local form. We start by stating the following special case
of a result proved in [27, Section 5.4].

Proposition 7.17. Let (S, ns) be a Poisson manifold, (£, [-,-]¢) a Lie algebra bundle
over S and (VE,U) coupling data. The pair (As, us = pry«g) is a partially split first-
order jet of a Poisson structure, with IM connection 1-form (L, 1) given by

| =prp, ixL(a, &) =VEE—U(a, X). (1.7)

Moreover, any first-order jet of a Poisson structure which is partially split is isomorphic
to one of this type.

With the description of a partially split first-order jet in terms of coupling data given
by the previous propositions, we can now turn to the corresponding description of the
local model. This local model is defined on the open set My C £* over which the IM
form p¢ is invertible. This is clarified in the following result, where we continue to use
the notation from Proposition 7.17.

Proposition 7.18. Let (Ag, s) be partially split with a fixed IM connection 1-form
(L,1) € QL\(As; ¥) and associated coupling data (VE,U). The local model is defined
on the open set My C * consisting of points z € £*, where the linear map

d+ (z,U): T S - T7S, x=prg(z),
is invertible. At z € My, the Poisson structure g of the local model decomposes as
mo|; = e, + hor,y, € A*Vert & A*Hory., (7.8)

where the vertical component mg |, is the linear Poisson structure on the dual of the Lie
algebra ¥, and the horizontal component hor,y; is the VE-horizontal lift of the bivector
Yz € A2Ty S given by

vi=rtod+ (z,U))™".
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Proof. Proposition 7.17 implies that the anchor of the Lie algebroid Ag x £* is
oxlz: TiS @by — T8, (a,&) n§x§|z + horz(ngoz),

where z € £, hor;: T S — T,£* is the VL horizontal lift and £ € ¥, is thought of as an
element of 7,*¢*. Note that this decomposes the anchor into a vertical and a V£-horizontal
component.

Now using (7.1) and (7.7), we find that the IM 2-form po can also be decomposed
into a vertical and a V£ -horizontal component

Wolz: Ty S @ty — T8, (a,&) = (¢ + (z,U())) o d; prg + vert} (§),

where prg: £* — S is the bundle projection, (z, U(x)) € T, S and the vertical projection
corresponding to the connection V£ was denoted by vert,: T, £* — ker(d, prg) ~ *. This
shows that pq is invertible on the open My consisting of elements z € £* where the map
Id+ (z,U): T}S — TFS is invertible. On this open set, the composition px o g yields
formula (7.8) in the statement. Note that skew-symmetry of y, follows from (7.6). ]

As a consequence of the proposition, we see that the push-forward of y along the
projection prg: £* — S is y, and hence it is tangent to the leaves of .

Corollary 7.19. The preimage via the projection prg: Mo — S of any Poisson submani-
fold P C (S, ms) is a Poisson submanifold prEI(P) N My of the local model (My, 7tp).

When P is a symplectic leaf of (S, ws), we recover a Vorobjev-type local model.

Proposition 7.20. Let (M, 7o) be the local model of the first-order jet (As, Ls) corre-
sponding to the IM connection 1-form (L, ). For any symplectic leaf (So, wg) of (S, ws),
the Poisson manifold prgl(So) N My is the Vorobjev local model corresponding to the
transitive first-order jet (As,, (s,) over (So, wo) given by

Asy = (As/(kerl Nkerpg))|sy. mso([e]) := ps(a)|rs,-

Proof. Since mg|s, is non-degenerate, (7.6) implies that for any z € prgl (So), the map
(z,U):T}S — TS preserves the isotropy bundle ker ng = (T'Sp)°. Therefore, we have
an induced map: (z, Up): T So — Ty So. Using property (7.6) again, we see that we can
write

Uy (Ol) = ing (@F

for a unique F € 2(S; £). Hence, the Poisson structure on prg1 (So) N My is the Poisson
structure corresponding to the Vorobjev triple (F + wg, VLo, g, ), Where VLo it the pull-
back of VL to the subbundle £* |s,> and 7y, is the linear Poisson structure dual to ¥|g,,.
In our language, this is the local model corresponding to the first-order jet given in the
statement. u

Remark 7.21. From well-known properties of the Vorobjev-type local model (see, for
example, [44]), we conclude that the symplectic structures on the leaves of the local
model My lying over a leaf Sy of mg vary in an affine fashion, in the following sense:
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(i)  The Poisson structure on prg1 (So) N My extends to a Dirac structure on prg1 (So),
which we denote by L, .

(i) If (Sy, wy) is the presymplectic leaf of L, through v € prgl(So), then the con-
nected component of v in S, N My is the symplectic leaf of M{ through v.

(iii) The fiberwise multiplication by A # 0 on prg1 (So) = Sp induces an isomorphism
my: Sy = S;, and
3 (@2) = Ay + (1 - Nwo.

In Example 9.25, we show that 7o might not extend to a Dirac structure on £*.

In [27, Section 5.5], we called an IM connection 1-form (L, 1) € Q}\,(As:¥) leafwise
flat if the induced vector bundle splitting T7*S — Ag is a Lie algebr01d map. In terms of
the coupling data, this is equivalent to (see [27, Definition 5.14])

U, 75 () =0, a,BeT*s.

On the other hand, it is easy to see that this is equivalent also to y = w5, where we used
the notation of Proposition 7.18. Thus, we obtain the following.

Corollary 7.22. Let (My, mg) be the local model corresponding to the first-order jet
(As, us) and the IM connection 1-form (L,1) € Q}\(As;¥). The restriction of the bundle
projection p : t* — S is a Poisson map

p|M0: (M(), 7[0) g (S, JTS)
if and only if (L, 1) is leafwise flat.

Remark 7.23 (Local model in coordinates). Let (Ags, its) be a partially split first-order
jet, and fix an IM connection 1-form (L, /) € Q}\;(As;£), which gives rise to coupling
data (VL, U). Choose a local chart (V, x*) for S over which the bundle ¢ trivializes, and
let {e,} be a frame for £|y7. Then we can write all our data as

1 . .
J L b
TS = Ens 0, AN0ys, lea,eple = Cypec, V%‘ eq =T ep, Udx', 0,;) = U;“ea.

Then one checks that the structure equations become

aC¢
d d _ d b
Caalip T CapTia —Coplia = —5

axi '
g (a;i’“ iaaUk +Ify U - Ujdrkd) ;ZN 7
_ nS (3;; ; aaUk FladUlid B Ulidr;(ld) _ ;‘Z{U;a _ %Uéa’

Ula ]k UJll lk_O'
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Note that for the structure equation (S3), we have used its skew-symmetric version, arising
from relation (7.6); the extra equation is precisely the coordinate version of (7.6).

The local coordinate expression associated with the Poisson structure g of the local
model, is the following. In coordinates (xi . Za), Where z, are fiber coordinates on £*
defined by the basis dual to {e, }, it has a matrix of structure functions given by the product
of the block-matrices

_(1d 0\ (ms-(d+ (z.U)' 0\ (1d T
To=A\r Id)( 0 e (0 Id)

. . . . -1 .
(& o\ (x{ o0 8+ Uz 0 8 Thze
C\Thze &)\ 0 CSze 0 8¢ 0o & )

8. Linearization and normal form theorems

In the previous section, we have seen that a partially split first-order jet has a well-defined
local model. When this is also a normal form, we use the following terminology.

Definition 8.1. A Poisson manifold (M, ) is said to be linearizable around a Poisson
submanifold S C M if the first-order jet J gn = (As, us) is partially split and (M, 7) is
isomorphic around S to the local model (Mg, 7p).

In other words, (M, ) is linearizable around a Poisson submanifold S when there
are open neighborhoods S C U C M and S C V C £*, and a Poisson diffeomorphism
¢:(U.m|ly) = (V,mo|y), such that ¢|s = Idg. If U and V can be chosen to be saturated,
then we say that 7 is invariantly linearizable around S

In this section, we will discuss conditions which imply that the local model represents
a local normal form, i.e., we discuss normal form theorems.

8.1. A linearization result
Our aim in this subsection is to prove the following.
Theorem 8.2. Let (M, ) be a Poisson manifold and S C M a Poisson submanifold.
Then the following are equivalent:
(1) (M, m) is linearizable around S.
(ii) The Lie algebroid T* M is linearizable around S.
Let us start by recalling a few facts about linearization of Lie algebroids. First, given
a Lie algebroid A — M with an invariant, embedded submanifold S C M, the restricted

Lie algebroid As := A|s has a canonical representation on the normal bundle v(S) to S,
which generalizes the Bott connection from foliation theory. It can be defined by

V" T(As) x T(v(8)) = T(v(S)).  Vg(v) := [pa(@).V]|s mod T'S,
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where @ € I'(4) and v € X(M) are any smooth extensions of « and v, respectively.
The linear approximation of A around S is the action Lie algebroid associated with this
representation

(As x v(S). [ ] o).

Definition 8.3. We say that A is linearizable around S if there are open neighborhoods
SCcUcCMandS CV Cv(S) and an isomorphism of Lie algebroids

¢: As x V = Aly,
which is the identity on Ag.

In order to obtain more geometric insight into the linear approximation, fix a tubular
neighborhood whose differential along S induces the identity of v(S)

p:v(S) S U cC M.
Fix also a vector bundle isomorphism covering ¢,
¢: As x5 v(S) = Alu,

such that ¢|44x05 = Idag. We use ¢ to transport the Lie algebroid structure of A|y to
obtain a Lie algebroid structure on Ag x5 v(S) — v(S), which we denote by

(A1, [ 11, p1)-

Let m; be the multiplication by # > 0 on the second component

As x5 1(S) — Ag x5 v(S)

| l

v(8) ————v(S).
me(a,v) = (a,m;(v)) = (a,tv).
By pulling back the Lie algebroid structure of A; along m,, we obtain Lie algebroids
(A, [ e, pe)s 1> 0.

These Lie algebroids are on the same vector bundle 4; := Ag x5 v(S) — v(S), and the
structure maps are uniquely determined by the condition that for o, 8 € T'(Ag)

&, B = m} (& Bl). pi(@) := (m0)*(p1(&)).

where the bar indicates the corresponding constant section. In other words, we have con-
structed a family of Lie algebroid isomorphisms

mpy Ay = Ay~ A, t>0.
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Moreover, it is easy to see that this path of Lie algebroids extends smoothly at # = 0, and
in the limit one obtains precisely the action Lie algebroid

Ag = As x v(S), with lim[-,-]; = [, ]x, lim p; = p«x.
t—0 t—0

This follows because bundle maps m;: A9 — Ag are Lie algebroid automorphisms of the
linear approximation and this actually characterizes it.

Let us go back to our case, where A = T*M is the cotangent bundle of a Poisson
manifold (M, ) and S C M is a Poisson submanifold. As we saw before, we have the
adjoint representation V¥ on the conormal bundle

V*(S) = (TS)° =kerps =¥,

while the dual bundle v(S) = £* carries the dual representation V**. Next, we show that
this representation is nothing else but the Bott connection.

Lemma 8.4. The two representations of As on v(S) = ¥* coincide: V¥ = V.

Proof. Given sections @ € I'(Ags) and B € T'(f), denote by @, E € Q!(M) extensions
of @ and § to M. Also, given a section v € v(S), let v € X(M) be a vector field whose
restriction v|g represents v. Using the expression of the bracket on the Lie algebroid
(T*M,[-, -], %), we have that

L@ (B®@) = (@, Blx (@) + B(* @), 7)) + d&@(x*(B). 7).

Restricting to S, we have that nﬁ(g)| s = pas(B) = 0. Therefore, the above formula
restricts to the duality relation

Zosg@(B:0) = (Vg v) + (B, Vov). "

We conclude that the linear approximation to the cotangent Lie algebroid of (M, )
along the Poisson submanifold S coincides with the action algebroid Ag x £* we have
used to construct the local model. Moreover, it is completely determined by the first-order
jetJ Sl 7 or, equivalently, by the pair (As, is). We can now give a proof of the main result
in this subsection.

Proof of Theorem 8.2. Assume first that we have a Lie algebroid automorphism ¢: Ag x
V = T*U giving a linearization of 7*M around S. By assumption, ¢|4q = Id4g.
The identity map of 7*U is a non-degenerate closed IM 2-form, and therefore, so is its
pullback o := ¢*(Id): As x V. — T*V. We have that i * (o) = us, where i: Ag —
Ag x V is the inclusion. Proposition 7.8 implies that (Ag, ps) is partially split, and
Proposition 7.9 says that the Poisson local model is isomorphic around S to (V, wy :=
P © ,uo_l). We conclude that the base map of ¢ is a Poisson isomorphism

¢: (V.zy) = (U, mlv),

and so 7 is linearizable around S.
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For the converse, assume that (M, ) is linearizable around S and consider a Poisson
isomorphism ¢: (U, |y) — (V, mo|y) between open neighborhoods S € U C M and
S C V C£*, with ¢|s = Ids. The pushforward along ¢ is an isomorphism between the
cotangent Lie algebroids

@ T'U =TV, @u(§) 1= (dp™)* ().

On the other hand, g is constructed from the Lie algebroid local model (Ag x V, o),
where the IM 2-form is non-degenerate. Hence, we have a Lie algebroid isomorphism

Wo: As x V=5 TV,

which extends g, i.e.,i* (o) = s, wherei: Ag <> Ag X V is the inclusion. Combining
the two maps, we obtain a Lie algebroid isomorphism

¢ = () Lo pg: Ag x VS T*U,

which covers ¢~ 1. We still need to fix ¢ so that its restriction Qa5 = Plas: As = Agis
the identity. This is done in the following lemma.

Lemma 8.5. The map ¢ restricts to a bundle isomorphism ¢p := ¢|s: € —> £, and we
have a Lie algebroid isomorphism

(Pag, Pox): As x £ = Ag x B,
where g 1= (¢g) "1 E* = £*,
By precomposing ¢ with the inverse of the isomorphism in this lemma, we obtain an
isomorphism of Lie algebroids,

¢ Asx V' ST*U, V' =¢p(V) CE
which satisfies ¢’|4, = Id4. Hence, T*M is linearizable around S.

To prove the lemma, we note that ¢4 ¢ covers the identity of S, so we have that pg o
Pag = pag and s o g = s (since this holds for po and ¢4 ). Therefore, the restriction
¢5 := ¢|s: £ => £ is a vector bundle automorphism of ¥ = ker s, ¢ := ¢|g: ¥ = . Since
¢4 is a Lie algebroid map, we have that

Pr(VEB) = b (1. Blas) = [pas (@), das (B)lag = V5, ().

This implies the analog equation for the dual representation on £* and the automorphism
pp+ = ()~ ':€* = £*. This completes the proof of the lemma. (]
Remark 8.6. As discussed before, the linearization procedure for Lie algebroids yields
a smooth family of Lie algebroid structures A; connecting A; >~ T* M to the linear model
Ag = Ag x £*. Since m;: A; = A is a Lie algebroid isomorphism for ¢ > 0, we have
the family of Poisson structures

me = pro(my(ur) ", (8.1)
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where wi: Ay 55 T*M is the identification we started with. However, in general,
lim;_,0 r; may not exist (even if a local model exists!), and if this limit exists, it may
not be isomorphic to the local model (see Section 9.1).

It would be interesting to understand better the following.

Question. If the first-order jet of (M, ) at a Poisson submanifold S C M is partially
split, can & be connected to a local model by a smooth path of Poisson structure m;,
t € [0, 1], defined around S, with constant first-order jet along S?

A possible candidate can be constructed as follows. Consider the path A; of Lie alge-
broid structures which connects 7* M to the linearization Ag. Then the path of bivector
fields 7, = p; o pu; !, where

e = my(preps + 17" (w—prius)). (8.2)

has constant first-order jet along S and the limit at # = 0 exists. However, these bivectors
may not be Poisson since pr* s may fail to be a closed IM 2-form. The problem is that
the projection pr: A; — Ag is usually not a Lie algebroid morphism.

The question has positive answers in the following situations:

e M = S x N is a product of a Poisson manifold (S, rs) and a Poisson manifold
(N, ) with a zero 7y (xg) = 0;

e S isasymplectic leaf (see [44,53,54]) instead of pr* s, one uses in formula (8.2) the
IM 2-form corresponding to the closed de Rham 2-form r*(ngl), where r:U — S is
the retraction of a tubular neighborhood;

e there exists a Lie algebroid map p: T*U — Ag, defined on some open set S C U,
such that p|4¢ = Id4g (this case includes the previous two);

e 7 is linearizable around S'.

8.2. The normal form theorem
The following result implies Theorem 4 in the introduction.

Theorem 8.7 (Normal form). Let (M, i) be a Poisson manifold and S C M a Poisson
submanifold. If T¢ M is integrable by a compact Hausdorff Lie groupoid whose tar-
get fibers have trivial second de Rham cohomology, then w is invariantly linearizable
around S.

This result is a generalization to Poisson submanifolds of the normal form theo-
rem around leaves from [18,45], which in turn generalizes Conn’s linearization theorem
around points [12]. Conn’s original proof uses the Nash—Moser fast convergence method
to build a linearization map. Later, a geometric proof was obtained by Crainic and Fer-
nandes [16]. Both methods have been extended to symplectic leaves in [45] and [18],
respectively, and the results in these papers can be adapted to the general setting of Poisson
submanifolds, to give two proofs of Theorem 8.7. We will explain these two approaches
in the following subsection.
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8.3. The geometric method

With the geometric method, developed in [16] and extended in [18], we obtain a version
of Theorem 8.7 under a stronger assumption.

Proof of Theorem 8.7 with an extra assumption. We assume that the groupoid from the
statement integrating 7'¢ M has 1-connected target fibers. Then we claim that

e There is a saturated neighborhood U C M of S such that 7*U C T*M is integrable
by a Hausdorff target-proper Lie groupoid ¥ = U.

Since Hausdorff target-proper groupoids are invariantly linearizable around invariant sub-
manifolds, it then follows that the Lie algebroid T*U (and hence T*M) is invariantly
linearizable around §, so one can apply Theorem 8.2.

It remains to prove the claim. When S is symplectic, i.e., when T'¢ M is transitive, this
claim is proved in [ 18, Section 5]. However, one observes that the proof of the claim given
in [18] does not use that S is a symplectic leaf, and remains valid in the non-transitive
case. |

8.4. The analytic method

For the proof of Theorem 8.7, we will use the following result, obtained using the Nash—
Moser method.

Theorem 8.8 (Rigidity [45]). Let (M, i) be a Poisson manifold and S C M a compact
Poisson submanifold. If T*M is integrable by a Hausdorff Lie groupoid whose target
fibers are compact and have trivial second de Rham cohomology, then any Poisson struc-
ture 7' with Jgm = Jn' is locally isomorphic to 7 around S.

Proof of Theorem 8.7. Let §5 = S be a Lie groupoid integrating As := Tg¢ M which
is compact, Hausdorff and whose target fibers have trivial second de Rham cohomology.
Since &y is proper and Hausdorff, by Theorem 5.10, the bundle of ideals £ := (T'S)° C Ag
is partially split for §g, and so also for As. After choosing a partial splitting and a tubular
neighborhood ¢: v(S) = My C M of S, we obtain the Poisson structure of the local
model g € ¥2(My), which satisfies

Jimg = Jinm.

The algebroid T* My is isomorphic to the action algebroid Ag x £*. Since Ag inte-
grates to §5 =% S, and the action of Ag on the bundle of ideals ¥ integrates to the action
by conjugation of the target-connected Lie groupoid §s (see, e.g., [45, Lemma B.1]),
it follows that the action algebroid Ag x £* also integrates to the action groupoid
Gs x £* =3 £*.

We conclude that 7* M, integrates to a Hausdorff Lie groupoid whose target fibers
are compact and have trivial second de Rham cohomology. Hence, by Theorem 8.8, there
exists a Poisson diffeomorphism ¢: (U, rg) —> (V, ), between neighborhoods U and V/
of S.
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Finally, since the action groupoid &g x £* = £* is target-proper, it follows that S has
a basis of open neighborhoods in £* that are invariant (see, e.g., [45, Lemma A.1]). So we
may assume that U is invariant. Since all the leaves of my|y are compact, so are also
those of 7|y . This implies that V' is invariant as well. Hence, 7 is invariantly linearizable
around S. |

From the proof, we extract the following result.

Corollary 8.9. Let (M, ) be a Poisson manifold and S C M a Poisson submanifold.
Ifthe hypotheses of Theorem 8.7 are satisfied, then a neighborhood of S in M is integrable
by a target-proper Hausdorff Lie groupoid, whose target-fibers have trivial second de
Rham cohomology.

So we may apply [45, Theorem 2] and obtain the following, which implies Corollary 5
in the introduction (for a complete version of (ii), see [45]).

Corollary 8.10 (Rigidity). Let (M, ) be a Poisson manifold and S C M a Poisson sub-
manifold. If the hypotheses of Theorem 8.7 are satisfied, then

(i) For any Poisson structure ©’ € TI(M, S), with J; = Jbln’, there is a Poisson diffeo-
morphism ¢: (U, w) => (U’, 1) between open neighborhoods U and U’ of S, with
¢ls = Ids.

(ii) There is a neighborhood of 7 in the space of all Poisson structures on M,V C II(M),
such that for every t' € 'V, there is a Poisson diffeomorphism ¢: (U, w) = (U', 7")
between open neighborhoods U and U’ of S.

9. Examples of first-order jets and applications

In this section, we illustrate the constructions and results of the previous sections with
several examples. We follow the notation introduced there.

9.1. Products

Consider a product Poisson structure
(M. ) := (S xR", w5 +y),

where 7 is a Poisson structure on S and y is a Poisson structure on R” vanishing at 0.
We consider the first-order jet (Ag, ius) of m along Poisson submanifold S = S x {0},
which can be identified as follows. Denote by g = Ty’ R” the isotropy Lie algebra of y
at 0. We have the trivial Lie algebra bundle f = S x g — S and

As =T¢M =T*S x g

is the product Lie algebroid with closed IM form the projection (s = pry«g. We call the
pair (As, is) a trivial product jet.
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The trivial product jet (As, ps) is partially split with a canonical choice of an IM
connection 1-form. This follows by observing that we have canonical isomorphisms

T*As = T*(T*S) x (g x g*),
As X E* =T*S x (g x g*),

in terms of which the projection
p: THT™S) x (g% g*) = TS x (g x g")
is the bundle projection in the first factor. Hence, we have the partial splitting
0: T*S x (gx a*) > T*(T*S) x (qx g*) DE P E*,
(@.v,8) = (0g,v.8).
The corresponding linear IM 2-form p!™ = 0* jucay € Q3,(T*S x (g x g*)) is
p TS x (g x g*) — T*(S x g*) = T*S x (g x g¥),
(@, v,§) = (0,0, 8),
so the closed IM 2-form (7.1) of the local model is just the identity map
po = pr pus + 0 pean = 1d.
The resulting local model Poisson manifold is the product
(Mo, 70) := (S x R, 75 + ¥iin).

where yy;, is the linear Poisson structure on R” = g*, that is, the linear approximation
of y at 0.

Following Remark 8.6, let us look at the path of bivectors (8.1). Using the obvious
identification Ag x R" ~ T*M, we find

1
7y =7ns +m;(y) =ﬂs+;)/11n+7/2+l}/3+'--,

where each yy is a bivector whose coefficients are homogeneous polynomials of degree k.
Thus lim;—,¢ 7 exists if and only if yy, = 0, i.e., if and only if the isotropy Lie algebra
of y at 0 is abelian, in which case we obtain

lim 7, = g + y2 # 7.
t—0

On the other hand, in this example the projection pr: A, — Ag is a Lie algebroid
morphism so pr*us is a closed IM 2-form. Hence, applying (8.2) we obtain a smooth
path of Poisson structures connecting 7 to the local model ¢

T i=ms +tmi(y).
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9.2. Jets over zero Poisson structures

As we saw in Example 6.1, first-order jets (Ag, ns) with ws = 0 may fail to be partially
split. The following result, which is a direct consequence of [27, Proposition 6.1] and of
Proposition 7.18, shows that the obstructions are precisely those found in Proposition 7.5.

Proposition 9.1. A first-order jet of a Poisson structure (Ag, iLs) with &g = 0 is partially
split if and only if the following two conditions hold:

(1) ¥ =kerug is a Lie algebra bundle;

(ii) there exists a splitting As ~ T*S @ ¥, for which the fiberwise Lie bracket is a direct
product with abelian first component.

Moreover; if these conditions hold, then the associated linear model is isomorphic to the
bundle of linear Poisson structure (£*, mg).

Remark 9.2. Let (£, [-,]s) — S be a bundle of Lie algebras. The fiberwise linear Pois-
son structure 7y on £* has the zero section as a Poisson submanifold with =g = 0. The
corresponding first-order jet is (As = T*S & £, us = prr«g), where sections of T*S
commute with all other sections, and on £ we have the bracket [-, -J¢. By Proposition 9.1,
this first-order jet is partially split if and only if ¥ is a Lie algebra bundle. In this case, the
local model is g = mp.

However, even if no partial splitting exist, we have a Poisson embedding

it (8%, ) > (A5 =TS ® ", 145), &> (0,8),

where 743 = 44,1 When ¥ is locally trivial, this inclusion realizes £* as a Lie-Dirac
submanifold (see Theorem 7.11).

Example 9.3. Consider the first-order jet of the linear Poisson structure
(R, 1 = x 0x A dy)

along the Poisson submanifold S = {x = 0}. In Example 6.1, we gave a groupoid argu-
ment to see that it is not partially split. Proposition 9.1 gives now an infinitesimal argument
and one can also see this by applying Corollary 7.13: it is easy to see that the pullback
of the Dirac structure corresponding to 74, ¢ Via any linear splitting i: £* < A% of the
projection is not a smooth Dirac structure.

Similarly, we can use Proposition 9.1 to show that the first-order jet of the linear
Poisson structure

(R3, 7w =20, A dy)

along the Poisson submanifold S = {z = 0} is not partially split. However, in this ex-
ample, the pullback of the Dirac structure corresponding to w4, = 74, Via any linear
splitting i: £* < A% of the projection is smooth, and corresponds to the zero Poisson
structure o = 0 on £*. But note that 7 is not a first-order local model around S because
J 51 g =0+#J én.
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9.3. Transitive jets

Let (As, ns) be a first-order jet with Ag = § transitive. Such jets arise at symplectic
leaves. The fact that Ag is transitive is equivalent to the induced Poisson structure g
being non-degenerate, and so its inverse is a symplectic structure @ on S. The IM 2-form
is determined by w via the relation ps () = —ip@)@. Also, we have that ¥ = ker p.

If we choose a splitting of the anchor

0 b As =TS 0,

1 T
we can define a linear operator L: I'(4s) — Q1(S, ) by setting
ix L(a) := [([t(X). a]).

One checks easily that the pair (L, /) satisfies (A.7), so it is a £-valued IM 1-form with
¢ = Id. Hence, L is an IM connection 1-form so that (As, ns) is partially split. Con-
versely, given any IM connection 1-form (L,/) € Q(As, ¥), the bundle map /: Ag — ¥
determines a splitting of the anchor. These two constructions are inverse to each other
(see [27, Section 6.3]).

We conclude that transitive jets are partially split and a choice of IM connection
1-form is equivalent to a choice of splitting of its anchor. The resulting local model coin-
cides with Vorobjev’s local model for Poisson structures around symplectic leaves [54].

9.4. Cartan connections

A Cartan connection on a Lie algebroid Ag is a connection V whose basic curvature
vanishes identically
Rbas = O

Hence, an immediate consequence of Proposition 7.6 is the following.

Corollary 9.4. Let (As, jts) be a first-order jet equipped with a Cartan connection V
and a splitting I: As — ¥ which is V-invariant. Then (As, us) is partially split.

Example 9.5 (Action Lie algebroids). Let As = g x S = S be the action Lie algebroid
associated with a Lie algebra action p: g — X(S). The canonical flat connection V on Ag
has vanishing basic curvature, hence it is a Cartan connection. Given a bundle of ideals
¥ C Ag asplitting [: Ag — ¥ is V-invariant if and only if it is g-equivariant,

[([v, wlg) = [v, [(w)]gxs

for all v, w € g (here we identify elements of g with constant sections of Ag). Hence,
we recover the infinitesimal version of the example is Section 6.3: a first-order jet on an
action algebroid admitting a g-equivariant splitting is partially split.

One class of examples is obtained when g is a Lie algebra of compact type. Then g
admits an ad-invariant scalar product (-, -), which yields a V-invariant fiberwise metric 7
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on Ag. Hence any bundle of ideals on As = g x S admits a g-equivariant splitting, so it
is partially split.

Example 9.6 (Poisson submanifolds of g*). Let us consider the case where S C g*
is a closed ad*-invariant submanifold. Then S is a Poisson submanifold of the linear
Poisson manifold (g*, 7y;,) and its first-order jet (As, ) is the action algebroid Ag =
g X § = S obtained by restriction of the coadjoint action. Hence, we can use the results
of the previous example.

Let us assume then that g is a Lie algebra of compact type and choose an ad-invariant
inner product. Then £* = (ker jus)* is the normal bundle of S in g*,

P ={(w.x):x eS8, we (TeS)')} Cg* xg*.
The Riemannian exponential is the g-equivariant map
exp: £ - g%, (w,x)—> w + x,
and so it induces a map of Lie algebroids
Ag=gx ¥ - T*g* = gxg*.

This map is an isomorphism around S. On the other hand, the inner product determines
a g-equivariant splitting giving a closed IM form po on Ao

o = prps + p'™.

Under the identification A9 >~ T*g*, the two terms of po correspond to the orthogonal
projections on 7*S and (T*S)*, respectively,

pI'* /,Ls|§ = pI‘TS*SI ng* g T;S, /Llin|§ = pI‘(TE*S)J_Z ng* —> (T;S)L

Therefore, wo = Id.

We conclude that for a compact Lie algebra g, the Poisson manifold g* is lineariz-
able around any closed Poisson submanifold S C g*. This holds already at the groupoid
level, as was shown in Section 6.3. The result agrees with Theorem 8.2 since the Lie alge-
broid T*g* is linearizable around S if g is compact. On the other hand, Theorem 8.7 can
only be applied when g is compact, semi-simple, since only in this case 7' g™ is integrable
by a compact groupoid with target fibers having vanishing second de Rham cohomology.

9.5. Jets of principal type

We discuss the infinitesimal counterpart of the over-symplectic groupoids of principal
type from Sections 4.5 and 6.2. Let B = § be a transitive Lie algebroid over a Poisson
manifold (S, wg). Consider the Lie algebroid fiber product of B with the cotangent Lie
algebroid of g, i.e.,

As :=T*S x7s B :={(a,v) : 7i(@) = pp(v)},
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where the structure is such that the inclusion in the product Ag < T*S x B is a Lie
algebroid morphism. The projection js := pry«g: As — T*S is a closed IM 2-form,
which is surjective, because B is transitive. The resulting pair (Ag, is) will be called the
first-order jet of principal type associated to (S, 7s) and B.

Note that ¥ := ker us can be identified with ker pp via prg. As discussed in Sec-
tion 9.3, a splitting /p: B — £ of pp determines an IM connection 1-form (Lp, Ip) €
QIIM(B, f). Pulling this back to Ag, we obtain an IM connection 1-form

(L := Lpoprg,l:=lpoprg) € Q(4s,¥),

which also satisfies /| = Ids. So first-order jets of principal type are partially split.
The associated coupling data is described as follows. The splitting Iz gives an identi-
fication B ~ T'S @ ¥, where the anchor becomes pryg and the Lie bracket is

[(X.6). (V.n)lg = (X, Y] QX,Y) + VEn— VEE + [£.7e)

forall X,Y € X1(S), £,n € T'(¢). Here,
o Qis C*®(S)-bilinear, so that Q € Q2(S;¥);
e V& isaconnection on ¥ preserving [-, -] with curvature RV’ = ad(R2).

Then, one finds that
ixL(@.§) = VZ(€) + QX. 75 (@)).
and the coupling data (see Definition 7.16) is given by
vl =VvE U@ X) = Q@k@), X).

The local model of a first-order jet of principal type (As, (ts) for which the transitive
Lie algebroid B is integrable has a nice description: it is a Poisson geometric version
of the “symplectic induction” construction (see, e.g., [38]). For this, identify B with the
Atiyah algebroid of a principal G-bundle P

B~TP/G.
Fix a principal connection € Q!(P) ® g. Using the associated 1-form on P x q*
6 eQ'(Pxg"). Bug = prp(6xl6).
we build a Dirac structure on P x g* by setting
Lo i= e~ (pry L) = (v + pr§(§) — 1ud¥ : dprg(v) = 7§ (6)}.

This Dirac structure is invariant under the diagonal action of G and corresponds to a Pois-
son structure at points in P x {0}. Hence, there is a G-invariant open set

Px{0}cUcCPxg*
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on which Ly is the graph of a Poisson structure g € ¥2(U). The G-action on (U, 7ryy) is
proper and free and the local model is the quotient Poisson manifold

(M(),JT()) = (U,JTQ)/G, MQC?* = P xg¢g g*.
Note that the action of G on (U, mg) is Hamiltonian with G-equivariant moment map
prg«:U — g™

Example 9.7 (Local model around the Marsden—Weinstein reduction). Given a proper
and free G-Hamiltonian action on a Poisson manifold (X, wy) with equivariant moment
map u: X — g%, we have the Marsden—Weinstein reduction

S:=X/G =pn"0)/G.
This is a Poisson submanifold (S, 7rs) of the Poisson quotient
(M, 7p) = (X, 7x)/G.

If we equip the principal G-bundle P := p~!(0) — S with a connection 6, we have the
local model above
(U.7g) C (P xg*, Lg).

The following is proven in [32].
Theorem 9.8. Around P = u='(0), the G-Hamiltonian spaces
(X,7mx,n) and (U, 7wy, prg«)

are isomorphic. Hence, the quotient Poisson manifold (M, npr) := (X, nx)/ G is lineariz-
able around the Marsden—Weinstein quotient (S = = 1(0)/ G, ng).

Remark 9.9. In the symplectic case (X, my = (wy)~!), the Marsden—-Weinstein reduc-
tion is the usual symplectic quotient (S, ms = (ws)~!). In this case, the Dirac structure
Ly on P x g* is the graph of the closed 2-form wy := prg ws — df, which is the clas-
sical “coupling construction” due to Guillemin, Sternberg and Weinstein (see, e.g., [38]).
It is a standard result in symplectic geometry that (U, wg) provides a local G-equivariant
model for (X, wx) around /,L_I(O) (see, e.g., [39, Proposition 5.2] or [47, Theorem 6.1]).

Finally, we recall the following result from [27, Section 6.6], which gives a large class
of first-order jets that are of principal type, hence partially split.

Proposition 9.10 ([27]). Let (As, jus) be a first-order jet of a Poisson structure such that
f = ker us is a Lie algebra bundle, whose typical fiber (g, [-,]) satisfies

H®g.q) = H'(g.q9) = 0.

Then (As, jLs) is of principal type, with transitive Lie algebroid the Atiyah Lie algebroid
of the principal Aut(g, [-, -])-bundle of g-frames

P ={p:qg = £, : x € S, ¢ is a Lie algebra isomorphism}.

In particular, the assumptions hold if £ is a bundle of semi-simple Lie algebras.



Poisson geometry around Poisson submanifolds 1277

9.6. Codimension one

We now consider in detail the case of first-order jets (Ag, is) in codimension one, i.e.,
such that ker ug is a line bundle. We will use the results of [27, Section 6.8] concerning
IM connections for bundles of ideals of rank one.

If we choose a splitting [y: As — ¥ of the short exact sequence of wg

ﬁ_/Asgf‘lT*S 0,

lo 7o

0 £

we obtain a flat 7* S-connection V¥ on the line bundle ¥
Vak = [10(@). €],
and an isomorphism of vector bundles
As ~T*S @ F.

Under this identification, the IM-form becomes the projection ;s = prys«g, while the
anchor and the Lie bracket are given by

pas(@.§) = (@),
[(@. ), (B.Mlag = ([er. Bl roler. B) + Vin — VE£).

Notice that
e The flat T*S-connection V¥ is independent of the choice of splitting of Ag.

e The line bundle ¥ is canonically a representation of 7*S, so it has a characteristic
class (see, e.g., [17, Section 11.1])

c1(f) € Hy (S).

In the sequel, we will assume, for simplicity, that £ is orientable. If we fix a trivializa-
tion f >~ § x R, then

Vo) = Ly o f +ivie) S

for a unique Poisson vector field V' € £!(S) representing the class ¢; (¥). This vector
field is independent of the choice of splitting of Ag. If we change the trivialization
¥ ~ § x R by multiplying with a non-zero function %, V changes to V + d, log(h).

e The f-valued 2-vector field A is a Poisson 2-cocycle which depends on the choice of
splitting /o, but its cohomology class does not,
e2(As) = [Ro] € H2((S.D).
Ifl: As — ¥ ~ S x Ris a second splitting, then / = [y + iz o g, for a unique vector
field Z on S. Under this change, Ao becomes A = A9 + d;, Z.

We can describe all possible IM connection 1-forms of a codimension one jet.
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Proposition 9.11. Let (T*S @ R, s = prr«g) be a codimension one first-order jet with
a choice of trivialization ¥ ~ S x R. Then IM connection 1-forms are in one-to-one cor-
respondence with triples 0 € Q1(S), Z € ¥(S) and U:T*S — T*S, that satisfy

n5(6) = V. s U@) = ho(e. ) + dug Z(e ),
and the structure equations
{80 = 0. (82")
Ul Blng) = Lyt 0y UB) — iz 5 dU(@) + +75(U(@). )6
+ 750, ) U(B) — 75 (6, )U(a) (83"
foralla, B € QL(S).

Proof. As we saw in Section 7.5, IM connection 1-forms (L, /) correspond to coupling
data (VL, U) satisfying the structure equations (S2”)—(S3”) in Proposition 7.15. As we
observed above, the splitting /: As — ¥ is related to our fixed splitting lo by [ = [y +
iz o jug, for a unique vector field Z on S. On the other hand, the connection V% is
given by

VE = % +0(X)

for some 6 € Q1(S). By Proposition 7.17 and the discussion preceding the proposition,
we see that we can codify the coupling data in terms of a triple (6, U, Z), related to V'
and Ay as in the statement and we only have to take care of the structure equations.

In codimension one, the first structure equation in Proposition 7.15 is always satisfied.
On the other hand, one easily checks that the second and third structure equations now
take forms (S2”) and (S3”). n

Remark 9.12. Equation (S2”) has the following interpretation. For the (possibly singu-
lar) symplectic foliation # of (S, 7s), we denote by Hg_,  (S) the ¥ -basic cohomology,
i.e., the cohomology of differential forms 7 satisfying

n=0 and dn=0 VYaeT*S

k@) Lk @)
endowed with the de Rham differential. Then (S2”) means that df is an ¥ -basic form.
If we change the trivialization, 6 changes to 8 + d f, so d6 stays the same. If we change
the IM connection 1-form, then 6 changes to 6 + 7, where 7 is ¥ -basic. This shows that
the class

[d6] € HZ ,,(5)

is independent of the choice of IM connection 1-form and trivialization. It is easy to see
that the vanishing of this class is equivalent to c¢; (f) being in the image of the canonical
map

whi HY(S) — HL(S),

and also equivalent to the existence of a (usual) flat connection V on f inducing V¥ e,

such that Vﬁ = V”u @
S
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From the proposition, we obtain a simple class of codimension one jets for which it is
easy to decide whether they are partially split.

Corollary 9.13. A Poisson manifold (S, rs) together with a Poisson vector field V €
X4 (S) yield a first-order jet of a Poisson structure on As = T*S @ R, with

Vif = fng(a)f + (iye) f and Ao = 0. 9.1)

This is partially split if and only if V = ng (0) for some 1-form 6 with d6 is ¥ -basic.

Proof. IfV = ng (6) with df ¥ -basic, then (S2”) holds. Letting U = 0, (S3”) also holds,
so we obtain an IM connection 1-form.

Conversely, if the first-order jet (9.1) is partially split, by (S2”) we have c1(f) =
V] = [71119 (6)] for some 1-form with dfy F -basic. So there is a function f such that
V:ng(90+df),andwecanset0:=00+df. |

The next examples fit into the setting of this corollary.

Example 9.14. Consider an orientable log-symplectic manifold (M 2", ) with singular
locus S := (A"7)~1(0). Then, as shown in [37], S has a tubular neighborhood M, C
S x R in which w = g + V A td;, where V € X1(S) is the restriction to S of the
modular vector field of 7. Under the induced isomorphism ¥ >~ S x R, the first-order jet
along S has classes ¢1 (¥) = [V] and c2(As) = [A] = 0. Since V is everywhere transverse
to the symplectic leaves of mg, this first-order jet is not partially split. Note also that,
since A = 0, the inclusion T*S < Ag corresponding to the splitting is a Lie algebroid
homomorphism. This supports the claim made in Remark 7.4.

Example 9.15. On § := R3, consider
ws = (x0y — ydx) Az, Vi=(x*+y?)d, = n§(90), where 6y := xdy — ydx.

The corresponding first-order jet is not partially split. Indeed, assume that V' = ng (0) for
some 1-form 6 with d6 ¥ -basic. Since the symplectic foliation ¥ has codimension 1,
it follows that df = 0, and therefore § = d f for some f € C*°(R?). But the restriction
of Oy to aleaf L, := {x? + y? = r?} is not exact.

Example 9.16. On the 3-torus S := {(¢1, @2, ¢3) : ¢; € S}, consider
s 1= 0p, A Og,, V= nﬁ(@o), where 6y = cos(p3)de;.

The corresponding first-order jet is not partially split. Again, if we assume that V =
ng (0), with df F -basic, it follows that d6 = 0. Hence, the integral fy 6 would depend
only on the homology class of y: S — S. However, this is not true since

/ 0 = / 0o = 27 cos(¢3),
S1x{pa}x{p3} STx{@2}x{p3}

where we used that & — 6, vanishes on the leaves of 7g.
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Example 9.17. Let V € X£1(S!) be the generator of the rotation and W € ¥1(S3) be
the generator of the S!-action of the Hopf fibration S — S2. The first-order jet on § =
S x §3 corresponding to rs = V A W and V is partially split. Namely, V = —ng 9),
where 6 is a principal connection for the Hopf fibration. Note that the class

[d0] € HZ_, . (S) ~ H*(S?)

is the first Chern class of the Hopf fibration, and so it is non-trivial. Therefore, by Re-
mark 9.12, V¥ is not induced by a flat connection and it follows from Proposition 9.18 (iii)
below that this first-order jet is not of principal type.

An IM connection 1-form (L,[) € Q}\;(As;¥) is called kernel flat if the associated
connection VL is flat. We refer to [27] for a detailed discussion of this condition. If V£
is flat, then the third structure equation (S3”) also has a nice geometric interpretation:
it means that (d¥ U, U) is a closed IM 2-form with coefficients in £. We have the following
consequence of [27, Proposition 6.9].

Proposition 9.18. Letr (As, us) be a codimension one first-order jet inducing a Poisson
structure ws. Then

(1)  (As, us) is isomorphic to the product jet (S, ws) X R if and only if
c1(8) =0 and cy(As) =0;

(i) (Ags, us) admits a kernel flat IM connection 1-form if and only if ¥ admits a flat
connection V inducing V¥ and c>(Asg) is in the image of the canonical map

Hi,(As;8) — HZ (S:8);

(i) (As.ps) is of principal type if and only if £ admits a flat connection V inducing V¢
and the class co(Ag) is in the image of the canonical map

whi H2(S:8) — H2_(S:¥).

Example 9.19. Let ) be a compact semi-simple Lie algebra, and consider the unit sphere
S C b*, as in the example in Section 4.6. Under the diffeomorphism

S x (0,00) = h*\{0}, (x.1) —~ ;x,

the linear Poisson structure on §H* corresponds to the Poisson structure ¢ - 75 on S X
(0, 00). This yields a splitting of As >~ T*S @& R, under which one has

Ma.p) = ns@.B). Vo=Lp .
This first-order jet is partially split with coupling data

Vi =%, U=-Id:T*S — T*S.
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Let H be the 1-connected Lie group integrating fy. In the example in Section 4.6,
we have seen that if §) 2 s0(3, R), the over-symplectic groupoid s = H x S is not of
principal type. By applying Proposition 9.18 (iii), we can see that this is also true at the
Lie algebroid level. Namely, since H!(S) = 0, any flat connection on £ ~ S x R is iso-
morphic to the trivial one. Since b % so0(3,R), we have that H2(S) = H?(S,£) = 0. If
this first-order jet was of principal type, then the corollary would imply that A = ng
is exact. To see that this is not the case, assume that X is a primitive of wg. Then
Zx(mg) = —dzg X =—mg, and so (¢§()*ns = ¢ 'xg. In particular, for each symplectic
leaf (L, wg), we have that ¢} (L) is a symplectic leaf symplectomorphic to (L, e’wr.).
Then the symplectic volume of leaves in the sphere S would be unbounded. It is well
known that this volume is bounded (see, e.g., [45, Lemma 2.2]).

The previous example, although not globally, is of principal type when restricted to
small open sets. The following example violates even this condition.

Example 9.20. Consider the first-order jet As ~ T*S @ R on S = R? with data
A=mg =(x2—|—y2)8xA8y, V=0.
As in the previous example, this first-order jet is partially split, with coupling data
Vi =%, U=-Id

We claim that there is no open neighborhood So C R? of 0 on which the restriction of the
jet is of principal type. It is proved in [34] that the class [rg] is non-trivial in the formal
Poisson cohomology at 0, so it is non-trivial on any open neighborhood Sy of 0. Since Sg
can be assumed contractible, the claim follows from Proposition 9.18 (iii).

Remark 9.21 (Locally trivial jets). In the previous example, the jet is not locally a trivial
product jet. We call a general jet (As, is) locally trivial if S can be covered by open
subsets on which the restriction of the jet is isomorphic to a trivial product jet: As|y ~
T*U x g (see Example 9.1). We note the following properties of this class of jets:

(i)  First-order jets of principal type are locally trivial: any transitive Lie algebroid
B = S is locally isomorphic to a product B|y >~ TU x g [25].

(i) A partially split first-order jet is locally trivial if and only if the local model is
locally isomorphic to a product (U, s |y) % (g*, 7q) (see Corollary 7.10).

(iii) In codimension one, a first-order jet is locally trivial if and only if the classes ¢ (f)
and ¢, (Ag) vanish locally (see Proposition 9.18 (i)).

(iv) A locally trivial first-order jet is not necessarily partially split: Example 9.16 is
locally trivial because c2(As) = 0 and c¢q (f) vanishes locally.

(v) A partially split first-order jet is not necessarily locally trivial: the first-order jet
from Example 9.20 is partially split, however it is not locally trivial because c;(Ag)
does not vanish around 0.

In codimension one, Proposition 7.18 gives an explicit form of the local model.
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Proposition 9.22. Let (As, ius) be a partially split first-order jet of a Poisson structure
with ¥ ~ S x R. For an IM connection 1-form (L, 1) with coupling data (VX = d + 6,U),
the corresponding local model (My, 7tg) is an open neighborhood My C S x R of S x {0}
with Poisson structure

o = Yr + )/f(e) ALy,

where y; € X2(S;) is the bivector on the plaque S; := My N (S x {t}) given by
y,# = ng o(d+tU)™ L.
The following examples discuss the special cases where either 6 or U vanish.

Example 9.23. If in Proposition 9.22 we assume that U = 0, then
Mo = 75 + 7 (0) A1d, € (S x R).

Note that these Poisson structures fit into a more general class: for any Poisson vector
field V on (S, g), one has a Poisson structure s + V A td;, which has S as a Poisson
submanifold, but its first-order jet will in general not be partially split (see Corollary 9.13
or Example 9.14).

Example 9.24. If in Proposition 9.22 we assume that 6 = 0, then the terms in the second
line of (S3”) vanish U: T*S — T*S is a closed IM 2-form. In this case, the local model
(My, o) can be thought of as a deformation {y; };er of the Poisson structure g

Ty = vHe = 7k o (1d 4+ 1U) 7.

If we assume that 7g is integrable, this deformation has a nice geometric interpretation.
Namely, let (X, w) = S be a target 1-connected symplectic groupoid integrating s and
let n € Q%(X) be the multiplicative closed 2-form corresponding to U. Then, for small 7,
(2, w + tn) is a symplectic groupoid (at least locally), and the corresponding Poisson
structures is precisely y; (see, e.g., [9, Section 3.2.2]).

Example 9.25. Let us consider the particular case of the previous example where 8 = 0
and U = —Id. The local model becomes simply
1
My =S x (R\{1}), mo = I—_IJTS-

We claim that 7y extends to a smooth Dirac structure on £* = S x R if and only if 7g
is a regular Poisson structure. This is in contrast with what happens for Vorobjev’s local
model around symplectic leaves, which always comes from a global Dirac structure on £*
(see, e.g., [44]).

One direction is clear: if wg corresponds to a regular foliation ¥ with leafwise sym-
plectic form w, then o can be extended by the regular Dirac structure with foliation
T %o := T¥ xR and leafwise presymplectic form wg = (1 — ) pr§ w|7#,. For the con-
verse, we show that the graph of a non-regular m(p does not extend to a Dirac structure
on S x R. By invoking Weinstein’s splitting theorem, we can reduce to the case when
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7s|x, = 0 and wg does not vanish identically in a neighborhood of x¢. Assume that the
graph of ng extends to a Dirac structure I on S x R. Since Ly, ) = T(”;COJ)(S x R) for
t # 1, by continuity, we must have also that L 1) = T(tco,l ) (S x R). This implies that IL
corresponds to a Poisson structure sy, around (xg, 1), which of course must be ¢ outside
of S x R. This is a contradiction because 7y does not extend continuously at (xg, 1).

9.7. Other local models

The local model for a Poisson manifold (M, 7) around a Poisson submanifold S that
we have introduced is characterized by the fact that the underlying Lie algebroid is the
linear approximation to 7* M around S. In some cases, it is possible that our local model
does not exist, but there may exist some other local model. Many such local models have
been considered in the literature, and they often turn out to be homogeneous of a certain
degree. For a detailed version of the following discussion, see, for example, the recent
Ph.D. thesis of Witte [60]. However, these local models have little overlap with the ones
we are considering.

Let (M, i) be a Poisson manifold and let S C M be a Poisson submanifold. By pass-
ing to a tubular neighborhood, we can replace M by a vector bundle E — S. Denote
by m;(e) = te the fiberwise multiplication by ¢. The bivector field m} (;r) has a Laurent
expansion of the form

N 1
my () ~ ;n_l +mo+tmy -,
where each term 7; € ¥2(E) is homogeneous of degree i in the sense that
m;‘(m) = liTL',‘.

Let m; be the first non-zero term of the sequence {m;};>—1. Then my is itself a Pois-
son structure and is independent of the chosen tubular neighborhood (see [60]). The pair
(E, mx) is the homogeneous local model of 7 around S. In most situations, the homoge-
neous local model is very different from ours. First of all, in general, 7 depends on the
(k + 2)th jet of the Poisson structure at S. Let us discuss the geometric structure encoded
by the first non-zero term .

k = —1. Poisson structures on the vector bundle E such that mym_; = t~lx_; are in
one-to-one correspondence with Lie algebroid structures on E*. The condition that S is
a Poisson submanifold is equivalent to ¥ := E* being a bundle of Lie algebras. Then
ms = 0 and 7_; coincides with the linear Poisson structure on £* = E. As we saw in
Proposition 9.1, the partial split condition is satisfied precisely when ¥ is a Lie algebra
bundle. In that case, w_; coincides with our linear model.

k = 0. The condition 7_; = 0 implies that S is a Poisson submanifold for which the
bundle of Lie algebras £ := ker t 5 is abelian. Therefore, homogeneous Poisson structures
exclude many examples where our local model exists (see Example 9.23 for the case
of codimension one). Poisson structures on the vector bundle E such that m} g = 7o,
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called quadratic Poisson structures, are discussed in the recent Ph.D. thesis [46] (see
also [60, Proposition 5.1.55]). Several “weakly degenerate” structures admit quadratic
normal forms around their singularities. As mentioned in Example 9.14, log-symplectic
manifolds admit a quadratic normal form around the singular locus, and these are not
partially split. Elliptic Poisson structures [11, 60] also admit a quadratic normal form
around the singular locus.

k = 1. Inthis case, the first-order jet is very simple: As ~ T*S & ¢ with bracket [(«, §),
(B.n)] = (0, A(a, B)). for some A € ¥2(S,¥). This jet is partially split if and only if A = 0.
However, also in this case interesting geometric structures can appear. For example, if the
codimension of S in M is one, there is a one-to-one correspondence between Poisson
structures 771 on the line bundle E satisfying m} (7r1) = tr1 and Jacobi structures J on E
(see [52]).

k = 2. The local model for scattering Poisson structures [40] is 2-homogeneous. For
k > 2, the first-order jet of 7 at S vanishes identically, so our local model is the zero
Poisson structure.

Appendix A. The infinitesimal multiplicative Moser method

Multiplicative forms and infinitesimal multiplicative (IM) forms play an important role
in Poisson geometry and, in particular, in this paper. In this appendix, we give the main
definitions and some basic results concerning such forms that are needed throughout the
paper. We will use the notations and conventions from [17] and [27, Appendix A], and
we refer to [5, 20, 24] for proofs and details. In the last section of this appendix, we give
an IM-version of the well-known Moser method from symplectic geometry, which does
not seem to be known, and which is used in the paper to prove the uniqueness of the local
model.

A.l. Multiplicative forms

Let ¥ = M be a Lie groupoid with source/target s, t: § — M and multiplication m: § <,
¢ — . A differential form w € Q¥ (€) is called multiplicative if

m*w = pri o + pri w € QX(E %, 9),

where pry, pr,: § (X, § — § are the projections on the factors. The differential of a mul-
tiplicative form is again a multiplicative form, so we have a complex of multiplicative
differential forms (23,(§), d).

A basic fact is that two multiplicative forms w, w’ € Q{f,[(ﬁ) such that w|y = w’|pr and
(dw)|m = (dw’) | actually coincide. Denote by (4, [, ], p) the Lie algebroid of € = M.
Given a multiplicative form w € Q{f,[(ﬁ), one defines two vector bundle maps p: A —
AR=IT* M and £ A — A¥T*M by setting

wla) = igowlry, {(a) = izdo|Ty. (A1)
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The pair (u, ) satisfies the following set of equations for any «, 8 € I'(A):

iP(ﬂ)M(a) = _ip(ot)//«(ﬁ)s
(e, B) = ZLp@m(B) —ipgydu(@) —iyp¢(a), (A2)
{(lo, B]) = Loy §(B) —ippyde(a).

This leads to the notion of infinitesimal multiplicative k-form on an arbitrary Lie alge-
broid A = M integrable or not: a pair (u, ¢), where u: A — AK=1T*M and &: 4 —
ART* M are bundle maps satisfying (A.2).

The space of IM forms is denoted by Q{‘M (A), and it becomes a cochain complex with
differential given by

div: Q(A) = QA diu(p, O = (£,0). (A.3)

For a target 1-connected Lie groupoid § = M with Lie algebroid A = M, the assign-
ment  — (i, £) given by (A.1) is an isomorphism of complexes

(Qu(9). d) = (Qpy(4). dim).

We denote closed IM forms (i, 0) simply by w. For us, the most relevant IM-forms
will be closed IM 2-forms pu: A — T*M which are non-degenerate, meaning that they
are bundle isomorphisms.

Example A.1 (IM exact forms). Any differential form @ € QK (M) induces an IM-form
P (@) € Qiy(4)
with components p*(w) = (i, {) given by
w@) =iy, (@) =iygdo.
Forms of this type will be called IM-exact.

Example A.2 (IM forms and Poisson structures). If u: A — T*M is a non-degenerate
closed IM 2-form, we obtain a Poisson structure 7 € ¥2(M) by letting

ati=pou ™ T*M - TM. (A4)
This in turn induces a cotangent Lie algebroid structure (T*M, [-, -], n#), where
[a1, 2] = gnﬁ(al)O‘Z — Znﬂ(az)al —dr(oy, o).

The IM form p: A — T*M then becomes a Lie algebroid isomorphism.
Conversely, a Poisson structure 7 € ¥2(M) yields a Lie algebroid structure on the
cotangent bundle (T*M, [, -], 7*) such that the identity map

d: T"M — T*M

is a non-degenerate closed IM 2-form.
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The groupoid version of this is as follows: starting with a symplectic groupoid (9, »),
i.e., a multiplicative non-degenerate closed 2-form w € 91%4(9), we obtain

(i) anon-degenerate closed IM 2-form on its Lie algebroid pt: A — T*M, and

(ii) a unique Poisson structure 7 € ¥2(M) for which the target map t: § — M is a Pois-
son map.

Then p and 7 are related by (A.4). In this way, one recovers the well-known correspon-
dence between target 1-connected symplectic groupoids and integrable Poisson mani-
folds.

Example A.3 (IM forms and Dirac structures). Generalizing the previous example, a
closed IM 2-form pu: A — T*M is called robust if the map

(o) A>TM & T*M
has constant rank equal to the dimension of M. Then the image of this map
L:=(puwA)CTM &T*M

is a Dirac structure on M [7].

If w is robust and (p, p) is injective, then we call u Dirac non-degenerate. In this
case, we have a Lie algebroid isomorphism (p, j1): A = L. Conversely, for any Dirac
structure IL, the projection p := prys,.: L — T*M is Dirac non-degenerate.

Example A.4 (The canonical IM 2-form). Let § = M be a Lie groupoid with Lie
algebroid A = M. The canonical symplectic structure wc,, on the cotangent bundle
T*g = A* is multiplicative. Moreover, (T*9, w.,n) = A* is the symplectic groupoid
integrating the linear Poisson structure on A*. At the infinitesimal level, we have the
canonical “reverse isomorphism” fiea: T* A =5 TA* (see [42]), which is a closed non-
degenerate IM 2-form fie, € Q3,(T*A).

A.2. Multiplicative forms with coefficients

We also need to consider multiplicative forms and IM forms with coefficients in a repre-
sentation.

Let § = M be a Lie groupoid and let p: E — M be a §-representation. We will
work with differential forms on ¢ with coefficients in s* E (instead of t* E, as in some of
the references), which we denote by

Q' (G, E) = Q(g;s"E).

We refer to these simply as multiplicative forms on § with coefficients in E. Similarly,
we denote by Q*(¢®); E) the space of differential forms on the manifold €®), of com-
posable k-strings of arrows, with values in the vector bundle (s o pr)*(E) — § &), where
Pry: €®) _ ¢ is the projection onto the kth component.
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Definition A.5. A form w € Q°(9; E) is called multiplicative if it satisfies
m*a)lglgz = prik wlg + pr§ wlg, V(g1,82) € g,
We denote by Q1,(§; E) the space of E-valued multiplicative k-forms.

Let us pass to the infinitesimal level, so denote by A = M the Lie algebroid of
% = M and by V the induced representation of A on E. Now, if w € Q{\‘,[(g ; E) is an
E-valued multiplicative k-form, we define a linear operator L: I'(4) — Q¥(M; E) and
a vector bundle map /: 4 — AK"IT*M ® E by

d
L@x(i.....ve) = | b (0) - @(deggr V1), depr (V)
& le=0 (A.S)
l(a) := (ia®)|TM.
where ¢>2 ;. denotes the flow of the left-invariant vector field . The resulting operator L
is a kind of differential operator with symbol /, in the sense that for any f € C*°(M) and
a € T'(A) it satisfies
L(fa)= fL(ox) +df Al(a). (A.6)

Furthermore, the pair (L, /) satisfies the following set of equations:
ip)!(B) = —ipp)l(a),
L([e. B]) = ZaL(B) — ZpL(w), (A7)
[([ee, B]) = Zal(B) — ip(p) L),

where, for & € T'(4) and y € Q¥(M; E), we denoted

k
Lay(X1,.... Xp) == Va(y(X1..... X)) = Y y(X1..... [p(@). Xil..... Xp).

i=1
These equations make sense for a general, possibly non-integrable Lie algebroid.

Definition A.6. Let (E, V) be a representation of a Lie algebroid A = M. An E-valued
IM k-form is a pair (L, ), where

L: T(A) —» QM. E)
is a linear map and
I: A= AFIT*M Q@
is a vector bundle map satisfying (A.6) and (A.7).
We denote by Q}y,(4; E) the space of E-valued IM k-forms. For historical reasons,
these are also sometimes called Spencer operators. For a target 1-connected Lie groupoid
§ = M with Lie algebroid A = M the assignment w — (L, ) presented by (A.5) gives

an isomorphism
Qu(F; E) ~ QA E).
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A.3. Multiplicative Cartan calculus

Recall that a vector field X € X(§) is called multiplicative if its flow ¢} :§ — § is by
Lie groupoid automorphisms. Equivalently, X:§ — T'§ is a groupoid morphism, and this
amounts to the relation

dm(Xg, Xp) = Xgn V(g h) €8 ¥, §.

We denote by Xy(§) C X(§) the subspace of multiplicative vector fields. A multiplica-
tive vector field X € X(¥§) covers vector field oy € X(M)

s« (X) = t«(X) = ox.

The Lie bracket of multiplicative vector fields is multiplicative. If X € Xy (¥) and
w e Q’]f,[(ﬁ), then the contraction iy is still a multiplicative form. In this way, all the
usual formulas from Cartan calculus restrict to multiplicative objects.

At the infinitesimal level, multiplicative vector fields correspond to the Lie algebroid
derivations, i.e., to R-linear maps D: T'(4) — T'(A) for which there exists a vector field
op € X(M), called symbol of D, such that

D(fa) = fD(a) + Zsp(fla Y[ eCP(M), acl'(A),
and which act as derivations of the Lie bracket

D(la, B]) = [D(a). B] + [o, D(B)] Ve, B € T'(A).

For example, a section 8 € I'(A) defines the inner derivation
Dﬁ = [ﬁv ']7

with symbol op, = p(f).
Given a multiplicative vector field X € Xy (§), the corresponding derivation Dy €
Der(A) has a symbol oy and can be defined by

(Dx ()" = [X. "],

where AL € %(€) denotes the left-invariant vector field on § determined by B € I"(A4). For
a target 1-connected Lie groupoid § == M with Lie algebroid A = M, the assignment
X +— Dy establishes an isomorphism between the space of multiplicative vector fields
XMm(¥) and the space of Lie algebroid derivations Der(A).

For a Lie algebroid A, the flow of a derivation D € Der(A) is the unique (local) 1-
parameter group of Lie algebroid automorphisms ¢},: A — A satisfying

d
a(%)*(a) = D((¢p)* (@), ¢p =1d.

It covers the flow ¢>3D of the symbol of D, and it is defined as long as the flow of the
symbol is defined. If Dy € Der(A) is a derivation corresponding to a multiplicative vector
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field X € Xm (%), then its flow is the 1-parameter group of Lie algebroid automorphisms
induced by the flow of X

0, = (Ph)s: A — A

The assignments mapping multiplicative forms and vector fields to IM forms and
algebroid derivations can be used to transfer the Cartan calculus on multiplicative forms
to infinitesimal multiplicative forms.

Given an IM form (u, §) € Q{‘M(A) and a Lie algebroid derivation D € Der(A) with
symbol op € X(M), one has

(1) The interior product of (i, £) by D is the IM form of degree k — 1

ip(,§) = (~igp i, LD + icp§).

(i1) The Lie derivative of (i, §) along D is the IM form of degree k

Zp (. &) = (Lpu, Lpk).

Here, for a bundle map v: A — AKT* M, we have denoted by Zpv: A — AKT*M its
Lie derivative, which is the bundle map defined by

(Lov)(@) = &

|y (#,) V()< (@) = Loy (v(@)) = v(D(@)).

For example, for an inner derivation Dg = [f, -] and any IM form (i, §), one obtains

Lpy (. §) = p*(du(B) —§(B)),

i.e., the form is IM-exact, in the sense of Example A.1.
Proposition A.7. The operators dp: Qi (A) — Qi (A), ZLp: Qi (4) — Qi (A) and
ip: Q(A) = Qil(A) satisfy
(i) [dm,ip] = Zp;
(i) [“Zp.Lp]l =Lp.DYs
(ii) [Zp.ip’] =ip,p7)s
@iv) [ip,ip/] =0.

For a symplectic groupoid (¢, ), the relation iy @ = 7 gives a one-to-one correspon-
dence between multiplicative vector fields X and multiplicative 1-forms n, which sends

multiplicative exact vector fields to multiplicative exact forms. In other words, we have
the commutative diagram

(%) —L QL9)

4 Ts (AB)

I (4) —— Q'(M),
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where the horizontal rows are isomorphisms and the vertical arrows are the simplicial
differentials

5 T(A) — Eu(9), §(B) = pR—pL,
§: QY M) — QL (8), §(0) =t*0 —s*0.
We give now the infinitesimal version of this result.
Lemma A.8. A closed non-degenerate IM 2-form u: A — T*M gives a bijection
Der(A) = QL (A), D ip(u.0),
which maps inner derivations to IM-exact 1-forms.

Proof. For injectivity, ip(u, 0) = 0 is equivalent to the relations
(@) = 0. Ly (u(@) — p(D@) =0 Va € T(4),

Since u is a bijection, the first relation implies that op = 0. From the second relation,
we obtain then that also D = 0.

For surjectivity, let (v, §) € };(A). Then we need to find a derivation D such that
forall @ € T'(A), we have

—lopp(@) = v(@), Zop(u(@) — w(D(@) = §(w).

Since p is a bijection, these relations have the unique solution

op:=—vou ', D) :=u (L, @) —E@)).

The Leibniz rule for D with respect to op follows because p and & are linear over
C°°(M). It remains to show that D is a derivation. First, we compute

—ip(D@)(B) = ippy(D(@))
= ip(p) (Lop (1(@)) — §(@))
= —ippydv(a) —ipp)§ (@) + ippyiopdu(a)
= v(la. B]) = LoV (B) — iopippydu(a)
= —iop p([er, B) + Lo@iop H(B) = iopippydi(a)
= —lop L@ M (B) + Lo@ion 1 (B)
= i[p(@).opI(B),

where we used the IM conditions for (i, 0) and (v, ). Since p is a bijection, we obtain
the relation

p(D(a)) = [op. p(e)]. (A.9)
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Using this, we compute
p([D(), B]) = —p([B, D(@)])
= —Zpy(D(@)) + ip(D(a))du(B)
= Zo(p)§ (@) — ZLp(B)Lop (@) + i[op p(@]d1(B).
w(la, D(B)]) = Lp@yn(D(B)) — ipppydu(a)
= —Zo@§(B) + Lo Lop (B) = ifop o8N (@),
w(D([e, B])) = Zop (ZLp@)it(B) — ipprdp(@)) — & ([a, B]).

For the terms containing &, we have

§([or., BD) = Lo@§ (B) + ZLop)§ (@) = dipp)€ ()
= d(ipp)Lop (@) —ippu(D(@)))
= d(ip(p)Lop (@) + i[op p@) 4 (B))-
So, we obtain
w(D([a, B]) — [D(@), B] — [ee, D(B)])
= (=Zoplpp)d — dipp)Lop + Lpp)Lop + ilop.pB)d) ()
+ (Zop ZLp@) = difop p@] ~ lop.p@]d = Lp@)ZLop)(B) = 0.

which, by injectivity of u, implies that D is indeed a derivation.
Let Dg = [B, ] be an inner derivation associated with 8 € I'(4), and denote (v, &) :=
ipg (1, 0). Using the IM-conditions for 1, we obtain

V(@) = —ipp) (@) = ip@ (), §(@) = Loy ((@) — u([B, &) = ip@ydu(p)
for all @ € I'(A). This is equivalent to
ipg(1,0) = p*u(B), (A.10)
which proves that ip, (14, 0) is an IM-exact 1-form. |

For Dirac structures the situation is similar, but slightly more involved. At the group-
oid level, for a presymplectic groupoid (§, w), in the commutative diagram (A.8) the
horizontal rows are no more isomorphisms. Instead, they define a quasi-isomorphism,
i.e., the induced map in cohomology is an isomorphism

Em(9)/8(T(4)) = Qu(8)/8(Q1(M)). (A.11)
This amounts to the fact that we have a short exact sequence of vector spaces
0 — I'(4) — Eu(9) & Q' (M) — Qu(¥) — 0,
where

T'(4) > Xu(9) ® Q' (M), B (8(B), 1u(B)),
Em(g) ® QN(M) — Q44 (9), (X,0) — ixw —8(9).
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Remark A.9. Given a closed multiplicative 2-form w on a Lie groupoid §, it is proved
in [23, Section 5.2] that the non-degeneracy condition ker w N kerdt N kerds = 0 is equiv-
alent to the contraction ”: T§¢ — T*¢ being a VB Morita map. The authors show that
such a map induces an isomorphism between the fiberwise linear VB cohomologies. The
two quotients in (A.11) can be identified with the fiberwise linear VB cohomologies in
degree one of T*¢ (left side) and 7§ (right side). Hence, isomorphism (A.11) follows
from the results in [23].

At the algebroid level, we have the corresponding statement.

Lemma A.10. Let u: A — T*M be a Dirac non-degenerate closed IM 2-form. We have
a short exact sequence of vector spaces

0 — I'(4) — Der(4) ® Q' (M) — QL (4) — 0, (A.12)
where
['(A) — Der(A) & Q' (M), B = ([B.-]. n(B)).
Der(4) & Q'(M) — Qjy(A). (D,0) = ip(p,0) — p*(0).

Moreover, the choice of a complement in TM & T*M of the corresponding Dirac struc-
ture L induces a splitting of (A.12).

Proof. That the sequence is indeed a cochain complex follows from (A.10)

B (Dp. u(B)) = ipg (1, 0) — p" (1(B)) = 0.

We start by checking exactness at I'(A). Let § € ['(A) be in the kernel of the first
map. Then [B, -] = 0, which implies that p(8) = 0. Since also u(8) = 0 and the map
(p, i) is injective, we have that 8 = 0.

We show now surjectivity of the last map. For this, consider (v, §) € Q},(A), and we
try to solve

(v.§) = ip(n.0) — p"(0) (A.13)
with D € Der(A) and § € Q' (M). The first component can be written as
(p, )*(0,0p) = —v. (A.14)

By assumption, (p, ) is injective, therefore its dual map is surjective. So a solution to
the above equation exists, and we fix such a solution (6, op). The derivation D will be
determined by the following equations:

{p(D(a)) = [op, p(a)], (A.15)

w(D(@)) = Lop (1(@)) — ip@dd — &),
where the first equation holds for any derivation and the second is the second component
in (A.13). By assumption, the map (p, ;) is an isomorphism from A to the Dirac struc-
ture L. Therefore, if we show that the right-hand side of the above set of equations defines
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an element in I, then it follows that the system determines a unique D(«) € I'(A), for
any o € I'(A4). We need to check that

[oD. p(@)] + Lop (1(@)) = ip@dd — (@) € L

for all @ € I'(A). Since L is Lagrangian, this is equivalent to

([op. p(@)], 1(B)) + (p(B), ZLop (1(@))) = (P(B). ip@)dd + &(a))

for all o, B € ['(A). This is proven as follows:

(lop. p(@)], u(B)) + (p(B), Lo, (1(e0)))

= —Zp@ (oD, (B)) + (oD, Lo i(B)) + ippydlop., u(@)) — (op. ipp)du(e))
(iop ) (o B]) — L) liop W) (B) + ipp)dlio, w)(at)
= ipp)((@) + ip@dt),

where we have used that (u, 0) is an IM 2-form, that i, 4 = —v — i )0, and so it is the
first component of the IM 1-form

(iop =€ — ip(yd0) = —(v, &) — p™(6).

Thus we obtain a well-defined operator D on I'(A). The defining equations imply that D
satisfies the Leibniz rule with symbol op. Since D satisfies (A.9), we obtain

p(D([a. B]) — [D(@). B] — [, D(B)]) = 0.

Applying the same steps as in the proof of Lemma A.8, we also obtain

w(D([e, B]) = [D(@), ] = [ar, D(B)]) = 0.

Hence, by injectivity of the map (p, i), D is indeed a derivation.
Note that the only choice we made in the construction of D was the solution (op, 6)
of (A.14). The solution is unique up to a section of the Dirac structure

L = Im(p, n),

i.e., up to a section of the form (p, ©)(B) for some B € I'(A). Changing the solution this
way, we obtain a new derivation D + F. Relations (A.15) for D and D + F imply that F
has to satisfy

{p(F(a)) = [p(B). p(@)] = p([B.l).
1(F(@) = Zogyi(@) — ipedp(B) = n((B. al).

Injectivity of (p, ) shows that F = Dg. This implies that sequence (A.12) is exact also
at a middle point.

Finally, the choice of a complement C C TM & T*M of L yields a unique solution
of (A.14) which lies in C. In other words, we obtain a splitting of the last map. |
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A.4. The infinitesimally multiplicative Moser method

We give now a version of Moser’s theorem for IM 2-forms on linear action algebroids
AsxV =V,
where V is a representation of Ag = S.
Proposition A.11. Consider two closed IM 2-forms
Ui € Qy(As x My), k=0,1,

defined on open neighborhoods S C My C V, such that their pullbacks along the Lie
algebroid embedding i: As — As x V coincide

i*o = i*puy € Qi (As).

(@) If o and iy are non-degenerate, then there are open neighborhoods S C M; C My,
k =0, 1, and an isomorphism of Lie algebroids ®: Ag x M§ => As x M|, whose
base map fixes S, and such that

D (1) = fo.

(b) If o and py are Dirac non-degenerate, then there are open neighborhoods S C
M,é C My, k = 0,1, an isomorphism of Lie algebroids ®: As x M 5 Ag x M,
whose base map fixes S, and an exact 2-form dA, whose pullback to S vanishes, such
that

D" (1) = po + px(di).

Hence, the Dirac structures Ly := Im(pw, (g ) are equivalent around S, in the sense
of Definition B.3.

For the proof, we need the analog of Lemma 5.16 for IM primitives.

Lemma A.12. Let S C M C V be an open subset that is invariant under multiplica-
tionmy, by A € [0, 1. Then any closed IM form o € QK (As x M), whose pullback along
the zero sectioni: As — As X M vanishes

i*a=0¢eQk (4s).
is exact for the IM differential
(. 0) = diy(B. ) with (B, ) € QK71 (As x M).
Moreover, we can take B to vanish on Ag.

Proof. We use an IM version of the homotopy operator of the proof of Lemma 5.16. For
that, note that the scalar multiplication by A € [0, 1]

my: AsXx M — Ag x M, (a,v) — (a, Av),
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is a family of Lie algebroid morphisms. This family is generated by the algebroid deriva-
tion D:T'(As x M) — I'(As x M) which vanishes on constant sections and has symbol
the Euler vector field X of V' — S. Since D vanishes along the subalgebroid i: As —
As x M, we have that i *(ip (1, §)) = 0 for any (u, &) € Qi (As x M). Hence

mg(ip (i, §)) =0,

and so the family %mj{(ip (1, £)) is smooth at A = 0. So we can define the map
H: Qiy(As x M) — Qi (As x V),

1, 1, 1, _
Hu8) = [ mipGeena= (= [ Smindr. [ Smi(Zou+ixe)an).

0 A 0 A 0 A
This gives a homotopy operator
Id— (i o P)* =dH + Hdpy,

where P: Ag x M — Ag is the projection.
So if « is a closed IM form whose pullback to Ag vanishes, we find

(o, 0) = divH (@, 0) = dim (B, @),
where
'
B = —/ —mjixadA. (A.16)
0o A
Note that B vanishes on Ag. |
Next we give an analog of Lemma 5.17.

Lemma A.13. Let V. — S be a representation of As, M C V an open neighborhood
of S, u € Q%M (As x M) be a Dirac non-degenerate closed IM 2-form, and denote jus :=
i*ue Q%M(AS). Then ¥t :=ker us Nkerps C Ag is a bundle of ideals, and

Y= VI § e prpe(u($)

is an isomorphism of As-representations, where pry « is the projection corresponding to
the canonical decomposition TgV = T*S @ V*.

Proof. Since the zero section S C V is an invariant submanifold for Ag x V, it follows
that S C M is an invariant submanifold also for the Dirac structure L. := Im(px, i).
As explained in Appendix B, this implies that pg is robust and ¥ is a bundle of ideals.
Also it is easy to see that ¥ and V' have the same rank. We show now that v is injective.
If§ € £ and ¢ (§) = 0, it follows that 11(§) = (s (§), ¥ (§)) = 0 and pw (§) = ps(§) = 0.
Because u is Dirac non-degenerate, £ = 0.

It remains to show that ¥ is Ag-equivariant, i.e., forall @ € T'(Ag) and B € ['(¥)

¥ (lo, Blag) = Vo Y (B). (A.17)
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To see this, for a section @ € I'(Ag), we denote by & € I'(Ag x V) its pullback along the
projection V. — S.If @ € I'(Ag) and B € I'(£), from the definition of the bracket [, -]«
of Ag x V, we obtain

1((@. Bl)ls = (e Blag)ls = ¥ ([, Blag)-

On the other hand, since u is a closed IM 2-form (A.2), we obtain
1((@ Bl)ls = (ZLoe@m(B) =i, @dn@)ls.

The last term vanishes because px (E)|s = p4as(B) = 0. To calculate the first term, con-
sider a section £ € I'(V) and denote the corresponding vertical vector field on V' by
& € X(V). Then we have that

(& Lo Bls) = izZo. @ B)ls = Lo.@ign(Bls + i . @y (B)ls
= Lo @EVEB) — (VaEVB) = (5. Va v (B)).

where in the last equality, we have used the definition of the dual connection, and in the
one before, we have used the following properties of the anchor of Ag x V:

P (@)]s = pag (@), [px(@).§] = V)&
This proves (A.17) and concludes the proof. ]
We have now all the ingredients to conclude the proof of Proposition A.11.

Proof of Proposition A.11. We will prove part (b), and show along the way what needs to
be changed to obtain part (a).

Denote ps := i*(ug) € Q3 (As), and denote ¥ := ker ps N ker ;us. Lemma A.13
gives linear, Ag-equivariant isomorphisms y: ¥ = V*, which yield Lie algebroid iso-
morphisms (Id, (Vx)*): As x V = Ag x £*. By pushing 1 forward along these maps,
we may assume that V' = £*, and that u satisfy p|s = Idg. This implies that the entire
path

e = (1—t)o +tpy € Qi(As x Mo N My), te€[0,1],

satisfies u |y = Idg and i * () = ps. This implies that there exists an open neighborhood
S C M such that ;|4 4w p is Dirac non-degenerate for all ¢ € [0, 1].
Next, we adapt the Moser-type argument to the multiplicative setting and to account
for gauge transformations. We look for a path of Lie algebroid automorphisms ®: Ag x
M — Ag x M, starting at the identity at ¢ = 0, and a path of 1-forms A; on M, with
Ao = 0, such that
(D)*(1te) = po + py(dA,) Vi €[0,1]. (A.18)

Here we denoted by pj; (dA;) the closed IM 2-form « > (ip, (4)dA¢, 0), which is also the
pullback via the Lie algebroid map px of the (closed IM) 2-form dA,. This IM 2-form
is exact, with primitive (p%(A;), p%(dA;)). In the non-degenerate case (a), we will see
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that one can take A, = 0. The time-dependent algebroid derivation D, generating the
isotopy @ will satisfy the infinitesimal equation

div(ip, (e, 0) = (e (01). P (d6:))) = (o — 11, 0),

where 0; = (¢")« (%/\t) and ¢! is the base map of ®’. By Lemma A.12, after shrinking M
we find B € I'(A5 x M) (given by (A.16)) such that (8, ;1o — j¢1) is an IM 1-form. Hence
it suffices to solve the equation

ip, (1,0) — (05 (07). P (d6;)) = (B. po — p1)-

In the non-degenerate case (a), Lemma A.8 shows that this equation has a unique
solution D, with 6; = 0, which depends smoothly on ¢. Because § vanishes along S, the
proof of Lemma A.8 shows that op, vanishes along S.

In the Dirac non-degenerate case (b), Lemma A.10 shows that solutions(Dy, 6;) exist.
If we fix a metric on TM @ T* M, then we can use the orthogonal complement to I, =
Im(pw, (i¢) to obtain a smooth family of solutions (D;, 6;). Moreover, it follows that op,
and 6, vanish along S.

Since op, vanishes along S, its flow ¢’ is defined up to # = 1 on a possible smaller
neighborhood S C Mé C M, and fixes S. Also the flow ®’ of D, is defined on Ag M(’)
and satisfies (A.18) for A; := f(f (¢%)*6yds. Since 0; vanishes along S and ¢’ fixes S, it
follows that also A;|s = 0, and so the pullback of dA to S vanishes.

The required isomorphism is ® := ®!, which covers ¢ := ¢!, M| := ¢(M{) and the
2-form is dA := dA;. The equivalence of Dirac structure around S is

@ (Mg, e**(Lg)) = (M{,L1). .

Appendix B. Linearization in Dirac geometry

In this appendix, we show that many of the results and constructions of the paper can be
extended naturally from Poisson geometry to the setting of Dirac manifolds (for a brief
introduction to Dirac geometry, see, e.g., [4]).

For a Dirac manifold (M, IL), the notion corresponding to a Poisson submanifold is
that of an invariant submanifold, i.e., a submanifold S C M such that

prrya €TyS Vaely, xeS.

Equivalently, S is an invariant submanifold for the Lie algebroid IL. Obviously, saturated
submanifolds, i.e., submanifolds which are unions of presymplectic leaves of L, are exam-
ples of invariant submanifolds. In fact, any closed invariant submanifold is saturated. One
of the main results of this section is the following.

Theorem B.1. Let (M, L) be a Dirac manifold and S C M be an embedded saturated
submanifold. If 1L is integrable by a proper Lie groupoid, then L is linearizable around S.
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Let us explain what is the local model underlying this result. If S is an invariant
submanifold of L., we have the restricted Lie algebroid As := LL|s. Moreover, S inherits
a Dirac structure which makes the inclusion

i: (S,Lg)— (M,L)

simultaneously a forward Dirac map and a backward Dirac map. We obtain a short exact
sequence of Lie algebroids

0—>F— Ag ——>Lg — 0. (B.1)

where ¥ = (T'S)° = v*(S) is the conormal bundle of S in M, and i'(v + &) = v + &| 5.
This short exact sequence represents the first-order jet of L at S. As for Poisson structures,
we will encode these data more efficiently, using the closed IM 2-form

ps: As = T*S, s +£) =é&lrs.
Then i' = (p4 s» Ms), and the short exact sequence (B.1) becomes

(pagits)
0—>ft—>A4y — Lg—0. (B.2)

Hence, pgs is a robust closed IM 2-form, as defined in Example A.3. The following
notion describes the situation at hand.

Definition B.2. A first-order jet of a Dirac structure is a pair (Ag, (ts), consisting of
a Lie algebroid and a closed robust IM 2-form.

If the bundle of ideals ¥ := ker ps, N ker ps is partially split (see Section 7.2), then
we say that the first-order jet of a Dirac structure (Ag, is) is partially split.

In the Dirac setting, the local model is defined similarly to the model in Proposi-
tion 7.2. Namely, let (As, is) be a partially split first-order jet of a Dirac structure. Given
an IM connection 1-form (L,/) € Q!(Ag;¥), define the closed IM 2-form

to :=pr* s + diu((L. 1), ) € Qfy(As x ¥).
In a neighborhood My C £* of S, o is Dirac non-degenerate, i.e., the map
(os, o) As X Mg — TMy & T* My (B.3)

is injective and its image is a Dirac structure Ly on My (as defined in Example A.3).
Then S is an invariant submanifold for L, map (B.3) restricts to a Lie algebroid isomor-
phism along S, Ag 5 Lo |s, and the pullback of the canonical IM 2-form on L to Ag
is pg. This justifies calling (Mg, Lg) the local model of (Ags, ius) corresponding to the
IM connection 1-form (L, /).

The Dirac-geometric version of Proposition 7.8 also holds. Its proof works with min-
imal adaptations. Namely, a first-order jet (Ag, ps) of a Dirac structure with kernel

f:=kerpas Nkerpug
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is partially split if and only if there exists a closed IM 2-form u € Q3,(A4s x My), with
S C My C £* an open set, such that

e 1 is Dirac non-degenerate;
e i*(u) = pus,wherei: As <> Ag x £* is the zero-section.

For normal forms around submanifolds, or equivalences of local models, in Dirac
geometry, one needs a more general notion of isomorphism.

Definition B.3. Let iy: S — My and i;: S — M; be injective immersions. The Dirac
structures Ly on My and IL; on M, are said to be equivalent around S, if there is a dif-
feomorphism of Dirac structure

¢: (Up,e®Lo) = (U, Ly),

where Uy C My is an open neighborhood of ix(S), ¢ o0 ig = i1, and w € Q2(Up) is
a closed 2-form such that ifw = 0.

Remark B.4. After shrinking Up, the 2-form @ admits a primitive A € Q!(Up) which
vanishes at points in S (see the relative Poincaré lemma in [55]).

For Poisson manifolds, one can often “absorb” w in the diffeomorphism ¢, and so
the relation reduces to that of being “Poisson diffeomorphic around S”. To see this, let
(M, 1) be a Poisson manifold, i: S < M a submanifold and w a closed 2-form such that
i*w = 0. Let us assume that the maps

Id+ta’ on?: T¢M — TeM, 1 €0,1], (B.4)

are invertible. This is equivalent to the Dirac structures e’®IL,, to correspond to Poisson
structures 77; around S. These satisfy

ﬂf =nxko (Id + 10’ o n’i)_l.

Let A be a primitive of @ which vanishes along S. By the Moser path method for Poisson
structures (see, €.g., [48, Section 2.4]), the isotopy ¢’ generated by the time-dependent
vector field —nf (A) sends & = g to 7r; and fixes S pointwise.

The assumption that (B.4) is invertible is satisfied in any of the following cases:
e If w vanishes at points in S.
e If S is a coisotropic submanifold of (M, ) and iyw = O forallv € TS.

e If S is a Poisson submanifold of (M, ).
We show that equivalent structures have isomorphic first-order jets.

Lemma B.5. Consider two Dirac manifolds (My,1Ly), k = 0, 1, that are equivalent
around the invariant, embedded submanifolds iy.: S < M. Then the first-order jets of Lo
and Ly at S are isomorphic. In particular, the first-order jet of Lo at S is partially split
if and only if that of 1Ly at S is partially split.
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Proof. An equivalence (¢, w) between Ly and LL; gives an isomorphism between the
first-order jets of e“ILo and Iy at S. Therefore, it suffices to show that Ly and e“ILy have
isomorphic first-order jets at S. Denote these by

(As :=Lols. s :=ig prrxpr,) and (A := (e“Lo)ls. jtls 1= ig Prypr,)-

The map e® restricts to a Lie algebroid isomorphism between Ag and A’, and the pull-
back of p'; under this isomorphism is given by

fs(a) = ps(@) +ig (ip@)®)-
Since p(a) € T'S and ijw = 0, we have fis = pus. This completes the proof. |

The following result, which is proven in the appendix using an IM version of the
Moser argument (see Proposition A.11), shows that the local model is well defined up to
the equivalence relation from Definition B.3.

Proposition B.6. Let (As, jis) be a first-order jet of a Dirac structure with kernel ¥ :=
ker pgag Nker pug. Let po, 1 € Q2,(As x M) be closed IM 2-forms, defined on a neigh-
borhood M C ¥* of S, that are Dirac non-degenerate and extend s

i*,lLkZ/Ls, k=0,1.
Then the Dirac structures Ly := Im(px, (L) are equivalent around S.

Definition B.7. A Dirac structure (M, L) is called linearizable around an invariant sub-
manifold S C M, if its first-order jet (As := LL|s, ts := pry«g) at S is partially split,
and L is equivalent around S with the local model L corresponding to some (hence, any)
IM connection 1-form (L, 1) € Q'(Ags;¥).

Proposition B.6 implies the analog of Theorem 8.2 for the Dirac setting.

Theorem B.8. A Dirac manifold (M, 1L) is linearizable around an invariant submani-
fold S if and only if the Lie algebroid 1L is linearizable around S.

This result and the linearization theorem for proper Lie groupoids from [22] imply
Theorem B.1, stated at the beginning of this section.

Finally, we briefly discuss the notions at the groupoid level which correspond to Dirac
structures and their first-order jets. We omit the discussion about partially split groupoids,
because it can be found in a more general setting in [27] and we omit the discussion
about local models and equivalences, because these admit similar generalizations from
the Poisson setting.

At a global level, Dirac structures correspond to presymplectic groupoids [7], i.e., Lie
groupoids ¥ = M with a closed multiplicative 2-form w satisfying

dim(9) = 2dim(M), ker(w) N ker(ds) N ker(dt) = 0.

The notion corresponding to first-order jets of Dirac structures, i.e., closed, robust IM
2-forms, was also introduced in [7].
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Definition B.9. A closed multiplicative 2-form wgs on a Lie groupoid §s =2 S is said to
be robust if ker(wg) N ker(ds) N ker(dt) has constant rank equal to dim(gs) — 2 dim(S).
A Lie groupoid §s = S endowed with a robust 2-form wyg is called an over-presymplectic
groupoid.

Equivalent characterizations of these objects are given in [7, Lemma 4.7], which also
implies the following result.

Proposition B.10. Let s =2 S be a Lie groupoid with Lie algebroid As. Then

(1) A closed multiplicative 2-form ws on §g is robust if and only if the corresponding IM
2-form us: As — T*S is robust.

(ii) If §s has 1-connected target-fibers, then differentiation ws +— g (see (A.1)) gives
a one-to-one correspondence between closed robust multiplicative 2-forms on s and
closed robust IM 2-forms on Ag.

Appendix C. Linearization around coregular submanifolds

In this appendix, we consider local models and linearization around more general subman-
ifolds, called coregular submanifolds. The splitting theorem around transversals of [8],
reduces the study of this class to the case of invariant submanifolds, discussed before.
We will discuss the general setting of Lie algebroids, and then the setting for Dirac struc-
tures. For example, we will prove the following.

Theorem C.1. (i) The Lie algebroid of a proper Lie groupoid is linearizable around any
coregular submanifold.

(i) A Dirac manifold (M, 1L), where 1L is the Lie algebroid of a proper groupoid, is
linearizable around any coregular submanifold.

In both settings, we take advantage of the existence of the pullback operation. The
reader should bear in mind that now we work modulo more general equivalences, that
include gauge transformations, as in Definition B.3 (see also Remark B.4, where the pas-
sage of this equivalence relation to the setting of Poisson structures is described).

C.1. Transversals

An embedded submanifold i: S < M is called a transversal for a Lie algebroid A = M,
if it is transverse to the anchor p of 4, i.e., if

TeS + px(Ay) = TyM  V¥x € S.

Transversals lie at the other end of the spectrum compared to invariant submanifolds.
They admit a very simple local model. First of all, the pullback of A to S yields a Lie
algebroid over S

As :=i'(A) = p 1(TS) = S.
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The local model of A around S is the pullback of the Lie algebroid As to the normal
bundle via the projection p: v(S, M) — S, i.e.,

p'As = Tv(S, M) x5 As = v(S, M),

where, in this subsection, we include the ambient manifold in the notation for the normal
bundle. The normal form theorem, obtained in [8] (see also [28] for a different proof)
holds without restrictions.

Theorem C.2 ([8]). Let A = M be a Lie algebroid andi: S < M a transversal. Then A
is isomorphic around S to the local model p'As = v(S, M).

The analog of this result in the Dirac setting also holds. In order to explain this, recall
that given amap f: N — M and a Dirac structure I on M, one has

e the pullback of the Lie algebroid I to N
(f'L)ag = TN x7um L;
e the pullback of the Dirac structure I to N
(f'L)pir := {v + (df)*¢) : (d)(v) +§ € L}
In general, these are not smooth objects. However, if f is transverse to L, i.e., if
Imdy f +prey Ly = TreoM  Vx €N,

then these objects are smooth and the Lie algebroids are canonically isomorphic. In this
case, we will not distinguish between them and we will denote them by f'L.

Let (M, L) be a Dirac manifold. The local model of I around a transversal i: S < M
is the Dirac pullback p'i'L to the normal bundle p:v(S, M) — S. Again, the normal form
theorem always holds (see [8,31], and [29] for Poisson transversals).

Theorem C.3 ([8]). Ifi: S — (M,LL) is a transversal in a Dirac manifold, then I and
p'i'L are equivalent Dirac structures around S (see Definition B.3).

C.2. Coregular submanifolds of Lie algebroids

For a Lie algebroid, we consider the following class of submanifolds which includes
transversals and embedded invariant submanifolds as extremes. Moreover, any submani-
fold has an open dense subset whose components are of this type.

Definition C.4. Let A = M be a Lie algebroid. We call an embedded submanifold
is: S < M coregular if the vector spaces

TxS + Px(Ax)s X € S’

have the same dimension.
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Equivalently, is: S < M is a coregular submanifold if and only if the pullback of A
to S is a smooth Lie subalgebroid of 4

As = i5A = p (TS).
In this case, the anchor of A yields a short exact sequence of vector bundles
0—> As > A|ls > 15 = 0, (C.1)
where we have denoted by 7 the vector subbundle
75 = Im(p|s) mod T'S C v(S, M).

Note that, when g = v (S, M), we recover transversals, and when ts = Og, we recover
invariant submanifolds.
The following will play an important role in the study of such submanifolds.

Definition C.5. Let A = M be a Lie algebroid and let ig: S < M be a coregular sub-
manifold. A minimal transversal around S is a transversal ix: X <> M containing S that
yields a direct sum decomposition

v(S, M) =15 ®v(S, X). (C2)

Notice that minimal transversals always exist. To see this, choose a Riemannian metric
and take X := exp(U), where U is a small enough neighborhood of S in a complement C
of tg in v(S, M'). We obtain a submanifold satisfying (C.2), which then can be shrunk to
a minimal transversal. The following is also straightforward.

Lemma C.6. If X is a minimal transversal around S, then S is an invariant submanifold
for the Lie algebroid Ay = i)!(A = X.

In fact, coregular submanifolds can be characterized as follows (for similar results in
Poisson geometry, see [17, Theorem 8.44] and [10, Lemma 4.1]).

Proposition C.7. Given a Lie algebroid A = M, a submanifold S C M is coregular if
and only if it is an invariant submanifold inside a transversal X C M.

Next, we observe that minimal transversals are essentially unique. We sketch a proof
which is similar to that of the case of Poisson manifolds from [56, Lemma 2.2] and [10,
Theorem 4.3].

Lemma C.8. Let A = M be a Lie algebroid andis:S — M be a coregular submanifold.
If Xo and X1 are minimal transversals around S, then there exists an inner Lie algebroid
isomorphism ®: Ay, — Alu,, defined between open sets Uy and Uy containing S, whose
base map ¢: Uy = U, fixes S pointwise and sends Xo N Ug to X1 N Uy.

Proof. Possibly after shrinking Xy and X, one can join them by a smooth family of
transversals around S, X; := i;(Xy), t € [0, 1], where i: [0, 1] x Xog — M is a smooth
map such that iy = Idy, and i;|s = Ids. Transversality implies the existence of a time-
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dependent section ¢y € I'(A|y), ¢ € [0, 1], defined on some neighborhood U of S in M,
such that

di .
d—lt(x) = (s (i (x))) mod Ty, vy X,

for all (¢, x) € [0, 1] x Xo. Moreover, we may assume that o;|s = 0. Then the flow of the
time-dependent section oy gives the isomorphism ® from the statement. ]

We are ready to discuss local models and linearization of a Lie algebroid A = M
around a coregular submanifold ig: S < M. Fix a minimal transversal X around S.
Note that Ag =i éA can be identified also with the restriction of Ay to the invariant
submanifold S, As =i é Ayx. Then for Ay, we have the local model around the invariant
submanifold S (see Definition 8.3)

As xv(S, X) = v(S, X).

On the other hand, Theorem C.2 shows that A4 is isomorphic around X to the pullback Lie
algebroid p' Ay, where p: v(X, M) — X it the projection. This motivates the following
definition.

Definition C.9. The local model of A around the coregular submanifold S is the Lie
algebroid
P'(As x v(S. X)) = v(S. M),

where p:v(S, M) — v(S, X) is the projection with kernel zg.

We say that A is linearizable around S if there is a Lie algebroid isomorphism &:
P'(As x v(S, X))|v, = Alu,, where Uy C v(S, M) and Uy C M are open neighbor-
hoods of S with ®|4, = Id4 and such that the differential of its base map ¢: Uy S U
along S induces the identity on v(S, M).

The conditions on ® along S imply that, in the short exact sequence (C.1), ® preserves
not only the inclusion of Ag but also the projection to ts. Lemma C.8 shows that local
models associated with different choices of transversals are isomorphic, and so being
linearizable is independent of the chosen minimal transversal.

Proposition C.10. Let is: S < M be a coregular submanifold and X a minimal trans-
versal around S. Then A = M is linearizable around S if and only if Ax = X is lin-
earizable around S.

Proof. Fix a tubular neighborhood, and identify M ~ v(S, M) and X ~ v(S, X).

Assume that Ay is linearizable, i.e., Ay >~ Ag x v(S, X) around S. Then also their
pullbacks via the projection p: v(S, M) — v(S, X) are isomorphic. From Theorem C.2,
we have that A ~ p'Ay around X. So A is linearizable.

Conversely, assume that we have an isomorphism ® between p'(4sxv(S, X)) and 4,
defined around S, as in Definition C.9. Then ® induces an isomorphism between the
restriction of p'(Ag x v(S, X)) to v(S, X) C v(S, M) and the restriction of 4 to the trans-
versal X' = @(v(S, X)) C M, where ¢ is the base map of ®. This map is a linearization
for Ay/. Lemma C.8 implies that Ay ~ Ax- around S, thus also Ay is linearizable. m
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One can also approach the linearization problem around a coregular submanifold S by
looking at another invariant submanifold, namely the one arising from the saturation of S.

Definition C.11. Let A = M be a Lie algebroid. The saturation of S C M, denoted by
Sat(S, M), is the union of all orbits of A that hit S. The local saturation of S inside the
open neighborhood U C M, denoted by Sat(S, U), is the saturation of S with respect to
the Lie algebroid A|y = U.

The following shows that the local saturation of a coregular submanifold is smooth
(see [33] for this result in the Poisson and Dirac setting).

Theorem C.12. Let A = M be a Lie algebroid, and let i: S < M be a coregular sub-
manifold. Then S = N N X, where the intersection is transverse, and

(1) N = Sat(S,U) is a local saturation of S and an embedded submanifold;

(ii) X is a minimal transversal around S.

Proof. Let X be a minimal transversal around S. By applying Theorem C.2, we find
aneighborhood U of X in M, a submersion with connected fibers p: U — X, which is the
identity on X (corresponding to the retraction of the normal bundle), and an isomorphism
(p'Ax)|v ~ Aly. Then N := p~!(S) is smooth submanifold, S = X N N, where the
intersection is transverse and, moreover, N = Sat(S, U). ]

We have the following analog of Lemma C.6.

Lemma C.13. In the setting of Theorem C.12, S is a transversal for the Lie algebroid
Ay = N.

For a pair (N, X)) as in Theorem C.12, we have that v(S, N) = tg and
v(S,M)=v(S,N)®dv(S, X).
In particular, dim N = dim zg. In fact, the following holds.

Proposition C.14. The germ around S of the embedded submanifold N from Theo-
rem C.12 is independent of choices.

Proof. Let N = Sat(S, U) and N = Sat(S, U) be as in the theorem. Then N and N
have the same dimension, and we write N = p~!(S), where p: U — X is as in the
proof. Consider an open § € O C U N U, such that p|o also has connected fibers. Then
N’:= 0 N N satisfies N’ = Sat(S, O), and it is open in N. So N and N’ have the same
germ at S. On the other hand, N’ C N is an embedded submanifold and dim N’ = dim N s
so N’ is open in N.Hence, N’ and N have the same germ at S. ]

Proposition C.15. Let is: S < M be a coregular submanifold for A = M. The local
model of A around S is isomorphic to the local model of A around the invariant subman-
ifold N = Sat(S, U), for some small enough open neighborhood U of S. Moreover, A is
linearizable around S if and only if A is linearizable around N = Sat(S, U), for some
small enough open neighborhood U of S.
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Proof. By choosing a tubular neighborhood, we may replace M by v(S, M). Fix a de-
composition v(S, M) = ts @ E. Then E is a transversal and, after applying Theorem C.2
and changing the tubular neighborhood, we may assume that A = p!E AEg,where pg:1s @
E — E is the projection. Since S is an invariant submanifold of E, we have that

Sat(S,v(S,M)) = g,
and the restriction of A4 to tg is the pullback of A along the projection p: tg — S
Awg =i ppAE = p'As.

Moreover, the obvious isomorphism p'E ~ tg @ E is in fact an isomorphism between
the pullback of the normal representation of Ag in Ag and the normal representation
of A;, in A. We obtain an isomorphism between the pullback of the action Lie algebroid
and the action Lie algebroid

pr(As X E) ~ A x (15 @ E).

In other words, the two local models are isomorphic. An argument similar to the proof
of Proposition C.10 shows that the linearization problem of A at S and the linearization
problem of A at tg, in a neighborhood of S, are equivalent. ]

Theorem C.1 (i) is a direct consequence of Proposition C.15 and the linearization
theorem for proper Lie groupoids from [22].

C.3. Coregular submanifolds in Dirac manifolds

Let (M, L) be a Dirac manifold and let is: S < M be a coregular submanifold for L,
in the Lie algebroid sense. Any minimal transversal ix: X <— M for S comes with
a Dirac structure Ly :=1i )!(}L. By Lemma C.8, any other minimal transversal X" is related
to X by an inner automorphism of IL, more precisely, by the flow of a time-dependent
section of I with vanishes along S. Recall that such an automorphism of L is given
by a diffeomorphism fixing S composed with a gauge transformation by a closed 2-
form whose pullback to S vanishes (see, for instance, [36]). This implies the following
result.

Proposition C.16. For any two minimal transversals Xo and X around S the Dirac
manifolds (X;,Ly;) are equivalent around S (see Definition B.3).

Proposition C.16, Lemma B.5 and Proposition B.6 imply that the following notions
are independent of the chosen minimal transversal.

Definition C.17. Let S be a coregular submanifold of a Dirac manifold (M,LL) and X
a minimal transversal through S.

(1) We say that IL is partially split at S if the first-order jet at S of the Dirac struc-
ture Ly is partially split.
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(ii) Let Ly be partially split at S, and let (Xo,LLx,) be the local model of Ly
around S for some IM connection 1-form. The local model for I around S is a Dirac
manifold

(Mo.Lo) := (p~"(Xo), p'Lx,).

where p:v(S, M) — v(S, X) is the projection with kernel zg.

(iii) We say that L is linearizable around S if it is partially split at S, and (M, L) is
equivalent to the local model (Mg, L) around S.

Theorem C.3, i.e., the local normal form theorem around transversals, implies the
Dirac version of Proposition C.10.

Proposition C.18. A Dirac manifold (M, L) is linearizable around the coregular sub-
manifold S if and only if for some (and any) minimal transversal X through S, the induced
Dirac structure Ly is linearizable around the invariant submanifold S.

Theorem C.1 (ii) follows by applying this proposition, Theorem B.1 and the lineariza-
tion theorem for proper Lie groupoids from [22].

As for Lie algebroids, the linearization problem can be expressed also in terms of the
saturation. Namely, for a coregular submanifold S of (M, L), Theorem C.12 implies the
existence of an open neighborhood U of S for which N := Sat(S, U) is an embedded
submanifold with Tg N = tg. The analog of Proposition C.15 holds.

Proposition C.19. The Dirac structure 1L is partially split at S if and only if 1L is partially
split at the invariant submanifold N = Sat(S, U) for some small enough open neighbor-
hood U of S. In this case, the two local models of I are equivalent around S, and L is
linearizable around S if and only if L is linearizable around N = Sat(S, U) for some
small enough open neighborhood U of S.

For the proof, we will need the following fact.

Lemma C.20. Let A = M be a Lie algebroid, I C A a bundle of ideals, and f: N — M
a map transverse to the anchor of A. Then f'A = N is a Lie algebroid which contains
f'I = N xp I as a bundle of ideals. Moreover, if I is partially split, then so is f'I.

Proof. The pullback of an IM form (L, 1) € Q}\;(A, ) with [|; = Id is also an IM 1-form
FILD e Q1A f11) with (f'D)]p1 = 1d. "

Proof of Proposition C.19. As in the proof of Proposition C.15, assume that
M=15dE

with a transversal E and ts = Sat(S, M). Applying Theorem C.3, we have an equivalence
around E

L~ prlLg.
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To prove the statement about partially split, observe that the first-order jet of the invari-
ant submanifold S C (E,Lg) is given by the Lie algebroid As := L g|s and has bundle
of ideals ¢ := v*(S, E) >~ E*. For the invariant submanifold s C (ts & E, p}E}LE),
its corresponding Lie algebroid A;; = LL|;¢ is isomorphic to the pullback p'As, where
p:ts — S is the projection, and its bundle of ideals is p'f. By the lemma above, if ¥ is
a partially split for Ag, then p'¥ is partially split for p'As. Conversely, we can also write
As = i}g (p!AS), where ig: S < tg is the zero-section, which is a transversal for p!As.
For the bundle of ideals, we have ¥ =i :g (p'?) so, by Lemma C.20, if p'f is partially split
for p'Ag, then ¥ is a partially split for Ag.

Assuming now that the partially split condition holds, let (L, ) € Q};(As,¥) be an
IM form, and let Ly be the corresponding local model on E. Then the local model of L
around S is p!]Lo. This coincides with the local model of I around tg constructed using
the pullback IM form p'(L, 1) for p't C p'As.

The equivalence between the two linearization problems can be proven similarly to
Proposition C.10. ]
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