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RIGIDITY AROUND POISSON SUBMANIFOLDS

IOAN MARCUT

ABSTRACT. We prove a rigidity theorem in Poisson geometry around com-
pact Poisson submanifolds, using the Nash-Moser fast convergence method.
In the case of one-point submanifolds (fixed points), this immediately implies
a stronger version of Conn’s linearization theorem [I], also proving that Conn’s
theorem is, indeed, just a manifestation of a rigidity phenomenon; similarly,
in the case of arbitrary symplectic leaves, it gives a stronger version of the
local normal form theorem [7]; another interesting case corresponds to spheres
inside duals of compact semisimple Lie algebras, our result can be used to fully
compute the resulting Poisson moduli space [13].

INTRODUCTION

Recall that a Poisson structure on a manifold M is a Lie bracket {-,-} on the
space C*°(M) of smooth functions on M which acts as a derivation in each entry:

{f,gh}y ={f,gth+{f,h}g, f,g,h € C™(M).

A Poisson structure can be given also by a bivector 7 € X2(M) satisfying [r, 7] = 0
for the Schouten bracket. The Lie bracket is related to 7w by the formula

(m,df Ndg) ={f.g}, [f.g€C®(M).
The Hamiltonian vector field of a function f € C*°(M) is
Xy ={/f.} € X(M).
These vector fields span an involutive singular distribution on M, which inte-
grates to a partition of M into regularly immersed submanifolds called symplectic
leaves. These leaves are symplectic manifolds, the symplectic structure on the leaf
S is given by wg = 7r‘_51 € Q2(9).
The 0-dimensional symplectic leaves are the points z € M where 7 vanishes. At

such a fixed point z, the cotangent space g, = T M carries a Lie algebra structure,
called the isotropy Lie algebra at x, with bracket given by

(o f,deg] := do{ f, 9}, f,9 € C(M).

Conversely, starting from a Lie algebra (g, [, -]) there is an associated Poisson struc-
ture g on the vector space g*, called the linear Poisson structure, defined by

{fag}€ = <£a [dﬁfa dﬁg]>a RS Coo(g*)

So, at a fixed point z, the tangent space T,M = g} carries a canonical Poisson
structure my, which plays the role of the first order approximation of (M, 7) around
x in the realm of Poisson geometry. We recall Conn’s linearization theorem [1]:

Conn’s Theorem. Let (M, x) be a Poisson manifold and x € M be a fixed point of
. If the isotropy Lie algebra g, is semisimple of compact type then a neighborhood
of x in (M, m) is Poisson-diffeomorphic to a neighborhood of the origin in (g%, mq, ).

Conn’s proof is analytic, it uses the fast convergence method of Nash and Moser.

A new proof of Conn’s theorem, which uses Poisson-geometric techniques, is now

available in [6]. This geometric proof was adapted to the case of general symplectic
1
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leaves [7], and the outcome will be explain in the sequel. First recall that the
cotangent bundle of a Poisson manifold (M, ) carries a Lie algebroid structure:
the anchor is 7 : T*M — TM and the Lie bracket is

[a,ﬁ]w = Lwn(a)(ﬁ) — Lﬂn(ﬁ)(a) — dﬂ'(a, ﬁ), a, B € F(T*M).
The restriction this Lie algebroid to a symplectic leaf (S,wg) is a transitive Lie
algebroid Ag :=T* Mg over S.

Conversely, given a transitive Lie algebroid (4, [-, ], p) over a symplectic manifold
(S,wg), one forms the isotropy bundle of A, g(A) := ker(p); similar to the linear
Poisson structures, g(A)* carries a Poisson structure 74, which is well defined on
a neighborhood N(A) of S (identified with the zero section), such that (S,ws)
is a symplectic leaf of (N(A),74) and A can be recovered as the Lie algebroid
corresponding to this leaf: A = Ag. The Poisson manifold (N(A),74) was first
constructed by Vorbjev [20] to serve as the first order approximation of a Poisson
structure around a symplectic leaf.

We recall the following normal form result in this setting (Theorem 1 [17]):

Theorem (The normal form theorem from [7]). Let (M, 7) be a Poisson manifold
and (S,ws) a compact symplectic leaf. If the Lie algebroid Ag is integrable and the
1-connected Lie groupoid integrating it is compact and its s-fibers have vanishing
de Rham cohomology in degree two, then a neighborhood of S in (M, ) is Poisson-
diffeomorphic to a neighborhood of the zero section in the local model (N(Ag),Tag)-

In the case of fixed points this is equivalent to Conn’s result.

The original goal of this research was to apply Conn’s analytic techniques to
Poisson structures around general symplectic leaves and reprove this theorem. The
reason for doing this is that Conn’s analytic proof seems stronger than the geometric
one; in particular, as suggested by Crainic, it should imply rigidity of the Poisson
structure around the fixed point. The precise rigidity property that will be used is:

Definition. Let (M, ) be a Poisson manifold and S C M a compact submani-
fold. We say that 7 is CP-C'-rigid around S, if there are small enough open
neighborhoods U of S, such that for all opens O with S C O C O C U, there exist
e an open neighborhood Vo C X2(U) of my in the compact-open CP-topology,
e a function T — ¥z, which associates to every Poisson structure m € Vo an

open embedding vz : O — M,

such that Yz is a Poisson diffeomorphism between

¥z 2 (0,70) = (¥7(0), gz (0)),
and 1 is continuous at T = w (with Y, = Idg), with respect to the CP-topology on
the space of Poisson structures and the C'-topology on C*(O, M).

We prove the following improvement of [7], which also includes rigidity:

Theorem 1. Let (M, 7) be a Poisson manifold and (S,ws) a compact symplectic
leaf. If the Lie algebroid As = T*Ms is integrable by a compact Lie groupoid
whose s-fibers have vanishing de Rham cohomology in degree two, then

(a) in a neighborhood of S, 7 is Poisson diffeomorphic to its local model around S,
(b) 7 is CP-C'-rigid around S.

Already in the case of fixed points, the first part of this theorem gives a slight
generalization of Conn’s result, which cannot be obtained by an immediate adap-
tation of the arguments in [6] [7]. Namely, a Lie algebra is integrable by a compact
group with vanishing second de Rham cohomology if and only if it is compact and
its center is at most one-dimensional (see Lemma [2.1]). The case when the center
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is trivial is Conn’s result, and the one-dimensional case is a consequence of a result
of Monnier and Zung on smooth Levi decomposition of Poisson manifolds [17].

However, the main advantage of the approach of this paper over [7] is that it
allows for a rigidity theorem around an arbitrary Poisson submanifold. Recall that
a Poisson submanifold is a submanifold S of (M, ) such that 7 is tangent to
S. Of course, the symplectic leaves are the simplest type of Poisson submanifolds.
The main result of this paper is the following rigidity theorem for integrable Poisson
manifolds.

Theorem 2. Let (M, w) be a Poisson manifold for which the Lie algebroid T*M
is integrable by a Hausdorff Lie groupoid whose s-fibers are compact and their de

Rham cohomology vanishes in degree two. For ever compact Poisson submanifold
S of M we have that

(a) 7 is CP-C'-rigid around S,
(b) up to isomorphism, w is determined around S by its first order jet at S.

We prove Theorem [Il by applying part (b) of this result to the local model.
In both theorems, p has the following (most probably not optimal) value:

p="T7(|dim(M)/2]| + 5).

In part (b) of Theorem 2lwe prove that every Poisson structure 7, defined on an
open containing S, which satisfies j|1S7T = j‘ls%, is isomorphic to 7 around S by a
diffeomorphism which is the identity on S up to first order.

The structure encoded by the first order jet of m at S can be organized as an
extension of Lie algebroids (see Remark 2.2 [12])

(1) 0— vy —T"Mg— TS — 0,

where vy CT" Mg is the conormal bundle and 7S is the cotangent Lie algebroid
of the Poisson manifold (S,7g). With this, Theorem [ follows easily from Theo-
rem 2 if S is a compact symplectic leaf, then the Poisson structures (M, ) and
(N(As),mas) have the same first order jet around S (they induce the same exact
sequence (II)); moreover, the hypothesis of Theorem [] implies that Theorem 2] can
be applied to the local model (N(Ag),7as) (see Lemma [[2]).

One might try to follow the same line of reasoning and use Theorem [2]to prove a
normal form theorem around Poisson submanifolds. Unfortunately, around general
Poisson submanifolds, a first order local model does not seem to exist. Actually,
there are Lie algebroid extensions as in (Il) which do not arise as the first jet of
Poisson structures (see Example 2.3 in [I2]). Nevertheless, one can use Theorem
to prove normal form results around particular classes of Poisson submanifolds.

The paper is organized as follows. In section[I] after recalling some properties
of Lie groupoids and Lie algebroids, we describe in detail the local model around
a leaf and a symplectic groupoid integrating it. We end the section by proving
that Theorem ] implies Theorem [I Section [2] is an extended introduction to the
paper, we give a list of applications, examples and connections with related lit-
erature. In section [3 we apply the Nash-Moser method and proof of Theorem
The appendix contains three general results on Lie groupoids: existence of invari-
ant tubular neighborhoods, that ideals are integrable (as representations) and the
Tame Vanishing Lemma. This last result provides tame homotopy operators for Lie
algebroid cohomology with coefficients and, when combined with the Nash-Moser
techniques, it is a very useful tool for handling similar geometric problems (see [14]).

About the proof. The proof of the rigidity theorem is inspired mainly by Conn’s
paper [I]. Conn uses a technique due to Nash and Moser to construct a sequence



4 IOAN MARCUT

of changes of coordinates in which 7 converges to the linear Poisson structure 7 .
At every step the new coordinates are found by solving some equations which are
regarded as belonging to the complex computing the Poisson cohomology of 7y, .
To account for the “loss of derivatives” phenomenon during this procedure he uses
smoothing operators. Finally, he proves uniform convergence of these changes of
coordinates and of their higher derivatives on some ball around =x.

Conn’s proof has been formalized in [15] [I7] into an abstract Nash Moser normal
form theorem. It is likely that part (a) of our Theorem [2l could be proven using
Theorem 6.8 in [I5]. Due to some technical issues (see Remark [2)), we cannot apply
this result to conclude neither part (b) of our Theorem [2 nor the normal form
Theorem [II therefore we follow a direct approach.

We also simplified Conn’s argument by giving coordinate free statements and
working with flows of vector fields. For the expert: we gave up on the polynomial-
type inequalities using instead only inequalities which assert tameness of certain
maps, i.e. we work in Hamilton’s category of tame Fréchet spaces. Our proof de-
viates the most from Conn’s when constructing the homotopy operators. Conn
recognizes the Poisson cohomology of 7y, as the Chevalley-Eilenberg cohomology
of g, with coefficients in the Fréchet space of smooth functions. By passing to
the Lie group action on the corresponding Sobolev spaces, he proves existence of
tame (in the sense of Hamilton [I0]) homotopy operators for this complex. We, on
the other hand, regard this cohomology as Lie algebroid cohomology, and prove a
general tame vanishing result for the cohomology of Lie algebroids integrable by
groupoids with compact s-fibers. This is done by further identifying this complex
with the invariant part of the de Rham complex of s-foliated forms on the Lie
groupoid, and then we use the fiberwise inverse of the Laplace-Beltrami operator
to construct the homotopy operators.

Acknowledgments. This project is part of my PhD thesis and was proposed by
my advisor Marius Crainic. I would like to thank him for his constant help and
support throughout my work. Many thanks as well to Eva Miranda, Florian Schétz
and Ivan Struchiner for useful discussions. This research was supported by the ERC
Starting Grant no. 279729.

1. PROOF OF THE NORMAL FORM THEOREM (THEOREM [2] = THEOREM [I])

In this section we prove Theorem [I] using Theorem 2l For this, we show that the
normal model constructed out of an integrable Lie algebroid is integrable.

1.1. Lie groupoids and Lie algebroids. We recall here some standard results
about Lie groupoids and Lie algebroids, for definitions and other basic properties
we recommend [111 [T6]. To fix notations, the anchor of a Lie algebroid A — M will
be denoted by p; the source and target maps of a Lie groupoid G = M by s and ¢
respectively, the unit map by wu.

A Lie groupoid G = M has an associated Lie algebroid A(G) over M; as a vector
bundle A(G) is the restriction to M (i.e. pullback by u) of the subbundle T°G of TG
consisting of vectors tangent to the s-fibers. The anchor is given by the differential
of t. The Lie bracket comes from the identification between sections of A(G) and
right invariant vector fields on G.

A Lie algebroid (A4, [, ], p) is called integrable if it is isomorphic to the Lie
algebroid A(G) of a Lie groupoid G = M. Not every Lie algebroid is integrable
(see [2]). If a Lie algebroid is integrable, then, as for Lie algebras, there exists up
to isomorphism a unique Lie groupoid with 1-connected s-fibers integrating it.

A Lie algebroid A — M is called transitive if p is surjective. A Lie groupoid is
called transitive if the map (s,t) : G — M x M is a surjective submersion. If G is
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transitive then also A(G) is transitive. Conversely, if A — M is transitive and M
is connected, then every Lie groupoid integrating it is transitive as well.

Out of a principal bundle ¢ : P — S with structure group G one can construct
a transitive Lie groupoid G(P), called the gauge groupoid of P, as follows:

G(P):=PxgP =S,
with structure maps given by

s([p1,p2]) == q(p2), t([p1,p2]) == q(p1), [p1,p2]lp2,p3] := [p1,p3].

The Lie algebroid of G(P) is T P/G, where the Lie bracket is obtained by identifying
sections of T P/G with G-invariant vector fields on P. Conversely, every transitive
Lie groupoid G is the gauge groupoid of a principal bundle: the bundle is any s-fiber
of G and the structure group is the isotropy group. So, a transitive Lie algebroid
A is integrable if and only if there exists a principal G-bundle P such that A is
isomorphic to TP/G.

A symplectic groupoid is a Lie groupoid endowed with a symplectic structure
(G,w) = M, for which the graph of the multiplication is a Lagrangian submanifold:

{(91,92,93) : 9192 = g3} C (G x G x G, pri(w) + pra(w) — pr3(w)).
This condition is very strong, it implies that the base carries a Poisson structure
7 such that source map is Poisson and the target map is anti-Poisson. Moreover,
G integrates the cotangent Lie algebroid T*M of w. Conversely, if for a Poisson
manifold (M, ) the Lie algebroid T*M is integrable, then the s-fiber 1-connected
Lie groupoid integrating it is symplectic (see [3]).

1.2. The local model. Consider a Poisson manifold (M, ) and let (S,wg) be an
embedded symplectic leaf. The structure relevant for our entire discussion is

(2)  the symplectic manifold (S,ws) and the Lie algebroid Ag := T"Ms.

The local model of 7 around S, as constructed by Vorbjev [20], is a Poisson
manifold (N(Ag),7ag), where N(Ag) is an open of S (viewed as of the zero section)
in the normal bundle vg :=T'M,g/T'S, with the following properties (see [14]):

e T4, is constructed using only the data (2)),
e there exists a tubular neighborhood ¥ : vg — M such that U, (mwa.), the
push forward of 74, has the same first order jet as 7 along S.

On the other hand, the first order jet of m along S encodes precisely the data (2]
(see Proposition 1.10 in [7]).

When Ag is integrable, we describe the local model more explicitly. In this
case, because Ag is transitive, it is isomorphic to TP/G for a principal G-bundle
P — 5. So, the relevant data (2)) becomes a principal G-bundle p : P — S over
a symplectic manifold (S,ws). To describe the local model, let § € Q(P,g) be
a principal connection on P, where g denotes the Lie algebra of G. Consider the
closed G-invariant 2-form w on P X g* given by

w = p*(ws) — dfl, where [91115 = (&, 0).

The open set ¥ where w is nondegenerate is G-invariant and contains P x {0}. We
have that the map p: X — g*, pu(p,€) = € is an equivariant moment map for the
action of G. The local model is obtained by symplectic reduction:

(N(P)JTP) = (va)/Ga

where N(P) := ¥/G is an open neighborhood of the zero section in the associated
coadjoint bundle P[g*]. Moreover, N(P) has (S,wgs) as a symplectic leaf (regarded
as P x {0}/G), and the Lie algebroid TN (P)g is isomorphic to TP/G. For the
proofs of all these statements see [18] [7, [14].
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The resulting Poisson manifold (N (P),wp) is integrable, and we describe a sym-
plectic groupoid integrating it. Since this result fits in a more general framework,
we state the following lemma, inspired by [8]:

Lemma 1.1. Let (X,w) be a symplectic manifold endowed with a proper, free
Hamiltonian action of a Lie group G and equivariant moment map p : X — g*.
Then X /G is integrable and a symplectic Lie groupoid integrating it is

G(5) = (% %, ©)/G = 5/G,
with symplectic structure Q induced by (s*(w) — t*(w)) x5

Proof. Consider the symplectic groupoid G := ¥~ x3 =2 ¥, with symplectic structure
Q= $*(w) — t*(w). Then G acts on G by symplectic groupoid automorphism with
equivariant moment map J := s*u — t*u, which is also a groupoid cocycle. By
Proposition 4.6 in [§], the Marsden-Weinstein reduction

G//G=J"0)/G
is a symplectic groupoid integrating the Poisson manifold ¥/G. In our case J~1(0) =
¥ x,, X and the symplectic form 2 is obtained as follows: the 2-form Qx5 is

G-invariant and its kernel is spanned by the vectors coming from the infinitesimal
action of g. Therefore it is the pullback of a symplectic form Q on (X x,X)/G. O

In our setting, the lemma shows that the groupoid integrating the local model
(N(P),mp) is just the restriction to N(P) of the action groupoid

G:=(PxPxg")/G= Plg"],

corresponding to the representation of P Xg P on P[g*]. Observe that if P is
compact, then N(P) contains arbitrarily small opens of the form P[V] := (P x
V)/G, where V is a G-invariant neighborhood of 0 in g*. These opens are G-
invariant, and the restriction of G to P[V] is (P x P x V)/G. In particular, all its
s-fibers are diffeomorphic to P. This proves the following:

Proposition 1.2. The local model (N(P),wp) associated to a principal bundle
P over a symplectic manifold (S,wg) is integrable by a Hausdorff symplectic Lie
groupoid. If P is compact, then there are arbitrarily small invariant neighborhoods
U of S, such that all s-fibers over points in U are diffeomorphic to P.

1.3. Proof of Theorem [2] = Theorem [1l Since A5 := T*Mg is transitive,
the Lie groupoid integrating it is isomorphic to the gauge groupoid P xg P of a
principal G-bundle P — S. Using the isomorphism of Lie algebroids Ag = T P/G,
we obtain an identification of the short exact sequences:

0 — Plg| —TP/G—TS—0
0 — vy — Ag — TS — 0.

This gives also an isomorphism between vg = P[g*]. A splitting of the first sequence
is a principal connection on P, and a splitting of the second is equivalent to an
inclusion of vg in T'M|g. Consider a tubular neighborhood of S in M
U:vg — M,

and denote by 6 the principal connection induced by its differential along S. The
normal model (N (P), 7wp) constructed with the aid of 6 has the property that = and
U, (7wp) have the same first order jet along S (see [14] for details). By Proposition[.2]
there exists U C N(P), an open neighborhood of S, for which 7p|;; is integrable by
a Hausdorff Lie groupoid whose s-fibers are diffeomorphic to P. Since P is compact
and H?(P) = 0, the Poisson manifold (U, 7pi/) satisfies the conditions of Theorem
By part (a), mp|y is CP-C'-rigid around S, and by part (b) mp and 7 are Poisson
diffeomorphic around S, thus 7 is also CP-C'-rigid around S.



RIGIDITY AROUND POISSON SUBMANIFOLDS 7

2. REMARKS, EXAMPLES AND APPLICATIONS

In this section we give a list of examples and applications for our two theorems
and we also show some links with other results from the literature.

2.1. A global conflict. Theorem [2] does not exclude the case when the Poisson
submanifold S is the total space M, and the conclusion is that a compact Pois-
son manifold (M, ) for which the Lie algebroid T*M is integrable by a compact
groupoid G whose s-fibers have vanishing H? is globally rigid. Nevertheless, this
result is useless, since the only example of such a manifold is S*, for which the triv-
ial Poisson structure is clearly rigid. In the case when G has 1-connected s-fibers,
this conflict was pointed out in [4], for the general case, see [14].

2.2. CP-C'-rigidity and isotopies. It the definition of CP-C*-rigid, we may as-
sume that the maps 1z are isotopic to the inclusion Idz of O in M by a path of
diffeomorphisms. This follows from the continuity of 1) and the fact that Idz has a
path connected C'-neighborhood in C*°(O, M) consisting of open embeddings (for
details, see [14]).

2.3. A comparison with the local normal form theorem from [7]. Part (a)
of Theorem [lis a slight improvement of the normal form result from [7]. Both the-
orems require the same conditions on a Lie groupoid, for us this groupoid could be
any integration of Ag, but in loc.cit. it has to be the Weinstein groupoid of Ag (i.e.
the s-fiber 1-connected). In the sequel we will study two extreme examples which
already reveal the wider applicability of Theorem [T} the case of fixed points and
the case of Poisson structures with trivial underling foliation. For more examples,
see section 2 in loc.cit.

2.4. The case of fixed points. Consider a Poisson manifold (M, 7) and let z € M
be a fixed point of 7. In a chart centered at x, we write

1 0 0 .
(3) = Z §7T”($)8_:E1 A 9z, with 7; ;(0) = 0.

]

The local model of 7 around 0 is given by its first jet at 0:

1 aﬂ'i,j 0 0
25 am Omig A g

.3,k

The coefficients CF ;= 667;": (0) are the structure constants of the isotropy Lie
algebra g, (see the Introduction). To apply Theorem [lin this setting, we need that
g2 is integrable by a compact Lie group with vanishing second de Rham cohomology.

Such Lie algebras have the following structure:

Lemma 2.1. A Lie algebra g is integrable by a compact Lie group with vanishing
second de Rham cohomology if and only if it is of the form

g=torg=toR,
where € is a semisimple Lie algebra of compact type.

Proof. Tt is well known that a compact Lie algebra g decomposes as a direct product
g =t @3, where £ = [g, g] is semisimple of compact type and 3 is the center of g.
Let G be a compact, connected Lie group integrating g. Its cohomology can be
computed using invariant forms, hence H*(G) = H'(g). By Hopf’s theorem G is
homotopy equivalent to a product of odd-dimensional spheres, therefore H?(G) =
A?2H(G). This shows that:

(4) H(G) = N°H'(G) = N’H'(g) = A(a/[a. a])" = A%5".
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So H?(G) = 0 implies that dim(3) < 1.
Conversely, let K be the compact, 1-connected Lie group integrating €. Take
G = K in the first case and G = K x S! in the second. By @), H?*(G) = 0. O

So, for fixed points, Theorem [ gives:

Corollary 2.2. Let (M, ) be a Poisson manifold with o fized point x for which
the isotropy Lie algebra g, is compact and its center is at most one-dimensional.
Then 7 is rigid around x and an open around x is Poisson diffeomorphic to an
open around 0 in the linear Poisson manifold (g}, mg, ).

The linearization result in the semisimple case is Conn’s theorem [I] and the case
when the isotropy has a one-dimensional center is a consequence of the smooth Levi
decomposition theorem of Monnier and Zung [17].

This fits into Weinstein’s notion of a nondegenerate Lie algebra [2I]. Recall
that a Lie algebra g is called nondegenerate, if every Poisson structure which has
isotropy Lie algebra g at a fixed point z, is Poisson-diffeomorphic around z to the
linear Poisson structure (g*, my) around 0.

A Lie algebra g, for which 7y is rigid around 0, is necessarily nondegenerate. To
see this, consider 7 a Poisson bivector given by (@), whose linearization at 0 is 7.
We have a smooth path of Poisson bivectors 7t with 7! = 7 and 7° = 7, given by

1 0 0
t.__ * — . _ —
=ty (m) = ;j 5y i (tz>5$i A oz’ te€0,1],

where p; denotes multiplication by ¢ > 0. If 7y is rigid around 0, then, for some
r > 0 and some ¢t > 0, there is a Poisson isomorphism between

Y (B, ') =% (Y(Br), mg).

Now & := 1(0) is a fixed point of 7y, which is the same as an element in (g/[g, g])*.
It is easy to see that translation by ¢ is a Poisson isomorphism of 7y, therefore,
replacing ¢ with ¢ — £, we may assume that ¢(0) = 0. By linearity of 74, we have
that i (mg) = +mg, and this shows that

1 % 1 * * * * *
™= ;Ml/t(ﬂg = ;/Ll/t(d} (mq)) = M1/t o Yp* oy (my),

which implies that 7 is linearizable by the map

pe oo pyye (Ber,m) — (((By), mg),

which maps 0 to 0. Thus g is nondegenerate.

2.5. The Poisson sphere in g*. Let g be a semisimple Lie algebra of compact type
and let G be the compact, 1-connected Lie group integrating it. The linear Poisson
structure (g*,my) is integrable by the symplectic groupoid (T*G, wean) =2 g%, with
source and target map given by left and right trivialization. All s-fibers of T*G
are diffeomorphic to G' and, since H?(G) = 0, we can apply Theorem ] to any
compact Poisson submanifold of g*. An example of such a submanifold is the
sphere S(g*) C g* with respect to some invariant metric. We obtain the following
result, whose formal version appeared in [I2] and served as an inspiration.

Proposition 2.3. Let g be a semisimple Lie algebra of compact type and denote
by S(g*) C g* the unit sphere centered at the origin with respect to some invariant
inner product. Then mq is CP-C'-rigid around S(g*) and, up to isomorphism, it is
determined around S(g*) by its first order jet.
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Using this rigidity result, one can describe an open around s := 7q|g(g+) in the
moduli space of all Poisson structures on the sphere S(g*). More precisely, any
Poisson structure on S(g*) which is CP-close to 7s is Poisson diffeomorphic to one
of the type frg, where f is a positive Casimir. If the metric is Aut(g)-invariant,
then two structures of this type fi7s, foms are isomorphic if and only if f; = foox™,
for some outer automorphism x of the Lie algebra g. The details are given in [I3].

2.6. Relation with stability of symplectic leaves. Recall from [5] that a sym-
plectic leaf (S,wg) of a Poisson manifold (M, 7) is said to be CP-strongly stable
if for every open U around S there exists an open neighborhood V C X2(U) of U
with respect to the compact-open CP-topology, such that every Poisson structure
in V has a leaf symplectomorphic to (S, wg). Recall also

Theorem (Theorem 2.2 in [5]). If S is compact and the Lie algebroid As := T* Mg
satisfies H*(Ag) = 0, then S is a strongly stable leaf.

If 7 is CP-Cl-rigid around S, then S is a strongly stable leaf. Also, the hypothesis
of our Theorem [Ml imply those of Theorem 2.2 in loc.cit.. To see this, let P — S be
a principal G-bundle for which Ag 2 TP/G. Then

H*(Ag) = H*(Q(P)%).
If G is compact and connected, and if H?(P) = 0, then H?(Ag) = 0, because
H*(Q(P)%) = H*(P)¢ c H*(P).

On the other hand, H?(Ag) = 0 doesn’t imply rigidity, counterexamples can be
found even for fixed points. Weinstein proves [22] that a noncompact semisimple
Lie algebra g of real rank at least two is degenerate, so 74 is not rigid (see subsection
2.4). However, 0 is a stable point for 74, because by Whitehead’s Lemma H?(g) = 0.

According to Theorem 2.3 in [5], the condition H?(Ag) = 0 is also necessary for
strong stability of the symplectic leaf (S,wg) for Poisson structures of “first order”,
i.e. for Poisson structures which are isomorphic to their local model around S. So,
for this type of Poisson structures, H2(Ag) = 0 is also necessary for rigidity.

For Poisson structures with trivial underlying foliation, we will prove below that
the hypotheses of Theorem [[] and of Theorem 2.2 loc.cit. are equivalent.

2.7. Trivial symplectic foliations. We will discuss now rigidity and linearization
of regular Poisson structures = on S x R™ with symplectic foliation

{(S X {y}awy = 7T|Tg1><{y}>}y€]R"7
where w,, are symplectic forms on S. Let (S,wg) be the symplectic leaf for y = 0.
The local model around S corresponds to the family of 2-forms (see [14])
jé(w)y = ws + dswy,
where dgwy is the “vertical derivative” of w
d
dswy = a(ww)lfzo =y1w1 + ...+ Ypn.

The local model is defined on an open U C S x R™ containing S, such that j§(w),
is nondegenerate along U N (S x {y}), for all y € R™. Using the splitting 7% Mg =

T*S x R™ and the isomorphism of wg : TS =5 T*S, we identify Ag 2 TS & R™.
With this, the Lie bracket becomes (see [14])
(5) [(Xafla---afn)a(yagla---agn)]:

= ([X’ Y]a X(gl) - Y(fl) + wl(Xa Y)’ s 7X(gn) - Y(fn) + wn(Xa Y))

The conditions in Theorem [I] become more computable in this case.



10 IOAN MARCUT

Lemma 2.4. If S is compact, then the following are equivalent:
(a) Ag is integrable by a compact principal bundle P, with H*(P) =0,
(b) H2(AS) =0,
(¢) The cohomological variation [§sw] : R™ — H?(S) satisfies:
(c1) it is surjective,
(co) its kernel is at most 1-dimensional,
(c3) the map HY(S) @ R™ — H3(S), n®y > n A [dswy] is injective.

Proof. The fact that (a) implies (b) was explained in subsection 26l We show now
that (b) and (c) are equivalent. The complex computing H®(Ag) is given by:

0F(As) = @ °(S) @ AR,
pta=k

and the differential acts on elements of degree one and two as follows:

das(\ Y pied) = (AN =Y pws, > dpi @ €;,0),
dag(a, Zﬁi ® e;, Z%’,jei Nej) =
i id
= (da + Zﬁi A wi, Z(dﬁi - Z%‘,jwj) ® e;, Zd%,j ® e; Nej,0),

i J ,J
where eq, ..., e, is the canonical basis of R™. We will use the exact sequences:
0 — K — H?*(As) — A’R" — H?*(S) @ R",
R" — H*(S) — K — H'(S) @ R" — H?(S),
where H%(Ag) — A2R" sends |a, B&u, vAw] — vAw; the map A’R™ — H?(S)@R",
which we denote by [dsw] ® Id, sends v A w — [dswy] ® w — [dswy] @ v; the map
R"™ — H?(S) is [dsw]; the map H%(S) — K sends [a] — [a,0,0]; the map K —
HY(S)®@R"is [a, 8 ®@v,0] = [B] ® v; and the last map is the one from (c3). When
proving exactness, the only nontrivial part of the computation is at A2R™. This is
based on a simple fact from linear algebra:
(6) ker([0sw] ® Id) = A?(ker[6sw]).
So, an element in ker([0sw] ®Id) can be written as a sum of the form » v Aw, with
v,w € ker[dsw]. Writing dsw, = dn, dsw, = db, for n,0 € Q(S), one easily checks
that
MAOnRw—0@uv,vAw) € N*(Ag)

is closed. This implies exactness at A’R™. So H?(Ag) vanishes if and only if (c1),
(c3) hold and the map [dsw] ®1d is injective; by (@), injectivity is equivalent to (c2).

We prove that (b) and (¢) imply (a). Part (c1) implies that, by taking a different
basis of R", we may assume that [wi],...,[w,] € H?*(S,Z). Let P — S be a
principal 7™ bundle with connection (61,...,60,) and curvature (—ws,..., —wy,).
We claim that the Lie algebroid T'P/T™ is isomorphic to Ag, and therefore Ag is
integrable by the compact gauge groupoid

PXTnP:§S.

A section of TP/T" (i.e. a T"-invariant vector field on P) can be decomposed
uniquely as

5(: + Z fiae-;v
where X is the horizontal lift of a vector field X on § , f1,--., fn are functions on

S and 0y, is the unique vertical vector field on P which satisfies

0;(0s,) = b ;.
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Using (@) for the bracket on Ag and that df; = —p*(w;), it is straightforward to
check that the following map is a Lie algebroid isomorphism

TP/T" = As, X+ fido, = (X, f1,-.., fn)-
Since T™ acts trivially on H2(P), by (b), we obtain the conclusion:
H*(P) = H*(P)T" = H*(TP/T™) =~ H%*(Ag) = 0.
O

So, for trivial symplectic foliations, the conditions in Theorem [ and in Theorem
2.2 [5] coincide.

Corollary 2.5. Let {w, € Q*(S)}yern be a smooth family of symplectic structures
on a compact manifold S. If the cohomological variation at 0

[6sw] : R™ — H?(S),

satisfies the conditions from Lemma[2.4), then the Poisson manifold
(S x B", {0} yenn)

is isomorphic to its local model and CP-C*t-rigid around S x {0}.

In the case of trivial foliations we also have an improvement compared to the
result of [7]; the hypothesis in there can be restated as (see [14])

e S is compact with finite fundamental group,

e the map p* o [§sw] : R™ — H2(S) is an isomorphism,
where p : S — S is the universal cover of S. So, for example when S is simply
connected, the difference between the assumptions is that, in our case, the map
[0sw] might still have a 1-dimensional kernel, whereas in 7] it has to be injective.

3. PROOF oF THEOREM

We start by preparing the setting needed for the Nash-Moser method: we fix
norms on the spaces that we will work with, we construct smoothing operators
adapted to our problem and recall the interpolation inequalities. Next, we prove
a series of inequalities which assert tameness of some natural operations like Lie
derivative, flow and pullback and we also prove some properties of local diffeomor-
phisms. We end the section with the proof of Theorem 2] which is mostly inspired
by [J.

Remark 1. A usual convention when dealing with the Nash-Moser techniques (e.g.
[10]), which we also adopt, is to denote all constants by the same symbol. In the
series of preliminary results below we work with “big enough” constants C' and
C,, and with “small enough” constants 6§ > 0; these depend on the trivialization
data for the vector bundle £ and on the smoothing operators. In the proof of
Proposition B12] C,, depends also on the Poisson structure 7.

3.1. The ingredients of the tame category. We will use some terminology
from [10]. A Fréchet space F' endowed with an increasing family of semi-norms
{Il - lln}n>0 generating its topology will be called a graded Fréchet space. A
linear map T : F; — F5 between two graded Fréchet spaces is called tame of
degree d and base b, if it satisfies inequalities of the form

ITflln < Cullflln+a, ¥V =0, f € Fi.

Let £ — S be a vector bundle over a compact manifold S and fix a metric on
E. For r > 0, consider the closed tube in E of radius r

E.:={veFE:|v <r}
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The space X*(E,), of multivector fields on E,, endowed with the C™-norms || - ||.»
is a graded Fréchet space. We recall here the construction of these norms. Fix a
finite open cover of S by domains of charts {x; : O; =% R4}, and vector bundle
isomorphisms

Xit Ejo, =5 R x RP
covering x;. We will assume that x;(E,0,) = R? x B, and that the family

{07 = xi ' (Bs) 1L,

covers S for all § > 1. Moreover, we assume that the cover satisfies

(7) it 0}*N0Y*#0 then O} C O

This holds if x; 1. By — O; is the exponential corresponding to some metric on S,
with injectivity radius bigger than 4.
For W € X*(E,), denote its local expression in the chart X; by

i1y 0 3}
Wi(z) == Wbt A A ,
(2) | Z i (2) o, 92
1<i1<...<ip<d+D P
and let the C™-norm of W be given by
ol i
Wi i= sup {5 Wi ()]s 2 € By x Br,0 < Ja] < n}.

1521 5--45p
For s < r, the restriction maps are norm decreasing
X(E) o W= W i=Wg, € X°(Ey), |[[Wislln,s

We will work also with the closed subspaces of multivector fields on E, whose
first jet vanishes along S, which we denote by

xXF (BN = {W e X%(E,) : jlsW =0}.

The main technical tool used in the Nash-Moser method are the smoothing
operators. We will call a family {S; : FF — F'};~1 of linear operators on the graded
Fréchet space F' smoothing operators of degree d > 0, if there exist constants
Cp,m > 0, such that for all n,m > 0 and f € F, the following inequalities hold:

®) NSt (Nllntm < ™ Crmll fllns N1Se(F) = Flln < 7" Covll Fllnmsa-

The construction of such operators is standard, but since we are dealing with a
family of Fréchet spaces {X*(E,)}o<r<1, we give the dependence of C,, ,, on r.

< Wk,

Lemma 3.1. The family of graded Fréchet spaces {(X*(E,), || - |ln,r)}re(o,1) has a
family of smoothing operators of degree d =0

{sr:xkE,) — xk(Er)}t>1,0<7‘§15

which satisfy (8) with constants of the form Cy, (1) = Cp ppr™ MR,
Similarly, the family {(X*(E,)®, || - |lnr)}re,1) has smoothing operators

{71 x5 (B) O — 24(E) M} is10<r21,
of degree d =1 and constants Cp, (1) = Cnvmr_(n+m+k+1)'

Proof. The existence of smoothing operators of degree zero on the Fréchet space
of sections of a vector bundle over a compact manifold (possibly with boundary) is
standard (see [10]). We fix such a family {S; : X¥(E;) — X*(FE1)}¢>1. Denote by

Lp: Er — Eyr, pp(v) := pu,
the rescaling operators. For r < 1, we define S{ by conjugation with these operators:

St XM(E,) — XM(E,), Sy :=u’1o0Siopu.
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It is straightforward to check that u7 satisfies the following inequality
15 (W)lln,r < max{p™*, p"}|W |lnor, ¥ W € X*(E,r).

Using this, we obtain that SJ satisfies (8) with Cy, ,,(r) = Cyy ppr~(FmFF),

To construct the operators ST’1 we first define a tame projection P : X*(E,) —
XF(E,)™. Choose {\}N, a smooth partition of unit on S subordinated to the
cover {O}}N ) and let {/\Z}f\’:1 be the pullback to E. For W € X*(E,.), denote its
local representatives by W; := X; (W, ) € X*(R? x B,). Define P as follows:

04

= 3N X W - THW)),
where Tyl(Wl) is the degree one Taylor polynomial of W; in the fiber direction

Tyl(Wl)(ac,y) = W;(z,0) + Z%?(m 0

If W e x¥(E,)®), then T,}(W;) = 0; so P is a projection. It is easy to check that
P is tame of degree 1, that is, there are constants C,, > 0 such that
[P )lnr < CullW [ltar
Define the smoothing operators on X*(E, )" as follows:
Spt xR (E)Y — xH(E)W, St i=PosT.
Using tameness of P, the inequalities for S} 1 are straightforward. O

The norms || - ||, satisfy the classical interpolation inequalities with constants
which are polynomials in r—

Lemma 3.2. The norms || - ||n,» satisfy:

-k
Wl < Car™ = (W [la,0) *=5 ([ W ]|nr) =5, ¥ 7 € (0,1]

for all 0 < k <1< mn, not all equal and all W € X*(E,).

Proof. By the interpolation inequalities from [I], it follows that these inequalities
hold for the C™-norms on the spaces C*°(B; x B,). Applying these to the compo-
nents of the restrictions to the charts (E,|o1,X;) of a multivector field in X*(E;),
we obtain the interpolation inequalities on X*(E). O

3.2. Tameness of some natural operators. In this subsection we prove some
tameness properties of the Lie bracket, the pullback and the flow of vector fields.

The tame Fréchet Lie algebra of multivector fields. We prove that

(X (B, [ LAl e nzo)

forms is a graded tame Fréchet Lie algebra.
Lemma 3.3. The Schouten bracket on X°*(E,) satisfies

W, V]l < Car™ "D AW o,V et + W lnta, eIV llor)s ¥ 7 € (0,1].
Proof. By a local computation, the bracket satisfies inequalities of the form:

W, V]l <G Y IWI,
i+j=n+1

Jsre

Using the interpolation inequalities, a term in this sum can be bounded by:
WiVl < Cor™ D W o, [V llngr,) 7 (]
The following simple inequality (to be used also later) implies the conclusion

(9) My A <a 4y, Va,y>0,Xe[0,1].

) nil .
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O

The space of local diffeomorphisms. We consider now the space of smooth maps
E, — E which are C'-close to the inclusion I, : E, — E. Wecallamap ¢ : E, = F
a local diffeomorphism, if it can be extended on some open to a diffeomorphism
onto its image. Since E, is compact, this is equivalent to injectivity of dyp : TE, —
TE. To be able to measure C"-norms of such maps, we work with the following
open neighborhood of I, in C*°(E,; E):

U ={p: E. — E: (p(ET@;) C Ejp,,1 <i< N}
Denote the local representatives of a map ¢ € U, by
©; : By x B, — R? x RP.

Define C™-distances between maps ¢, € U, as follows

Al W)nr = sup {|5-2(0i = 9i)(2)|: 2 € By x By, 0 < Ja| < n}.
To control compositions of maps, we will also need the following C™-distances

d(e, ¥)n.rs = 1E?EN{I%(% —i)(2)]: 2 € Bs X By, 0 < [a| <n},
which are well-defined only on the open

Uy = {x €l : x(E,zv) C Epo,},

Similarly, we define also on X*(E,) norms || - ||nrs (these measure the C"-norms

in all our local charts on Bs x B;.).
These norms and distances are equivalent.

Lemma 3.4. There exist C,, > 0, such that ¥V r € (0,1] and ¢ € [1,4]
A, V) <A@, P)nrs < Cond(p, V), ¥ 0,00 €U,
Wllnr < [Wllnrs < CollWlinr, VW € X°(E).
We also use the simplified notations:
A(W)n,r =AW, Lr)nr, d(@)nrs = AU, I )nrs.

The lemma below is used to check that compositions are defined.

Lemma 3.5. There exists a constant 0 > 0, such that for all r € (0,1], € € (0, 1],
d € [1,4] and all p € Uy, satisfying d(@)o.r < €0,

(p(ETlaf) C Er-',—e\Ol‘.H“
We prove now that I, has a C'-neighborhood of local diffeomorphisms.

Lemma 3.6. There exists § > 0, such that, for all v € (0,1], if ¥ € U, satisfies
d(®)1,» < 0, then ¢ is a local diffeomorphism.

Proof. By Lemma B3] if we shrink 6, we may assume that
(10> 1/1(ET|5;) - EIO?”’ w(ET@?) C E|Oi-
In a local chart, we write v as follows

¥, :=1d+ ¢; : B4 x B, — R x RP.
By Lemma B4 if we shrink 6, we may also assume that

agi 1
(11) Iazj (2)] < N+ D)

,VZ€§4XET.
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This ensures that Id + (dg;). is close enough to Id so that it is invertible for all
z € By x By, thus, (dy), is invertible for all p € E,..
We check now injectivity of . Let p' € E, o1 and pl e ET‘Ol be such that

P(p') = g = P(p?). Then, by (), q € E‘03/2 N E‘03/2 so, by the property () of
the opens, we know that Ojl C Of, hencip ,pie E,|0s. Denoting by w® = X;(p*)
and w’ := X;(p’) we have that w’, w’ € By x B,. Since v’ + g;(w") = w? + g;(w?),
using ([I]), we obtain

w'—w!| = |gi(w") — gi(w’)| =
1 D+d
dg; ) 1 . )
Z g + (1 = t)w’)(w), — w})dt| < =|w" — w?.
O 2
k=1
Thus w* = w?, and so p* = p’. This finishes the proof. O

The composition satisfies the following tame inequalities.

Lemma 3.7. There are constants C,, > 0 such that for all 1 < § < o < 4 and all
0 < s <r<1, we have that if p € Us and Y € U, satisfy

¢(E,5) C Erjogs (E,.57) C Ejo,, VO <i<N,
and d(¢)1,s < 1, then the following inequalities hold:
d(¥ o ©)n,s,6 < Ad(W)n,ro + A(P)n,s,6+
+ Cns™ " (A(W)n,r,0d(©)1,5,5 + A(@)n,s,6d( V) 1,00),
d(v 0 0, )56 < A(P)n,s,6+
+ Cns™ " (d(¥)n+1,m,0d(9)1,5,6 + A(P)n,5,6d(¥)1,r,0)-
Proof. Denote the local expressions of ¢ and i as follows:
@; :=Id +g; : Bs x By — By, x B,,
¥, :=Id+ f; : B, x B, — R? x R,
Then for all z € By x ES, we can write

Yi(wi(2)) — 2 = fi(z + gi(2)) + gi(2).

By computing the g:: of the right hand side, for a multi-index a with |a| = n, we

obtain an expression of the form

dl°lg; alel f;
50 Bt o (wil2)) +

Z alﬂ‘fl a"yllgl-,jl al'YPlgl‘,jp
z

b 028 pilz Ozm AR 0z
s YLy Yp

where the multi-indices in the sum satisfy

P
(12) 1<p<n, LByl <n, 18I+ (il -1) =n

j=1
The first two terms can be bounded by d(v)n r.o + d(¢)n,s,s. For the last term we
use the interpolation inequalities to obtain

—18] 18]=1

1£illig1.r0 < Cns'™ ‘ﬂ'nfznm ||fz||m,
- [vil—=1
||gl|\71|55<c st g”l ||91|n56 .

Multiplying all these, and using (I2]), the sum is bounded by

n—18| EIESY
Cus' " lgill? s 5 (il 1gilln,s.8) T (il Igill1,58) = -
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By Lemma [3.4] it follows that ||g;||1,s,6 < C, and dropping this term, the first part
follows using inequality (@).
For the second part, write for z € By X Bg:

Yi(pi(2)) = ¥i(2) = filz + 9i(2)) — fi(2) + gi(2).

We compute g:j of the right hand side, for « a multi-index with |a| = n:
ool fi el f; dl°lg;
9z VT e * 0z% (2)+
Z olBlf, - onlgh . olwlglr i
928 7! dzm 92
By V1yeees Tp

where the multi-indices in the sum satisfy ([I2]). The last term we bound as before,
and the third by d(¢)n,s,s. Writing the first two terms as
d+D 1
Plel+1 g ,
gt

— 0 (9,2](92’0‘
j=

they are less than Cd(¥)n+1.r0d(9)o,s,6. Adding up, the result follows. O
We give now conditions for infinite compositions of maps to converge.
Lemma 3.8. There exists 0 > 0, such that for all sequences
{or €U, bi>1, okt Epy — By,

where 0 < r <71 < rp_1 < rg <1, which satisfy

0g = Zd(wk)oﬂ"k <0, op:= Zd(wk)n,m- < oo, Vn>1,
E>1 E>1

the sequence of maps
Ypi=pi10...00: B, — E.,

converges in all C™-norms on E, to a map ¢ : B, — E,, with v € U,. Moreover,
there are Cp, > 0, such that if d(ox)1,r, <1,V k> 1, then

d(®Y)n,r < eCnr o p g

Proof. Consider the following sequences of numbers:

0 Tk
€L i — _1= 5 (Sk = 2 - E €].
>ois14(@)or =1

We have that d(¢g)o.r, < €xf. So, by Lemma B, we may assume that
‘pk(Erk‘E?) - E’rk—1|0i? SOk(ETk@fk) - Erk,l\Ofkfl’
and this implies that

Y1 (E

1)
"'k—l‘Oik 1

C ET0|O¢'

So we can apply Lemma [3.7] to the pair ¢,_1 and @y for all k > kg. The first part
of Lemma 3.7 and Lemma [B.4] imply an inequality of the form:

1+ d("/’k)n,rkﬁk < (1 + d(wkfl)nqu—lyak—l)(]‘ + Cnr_nd(cpk)nﬂ“k)'
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Iterating this inequality, we obtain that
k

1+ d(wk)n,rk,ék < (1 + d(wko)n,rko,éko) H (1 + Cnrind(()ol)n,n) <
l=ko+1

<1+ d(zpko)mkméko)ecnf" s AeDnry <
< (L4 d(Wko )nirng g JES™ 7
The second part of Lemma 3.7 and Lemma 3.4l imply
AWk, h—1)mr < (14 d@Wk—1)nttirns.0 s )Cnr A Gk ) nreo, <
< (U AWk It Ly 000 )T Cor T Ak Y-

This shows that the sum ), o, d(¢x,¥r—1)n, converges for all n, hence the se-
quence {Yy|g, fx>1 converges in all C™-norms to a smooth function ¢ : E, — E,,.
If d(¢r)1r, <1 for all kK > 1, then we can take ko = 0. So, we obtain

k

1+ d(wk)n,mmt?k < H(l + Cnrind(()ol)n,n) < eCnr*" P d(@r)n.m < eCnr’"an-
=1
Using the trivial inequality e* — 1 < ze®, for x > 0, the result follows. (I

Tameness of the flow. The C°-norm of a vector field controls the size of the domain
of its flow.

Lemma 3.9. There exists 0 > 0 such that for all0 < s <r <1 and all X € X'(E,)
with || X ||o,» < (r — 5)0, we have that @Y, the flow of X, is defined for all t € [0, 1]
on Es and belongs to Us.

Proof. We denote the restriction of X to a chart by X; € X'(R? x B,.). Consider
p € By X Bs. Let t € (0,1] be such that the flow of X; is defined up to time ¢ at p
and such that for all 7 € [0, 1) it satisfies p%, (p) € B2 x B;. Then we have that

t t
o (p) — | = | / 4 (%) | < / X (%, (0)ldr < [ Xillorz < CllX o

where for the last step we used Lemma [34 Hence, if || X||o» < (r —s)/C, we have
that % (p) € Bz X B,, and this implies the result. O

We prove now that the map which associates to a vector field its flow is tame
(this proof was inspired by the proof of Lemma B.3 in [17]).

Lemma 3.10. There exists 8 > 0 such that for all 0 < s < r < 1, and all
X € XY(E,) with

[Xllor < (r=5)0, [ X[l1r<0
we have that px := % belongs to Us and it satisfies:

d(‘PX>0,s < COHXHO,M d(‘PX>n,s < Tlincn”X”n,rv Vn>1

Proof. By Lemma [3.9] for ¢ € [0,1], we have that ¢’ € Us, and by its proof that
the local representatives take values in By x B,

(pgﬂ = Id+gz,t ZEl X ES — By x B,..
We will prove by induction on n that g;; satisfies inequalities of the form:
(13) ||gi,tHn,s < CnPn(X)v
where P,,(X) denotes the following polynomials in the norms of X

Po(X) = [ XTlo.r, PLX) = [IX][1.r,
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PaX) = > Xl I X e

g1+ Hip=n—1
1<jp<n—1

Observe that ([3) implies the conclusion, since by the interpolation inequalities and
the fact that || X||1,» < § <1 we have that

1X [jtt.r < Car ™ (1X 1) '~ 72 (X ) 77 < C 7“_”“|\X||nr :

hence
Po(X) < Cor | X e

The map g;; satisfies the ordinary differential equation

- d t . .
df&’ (2) = 25(2) = Xilel, (2)) = Xilgaal2) + 2).

Since g; 0 = 0, it follows that

(14) Gt (2 /X 2+ gi-(2))dr.

Using also Lemma [34] we obtain the result for n = 0:
lgitllo.s < I XMlo,r2 < Coll Xlo,r-

We will use the following version of the Gronwall inequality: if w : [0,1] — R is a
continuous map and there are positive constants A, B such that

u(t) < A+ B/Ot’u(T)dT,

then u satisfies u(t) < Ae®.
Computing the partial derivative % of equation (I4]) we obtain

dg9iv, [T [0X; Didy dgr,
)= [ (azj CRE +Z NG | dr

Therefore, using again Lemma [3.4] the function |6gl t(z)| satisfies:

| ag’b t
0z;

The case n = 1 follows now by Gronwall’s inequality:

8917’
()] < CIX s + (D +d) |X||1r/| (2)ldr.

0gi,
15 t||05 < O X |1,re PN < Xy .

For a multi-index «, with |a| = n > 2, applying 2 to (1)), we obtain

Bz“
9*lgi.q ! 91P1X, ohnlgit ol gir
(15) D2 (Z)—/O 928 (z—I—gi,T(z)) pn Z)... 5o (z)d7-+
2<18]< |
t D+d o]
0X; 9'%g;
17— A - d 9

where the multi—indices sat1sfy
1<l <n—1, (Iml=1D+...+(wl-1)+I8 =n.
Since |vk| <mn — 1, we can apply induction to conclude that

ah’k‘g
HW”OS > P\vkl( )
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So, the first part of the sum can be bounded by
(16) Co > IXNjo+1a P (X) ... Py a(X).

o+ +ip=n—1
1<jx<n—1
It is easy to see that the polynomials P, (X) satisfy:
(17> Pu+1(X)Pv+1(X> < CUKUP’M+7J+1(X)7

therefore (I8) can be bounded by C,, P, (X). Using this in (3], we obtain

dl°lg; L ollg .
s v [ IR

| () < CoPu(X) + (D + d)|| X|
Applying Gronwall’s inequality, we obtain the conclusion. ([

0z™

We show now how to approximate pullbacks by flows of vector fields.

Lemma 3.11. There exists 8 > 0, such that for oll 0 < s < r < 1 and all
X € XYE,) with | X|lor < (r —s)0 and | X||1.» < 0, we have that

X W)lln.s < Cor™" (Wl e + (W llor [ X llngr.r),
le% (W) = Wisllns < Cor ™ T (IX 1o Wl + 1X 1 [[W llns,0),
leXx (W) = Wis — ox (X, W])[ln,s <

< Car 2N X o, (X 2 W N2, + X N2, [[W [l

for all W € X*(E,), where C,, > 0 is a constant depending only on n.

Proof. As in the proof above, the local expression of ¢ x is defined as follows:

¢ox;, =1d+g;: By x By — By x B,..
Let W € X*(E,), and denote by W; its local expression on E.

0 AL A 0
0zj, Dzj),

10"

Wi= > W/(2)
J={j1<...<jr}

S :{.(Fg X ET)

The local representative of ¢% (W), is given for z € By x By by

0

Ao ANId+dag) .
azjk

(@xW)i => W/ (z+gi(2))Ad + d.gi) "

92
7 82]'1

By the Cramer rule, the matrix (Id + d.g;) ™! has entries of the form

dg; -1
U (8zj (z)) det(Id +d.g;)"",

1
where W is a polynomial in the variables le, which we substitute by gg? (z). There-
J

fore, any coefficient of the local expression of p% (W);, will be a sum of elements of
the form

dqg!
W (2 + gi(2))¥ ( agz (z)) det(1d + d.g;) "
Zj
When computing % of such an expression, with |o| = n, using an inductive

argument, one proves that the outcome is a sum of terms of the form
olBlw I olml g el gvr

(18) J Ji(z)... LY

028 Ozm 027

with coefficients depending only on «a and on the multi-indices, which satisfy

0<p, 0<M, 1<yl [Bl+(nl=1)+ ..+ (nl-1)=n

(2 +9i(2)) (2)det(Id + d.g;) ™,
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By Lemma BI0 ||g;|[1,s < C9, so, if we shrink 6, we find that
det(Id +d.g;)"' <2, Vz € By x B,.

Using this, Lemma [34] for W and |%(z)| < C, we bound (IX) by

Co > IWlirllgillisns - lgillprs,

JJ1se-dp
where the indexes satisfy
0<7, 0<jk, j+i1+...+jp=n.

The term with p = 0 can be simply bounded by C,,||W]||,. For the other terms,
we will use the bound ||gilj,+1,s < Pj,+1(X) from the proof of Lemma B.I0l The

multiplicative property () of the polynomials P;(X) implies
€% (W) lns < Co D IIW g0 Prjisr (X).
§=0
Applying interpolation to W; , and to a term of P,_;11(X) we obtain
— 1—j5/n i/n
Wl < Cur ™ [Wilo ™ W2

iy s n,r?
—q 1—7 1 —3 ]
1X g1, < Cor | XTI XN < Cor™iv | X3ET

Multiplying all these terms and using (@), conclude the first part of the proof
W5 1 X s - I X gt < Car ™ (W o [ X ) WIS <
< Cor ™ (Wl + W o, 1 X Nlns1.)-
For the second inequality, denote by
Wi = g (W) — Wi, € X*(EL).
Then Wy =0, Wi = % (W) — W} and LW, = % ([X, W]), therefore

1
e W) =W = [ x. W
By the first part, we obtain
lox (W) = Wislln,s < Crr™ (1X Wllnr + 11X Wllor | X lng,r)-
Using now Lemma and that || X||1,» < 6 we obtain the second part:
% (W) = Wiglln,s < Cor ™" 7 I X 1o W1 + W 11X et 1,0)-
For the last inequality, denote by
Wi := g (W) — W, — toR ([X, W]).
Then we have that Wy = 0 and Wy = % (W) — W), — % ([X, W]) and

11, = 1 (XX W),

therefore )
W= = [ (X X W ar
Using again the first part, it follows that
(19)  [Willn,s < Crr™" (11X [X, Wl + 11X 1 Wl 1 X n1,)-
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Applying twice Lemma [3.3] for all £k < n we obtain that:
11X X Wk < Ca ™ X s, (X o, W e+ X 0, W o)+

+ "X o (1 X o IW ks + 1X s, [ W llo,r)) <

< Cor™ X o, (IW 2, I X Nlo,r + W |2 [| X li2,r),

where we have used the interpolation inequality

IX N1l X s < Cor™ 2N X o, 1 X 2,

The first term in (I3) can be bounded using this inequality for k = n. For k = 0,
using also that || X||1,» < 6 and the interpolation inequality

X |2 | X [t < Cor™ DN 10 X 2

we can bound the second term in (I9)), and this concludes the proof:
X, X Wllor 1 X s < Cor™ F W o I X o, I X [tz
(]

3.3. An invariant tubular neighborhood and tame homotopy operators.
We start now the proof of Theorem We will use two results presented in the
appendix: existence of invariant tubular neighborhood (Lemma[AT]) and the Tame
Vanishing Lemma (Lemma [CT]).

Let (M,7) and S C M be as in the statement. Let G = M be a Lie groupoid
integrating T* M. By restricting to the connected components of the identities in
the s-fibers of G [16], we may assume that G has connected s-fibers.

By Lemma[AT] S has an invariant tubular neighborhood E = vg endowed with
a metric, such that the closed tubes E, := {v € E||v| < r}, for r > 0, are also
G-invariant. We endow E with all the structure from subsection [3.1]

Since E is invariant, the cotangent Lie algebroid of (E, ) is integrable by G,
which has compact s-fibers with vanishing H2. Therefore, by the Tame Vanishing
Lemma and Corollaries[C.2] [C.3] from the appendix, and there are linear homotopy

operators
h1

xU(B) & 22(B) &2 x3(B),
[T, hi(V)] + hao([m,V]) =V, VV € X*(E),
which satisfy:
e they induce linear homotopy operators Ay and hj on (E,,m),);
e there are constants C,, > 0 such that, for all r € (0, 1],

121 (X Inr < Cull Xlngsirs 1A ) nr < CollY llngs,r,

for all X € X2(E,), Y € X3(E,), where s = | $dim(M)| + 1;
e they induce homotopy operators in second degree on the subcomplex of
vector fields vanishing along S.

3.4. The Nash-Moser method. We fix radii 0 < r < R < 1. Let s be as in the
previous subsection, and let

a:=2(s+5), p:=T(s+4).

Then p is the integer from the statement of Theorem[2l Consider 7 a second Poisson
structure defined on Er. To T we associate the inductive procedure:
Procedure Py: Consider

e the number

~ ~n—1
t(7) = ||lm — 7| H ",
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e the sequences of numbers
€o = (R — T)/4, To = R, to = t(%),
. 3/2 — . 43/2
€k+1 =€, 7, Tyl =Tk — €k, lpy1: =1,

e the sequences of Poisson bivectors and vector fields

{mp € X*(Er)}es0,  { Xk € XN(Er,) rzo0,
defined inductively by
(20) o =7, Thy1 = 0x, (M), Xp:= S (R (mp — 7, ),
e the sequence of maps
Y = Yx,0...00x, :E'Tk+1 — Fg.

By our choice of ¢, observe that r < rp, < R for all k£ > 1:

R N S R

k=0
For Procedure P to be well-defined, we need that
(Ck) the time one flow of X}, is defined as a map between
©x, - Erk+1 — ETk.
For part (b) of Theorem 2] we consider also the Procedure P, associated to

7 such that jlls% = j‘lsﬂ'. We define Procedure P; the same as Procedure Py,

except that in (20) we use the smoothing operators Str:’l.

To show that Procedure P; is well-defined, besides for condition (Cj), one
should also check that hi*(my — 7, ) € X(E,, ). Nevertheless, this always holds
by the property of hj*, that it preserves the space of tensors vanishing up to first
order, and the fact that j‘ls(wk — 7, ) = 0. This last claim is proved inductively:

By hypothesis, j|1s(7T0 —mpg) = 0. Assume that jlls(ﬂk — Ty, ) = 0, for some k& > 0.

Then, as before, also X;, € X'(E,, )", hence the first order jet of px, along S is
that of the identity, and so

Jis(The1) = Jis(mk) = Gjs(m).

Therefore jg(mpt1 — 7 ,,) = 0.
Procedure P produces the map v from Theorem 2l

Proposition 3.12. There exists § > 0 and an integer d > 0, such that both proce-
dures Py and Py are well defined for every w satisfying

(21) |7 = 7llp.r < 8(r(R —1))%.

Moreover, the sequence ¥y, converges uniformly on E,. with all its derivatives to a
local diffeomorphism 1, which is a Poisson map between

"/) : (Ervﬂ\r> — (ER,%),

and which satisfies
(22) AW < Ilm =7, 5.

Ifjlls% = j‘lsﬁ, then v obtained by Procedure P; is the identity along S up to first
order.
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Proof. We will prove the statement for the two procedures simultaneously. We
denote by Sj the used smoothing operators, that is, in Py we let Si := S{: and in

P, we let Sy := S::’l. In both cases, these satisfy the inequalities:
1Sk (X)), < CmTicmt?_lHXHmfl,mv
[15K(X) = Xllm—t, < Cmr_cmt};lHXHm-i-l,m-

For the procedures to be well-defined and to converge, we need that tg = ¢(7) is
big enough, more precisely it will have to satisfy a finite number of inequalities of
the form

(23) to=t(m)>C(r(R—r))"°.
Taking 7 such that it satisfies (21), it suffices to ask that ¢ is small enough and d
is big enough, such that a finite number of inequalities of the form
S(R—r)r)? < é(T(R —r))°
hold, and then ¢o will satisfy ([23]).
Also, since tg > 4(R —r)~' = ¢, it follows that
ty >et, V>0,
We will prove inductively that the bivectors
Zy =Tk — Ty, € X*(E,,)
satisfy the inequalities (ax) and (by)
(ar) 1 Zkllsr. <17 Or) N1 Zkllpr. <3

Since ty* = || Zol|p,r, (a0) and (by) hold. Assuming that (aj) and (bs) hold for some
k > 0, we will show that condition (Cj) holds (i.e. the procedure is well-defined up
to step k) and also that (ax+1) and (bg+1) hold.

First we give a bound for the norms of X} in terms of the norms of Zj,

24) Xkl = 1SR (Z) I,y < Conr™ 6 R (Z0) [tk <
< Cor™ "t N Zillimts—tirs ¥ 0 <1 <.

In particular, for m = [, we obtain

(25) Xkl < Conr et

Since a > 4 and ¢t > e,;l, this inequality implies that

(26) | Xk|[1,m < Creti™ ™ < Cr ety < Cr“ty ey

Since to > Cr~°/0, we have that || X1, < Oek, and so by LemmaB.9l (C}) holds.
Moreover, X}, satisfies the inequalities from Lemma 310 and Lemma 3111
We deduce now an inequality for all norms || Zxy1[n,r,.,, With n > s

27) 1 Zk+1llnrigs = X, (Zi) + @, (1) = Tllnryy <
< Cnr_cn(”Zanmk + ||Xan+1,TkHZk”0,m + HXk”nJrl,m”W”nJrl,m) <
< Cnricn(”Zanmk + ”XanJrl,m-) < CnricntiJﬂ”Zanmm

where we used Lemma [BI1] the inductive hypothesis and inequality (24) with
m=n+1and ! =s+ 1. For n = p, using also that s +2 4+ a < %a—l, this gives
(br41):

Ba
121 i < Crmetyt> e < Crmeaz®™h < Oretg gy, <4,
To prove (ak+1), we write Zp11 = Vi + X\ (Ug), where
Vi = 503(;6 (ﬂ) - = @;(k([Xkﬂﬁ])ﬂ Uy =2y — [ﬂﬂXk]'
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Using Lemma [3.11] and inequality (25]), we bound the two terms by
28)  NVillsyrurs < OrClmllsszim | Xkllo,m | Xlls2,m < Cretirm2e,
(29) €%, U)llsrisr < CT™(Uklls,rc + 1Ukllo,ri 1 Xk llst1,m) <
< Cr=*(|Uklls.r. + 67 Ukllo,r,)-
To compute the C*-norm for Uy, we rewrite it as
Uk = Zk — [m, Xi] = [, hy* (Z)] + by ([, Zi]) — [, Xi] =
= m, (T = ST (Z0)] — 53 (Ze, 24))

By tameness of the Lie bracket, the first term can be bounded by

[, (I = Se)hi* (Zi)lls,re < Cr™ N = Sk)RT* (Zi)ls1,me <

< Ot PR (Zi)lp-sre < Cr ot P2 Zilpyr, <
_3a-1

< Ormet P = ooy,

)

and using also the interpolation inequalities, for the second term we obtain

Lo, —e
1502 ([Zks ZeD s < ClllZis Zilll2sric < CT%N Ziello,r | Zill251,m <

p—(2541) st1 p—(3:42)
o p—(2e41) +1 _ (A+2==)
< Cr ot Zllsat " N Zallgs < Crot, " e,

Since —a(1 + %) < —%a — 1, these two inequalities imply that

(30) 1Ukllsre < Crmet 27"

Using (25), we bound the C%-norm of Uy by

B NUkllor <11 Zkllory + 1w, Xilllors < 85 + Cr™ || Xll1,m, < Cr=ot372.

By @8), 9), (0), BI) and s +4 — 2a = —%a — 1, (ag+1) follows
1Zstlloma < Crme(e 42 1,577 <

—c 7%0471 —c 7%04 —a
< Crct, < (rTeClto)ty 2 <0

This finishes the induction.
Using [27), for every n > 1, we find k,, > 0, such that

1Zks1llnms < 620 Zklnrey Y k> ko
Iterating this, we obtain

N Zellnre < rteot o te,) P21 20y e, -

n

On the other hand we have that
3 3\k—kn 3yk+1—kn
bty by, =ty 2 ETT <) =,

Therefore, we obtain a bound valid for all k > k&,
2(s43
1Zillnm < 61 Ze N, -
Consider now m > s and denote by n := 4m — 3s. Applying the interpolation
inequalities, for k > k,, we obtain
m=s 3
4

n—m 1
1Zkllm.ric SCor™ | Zklls5n” (120l = Conr ™ (| Zk]|5 i | Ziel i <

—_a3 5 1 1 _ 1
Scmr_cmtk ag+2(s+3); ||Zk |’;47/77‘kn _ OmT_cmtk (s+6) ”an ||;4l,7"kn .

n |
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Using also inequality (24]), for [ = s, we obtain

1 Xkl < Conr™ 5 Zillmr < 657 (Conr ™ 12,

1
4
MNTky | *

This shows that the series >, || Xkllm,r, converges for all m. By Lemma B.10,
also D7) 5o d(@x, )m,r, converges for all m and, moreover, by (26), we have that

o= Y dex ), SCTTY [ Xellin <Oty e <t
k>1 E>1 E>1
So, we may assume that o1 < 6 and d(¢x, )1,r,, < 1. Then, by applying Lemma
.8 we conclude that the sequence 1, converges uniformly in all C"-norms to a
map ¢ : E. — Eg in U, which satisfies
Ad()1, < 7 P Coy < el 152 < Oty <ty
So ([22) holds, and we can also assume that d(¢);,, < 6, which, by Lemma [B.0]
implies that v is a local diffeomorphism. Since 1)y, converges in the C'-topology to
¢ and Y5 (7) = (dipp) " (T, ), it follows that 1} (7)), converges in the C%-topology
to ¢*(7). On the other hand, Zy, = 9} (7)|, — 7}, converges to 0 in the CO-norm,
hence ¢*(7) = 7. So 1) is a Poisson map and a local diffeomorphism between
’l/) : (ETvTr\T) - (ERa%)
For Procedure P;, as noted before the proposition, the first jet of ¢x, is that
of the identity along S. This clearly holds also for ¥, and since 1y, converges to 1
in the C'-topology, we have that 1) is also the identity along S up to first order. [

We are ready now to finish the proof of Theorem

3.5. Proof of part (a) of Theorem 2l We have to check the properties from
the definition of CP-C'-rigidity. Consider U := int(E,), for some p € (0,1) and
let O C U be an open such that S ¢ O € O C U. Let r < R be such that
O CE,. C Egr CcU. With d and 6 from Proposition 312 we let

Vo :={W € X*(U) : |[Wg — mrllp.r < (r(R—r))"}.

For 7@ € Vo, define 15 to be the restriction to O of the map v, obtained by applying
Procedure P to 7z. Then 1 is a Poisson diffeomorphism (O, 7o) — (U, 7), and
by ([22)), the assignment 7 — ) has the required continuity property.

3.6. Proof of part (b) of Theorem [2l Consider 7 a Poisson structure on some
neighborhood of S with j‘ls% = j‘lsw. First we show that 7 and 7 are formally
Poisson diffeomorphic around S. By [12], this property is controlled by the groups
H?(As,8%(v%)). The Lie groupoid Gis = S integrates Ag and is s-connected.
Since v§ C Ag is an ideal, by Lemma [B] from the appendix, the action of Ag on
v (hence also on S*(v%)) also integrates to G|s. Since Gs has compact s-fibers
with vanishing H?2, the Tame Vanishing Lemma implies that H?(Ag,S* (vg)) =0.
So we can apply Theorem 1.1 [12] to conclude that there exists a diffeomorphism
¢ between open neighborhoods of S, which is the identity on S up to first order,
and such that ji5e*(7) = j§.

Let R € (0,1) be such that ¢*(7) is defined on Er. Using the Taylor expansion
up to order 2d + 1 around S for the bivector m — ¢*(7) and its partial derivatives
up to order p, we find a constant M > 0 such that

||50*(%)|r - 7T\T||p,r < MT2d+1, VO<r<R.

If we take r < 27§ /M, we obtain that ||¢* (7)), — )y [|p.r < 6(r(r —r/2)) So, we
can apply Proposition[3.12, and Procedure P; produces a Poisson diffeomorphism

T (ET/277T\T/2) — (ET, 50*(%>|7‘)5
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which is the identity up to first order along S. We obtain (b) with ¢ = p o 7.

Remark 2. As mentioned already in the Introduction, Conn’s proof has been for-
malized in [I5] [I7] into an abstract Nash Moser normal form theorem, and it is
likely that one could use Theorem 6.8 [15] to prove partially our rigidity result.
Nevertheless, the continuity assertion, which is important in applications (see [13]),
is not a consequence of this result. There are also several technical reasons why we
cannot apply [15]: we need the size of the CP-open to depend polynomially on 71
and (R —r)~!, because we use a formal linearization argument (this dependence is
not given in loc.cit.); to obtain diffeomorphisms which fix S, we work with vector
fields which vanish along S up to first order, and it is unlikely that this Fréchet
space admits smoothing operators of degree 0 (in loc.cit. this is the overall assump-
tion); for the inequalities in Lemma [3.7] we need special norms for the embeddings
(indexed also by “¢”), which are not considered in loc. cit.

APPENDIX A. INVARIANT TUBULAR NEIGHBORHOODS
In the proof of Theorem 2] we have used the following result:

Lemma A.1. Let G = M be a proper Lie groupoid with connected s-fibers and let
S C M be a compact invariant submanifold. There exists a tubular neighborhood
E C M (where E = TsM/TS) and a metric on E, such that for all r > 0 the
closed tube E, := {v € E : |v| <r} is G-invariant.

The proof is inspired by the proof of Theorem 4.2 from [19], and it uses the fol-
lowing result (see Definition 3.11, Proposition 3.13 and Proposition 6.4 in loc.cit.).

Lemma A.2. On the base of a proper Lie groupoid there exist Riemannian metrics
such that every geodesic which emanates orthogonally from an orbit stays orthogonal
to any orbit it passes through. Such metrics are called adapted.

Proof of Lemma[d 1l Let ¢ be an adapted metric on M and let E := TS+ C TsM
be the normal bundle. By rescaling g, we may assume that
(1) the exponential is defined on F5 and on int(FEs) it is an open embedding;
(2) for all r € (0,1] we have that
exp(E.)={pe M :d(p,S) <r},
where d denotes the distance induced by the Riemannian structure.

Let v € E; with |v| := r and base point . We claim that the geodesic 7y(t) :=

exp(tv) at t =1 is normal to exp(0FE,) at y(1):
T 1y exp(9E,) = 4(1)".
Let S,(x) be the sphere of radius r centered at x. By the Gauss Lemma
H(1)* = Ty1)Sr(2),

and by (2), B.(z) C exp(E,), where B,(x) is the closed ball of radius r around
z. Since B,(r) and exp(E,) intersect at v(1), their boundaries must be tangent at
this point, and this proves the claim.

By assumption, S is a union of orbits, therefore the geodesics v(t) := exp(tv),
for v € F, start normal to the orbits of G, thus, by the property of the metric,
they continue to be orthogonal to the orbits. Hence, by our claim, the orbits which
intersect exp(9E,) are tangent to exp(90E,). By connectivity of the orbits, exp(9E,)
is invariant, for all » € (0,1). Define the embedding E < M by

v = exp(A([v])/[vfv),
where A : [0,00) — [0,1) is a diffeomorphism which is the identity on [0,1/2). O
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APPENDIX B. INTEGRATING IDEALS

We prove that representations of a Lie algebroid A on ideals can be integrated
to representations of any s-connected Lie groupoid integrating A. This result was
used in the proof of part (b) of Theorem

Representations of a Lie groupoid G can be differentiated to representations of
its Lie algebroid A, but in general, a representation of A does only integrate to
a representation of the Weinstein groupoid of A (the s-fiber 1-connected) and not
necessarily to one of G.

We call a subbundle I C A an ideal, if p(I) = 0 and I'(I) is an ideal of the
Lie algebra I'(A). Using the Leibniz rule, one easily sees that, if I # A, then the
second condition implies the first. An ideal I is naturally a representation of A,
with A-connection given by the Lie bracket

Vx(Y):=[X,Y], X eT(4), Y eT(I).

Lemma B.1. Let G = M be a Hausdorff Lie groupoid with Lie algebroid A and
let I C A be an ideal. If the s-fibers of G are connected, then the representation of
A on I given by the Lie bracket integrates to G.

Proof. First observe that G acts on the possibly singular bundle of isotropy Lie
algebras ker(p) — M via the formula:

d _
(32) g-Y p (g exp(eY)g 1) =0 VY € ker(p)s(g).

T de
Let N(I) C G be the subgroupoid consisting of elements g which satisfy g - I, C
Ii(g). We will prove that N(I) = G and that the induced action of G on I differen-
tiates to the Lie bracket.

Recall that a derivation on a vector bundle E — M (see section 3.4 in [11]) is a
pair (D, V), with D a linear operator on I'(E) and V a vector field on M, satisfying
D(fa)=fD(a) +V(f)a, Y a € T(E), f € C*(M).

The flow of a derivation (D, V), denoted by ¢, is a vector bundle map covering
the flow ¢y, of V, ¢ (%) : Bz — Byt (2), (Whenever @i, (v) is defined), which is the
solution to the following differential equation

8 =Tdu, S(6h)" () = (8h)"(Da).

where (¢5)*(a)s = ¢p' (¥} ())agt, (2)-

For X € T'(A), denote by ¢'(X, g) the flow of the corresponding right invariant
vector field on G, and by ¢! (X, z) the flow of p(X) on M. Conjugation by ¢*(X)
is an automorphism of G covering ! (X, x), which we denote by

C(¢'(X)): G — G, g ¢'(X,t(g))ge" (X, 5(9) "
Since C(¢'(X)) sends the s-fiber over z to the s-fiber over ¢'(X, z), its differential
at the identity 1, gives an isomorphism

Ad(¢'(X)) : Ax — Agt(x2), Ad(¢'(X))a := dC(¢"(X)))a, -
On ker(p).,;, we recover the action (B2) of g = ¢'(X,z). We have that:

(33) L (A(6"(X)"¥ ) = & Ad(6™ (X, (X, 2))) Yy x,0) =

= (A6 (X, X ) A (X, (X, ) Vi) =
= Ad(¢7t(Xa QDt (Xa x)))[Xa Y]«P‘(X,x) = Ad(¢t (X))*([X’ Y])ma

for Y € T'(A), where we have used the adjoint formulas from Proposition 3.7.1 in
[T1]. This shows that Ad(¢!(X)) is the flow of the derivation ([X,], p(X)) on A.
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Since [ is an ideal, the derivation [X| -] restricts to a derivation on I, and therefore
I is invariant under Ad(¢'(X)). This proves that for all Y € I,

Ad($H(X,2))Y = ¢'(X,2)- Y € I.

So N(I) contains all the elements in G of the form ¢! (X, z). The set of such elements
contains an open neighborhood O of the unit section in G. Since the s-fibers of G
are connected, O generates G (see Proposition 1.5.8 in [I1]), therefore N(I) = G
and so ([32)) defines an action of G on 1.

Using that ¢~ (X, o'(X,z)) = ¢'(X, )"}, equation ([B3) gives

d
& o (6" (X, )" Yor(xm)) = [X,Y]e, VX €T(A),Y € D(I).
t=
Thus, the action differentiates to the Lie bracket (see Definition 3.6.8 [I1]). O

APPENDIX C. THE TAME VANISHING LEMMA

We prove now the Tame Vanishing Lemma, an existence result for tame homo-
topy operators on the complex computing Lie algebroid cohomology with coeffi-
cients. We have used this lemma for the Poisson complex in the proof of Theorem
The Tame Vanishing Lemma is very useful when applying the Nash-Moser tech-
niques to various geometric problems, for another example see [14].

C.1. The weak C*-topology. The compact-open C*-topology on the space of
sections of a vector bundle can be generated by a family of semi-norms, and we
recall here a construction of such semi-norms, generalizing the construction from
section [Bl These semi-norms will be used to express the tameness property of the
homotopy operators.

Let W — M be a vector bundle. Consider U := {U;};c1 a locally finite open
cover of M by relatively compact domains of coordinate charts {x; : U; = R™};cr
and choose trivializations for Wy,. Let O := {O;}ier be a second open cover, with
O, compact and O, C U;. A section o € I'(W) can be represented in these charts
by a family of smooth functions {o; : R™ — R¥},c;, where k is the rank of W. For
U C M, an open set with compact closure, we have that U intersects only a finite
number of the coordinate charts U;. Denote the set of such indexes by Iy C I.
Define the n-th norm of o on U by

8|a‘oi .
loll,, 77 = sup{| s (@) : o] <n, x€x;(UNO;), 1 € Iy}.

For a fixed n, the family of semi-norms || - Hn,U’ with U a relatively compact
open in M, generate the compact-open C"-topology on I'(IW). The union of all
these topologies, for n > 0, is called the weak C*°-topology on I'(W). Observe
that the semi-norms {|| - [, 7}n>0 induce norms on I'(W 7).

C.2. The statement of the Tame Vanishing Lemma.

Lemma C.1 (The Tame Vanishing Lemma). Let G = M be a Hausdorff Lie
groupoid with Lie algebroid A and let V' be a representation of G. If the s-fibers of
G are compact and their de Rham cohomology vanishes in degree p, then

HP(A,V)=0.
Moreover, there exist linear homotopy operators
QPL(A, V) L qr(a, V) L2 artla, V),
dvhy + hadv = 1d,
which satisfy
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(1) invariant locality: for every orbit O of A, they induce linear maps
_ hi, ha,
"1 (Ajp, Vo) €= Q¥ (Aj0, Vio) <= 91 (A)0, Vo),
such that for all w € QP(A, V), n € QPTY(A, V), we have that
hi,0(wjo) = (hw)jo, ha,0(m0) = (han)o;

(2) tameness: for every invariant open U C M, with U compact, there are con-
stants Cy,,y > 0, such that

[ (@)l 7 < Crullwll, s ha(n)]
for allw € QP (A, Vi) and n € Qp“(A‘U, Vi), where

0 < Cnulnllng o

1
s= Lgrank(A)J + 1
We also note the following consequences of the proof:

Corollary C.2. The constants Cp i can be chosen such that they are uniform over
all invariant open subsets of U. More precisely: if V. C U is a second invariant
open, then one can choose Cy, v = C,, iy, assuming that the norms on U andV are
computed using the same charts and trivializations.

Corollary C.3. The homotopy operators preserve the order of vanishing around
orbits. More precisely: if O is an orbit of A, and w € QP(A,V) is a form such that
jlkow =0, then j‘kohl(w) = 0; and similarly for ho.

C.3. The de Rham complex of a fiber bundle. To prove the Tame Vanishing
Lemma, we first construct tame homotopy operators for the foliated de Rham
complex of a fiber bundle. For this, we use a result on the family of inverses of
elliptic operators (Proposition [C.7)), which we prove at the end of the section.

Let 7 : B — M be a locally trivial fiber bundle whose fibers B, := m~!(z) are dif-
feomorphic to a compact, connected manifold F' and let V' — M be a vector bundle.
The space of vertical vectors on B will be denoted by T™ B and the space of foliated
forms with values in 7#*(V') by Q*(T"B,7*(V)). An element w € Q*(T7B,7*(V))
is a smooth family of forms on the fibers of 7 with values in V'

W = {wz}xel\/[; Wwe € Q.(Bzvvx)
The fiberwise exterior derivative induces the differential
d® Iy : Q*(T7B,7*(V)) — QT (T"B,n*(V)),

d® Iy (w)e == (d® Iv,)(ws), € M.

We construct the homotopy operators using Hodge theory. Let m be a metric
on T™B, or equivalently a smooth family of Riemannian metrics {m }rer on the
fibers of 7. Integration against the volume density gives an inner product on Q°*(B,,)

(n,0) ::/B mg(n, 0)|dVol(mg)|, n,0 € QUB,).

Let J, denote the formal adjoint of d with respect to this inner product
5.t Q*TH(B,) — Q*(B,),
i.e. §, is the unique linear first order differential operator satisfying
(dn,0) = (n,6.0), ¥ neQ*(B,),0c QT (B,).
The Laplace-Beltrami operator associated to m, will be denoted by

Ay Q%(By) — Q°(By), Ay = di, + 0ud.
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Both these operators induce linear differential operators on Q* (778, 7*(V))
S Iy : QTHT™B, 7 (V) = QY(T™B,7*(V)), 6@ Iy (w)e:= (6, @ Iv,)(ws),
AQILy : Q*(T™B,7*(V)) = Q*(T™B,7*(V)), AQIy(w):=(A; ® Iy, )(ws).
By the Hodge theorem, if the fiber F' of B has vanishing de Rham cohomology
in degree p, then A, is invertible in degree p.
Lemma C.4. If HP(F) = 0 then the following hold:
(a) A® Iy is invertible in degree p and its inverse is given by
Gy :QP(T7B,7*(V)) — QP(T7"B,n*(V)),
(G®Iy)(w)e == (A @ Iv, ) (we), € M;
(b) the maps Hy := (6 @ Iy) o (G® Iy) and Hy := (G ® Iy) o (§ ® Iy)
N T™B, (V) LL QP (T B, 7* (V) &2 Qrt\(T7B, n*(V))

are linear homotopy operators in degree p;
(¢) Hy and Hs satisfy the following local-tameness property: for every relatively
compact open U C M, there are constants Cy v > 0 such that

V) < ool ¥ 1 € (T B (Vi)
V()b < Cotllnsasy ¥ € P T By, = (Vig)).
where s = | dim(F)|+1. Moreover, if V. C U, then one can take Cp, v := Cpu.

Proof. In a trivialization chart the operator A ® Iy, is given by a smooth family of
Laplace-Beltrami operators:

A, QP (F)F — QP(F)F,
where k is the rank of V. These operators are elliptic and invertible, therefore, by
Proposition [C7 A, '(w,) is smooth in 2, for every smooth family w, € QP(F)*.
This shows that G ® Iy maps smooth forms to smooth forms. Clearly G ® Iy is
the inverse of A ® Iy, so we have proven (a).
For part (c), let U C M be a relatively compact open. Applying part (2) of

Proposition to a family of coordinate charts which cover U, we find constants
D,,  such that

1G @ Iy () lnsy < Do llnsomr,55 ¥ 1 € (T Bygr, 7 (V).

Moreover, the constants can be chosen such that they are decreasing in U. Since
H, and H> are defined as the composition of G ® Iy, with a linear differential
operator of degree one, it follows that we can also find constants C,, iy such that
the inequalities form (c) are satisfied, and which are also decreasing in U.

For part (b), using that 62 = 0, we obtain that A, commutes with dd,

A,db, = (dby + 8,d)d6, = d,d, + 6,d*0, = db,dd,,

doz Ay = do,(d6, + 6,d) = d5,dd, + dd2d = db,do,.

This implies that A® Iy commutes with (d® 1y )(0®1Iy ), and thus G® Iy commutes
with (d®Iy)(d®1Iy). Using this, we obtain that H; and H» are homotopy operators
I=GI)ARILy)=GIy)(dRIy)dIy)+ (0 Iy)(d® Iy)) =
=dolV)0Iy)(Gely)+ (Galy)(d®@Iy)(d® Iy) =

=(d®Iy)H, + Hy(d® Iy).



RIGIDITY AROUND POISSON SUBMANIFOLDS 31

C.4. Proof of the Tame Vanishing Lemma. Let G = M be as in the statement.
By passing to the connected components of the identities in the s-fibers [16], we
may assume that G is s-connected. Then s : G — M is a locally trivial fiber bundle
with compact fibers whose cohomology vanishes in degree p. We will apply Lemma
[C4 to the complex of s-foliated forms with coefficients in s*(V')

Q(T°G,s*(V)),d® Iv).

Recall that the right translation by an arrow g € G is the diffeomorphism
between the s-fibers above y = t(g) and above x = s(g), given by:

rg Gy = Gy, 14(h) := hg.
A form w € Q*(T°G, s*(V)) is called invariant, if it satisfies
(ry @ g)(Whg) = wn, ¥ h,g € G, with s(h) = t(g),
where 77 ® g is the linear isomorphism 7 +— g-nodr,. Denote the space of invariant
V-valued forms on G by Q*(T°G, s*(V))9.

It is well-known that forms on A with values in V' are in one to one correspon-
dence with invariant V-valued forms on G; this correspondence is given by

J: Q.(A,V) — Q.(nga S*(V))v J(n)g = (7"}1 ® g_l)(nt(g))'

The map J is also a chain map, thus it induces an isomorphism of complexes (see
Theorem 1.2 [23] and also [14] for coefficients)

(34) J:(Q%A, V), dy) = (Q(T°G,s*(V))9,d @ Iy).
A left inverse for J (i.e. a map P such that P o J =1d) is given by
P:Q%T%G,s"(V)) — Q*(A,V), P(w)s = Wy(a)-
Let (-,-) be an inner product on A. Using right translations, we extend (-,-) to
an invariant metric m on 7%G:

7”I’L(XV7 Y)g = <d7"g—1X7 drg71Y>t(g), VXY € T;g

Invariance of m implies that the right translation by an arrow ¢ : © — y is an
isometry between the s-fibers

r.‘] : (gyamy) l> (gzzmm)
The corresponding operators from subsection [C.3] are also invariant.

Lemma C.5. The operators @1y, A® Iy, Hi and Hs, corresponding to m, send
invariant forms to invariant forms.

Proof. Since right translations are isometries and the operators d, are invariant
under isometries we have that rj o6, = d, o7y, for all arrows g : x — y.
For n € Q*(T*G,s*(V))Y we have that
(ry ®9) (0@ Iv(n))g, = (15002 ®9)(g,) = 0y 01, @g)(ng,) =
= (0y ® Iy, ) (15 ® g)(mig,) = (6y ® I, )(mg,) = (6 @ Iv)(n)g, -

This shows that §® Iy, (1) € Q*(T*G, s*(V))Y. The other operators are constructed
in terms of § ® Iy and d ® Iy, thus they also preserve Q*(T°G,s*(V))9. O

This lemma and the isomorphism (B4]) imply that the maps
QP LA, V) L qr(a, V) L2 artlA, V),
h1 ZZPOI{10J7 h2 ::POH20J7
are linear homotopy operators for the Lie algebroid complex in degree p.

For part (1) of the Tame Vanishing Lemma, let w € QP(A, V) and O C M an
orbit of A. Since G is s-connected we have that s='(0) = ¢t71(0) = G|o. Clearly
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J(w)|s-1(0) depends only on w|p. By the construction of Hy, for all x € O, we have
that
hi(w)e = Hi(J(W))1, = (6 0 A7T @ Iy, )(J(W)[s-1(a))1, -
Thus hy(w)|o depends only on wjp. The same argument applies also to ho.
Before checking part (2), we give a simple lemma:

Lemma C.6. Consider a vector bundle map A : Fy — Fy between vector bundles
Py — My and Fy — Ms, covering a map [ : My — M. If A is fiberwise invertible
and f is proper, then the pullback map

A" T(Fy) — T(Fy), Al0)s = A7 (05()

satisfies the following tameness inequalities: for every open U C My, with U com-
pact, there are constants C,, y > 0 such that

A" (O], 771y < Cnvllollny, Vo el(Fyp).
Moreover:
(a) if U' C U is open, and one uses the same charts when computing the norms,
then one can choose Cy, = Cpu;
(b) if N C Ms is a submanifold and o € T'(Fy) satisfies j‘kN(O') = 0, then its
pullback satisfies j|kf,1(N) (A*(0)) = 0.

Proof. Since A is fiberwise invertible, we can assume that F} = f*(Fy) and A* =
f*. By choosing a vector bundle F’ such that F» & F’ is trivial, we reduce the
problem to the case when F5 is the trivial line bundle. So, we have to check that
f* 1 C°(Mz) — C*°(M;) has the desired properties. But this is straightforward:
we just cover both f~1(U) and U by charts, and apply the chain rule. The constants
Cy,u are the C™-norm of f over f=1(U), and therefore are getting smaller if U gets
smaller. This implies (a). For part (b), just observe that j’f“(m)(o) = 0 implies
jE(oo f)=0. O

Part (2) of the Tame Vanishing Lemma follows by Lemma [C4] (¢c) and by ap-
plying Lemma to J and P. Corollary follows from Lemma (a) and
Lemma (c). To prove Corollary [C.3] consider w a form with j‘kow =0, for O
an orbit. Then, by Lemma (b), it follows that J(w) vanishes up to order k
along t~1(0) = G|o. By construction, we have that Hy is C°°(M) linear, there-
fore also Hy(J(w)) vanishes up to order k along G|p; and again by Lemma (b)
hi(w) = u*(Hy(J(w))) vanishes along O = u~!(G0) up to order k.

C.5. The inverse of a family of elliptic operators. This subsection is devoted
to proving the following result:

Proposition C.7. Consider a smooth family of linear differential operators
P,.:T(V) —T(W), zeR™,

between sections of vector bundles V and W over a compact base F. If P, is elliptic
of degree d > 1 and invertible for all x € R™, then

(1) the family of inverses {Q. := P, '}zerm induces a linear operator
Q : F(p*(W>> — F(p*(v>>; {wI}IERm — {szz}zGRma
where p*(V) :=V x R™ — F x R™ and p*(W) :=W x R™ — F x R™;
(2) Q is locally tame, in the sense that for all bounded opens U C R™, there exist
constants Cp iy > 0, such that the following inequalities hold

||Q(w)||n,F><ﬁ < CnaUHw||n+sfl,F><ﬁ’ Yw € F(p*(W)|F><ﬁ)’
with s = L%dim(F)J + 1. IfU’' C U, then one can take Cy yr := Cp u.



RIGIDITY AROUND POISSON SUBMANIFOLDS 33

Fixing C™-norms | - ||, on I'(V'), we induce semi-norms on I'(p*(V)):
el
[ll o= sup  sup [ 22,

0<k+|a|<n z€U

where w € T'(p*(V)) is regarded as a smooth family w = {w, € I'(V)},ecrm. Simi-
larly, fixing norms on I'(W), we define also norms on I'(p*(W)).

Endow I'(V') and I'(W) also with Sobolev norms, denoted by {|- | }n>0. Loosely
speaking, |w|,, measures the L2-norm of w and its partial derivatives up to order n
(for a precise definition see e.g. [9]). Denote by H,(I'(V)) and by H,(I'(W)) the
completion of T'(V), respectively of I'(W), with respect to the Sobolev norm | - |,.

We will use the standard inequalities between the Sobolev and the C™-norms,

which follow from the Sobolev embedding theorem
(35) [wlln < Chlwlnts, |wln < Crllwl|n,

for allw € T'(V) (resp. T'(W)), where s = | $dim(F)] + 1 and C,, > 0 are constants.
Since P, is of order d, it induces continuous linear maps between the Sobolev
spaces, denoted by
(Peln t Hnya(T'(V)) — Ho(T(W)).
These maps are invertible.
Lemma C.8. If an elliptic differential operator of degree d
P:T(V) —T(W)
is invertible, then for every n > 0 the induced map
[Pln : Hpya(D(V)) — Hn(I'(W))
is also invertible and its inverse is induced by the inverse of P.

Proof. Since P is elliptic, it is invertible modulo smoothing operators (see Lemma
1.3.5 in [9]), i.e. there exists a pseudo-differential operator

U T(W) — T(V),

of degree —d such that YP — Id = K; and PV — Id = K5, where K; and K5 are
smoothing operators. Since V is of degree —d, it induces continuous maps

[ln : Ho(T(W)) — Hppa(D(V)),
and since K; and K» are smoothing operators, they induce continuous maps
[Kiln s Ho(T(V)) — D(V),  [Kaln : Hy(D(W)) — T(W).

We show now that [P], is a bijection:
injective: For n € Hp44(T(V)), with [P],n = 0, we have that

n = (d =[], [Pln)n = —[Ki]nn € T(V),

hence [P],n = Pn. By injectivity of P, we have that n = 0.
surjective: For 6 € H, (I'(W)), we have that

([P]n]¥], — 1d)8 = [K3],0 € T(W),
and, since P is onto, [K2],0 = Pn for some nn € I'(V). So @ is in the range of [P],:
0 = [Pl ([¥]n0 —n).
The inverse of a bounded operator between Banach spaces is bounded, therefore
|[P];19|n+d < Cn|9|na ES Hn(F(W))a
for some C,, > 0. For § € T'(W), this show that P~! induces continuous maps
[P_l]n t Hy (D(W)) — Hnpa(T'(V)).
Now [P~1],, and [P],;! coincide on (the dense) I'(W), so they must be equal. [

n
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For two Banach spaces By and By denote by Lin(Bi, Bs) the Banach space of
bounded linear maps between them and by I'so(Bj, Ba) the open subset consisting
of invertible maps. The following proves that the family [P,],, is smooth.

Lemma C.9. Let {P,}.crm be a smooth family of linear differential operators
of order d between the sections of vector bundles V. and W, both over a compact
manifold F. Then the map induced by P from R™ to the space of bounded linear
operators between the Sobolev spaces

R™ 3 2+ [Py € Lin(Hp+q(T(V)), H, (T(W)))
is smooth and its deriwatives are induced by the derivatives of P,.

Proof. Linear differential operators of degree d form V to W are sections of the
vector bundle Hom(J4(V); W) = J4V)* @ W, where J4(V) — F is the d-th jet
bundle of V. Therefore, P can be viewed as a smooth section of the pullback
bundle p*(Hom(J4(V);W)) := Hom(JX(V);W) x R™ — F x R™. Since F is
compact, by choosing a partition of unity on F' with supports inside some opens on
which V and W trivialize, one can write any section of p*(Hom(J4(V); W)) as a
linear combination of sections of Hom(J¢(V); W) with coefficients in C°°(R™ x F).
Hence, there are constant differential operators P; and f; € C°°(R™ x F'), such that

P, =Y fix)P.
So it suffices to prove that for f € C°(R™ x F), multiplication with f(z)
p(f(x)) : T(W) — T(W),
induces a smooth map between
R™ 3 @ = [p(f(2)ln € Lin(Hn(T'(W)), Hy (T(W))).

First, it is easy to see that for any smooth function g € C*(R™ x F) and every
compact K C R™, there are constants Cy, (g, K) such that |g(z)o|, < Cr(g, K)|o|n
for all z € K and o € H,(T'(W)); or equivalently that the operator norm satisfies
[[(g(@)nlop < Cn(g, K), for x € K. Consider now f € C°(R™ x F) and T € R™.
Using the Taylor expansion of f at T, write

@ -1@ -y L@e-m)= Y wi-m)e; -7 @)

1<i<j<m

where T2/ € C°°(R™ x F). This implies that

m 8f

[T f@)]n = [u(f(@))]n— Z[“(axi @N]n (i — Ti)|op <
< |z -7 Z Cn(T27, K),

for all z € K, where K is a closed ball centered at T. This inequality shows that
[(f(x))]n is C* in @, with partial derivatives given by

Sl = (5

The statement follows now inductively. (I
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Proof of Proposition[C_7. By LemmalC8 Q, = P, ! induces continuous operators
[Qzln : Hn(T(W)) — Hnta(T'(V)).

We claim that the following map is smooth

R™ 3 2+ [Qu]n € Lin(H,(T(W)), Hpra(T(V))).

This follows by Lemma [C.8 and Lemma [C9] since we can write
[Qaln = [Py 10 = [Pl = u([Paln),

where ¢ is the (smooth) inversion map

vilso(Hpya(T(V)), Hn(T(W))) — Iso(Hn (T(W)), Hyya(T'(V)))-
Let w = {wy }zerm € T(p*(W)). By our claim and Lemma [C9] it follows that
T+ [Qz]n[waln = [Qewzlntd € Hnta(L'(V))

is a smooth map. On the other hand, the Sobolev inequalities ([B3]) show that the
inclusion I'(V) — I'"(V'), where I'"(V') is the space of sections of V of class C™
(endowed with the norm || - ||,,), extends to a continuous map

Hn-i-S(F(V)) — Fn(v)'

Since also evaluation ev, : I (V) — V}, at p € F' is continuous, it follows that the
map & — Qzwz(p) € V, is smooth. This is enough to conclude smoothness of the
family {Qzwy tzerm, so Q(w) € T'(p*(V)). This finishes the proof of the first part.

For the second part, let U C R™ be an open with U compact. Since the map
= [Qz]n is smooth, it follows that the numbers are finite:

glel
(36) Dn m,U ‘= Sup sup | P [Qz]n|opv
€U |a|<m Ox
where | - [,, denotes the operator norm. Let w = {w.},.z be an element of

L(p* (W) pyw)- By Lemma [C9] also the map z — [ws]n € Hn(I'(W)) is smooth
and that for all multi-indices ~
ol ol
9z I = Lo

Let k and o be such that |a| + k < n. Using (35), (36) we obtain

Weln-

Hled olel glel
H8 —(Qawa )|k < || (szz llkrda—1 < Crya- 1| —(Quwz)|k+s+d—1 <

ol gl
< Crtd—1 Z (ﬂ 7)'8.1562 5 ,sz|k+s+d 1 <
Bty=a

o ah’l
< Crya—1 Y (ﬂ V)DHS Ligl0l g Walks—1 <

Bty=a
ol
< Cryd—1Ckts-1 Z (5 )DH& 1\B|U|| W:chJrs 1 <
Bty=a 7
< Cn,UHWHnJrs—l,FxU'

This proves the second part:

QW) pxz < Coullwllgs—1,rxo

The constants D,, ., v are clearly decreasing in U, hence for U’ C U we also have
that Cy,,pv < Cp, . This finishes the proof of Proposition [C.7]
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