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Let (M, &) be a Poisson manifold. A Poisson submanifold P C M gives
rise to a Lie algebroid Ap — P. Formal deformations of = around P are
controlled by certain cohomology groups associated to A p. Assuming that
these groups vanish, we prove that  is formally rigid around P; that is,
any other Poisson structure on M, with the same first-order jet along P,
is formally Poisson diffeomorphic to x. When P is a symplectic leaf, we
find a list of criteria that are sufficient for these cohomological obstructions
to vanish. In particular, we obtain a formal version of the normal form
theorem for Poisson manifolds around symplectic leaves.

1. Introduction

A Poisson bracket on a manifold M is a Poisson algebra structure on the space
of smooth functions on M, that is, a Lie bracket { -, - } on C°° (M) satisfying the
derivation property

(D {f.ghy={f.g}h+{f h}g forall f, g heC™(M).

Equivalently, it can be given by a bivector 7 € X?(M) that satisfies [, 7] = 0.
The two definitions are related by the formula

(m,df ndg)={f,g} forall f,ge C®(M).

An immersed submanifold ¢ : P — M is called a Poisson submanifold of M if w
is tangent to P. This ensures that |p is a Poisson structure on P for which the

restriction map
1 C®(M) — C>®(P)

is a Lie algebra homomorphism. We regard the Poisson algebra (C*(P), {-,-})
as the Oth-order approximation of the Poisson structure on M. If P is embedded,
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then P is a Poisson submanifold if and only if its vanishing ideal
I(P)={f€C®M)|(f)=0}

is an ideal in the Lie algebra (C*°(M), {-, -}). Assuming that P is also closed!,
we have a canonical identification of Poisson algebras

(C*(P), {-,-Hh=(C*W)/I(P),{-,-D.

This gives a recipe for constructing higher-order approximations. For example, the
first-order approximation fits into an exact sequence of Poisson algebras

2) 0— (I(P)/I*(P),{-,-})
— (C®(M)/I*(P),{-,-}) = (C®(P),{-,-}) = 0.

The Poisson algebra structures in this sequence depend only on jllpn, the first jet
of m along P. A better way to describe (2) is using the language of Lie algebroids.
As explained in Section 2, the extension (2) gives rise to a Lie algebroid structure
Ap on T;M that fits into a short exact sequence of Lie algebroids

3) 0— TP° — Ap — T*P — 0,

where TP° C T;M = Ap is the annihilator of TP and T*P is the cotangent Lie
algebroid of (P, {-,-}). In particular, we obtain a representation of Ap on TP°,
and thus also on its symmetric powers $*(TP°).

We study formal rigidity of Poisson structures around Poisson submanifolds. In
general, deformation and rigidity problems in Poisson geometry are controlled by
the Poisson cohomology groups H: (M), which are the cohomology of the complex
of multivector fields (X*(M), d.), where

d; =|m,-].

For a Poisson submanifold P, this d, induces a differential on X*(M)p, the
complex of multivector fields along M. The corresponding cohomology, denoted
by H:(M, P), is called the Poisson cohomology relative to P [Ginzburg and Lu
1992]. The formal rigidity of Poisson structures around Poisson submanifolds is
controlled by a version of this cohomology with coefficients. Lie algebroids pro-
vide the right setting to make this precise; that is, the relative Poisson cohomology
groups can be computed as the cohomology of the Lie algebroid A p

H2 (M, P)=H*(Ap),

ISince we study local properties of (M, ) around P, only the condition that P is embedded is
essential; closeness can be achieved by replacing M with a tubular neighborhood of P.
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and the cohomology groups of A p with coefficients in $¥(TP°), which we denote
by H*(Ap; F*(TP°)), control formal rigidity (see Section 2 for the definition of
Lie algebroid cohomology).

Our main result is the following:

Theorem 1.1. Let 11 and > be two Poisson structures on M, such that P C M
is an embedded Poisson submanifold for both, and such that they have the same
first-order jet along P. If their common algebroid A p has the property that

H*(Ap; $5(TP°)) =0 forallk > 2,

then the two structures are formally Poisson diffeomorphic. More precisely, there
exists a diffeomorphism

WU —

with dynr,m = idr, m, where WU and V' are open neighborhoods of P, such that
o and * (mropy) have the same infinite jet along P:

Jip () = jip (U™ (rap).

Applying Theorem 1.1 to the linear Poisson structure on the dual of a compact,
semisimple Lie algebra, we obtain the following result.

Corollary 1.2. Let g be a semisimple Lie algebra of compact type and consider miiy
the linear Poisson structure on g*. Let S(g) C g* be the sphere in g* centered at 0,
of radius 1 with respect to some invariant inner product. Then S(g) is a Poisson
submanifold, and any Poisson structure | defined in some open neighborhood of
S(g), such that

1 .

Jis(g) (Tin) = Jis(g) (1),

is formally Poisson diffeomorphic to mj,.

The symplectic leaves of (M, m) are Poisson submanifolds of a special type.
Recall that a Poisson manifold carries a canonical singular foliation whose leaves
are the maximal integral submanifolds of the distribution a*(T*M). Such a leaf S
has a natural symplectic structure given by ws := nlgl. If (S, ws) C (M, ) is an
embedded symplectic leaf, then the Lie algebroid extension (3) — which encodes
only the first-order jet m along S—can be used to construct a second Poisson
structure 7w Sl called the first-order approximation of w around S, defined on some
open neighborhood of S and having the same first jet as 7 along S.

In [Crainic and Marcut 2010] we obtained a normal form theorem for Poisson
structures around symplectic leaves: we proved that, under some assumptions on
the first jet of = along S, the Poisson structures = and & ; are Poisson diffeomorphic
around S. Our goal is to give a formal version of this result, which we state below
in its most general form (observe that it is a direct consequence of Theorem 1.1).
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Theorem 1.3. Let (M, i) be a Poisson manifold and S C M an embedded sym-
plectic leaf. If the cohomology groups

H*(As, $(TS%))

vanish for all k > 2, then m is formally Poisson diffeomorphic to its first-order
approximation around S.

In many cases we show that these cohomological obstructions vanish, and we
obtain the following corollaries.

Corollary 1.4. Let (M, ) be a Poisson manifold and S C M an embedded sym-
plectic leaf. Assume that the Poisson homotopy cover of S is a smooth principal
bundle with vanishing second de Rham cohomology group, and that its structure
group G satisfies

H2:(G, 95(g) =0 forallk >2,

where g is the Lie algebra of G, and Hj(G, F*(g)) denotes the differentiable
cohomology of G with coefficients in the k-th symmetric power of the adjoint rep-
resentation. Then 1 is formally Poisson diffeomorphic to its first-order approxima-
tion around S.

Since the differentiable cohomology of compact groups vanishes, we obtain the
following immediate corollary.

Corollary 1.5. Let (M, ) be a Poisson manifold and S C M an embedded sym-
plectic leaf. If the Poisson homotopy cover of S is a smooth principal bundle with
vanishing second de Rham cohomology group and compact structure group, then
7 is formally Poisson diffeomorphic to its first-order approximation around S.

The next consequence is bit more technical:

Corollary 1.6. Let (M, ) be a Poisson manifold and S C M an embedded sym-
plectic leaf whose isotropy Lie algebra is reductive. If the abelianization algebroid

A = Ag/[TS°, TS°]

is integrable by a simply connected principal bundle with compact structure group
and vanishing second de Rham cohomology group, then 7 is formally Poisson
diffeomorphic to its first-order approximation around S.

Corollary 1.7. Let (M, ) be a Poisson manifold and S C M an embedded sym-
plectic leaf through x € M. If the isotropy Lie algebra at x is semisimple, 71(S, x)
is finite, and w5 (S, x) is torsion, then 7 is formally Poisson diffeomorphic to its
first-order approximation around S.
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Some related results. The first-order approximation of a Poisson manifold (M, )
around a one-point leaf x (a zero of ) is the linear Lie—Poisson structure on g7,
the dual of the isotropy Lie algebra at x. Formal linearization in this setup was
proven by Weinstein [1983] for semisimple g,. This case is also covered by our
Corollary 1.7. Under the stronger assumption that g, is semisimple of compact
type, Conn [1985] proved that a neighborhood of x is in fact Poisson diffeomorphic
to an open neighborhood of 0 in the local model g7.

Vorobjev [2001] constructed the first-order approximation around arbitrary sym-
plectic leaves (see [Crainic and Marcut 2010] for a more geometrical approach).

A weaker version of our Theorem 1.1 — of which we became aware only at the
end of this research — was stated by Itskov et al. [1998]. They work around com-
pact symplectic leaves instead of embedded Poisson submanifolds, proving that for
each k, there exists a diffeomorphism that identifies the Poisson structures up to
order k [Itskov et al. 1998, Theorem 7.1]. Compactness of the leaf is nevertheless
too strong an assumption for formal equivalence. For example, they conclude in
their Corollary 7.4 that hypotheses similar to those in our Corollary 1.7 imply
the vanishing of the cohomology groups H?(Ag, $*(TS°)), but also remark that
compactness of the leaf is incompatible with these assumptions (it forces S to be
a point).

To prove Theorem 1.1, we reduce it to a result on the equivalence of Maurer—
Cartan elements in complete graded Lie algebras, which we prove in the Appendix.
The same criteria for equivalence of Maurer—Cartan elements, but in the context
of differential graded algebras, can be found in [Abad et al. 2010, Appendix A].

To prove the vanishing of the cohomological obstructions, and the corollaries
listed above, we use techniques such as Whitehead’s Lemma for semisimple Lie
algebras and spectral sequences for Lie algebroids, but also the more powerful
techniques developed in [Crainic 2003], such as the Van Est map and vanishing of
cohomology of proper groupoids.

Theorem [Crainic and Marcut 2010, main result]. Let (M, ) be a Poisson man-
ifold and S C M an embedded symplectic leaf; w is Poisson diffeomorphic to its
first-order approximation around S if the following conditions are satisfied:

e the Poisson homotopy cover P of S is smooth;

« Hi(P)=0;

o the structure group of P is compact,;

o S is compact.

The first three conditions are the hypotheses of Corollary 1.5. So, giving up on

compactness of the leaf, we still conclude that 7 and its first-order approximation
are formally Poisson diffeomorphic. Nevertheless, the conditions of Corollary 1.5
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are too strong in the formal setting; they force the semisimple part of the isotropy
Lie algebra to be compact. Thus we consider the more technical Corollary 1.6 to
be the correct analog in the formal category of the normal form theorem in [Crainic
and Marcut 2010]. In fact, Corollary 1.5 is a consequence of Corollary 1.6; it is
precisely the case when the semisimple part of the isotropy Lie algebra is compact.

2. The first-order data

We recall some definitions; for more on Lie algebroids, see [Mackenzie 1987].

Definitions 2.1. A Lie algebroid over a manifold B is a vector bundle s{ — B
endowed with a Lie bracket [ - , - ] on its space of sections I"(s4) and a vector bundle
map p : A — TB, called the anchor, which satisfy the Leibniz identity:

la, fB] = flet, Bl 4+ Lo (f)B  forall f € C¥(B), a, BT (s).
A representation of s is a vector bundle £ — B endowed with a bilinear map
V:I'(d) xT(E) - T'(E),
satisfying
Via(s) = fVa(s), Va(fs)= fVa(s)+ Loa(f)s,
and the flatness condition
VaVp(s) — VgV (s) = Vig, g (s).

The cohomology of a Lie algebroid (d,[-, -], p) with coefficients in a rep-
resentation (E, V) is defined by the complex Q°(HA, E) := ['(A*A* ® E) with
differential given by the classical Koszul formula:

dyo (oo, ..., aq) =Y (=1)' Vo, (@1, ... T ... o))

+Z(—1)i+ja)([oz,~,aj], O ).

i<j
The corresponding cohomology groups are denoted by H*(A, E).

To a Poisson manifold (M, i) one can associate a Lie algebroid structure on the
cotangent bundle 7*M, with anchor given by 7 viewed as a bundle map

7t T*M — TM
and bracket uniquely determined by
[df,dgl:=d{f. g} forall f,geC*(M);

see [Vaisman 1994] for details.
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Let P C M be an embedded Poisson submanifold. Since 7 is tangent to P, it is
easy to see that the algebroid structure can be restricted to P, in the sense that there
is a unique Lie algebroid structure on Ap := TpM with anchor JTltiP and bracket
such that the restriction map I'(T*M) — I'(Ap) is a Lie algebra homomorphism.
The dual of the inclusion TP C Tp M gives amap A p — T*P thatis a Lie algebroid
homomorphism, where T*P is the cotangent Lie algebroid of (P, m|p). This way
we obtain the extension of Lie algebroids from the introduction:

(4) 0_)(TPO’[7])_>(AP’[9])_)(T*P7[5])_)0
This short exact sequence implies that 7P° is an ideal in (Ap, [ -, - ]); therefore
V:[(Ap) x'(TP°) — I'(TP°), Vu() :=la,n]

defines a representation of A p on TP°, and thus on its symmetric powers FK(TP®).
The resulting cohomology groups are the obstructions appearing in Theorems 1.1
and 1.3. The Lie algebroid structures on A p and the sequence (4) depend only on
the first jet of w along P (that is, the brackets and anchors can be expressed in
terms of | p and the first-order derivatives of  restricted to P).

Remark 2.2. We regard the Lie algebroid A p as the first-order approximation of
the Poisson bracket at P. To justify this interpretation, fix a Poisson structure mp
on P, where P C M is a closed embedded submanifold. Then there is a one-to-one
correspondence between Poisson algebra structures on the commutative algebra
C®(M)/I 2(P), which fit into the short exact sequence

(5) 0— (I(P)/I*(P).{-.-}

— (C®(M)/T*(P).{-.-}) > (C¥(P),{-.-}) =0,
and Lie algebroid structures on Ap := T5 M, which fit into a sequence of the form
(6) 0— (TP°,[-,-1) = (Ap,[-,- 1) = (T*P,[-,-]) — 0.

The exterior derivative induces a map
d:C®(M)/I*(P) — T(Ap),

and the correspondence between the brackets is uniquely determined by the fact
that this is a Lie algebra homomorphism.

Example 2.3. Consider P := R? as the submanifold {z = 0} C M := R3>. We
construct a first-order extension of the trivial Poisson structure on P to M, that is,
a Poisson algebra structure on the commutative algebra

C®(M)/I*(P) = C®(M)/(z*) = C®(P) & zC™(P)
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with the property that { f, g} € (2), for all f, g € C®(M)/(z%). Explicitly, define
df dg 0dfdg ~ 9dfdg  df dg

dx dy dy dx dx 0z dz dx

A straightforward computation yields that { -, - } satisfies the Jacobi identity, and
therefore we have an extension of Poisson algebras

{f. g}=z< ) mod (z%).

0— zC®(P) > C®(P)®zC*(P) > C™(P) — 0,

where the Poisson bracket on P is zero. The total space of the corresponding Lie
algebroid A p is R* x P — P. The bracket is given on the global frame dx|p, dyp,
dz|p by

ldxp,dypl=dzip, [dyp,dzip]=0, [dxp,dzp]l=xdzp,

and extended bilinearly to all sections, since the anchor is zero.

Nevertheless, there is no Poisson structure on M (nor on any open neighborhood
of P) that has this Poisson algebra as its first-order approximation. Assume, to the
contrary, that on some open neighborhood AU of P such a Poisson structure exists.
Then it must have the form

x,yy=z+2%h, {y.z}=72%, {x,z}=xz+2°1,

for some smooth functions £, k, [ defined on U. Computing the Jacobiator of x, y,
and z, we obtain

J=1{x, v, 2+ (o oyl {2 x =2 (@ —0k(x, v, 0)+ 1) +2alx, v, 2),

where a is a smooth function. In particular, we see that J cannot vanish, since
2
8@ y.00=220.
0z

This example shows that not everything that looks like the first jet of a Poisson
structure around P (that is, an extension of the form (6) or (5)) comes from an
actual Poisson structure.

On the other hand, if P is a symplectic manifold, the situation changes for
the better; every “first jet” of a Poisson structure can be extended to a Poisson
structure around P. More precisely, consider (S, wg) a symplectic manifold, with
§ C M embedded, and an algebroid structure on Ag := T¢' M that fits into the exact

sequence
0—>TS°— Ag— T*S — 0.

Then, using a tubular neighborhood € : TsM / TS — M, one can construct a Poisson

structure né = n; (As, ws, €) on some open neighborhood of §, from which we

recover the first-order data: it has (S, ws) as a symplectic leaf, and the algebroid
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structure induced on T¢'M is Ag. This Poisson structure was first constructed by
Vorobjev [2001]; we also recommend [Crainic and Marcut 2010] for some different
approaches. Applied to different tubular neighborhoods, this construction produces
Poisson structures which, when restricted to small enough neighborhoods of S, are
Poisson diffeomorphic [Vorobjev 2001]. So the isomorphism class of the germ
around S of Sl doesn’t depend on €.

We can view the whole story from a different perspective; start with a Poisson
structure r on M, for which (S, ws) is an embedded symplectic leaf, and denote as
usual by A the Lie algebroid on T¢'M. For € a tubular neighborhood of S, we call
n; = Jr; (Ag, ws, €) the first-order approximation of m around S. The first-order
approximation is defined on some open neighborhood of S in M, and it plays the
role of a local normal form for 7 around S.

3. The formal equivalence theorem

The algebra of formal vector fields. Take the graded Lie algebra (X*(M),[-,-])
of multivector fields on M, with the Nijenhuis—Schouten bracket and deg(W) =
k — 1 for W € X*(M). For a closed, embedded submanifold P C M, denote by
X% (M) the following subalgebra of multivector fields tangent to P:

XpM) ={ueX*(M)|upecX*(P)}
The vanishing ideal I (P) C C*°(M) of P induces a filtration & on X% (M):
PM)DFIOFID...FDFp D,
Fp = I1"T(P)X*(M), k>0.
It is readily checked that
(7N (Fr, F1] C Fpyr,  [XpM), Fr] C Fy.

Let .’%}, (M) be the completion of X% (M) with respect to the filtration &, defined
by the projective limit )
Xp(M) = @%}(M)/%:-

By (7), it follows that %;3 (M) inherits a graded Lie algebra structure, such that, for
k > 0, the natural maps
jlo 1 XS (M) — X35 (M) /T

are Lie algebra homomorphisms. The algebra (%}, (M), [ -, -])iscalled the algebra
of formal multivector fields along P. Consider also the homomorphism

JF X (M) — Xp(M).
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From a version of Borel’s Theorem (see, for example, [Moerdijk and Reyes 1991])
about the existence of a smooth section with a specified infinite jet along a sub-
manifold, it follows that j“’ﬁ is surjective. Observe that X% (M) inherits a filtration

F from X% (M), given by

that satisfies the corresponding equations (7).
The adjoint action of an element X € @%

ady : X%(M) — X%(M), adx(Y):=[X,Y]

increases the degree of the filtration by 1. Therefore the partial sums
. adgf
> W
il

i=0

are constant modulo ?;?k forn>kandall Y € %;, (M). This and the completeness
of the filtration on % show that the exponential of ady

n
ad’y

AN XY (M) > Xp (M), SN (Y) =) =X ()

n>0

n!

is well-defined. It is readily checked that ¢ is a graded Lie algebra isomorphism
with inverse e~ 23X and that it preserves the filtration. We need the following geo-
metric interpretation of these isomorphisms.

Lemma 3.1. For every X € @?} there exists ¥ : M — M a diffeomorphism of M,
with Y \p =idp and dv\p = id7, m, such that for every W € X% (M), we have

JEWHW)) =¥ (jFW)).

Proof. By Borel’s Theorem, there is a vector field V on M such that X = jlc;?(V).
We claim that V can be chosen to be complete. Let g be a complete metric on
M and let ¢ : M — [0, 1] be a smooth function that satisfies ¢ = 1 on the set
{x | g+(Vy, Vi) < £} and ¢ = 0 on the set {x | g«(Vx, Vi) > 1}. Since V|p =0, it
follows that ¢V has the same germ as V around P, and therefore jlof? (V) =X.
On the other hand, since ¢V is bounded, it is complete, so replace V by ¢ V.

We show that i :=Fly, the flow of V at time 1, satisfies all requirements. Since
jllp(V) =0, it is clear that ¥p =idp and dy/|p = id7, m.

Consider W € X%, (M), and denote by W, :=FI,, (W) the pullback of W by the
flow of V at time s. Since W; satisfies the differential equation d W /ds = [V, W],
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a simple computation gives

(—s)' ad}, (—s)F adiH!
ds(X(; il (W)> k! (W)-
This shows that the sum
k(=) ad!
YWy

i!

1=

modulo ¥ is independent of s, and therefore

* (1) adi
w3 EE vy e

i=0

Applying j7 to this equation yields

o0 (—Dfady
JEw) - Zi—, P W) € Frp,
= !
and hence we conclude
JEW) =e "X iR WH(W)). O

The cohomology of the restricted algebroid. Let (M, ) be a Poisson manifold
and P C M a closed, embedded Poisson submanifold. The cohomologies we are
considering are all versions of the Poisson cohomology H? (M), computed by the
complex X*(M) of multivector fields on M and differential d, = [x, - ]. Since P
is a Poisson submanifold, we have that [, I (P)X*(M)] C I (P)X*(M), and more
generally, it follows that I¥(P)X®*(M) forms a subcomplex. Taking consecutive
quotients, we obtain the complexes

(" (Pyx* (M) /T (P)X* (M), dt),

with differential df; induced by [, - ]. For k =0, we obtain the Poisson cohomology
relative to P. Observe that the differential on these complexes depends only on the
first jet of m along P, and therefore, following the philosophy of Section 2, it can
be described only in terms of the algebroid A p.

Proposition 3.2. The following two complexes are isomorphic:
(1" (PYX* (M) /TP (P)X* (M), dY) = (Q*(Ap, FX(TP°)), dyt)  forall k > 0.

Proof. Since the space of sections of TP° is spanned by differentials of elements
in 1 (P), it is easy to see that the map given by

7 IN(P)X (M) = Q*(Ap, FX(TP°)) = T(A*(Tp M) @ $(TP°)),
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w(fi... fiW)=Wp®dfipO---Odfyp,

where f1,..., fr € [(P) and W € X*(M), is well-defined and surjective. Also, its
kernel is precisely / k+1(pyx*(M). Hence, it remains to prove that

®) ([, W) = dy (e (W) for all W e IX(P)X*(M).

Recall that the algebroid A p has anchor p = ﬂﬁp and bracket determined by
dé\p,dyrplp :=d{¢,¥}p forall ¢,y € C*(M).

Also, for k = 0, we have that V° is given by
VO:T(Ap) x C®(P) — C™(P), V) (h) = Lg)(h).

Since both differentials d;; and dy« act by derivations and V* is obtained by ex-
tending v! by derivations, it suffices to prove (8) for ¢ € C*°(M) and X € XL (M)
(with k = 0), and for f € I(P) (with k =1).

Let ¢ € C*°(M) and n € I'(Ap). Since 7 is tangent to P, we obtain

w0 ([, p1 () = [, $lip () = dpyp (5 (D) = Ly (0(#)) = dyo(z0(6)) ().

Let X € X' (M) and ¢, ¥ € C°(M), and define 7 :=d¢p for 0 :=dyrp €I'(Ap).
Then

([, X1)(n. 0) = [m. X],p(dp. dp)
= ({X(@), ¥} +{8, X} = X9, VD)
= 7[p (dyp) (X p (V)
— 7o (d ) (X p(dp)) — X p(d{$. V') iP)
= L (t0(X)(©)) = L o) (10(X) (1)) — 70(X) ([, 0]1p)
= dyo(0(X)) (1. 0),

and thus (8) holds for X.
Considernow f € I(P)and n:=d¢p €I'(Ap), with ¢ € C>°(M). The formula
defining 7 implies that for every W € [ k(P)X*(M), we have

Tk (lagp(W)) = iagp e (W).
Using this, the following computation finishes the proof:

n(z. D) =ndr. f1de) =n(¢. f}) =dis. f}p
=[n.dfiplp = Vy(x(f)) = dyi (t(/) ). O
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Proof of Theorem 1.1. By replacing M with a tubular neighborhood of P, we can
assume that P is closed in M. Write

yi=jym, v = jym e XpM).
By Proposition 3.2, we can recast the hypothesis as
[v.71=0, [y, ¥1=0, y—vy' e€F, H F}/F,.d)=0,

for all kK > 1, where d,, := ad,. All these conditions are expressed in terms of the
graded Lie algebra &* := %},H(M ), with a complete filtration %. Theorem A.5
in the Appendix shows that there exists a formal vector field X € QA?{ such that
y = e*X(y’). By Lemma 3.1, there exists a diffeomorphism ¥ of M, such that
j|°,§’ (Y*(W)) = ¢dx j|°,§’(W), for all W € X% (M). This concludes the proof, since

JEWHm)) =¥ jF () =Y (y) =y = jF (m).

Existence of Poisson structures with a specified infinite jet. This proof can be
applied to obtain a result on existence of Poisson bivectors with a specified infinite
jet. Let S be a closed embedded submanifold of M. An element 7 € .’%%(M ),
satisfying [77, 7] = 0, is called a formal Poisson bivector. Observe that

#is:=# mod Fy e X2(S)

is a Poisson structure on S. We call S a symplectic leaf on 7 if 775 is nondegenerate.
Assuming that S is a symplectic leaf of 77, by the discussion in Section 2, the first
jetof 7,

js@ =# mod %,

determines a Lie algebroid Ag on T§'M, and thus can be used to construct a Poisson
bivector nsl on some open neighborhood AU of S, whose first jet coincides with that
of 7. If the cohomology groups

H*(Ag; $4(T5%))

vanish for all £ > 2, then by the proof of Theorem 1.1, there exists a formal vector
field X € ¥ } such that e24x ( jl‘?n;) =7. By Lemma 3.1, we find a diffeomorphism
Y U — AU such that

W (g) =¥ (j¥mg) = 4.

Thus 7 = ¢* (7 ;) gives a Poisson structure defined on an open neighborhood of
S whose infinite jet is 7. Hence we have proved the following statement.
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Corollary 3.3. Let 77 € %@(M ) be a formal Poisson structure for which S is a
symplectic leaf. If for any k > 2, the algebroid Ag induced by jllsfr satisfies

H*(Ag; $(15°)) = 0,

then there exists a Poisson structure w defined on some open neighborhood of S
such that T = Jg.

4. Proofs of the criteria
Here we explain and prove the corollaries from the Introduction.

Integration of Lie algebroids and differentiable cohomology. We recall some
properties of Lie groupoids and Lie algebroids; see [Mackenzie 1987; Moerdijk
and Mrc¢un 2003] for the general theory. A Lie groupoid over a manifold B is
denoted by %, the source and target maps by s, : ¢ — B, and the unit map by
u: B — % To a Lie groupoid % one can associate a Lie algebroid A(%) — B,
which is the infinitesimal counterpart of 4. A Lie algebroid A is called integrable
if d = A(%) for some Lie groupoid . The relation between Lie algebroids and
Lie groupoids is similar to that between Lie algebras and Lie groups, the most
significant difference being that not every Lie algebroid is integrable.

Recall that a transitive Lie algebroid is a Lie algebroid § — B with surjective
anchor. For example, if S C M is a symplectic leaf of a Poisson manifold (M, m),
then the Lie algebroid Ay is transitive. A Lie groupoid % is called transitive if
the map (s,7) : ¢ — M x M is a surjective submersion. The Lie algebroid of a
transitive Lie groupoid is transitive. Conversely, if the base B of a transitive Lie
algebroid o is connected, and o is integrable, then any Lie groupoid % integrating
it is transitive. Every transitive Lie groupoid is a gauge groupoid; that is, it is of
the form P xg P, where G is a Lie group and p : P — B is a principal G-bundle.
For P one can take any s-fiber s7'(x) of G for x € B, and G := s~ ' (x) Nt~ (x).
We can recover 4 from P as follows: as a bundle d = TP /G, the Lie bracket is
induced by the identification

[(sd) = X(P),

and the anchor is given by dp. We will also say, about a principle G-bundle P
for which A = T P/ G, that it integrates A. As for Lie algebras, if a transitive Lie
algebroid with connected base is integrable, then, up to isomorphism, there exists
a unique 1-connected principal bundle integrating it [Mackenzie 1987].

Let § C M be a symplectic leaf of a Poisson manifold (M, ), and assume
that the transitive algebroid Ay is integrable. The connected and simply connected
principal bundle P — S for which P xs P integrates Ay is called the Poisson
homotopy cover of §. We say that P is smooth if Ag is integrable; this terminology
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is justified by the fact that P exists also in the nonintegrable case as a topological
principal bundle over S [Crainic and Fernandes 2003].

Let o be a transitive Lie algebroid with connected base space B, and denote
by g C o the kernel of the anchor. On each fiber of g, the Lie bracket restricts
to a Lie algebra structure (g,, [ -, -1x), and this Lie algebra is called the isotropy
Lie algebra at x. In the integrable case, when s = A(%9), the isotropy Lie algebra
coincides with the Lie algebra of the isotropy group G, :=s~'(x)Nt~'(x). In the
case of a symplectic leaf S C M of a Poisson manifold, the kernel of the anchor of
the Lie algebroid Ay is given by g := T5°.

A Lie groupoid 4 is called proper if (s, t) : %9 — B x B is a proper map.

A representation of a Lie groupoid ¢ over B is a vector bundle £ — B and
a smooth linear action g : E, — E, for every arrow g : x — y satisfying the
obvious identities. A representation E of § can be differentiated to a representation
of its Lie algebroid A (%) on the same vector bundle E. If the s-fibers of 4§ are
connected and simply connected, then every representation of A(%) comes from
a representation of % [Crainic and Fernandes 2003, Proposition 2.2], and in our
applications this is usually the case.

The differentiable cohomology of a Lie groupoid % with coefficients in a rep-
resentation £ — B is computed by the complex %giff(‘g; E) of smooth maps
c:%4P) — E, where

G ={(g1,.. ., 8p) € G [s(g) =t(girD),i=1,...,p—1)
with ¢(g1, ..., g&p) € Ei(g,), and with differential given by
de(gr, ..., gp+r1) = 8g1c(82, -+ -, &p+1)
p
D (=De(grn - 8igivt - gpr) H (=D el . gp).

i=1
The resulting cohomology groups are denoted H (9, E). For more details on this
subject, see [Haefliger 1979].
In the following proposition we list some results from [Crainic 2003] that are
needed in the proofs of the corollaries from the Introduction.

Proposition 4.1. Let § be a Lie groupoid over B with Lie algebroid A, and let
E — B be a representation of ‘4.

(1) If the s-fibers of 6 are cohomologically 2-connected, then
H*(s0; E) = H2(%; E).
(2) IfG is proper, then H.(4; E) = 0.

) If Y is transitive, then H(fiff(cg; E)= H(%iff(‘@x; E.), where x € B and §, :=
sTHao Nt ).
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Proof. (1) is a particular case of [Crainic 2003, Theorem 4], and (2) follows from
[Crainic 2003, Proposition 1]. Since % is transitive, it is Morita equivalent to %,
[Moerdijk and Mr¢un 2003]; by [Crainic 2003, Theorem 1], a Morita equivalence
induces an isomorphism in cohomology, and this proves (3). ([

Proof of Corollary 1.2. Recall that the cotangent Lie algebroid of (g*, my,) is
isomorphic to the action Lie algebroid g x g* — g* for the coadjoint action of g
on g*, and that it is integrable by the action groupoid G x g*, where G denotes the
compact, connected and simply connected Lie group of g. Also, the symplectic
leaves of (g*, my,) are the orbits of the action of G. So, because S(g) is G-
invariant, it is a union of symplectic leaves, and therefore a Poisson submanifold.
The algebroid Asg) is isomorphic to the action algebroid g x S(g), and therefore
it is integrable by the action groupoid G x S(g). Since G is simply connected, it
follows that HjR(G) = 0 [Duistermaat and Kolk 2000, Theorem 1.14.2]. On the
other hand, all s-fibers of G x S(g) are diffeomorphic to G, and so the assumptions
of Proposition 4.1(1) are satisfied, and therefore, for any representation £ — S(g)
of G x S(g), we have

H*(g x S(9); E) = Hju(G x S(g); E).

Since G x S(g) is compact, it is proper, and hence by Proposition 4.1(2), we have
H (fiff(G X S(g); E) =0 for every representation E. Now the corollary follows from
Theorem 1.1. [l

Proof of Corollary 1.4. Denote by P the Poisson homotopy cover of S with struc-
ture group G. By hypothesis, P is smooth, simply connected and with vanishing
second de Rham cohomology group. Let % := P xg P be the gauge groupoid
of P. Since every s-fiber of 4 is diffeomorphic to P, ¢ satisfies the assumptions
of Proposition 4.1(1), and therefore

H*(Ag; K(TS°)) = HE (G FH(TS)).
Since 4 is transitive, by Proposition 4.1(3), we have

H2 (9 $5(TS%)) = HZo(G: FK(T, 8°)).
Since T, S° = g as G representations (both integrate the adjoint representation of g),
the proof follows from Theorem 1.3. (]

Proof of Corollary 1.5. This follows from Corollary 1.4, because the differentiable
cohomology of compact Lie groups vanishes, by Proposition 4.1(2). U

Proof of Corollary 1.6. Let x € S, and denote by g, := 7, S° the isotropy Lie
algebra of the transitive algebroid Ag. By hypothesis, g, is reductive; that is, it
splits as a direct product of a semisimple Lie algebra and its center g, = s, D 3,
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where s, = [gx, 9] and 3, = Z(g,) is the center of g,. Since g = 75° is a Lie
algebra bundle, it follows that this splitting is in fact global:

9=19.910Z(g) =5®3.
Since s = [g, g] is an ideal of Ag, we obtain a short exact sequence of algebroids
O—>5—>AS—>Agb—>O,

with Af‘gb = Ag/lg, g]. Similar to the spectral sequence for Lie algebra extensions
[Hochschild and Serre 1953], there is a spectral sequence for extensions of Lie
algebroids [Mackenzie 1987, Theorem 5.5 and the remark following it], which in
our case converges to H*(Ag; gk (g)), with

E}T=HP(AY: H(s; $(9))) = H' T (As; 9 (g)).

Since s is in the kernel of the anchor, HY(s; $¥ (g)) is indeed a vector bundle,
with fiber H?(s; $*(g))x = H9(s,; $*(g,)), and it inherits a representation of A‘gb.
Since s, is semisimple, by the Whitehead Lemma we have that H Yoy FR(gy)) =0
and H?(s,; 9*(g.)) = 0. Therefore,

9) H*(As; $(g)) = H2(A®; 95 (g)),

where 9* (g, )" is the s,-invariant part of $*(g,). By hypothesis, A%b is integrable
by a principle bundle P2 that is simply connected and that has vanishing second
de Rham cohomology and compact structure group 7. Therefore, by (9) and by
applying Proposition 4.1(1), (2) and (3), we obtain that

H?(As; $*(g)) = H*(AP; $%(9)°) = H2i(P™ x7 P™; 95(9)°)
= H2o(T; $*(g.)%) = 0.
Theorem 1.3 finishes the proof. ([

Proof of Corollary 1.7. Assume that g, is semisimple, (S, x) is finite, and
(S, x) is a torsion group. With the notation above, we have A‘gb = T7S. Also,
TS is integrable, and the simply connected principal bundle integrating it is S,
the universal cover of S. Finiteness of 71 (S) is equivalent to compactness of the
structure group of S. By the Hurewicz theorem, we have Hz(g, 7) = nz(g), and
since 71’2(3:) = m,(S) is torsion, we have HdZR(g) = 0. So the result follows from
Corollary 1.6. U

Appendix: Equivalence of MC-elements in complete GLAs

Here we discuss some general facts about graded Lie algebras endowed with a
complete filtration, with the aim of proving a criterion for equivalence of Maurer—
Cartan elements (Theorem A.5), which is used in the proof of Theorem 1.1. Some
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of the constructions given here can be also found in [Bursztyn et al. 2009, Ap-
pendix B.1] in the more general setting of differential graded Lie algebras with
a complete filtration. In fact, all our constructions can be adapted to this setup,
including in particular Theorem A.5. The analog of Theorem A.5 in the case of
differential graded associative algebras is in [Abad et al. 2010, Appendix A].

Definitions A.1. (1) A graded Lie algebra (£°,[-,-]) (or GLA) consists of a
Z-graded vector space £* endowed with a graded bracket [ -, - ]: £? x $7 —
P4 which is graded commutative and satisfies the graded Jacobi identity:

(X, Y]=—-(—DXWy, X1, (X, [V, Z1=[[X, Y], Z] + (= )Xy, X, Z]].

(2) Anelement y € £ satisfying [y, y] =0 is called a Maurer—Cartan element.

(3) A filtration on a GLA is a decreasing sequence of homogeneous subspaces
LOFE* D - DFE*DF 1 FE* D
satisfying
[FnEL, FnL] C FpomdE, L, F, L] CF, L.
(4) A filtration F< is called complete if & is isomorphic to the projective limit
1(i£1$ /&

An example of a GLA with a complete filtration appeared in Section 3: starting
from a manifold M and a closed embedded submanifold P C M, we constructed
(%}H (M), [, -], the algebra of formal vector fields along P, with filtration given
by the powers of the vanishing ideal of P. So, the index of the filtration plays the
role of the order to which elements vanish along P.

For a general GLA with a complete filtration %<, define the order of an element

as follows:
0:¥—1{0,1,...,00},

0 ifXed\F <,
0X)=1n if X € F,L\F 11 ¥,

oo if X=0.

The order has the following properties, which follow from those of the filtration:
e 0(X)=o0c0if and only if X =0,

O(X +7Y) = 0(X) AO(Y)?,
O(aX) > 0(X) for all @ € R,
O([X,Y]) > 0(X)+0(Y).

24 A v denotes min{u, v}.
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The completeness assumption on the filtration implies the following property:

Lemma A.2. Let {X,},>0 € & be a sequence of elements such that
lim 0(X,) = oc.
n—oo

Then there exists a unique element X € ¥, denoted X := Y, . Xy, such that
n
X =Y XieFnd,
k=0

for all n big enough.

Note that g(¥) := %, ¥° forms a Lie subalgebra of ¥°. Elements X € g(¥)
satisfy O(adx(Y)) > O(Y) + 1 for all Y € &, and therefore, by Lemma A.2, the
exponential of ady is well defined, and it is a GLA-automorphism of £°, written
ad’y

n!

Ad(eX): #* — P, AdX)Y =X (V) = Z (Y).

n>0

By Lemma A.2, the Campbell-Hausdorff formula converges for all X, Y € g(£):

_ (—=DF
(10) X*Y_X+Y—I—§—k+1Dk(X,Y),
where ad?  ad™ ad’ ad™
Di(X,Y) = Z l—)'(o Y'o...ol}‘(o Y‘ (X).
P—— 1- nmi. k- mp.

We use the notation 4(¥£) = {eX | X € g(£)}; that is, 4(¥) is the same space as g(¥),
but we denote its elements by eX. The universal properties of the Campbell—
Hausdorff formula (10) imply that §(£) endowed with the product eXe? = eX*¥
forms a group. Also, Ad gives an action of 4(¥) on & by graded Lie algebra
automorphisms, which preserves the order:

o Ad(eX*V) = Ad(eXe?) = Ad(e¥) o Ad(eY),
o Ad(e*)([U, V]) = [Ad(e¥)U, Ad(e¥) V],
« 0(Ad(e®)(U)) =0(U),

forall X,Y eg(¥)andall U,V € &.
For later use, we give the following straightforward estimates:

Lemma A.3. Forall X,Y, X', Y € g(¥) and U € £, we have
() OX Y —X'%Y)>0X—-X)YAOX —Y') and
(2) O(Ad(eX)U — Ad(e")U) > 0(X = Y).
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Let y be an MC-element. Notice that [y, y] = 0 implies that d), := ad, is
a differential on &¥°. The fact that ¥ & are ideals implies that (F,¥°,d,) are
subcomplexes of (£°, d,). The induced differential on the consecutive complexes
depends only on ¥ modulo %, and their cohomology groups are denoted

Hy (Fx L [ Fp1 £°).

Ad(e¥)y is again an MC-element for eX € G(¥), and we call y and Ad(e¥)y
gauge equivalent. The next Lemma gives a linear approximation of the action 4(¥)
on MC-elements.

Lemma A.4. For y an MC-element and eX € 4(%), we have
O0(Ad(e®)y —y +d, X) > 20(X).
We have the following criterion for gauge equivalence.

Theorem A.5. Let (£°,[-,-]) be a GLA with a complete filtration ¥,<¥, and let
v, v’ be two Maurer—Cartan elements. If O(y —y') > 1, and if for all ¢ > O(y — ')

we have
H)(Fy%* /F g1 L) =0,

then y and y' are gauge equivalent; that is, there exists an element eX € G(%) such
that y = Ad(e¥)y’.

Proof. Define p := O(y — y’). By hypothesis, for ¢ > p, we can find homotopy

operators
5,8 — F,$° and K F, P - F,P!

such that 2 (F, 1LY C Fy1 £0, h3(F g1 ) C Fyy1 &' and
(dyh? +hid, —1d)(F, L) C Fyn P

We first prove an estimate. Let ¢ > p, and let ¥ be an MC-element such that
O(y —y) = ¢q. Then for X := h‘f()? — ¥), we claim that the following estimates
hold:

(11) 0X)zq. OMAdE")y —y)zq+1.
The first follows by the properties of 4%, and to prove the second we compute:
O(Ad(™)7 —y) = 0(Ad(€™)7 =7 +d; (X)) AOF = dy(X) =)
> 20(X) AO(ly = 7. XD AOF =y —dy (X))

>2g A Oy —7)+0(X) AOF —y —dy (X))
>2g AO((Id —dyh{) (7 =),



EQUIVALENCE OF POISSON STRUCTURES AROUND POISSON SUBMANIFOLDS 459

where for the second inequality we use Lemma A.4. The last term can be evaluated
as follows:

0((Id — dyh)(7 — y)) = 0((Id — dyh{ — hid,) (7 — v)) AOhL(d, (7 — ¥)))
> (g + 1) AOhL(d, (7 — 1))

Since dy, (7 —y) = —3[y —y. 7 —y], we have O0(d,, (7 —y)) = 2¢ = g +1, 50
O((Id —dyh) (7 —y)) = q+1,

and this proves (11).
We construct a sequence of MC-elements {y;}x>0 and a sequence of group ele-
ments {e**};= € 4(ZL) by the following recursive formulas:

wi=y
Xp =k —y) fork>1,
ve :=Ad(eX )y, fork > 1.

To show that these formulas do indeed give well-defined sequences, we have to
check that 1 —y € Fppi— 1!, This holds for k = 1, and in general it follows
by applying the estimate (11) inductively at each step k > 1 to ¥ = yx_; and
qg = p+k—1, to obtain

0Xy) =p+k—1, Oy—y)=p+k.
Using Lemma A.3(1), we obtain
OXp*Xp—1--- % X1 —Xp—1---%x X)) 20(Xy) > p+k—1,

and therefore by Lemma A.2, the product Xj % X;_1 % - - - * X| converges to some
element X. Applying Lemma A.3(1) k times, we obtain

O(Xp# X1+ % X1) 2 O(X) NO(Xp—) A= AO(X1) = 1,
and thus X € g(&£). On the other hand, we have
O(Ad(e¥)y’ —y) = O(Ad(®)y" =) AO(v = ¥)
> O(Ad(e®)y" = Ad(e™ X)) A (p+k)
>0(X — Xgx---x X)) AN(p+k),
where for the last estimate we used Lemma A.3(2). If we let kK — 0o, we obtain
the conclusion: Ad(e¥X)y’ =y. O
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