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CHAPTER 1

Generalities on Poisson structures

1.1. Poisson brackets

DEFINITION 1.1.1. A C*°-smooth Poisson structure on a C'°°-smooth finite-
dimensional manifold M is an R-bilinear antisymmetric operation
(1.1) Co(M) x C=(M) — C*(M), (f,g9) —{[. g}

on the space C*°(M) of real-valued C*°-smooth functions on M, which verifies the
Jacobi identity

(1.2) {19}, 0} +{{g. h}, [} + {{h, [}, 9} =0
and the Leibniz identity
(1.3) {f.gh} ={f.gth+g{f,h}, Vf,g,h €C>(M).

In other words, C*°(M), equipped with {, }, is a Lie algebra whose Lie bracket
satisfies the Leibniz identity. This bracket {,} is called a Poisson bracket. A
manifold equipped with such a bracket is called a Poisson manifold.

Similarly, one can define real analytic, holomorphic, and formal Poisson man-
ifolds, if one replaces C°>°(M) by the corresponding sheaf of local analytic (re-
spectively, holomorphic, formal) functions. In order to define C*-smooth Poisson
structures (k € N), we will have to express them in terms of 2-vector fields. This
will be done in the next section.

REMARK 1.1.2. In this book, when we say that something is smooth without
making precise its smoothness class, we usually mean that it is C°*°-smooth. How-
ever, most of the time, being C'-smooth or C2?-smooth will also be good enough,
though we don’t want to go into these details. Analytic means either real analytic
or holomorphic. Though we will consider only finite-dimensional Poisson structures
in this book, let us mention that infinite-dimensional Poisson structures also appear
naturally (especially in problems of mathematical physics), see, e.g., [163, 164] and
references therein.

EXAMPLE 1.1.3. One can define a trivial Poisson structure on any manifold by
putting {f,g} = 0 for all functions f and g.

EXAMPLE 1.1.4. Take M = R? with coordinates (x,y) and let p : R> — R be
an arbitrary smooth function. One can define a smooth Poisson structure on R?
by putting

df 9g  0f dg

(1.4) {f’g}:(%@_@%)p'

1



2 1. GENERALITIES ON POISSON STRUCTURES

EXERCISE 1.1.5. Verify the Jacobi identity and the Leibniz identity for the
above bracket. Show that any smooth Poisson structure of R? has the above form.

DEFINITION 1.1.6. A symplectic manifold (M,w) is a manifold M equipped
with a nondegenerate closed differential 2-form w, called the symplectic form.

The nondegeneracy of a differential 2-form w means that the corresponding
homomorphism w? : TM — T*M from the tangent space of M to its cotangent
space, which associates to each vector X the covector i xw, is an isomorphism. Here
ixw = X 1w is the contraction of w by X and is defined by ixw(Y) = w(X,Y).

If f: M — R is a function on a symplectic manifold (M,w), then we can define
its Hamiltonian vector field, denoted by X, as follows:

(1.5) ix;w=—df .

We can also define on (M, w) a natural bracket, called the Poisson bracket of w, as
follows:

(1.6) {f,9} =w(Xy, Xy) = —(df, Xy) = =X, (f) = Xs(9)-

PROPOSITION 1.1.7. If (M, w) is a smooth symplectic manifold then the bracket
{f,9} =w(Xs, X,) is a smooth Poisson structure on M.

Proof. The Leibniz identity is obvious. Let us show the Jacobi identity. Recall
the following Cartan’s formula for the differential of a k-form 7 (see, e.g., [27]):

k+1
(L7) dn(X,. .o, Xen) = 3 (-1, (n(Xl, X .,Xk+1))
i=1
+ Z (—l)lﬂn ([X“Xj],Xl,...;(\j...)/(\j...,Xk+1),
1<i<j<k+1
where Xi,...,Xpy1 are vector fields, and the hat means that the corresponding
entry is omitted. Applying Cartan’s formula to w and Xy, X4, X}, we get:

0 = dw(Xs, X, Xp)

= Xp(w(Xg, Xn)) + Xg(w(Xn, X5)) + Xn(w(X5, X))
—w([ Xy, Xg], Xp) — w([Xg, Xn], Xy) — w([Xn, Xy], Xg)

= Xp{g, h} + Xo{h, f} + Xnlf, g}
+[Xr, Xgl(h) + [Xg, Xn](f) + [Xn, X£](9)

= {fdgm} +{g.{n 1} +{hAf 91} + X5 (Xg(h) — Xg(Xs(R))
+Xg(Xn(f)) = Xn(Xg(f)) + Xn(Xr(9) — X5 (Xn(9))

= 3({f{g, h}} +{g, {h, f}} +{n,{f., 9}})

O

Thus, any symplectic manifold is also a Poisson manifold, though the inverse
is not true.

The classical Darboux theorem says that in the neighborhood of every point
of (M,w) there is a local system of coordinates (p1,q¢1,...,Pn,qn), Where 2n =
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dim M, called Darboux coordinates or canonical coordinates, such that

n
(1.8) w:dei/\dqi .

i=1
A proof of Darboux theorem will be given in Section 1.4. In such a Darboux
coordinate system one has the following expressions for the Poisson bracket and
the Hamiltonian vector fields:

" 9f O of 0
(1.9) (g} = Z(a—;a—; - %8;’)

i=1

~Oh 0 ~0Oh D
1.10 Xy, = - .
(110) " ; Op; Og; ; 9qi Op;

The Hamiltonian equation of h (also called the Hamiltonian system of h), i.e.
the ordinary differential equation for the integral curves of X}, has the following
form, which can be found in most textbooks on analytical mechanics:

(1.11) i oh . oh

= y Di= —7 -
op;” dq;

In fact, to define the Hamiltonian vector field of a function, what one really
needs is not a symplectic structure, but a Poisson structure: The Leibniz identity
means that, for a given function f on a Poisson manifold M, the map g ——
{f,g} is a derivation. Thus, there is a unique vector field X; on M, called the
Hamiltonian vector field of f, such that for any g € C°°(M) we have

(1.12) Xy(g) =1{f.g}-

EXERCISE 1.1.8. Show that, in the case of a symplectic manifold, Equation
(1.5) and Equation (1.12) give the same vector field.

ExaMpPLE 1.1.9. If N is a manifold, then its cotangent bundle T*N has a
unique natural symplectic structure, hence T*N is a Poisson manifold with a nat-
ural Poisson bracket. The symplectic form on T*N can be constructed as follows.
Denote by m : T*N — N the projection which assigns to each covector p € TN
its base point g. Define the so-called Liouwville 1-form 6 on T*N by

0,X) = (p,m.X) VX € T,(T*N).

In other words, #(p) = 7*(p), where on the left hand side p is considered as a
point of T*N and on the right hand side it is considered as a cotangent vector
to N. Then w = df is a symplectic form on N: w is obviously closed; to see
that it is nondegenerate take a local coordinate system (p1,...,pPn,q1,--,¢n) ON
T*N, where (q1,...,¢n) is a local coordinate system on N and (p1,...,p,) are the
coefficients of covectors > p;dg;(¢) in this coordinate system. Then 6 = > p;dg;
and w = df = > dp; Adg;, ie. (p1,...sDnyq15---,qn) is @ Darboux coordinate
system for w. In classical mechanics, one often deals with Hamiltonian equations
on a cotangent bundle T* N equipped with the natural symplectic structure, where
N is the configuration space, i.e. the space of all possible configurations or
positions; T* N is called the phase space.

A function g is called a first integral of a vector field X if g is constant with
respect to X: X (g) = 0. Finding first integrals is an important step in the study of
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dynamical systems. Equation (1.12) means that a function g is a first integral of a
Hamiltonian vector field X if and only if {f, g} = 0. In particular, every function
h is a first integral of its own Hamiltonian vector field: X, (h) = {h,h} = 0 due to
the anti-symmetricity of the Poisson bracket. This fact is known in physics as the
principle of conservation of energy (here h is the energy function).

The following classical theorem of Poisson [171] allows one sometimes to find
new first integrals from old ones:

THEOREM 1.1.10 (Poisson). If g and h are first integrals of a Hamiltonian
vector field Xy on a Poisson manifold M then {g,h} also is.

Proof. Another way to formulate this theorem is

{9./}y =0 _
But this is a corollary of the Jacobi identity. (]

Another immediate consequence of the definition of Poisson brackets is the
following lemma:

LEMMA 1.1.11. Given a smooth Poisson manifold (M,{,}), the map f — X is
a homomorphism from the Lie algebra C*°(M) of smooth functions under the Pois-
son bracket to the Lie algebra of smooth vector fields under the usual Lie bracket.
In other words, we have the following formula:

(1.14) (X7, Xgl = Xir.9y

Proof. For any f,g,h € C>(M) we have [X¢, Xg]h = Xy (Xgh) — X, (Xfh) =

{f g, h}} —{g,{f, h}} = {{f, 9}, h} = X(s yh. Since h is arbitrary, it means that
(X7, Xgl = Xy 1.9 -

1.2. Poisson tensors

In this section, we will express Poisson structures in terms of 2-vector fields
which satisfy some special conditions.

Let M be a smooth manifold and ¢ a positive integer. We denote by AYT'M the
space of tangent g-vectors of M: it is a vector bundle over M, whose fiber over each
point x € M is the space AT, M = AY(T, M), which is the exterior (antisymmetric)
product of ¢ copies of the tangent space T,M. In particular, A'TM = TM. If
(21,...,2y) is a local system of coordinates at x, then AT, M admits a linear basis

Ty 4 A al‘iq
g-vector field 11 on M is, by definition, a smooth section of AYT'V, i.e. a map II
from V to AYT M, which associates to each point = of M a g-vector II(z) € AT, M,
in a smooth way. In local coordinates I Will have a local expression

0
(115 Z H“ g 1/\“ ax q' Z .“/\al'iq’

11 < <dg i1...04

consisting of the elements

() with 41 < i < --- < i4. A smooth

where the components 1I;, . ;_, called the coefficients of II, are smooth functions.

The coefficients II;,..;, are antisymmetric with respect to the indices, i.e. if we
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permute two indices then the coefficient is multiplied by —1. For example, IL; ;,.. =
—IL;,,, .. If I, .4, are Ck—smooth, then we say that II is C*-smooth, and so on.

Smooth g-vector fields are dual objects to differential g-forms in a natural way.
If II is a g-vector field and « is a differential g-form, which in some local system
of coordinates are written as Il(z) = Zi1<m<iq Hil_”fiq% A A % and o =

Zi1<m<iq i, ..i,dxi; A+ - Adxg,, then their pairing (o, 1I) is a function defined by

(1.16) (a,II) = Z I i @iy iy -

11 < <ig

EXERCISE 1.2.1. Show that the above definition of («, IT) does not depend on
the choice of local coordinates.

In particular, smooth g-vector fields on a smooth manifold M can be considered
as C*°(M)-linear operators from the space of smooth differential g-forms on M to
C>® (M), and vice versa.

A CF-smooth g-vector field II will define an R-multilinear skewsymmetric map
from C®(M) x -+ x C*°(M) (q times) to C*(M) by the following formula:

(117) H(flv“'afq) = <H,df1/\-"/\dfq> .

Conversely, we have:

LEMMA 1.2.2. A R-multilinear map I1: C°(M) x - --x C>®(M) — C*(M) arises
from a C*-smooth q-vector field by Formula (1.17) if and only if 11 is skewsymmetric
and satisfies the Leibniz rule (or condition):

(118) H(fgaf27--'7fq) = fH(g7f27--'7fq) +9H(f7f2,-~-afq)-

A map II which satisfies the above conditions is called a multi-derivation,

and the above lemma says that multi-derivations can be identified with multi-vector
fields.

Proof (sketch). The “only if” part is straightforward. For the “if” part, we
have to check that the value of II(f1,..., f,) at a point x depends only on the
value of dfy,...,df, at . Equivalently, we have to check that if dfi(x) = 0 then
I(f1,..., fg)(x) = 0. If dfi(x) = O then we can write fi = ¢+ >, x;9; where
¢ is a constant and x; and g; are smooth functions which vanish at xz. Accord-
ing to the Leibniz rule we have II(1 x 1, fa,..., fg) = 1 X II(1, fa,..., fq) + 1 X
II(1, fo,. .., fq) = 2II(1, fa,..., fq), hence II(1, f2, ..., fy) = 0. Now according to
the linearity and the Leibniz rule we have II(f1, ..., fy)(z) = cII(1, fa, ..., fq)(x) +

2o wi(@)I(gis fas -5 fo) (@) + 220 9i (@) (i, fa, - -, fo)(2) = 0. O

In particular, if IT is a Poisson structure, then it is skewsymmetric and satisfies
the Leibniz condition, hence it arises from a 2-vector field, which we will also denote
by II:

(1.19) {fr9} =11(f,9) = (IL,df Adg) .

A 2-vector field II, such that the bracket {f,g} := (II,df A dg) is a Poisson
bracket (i.e. satisfies the Jacobi identity {{f,g},h} + {{g,h}, f} + {{h, f}.g} =0
for any smooth functions f, g, h), is called a Poisson tensor, or also a Poisson
structure. The corresponding Poisson bracket is often denoted by {, }r1. If the
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Poisson tensor II is a C*-smooth 2-vector field, then we say that we have a Ck-
smooth Poisson structure, and so on.

In a local system of coordinates (xl, . xn) we have
8
1.20 M= > TII; 3= 5 i
(1.20) ; J sz &Tj 122 J 8% -

where IT;; = (II, dz; A dzj) = {xi,xj} and
af o of o
(121) {f.g} = Z{xmy} 8x Z L 99 Gos ZH 9f 99

oy Ox; Ox; g (“)gcz ox;
ExaMPLE 1.2.3. The Poisson tensor corresponding to the standard symplectic
structure w = >0, da; A dy; on R is > 895] A a%j'
NoTATION 1.2.4. : In this book, if functions fi,..., f, depend on variables
Z1,...,%p, and maybe other variables, then we will denote by
0 e afi\?
(1.22) M = det ( fl)
8(561,...,171;) 6xj i,j=1
the Jacobian determinant of (fi,..., f,) with respect to (z1,...,2,). For ex-
ample,

(1 23) 6(f’g) L ﬁ@_ﬁag
’ 8(371'7:17]') ’ a.’IIl a.’L'j 61’]' a.%'l '

With the above notation, we have the following local expression for Poisson
brackets:

(121)  {fg)= Z{x“xj}gf = S tone o) g

zaz]) .

Due to the Jacobi condition, not every 2-vector field will be a Poisson tensor.

EXERCISE 1.2.5. Show that the 2-vector field f A (£ + x£L) in R? is not a
Poisson tensor.

EXERCISE 1.2.6. Show that if Xq,..., X,, are pairwise commuting vector fields
and a;; are constants then . a;; X; A X; is a Poisson tensor.
To study the Jacobi identity, we will use the following lemma:

LEMMA 1.2.7. For any C'-smooth 2-vector field II, one can associate to it a
3-vector field A defined by

(1.25) A(f 9,h) ={{f. 9} 0} + {{g, 1}, f} + {{h, [}, 9}
where {k,1} denotes (IL,dk A dl) (i.e. the bracket of II).

Proof. It is clear that the right-hand side of Formula (1.25) is R-multilinear
and antisymmetric. To show that it corresponds to a 3-vector field, one has to
verify that it satisfies the Leibniz rule with respect to f, i.e.

Hfife, g}, by + g b}, frfe} + {{h, fife}, g} =
= fil{{/f2. 9}, h} + {{g. b}, o} + {{N, 2}, 9})+
+ fQ({{flag}’ h} + {{ga h}, fl} + {{h7 fl}vg})
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This is a simple direct verification, based on the Leibniz rule {ab,c} = a{b,c} +
b{a,c} for the bracket of the 2-vector field II. It will be left to the reader as an
exercise. (]

Direct calculations in local coordinates show that

O, ; of g Oh
1.2 I 11
(1.26) A(f,g,h) > 7{ Z )axl B B

where fijk ai;r means the cyclic sum a;j, + a;k; + ari;. In other words,

oy o 0
(1.27) ?i Z o )axl N e r

i<j<k

Clearly, the Jacobi identity for II is equivalent to the condition that A = 0.
Thus we have:

PROPOSITION 1.2.8. A 2-vector field 11 =3,

of a given system of coordinates (z1,...,x,) is a Poisson tensor if and only if it
satisfies the following system of equations:

(1.28) j’é Z ”Hk_O Y i,4, k) .

I -2 75 N (% expressed in terms

]

An obvious consequence of the above proposition is that the condition for a
2-vector field to be a Poisson structure is a local condition. In particular, the
restriction of a Poisson structure to an open subset of the manifold is again a
Poisson structure.

ExamMpLE 1.2.9. Constant Poisson structures on R™: Choose arbitrary con-
stants II;;. Then Equation (1.28) is obviously satisfied. The canonical Poisson
structure on R2", associated to the canonical symplectic form w = > dg; A dp;, is
of this type.

ExAMPLE 1.2.10. Any 2-vector field on a 2-dimensional manifold is a Poisson
tensor. Indeed, the 3-vector field A in Lemma 1.2.7 is identically zero because there
are no non-trivial 3-vectors on a 2-dimensional manifold. Thus the Jacobi identity
is nontrivial only starting from dimension 3.

EXAMPLE 1.2.11. Let V be a finite-dimensional vector space over R (or C).
A linear Poisson structure on V is a Poisson structure on V for which the
Poisson bracket of two linear functions is again a linear function. Equivalently, in
linear coordinates, the components of the corresponding Poisson tensor are linear
functions. In this case, by restriction to linear functions, the operation (f,g) —
{f, g} gives rise to an operation [, | : V* x V* — V* which is a Lie algebra
structure on V*, where V* is the dual linear space of V.

Conversely, any Lie algebra structure on V* determines a linear Poisson struc-
ture on V. Indeed, consider a finite-dimensional Lie algebra (g,[ , ]). For each
linear function f : g* — R we denote by f the element of g corresponding to it. If
f and g are two linear functions on g* then we put {f,g}(a) = (o, [f, §]) for every
a in g*. If we choose a linear basis ei,...,e, of g, with [e;,e;] = Zcfjek, then
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we have {z;,z;} = Zc .1, where x; is the function such that ; = ¢;. By tak-
ing (z1,...,x,) as a hnear system of coordinates on g*, it follows from the Jacobi
identity for [, ] that the functions II;; = {z;,z;} verify Equation (1.28). Thus we
get a Poisson structure on g*. This Poisson structure can be defined intrinsically
by the following formula:

(1.29) {f,9}(@) = (e, [df (@), dg()]) ,

where df(«) and dg(«) are considered as elements of g via the identification (g*)* =
g. Thus, there is a natural bijection between finite-dimensional linear Poisson
structures and finite-dimensional Lie algebras. Omne can even try to study Lie
algebras by viewing them as linear Poisson structures (see, e.g., [38]).

REMARK 1.2.12. Multi-vector fields are also known as antisymmetric con-
travariant tensors, because their coefficients change contravariantly under a
change of local coordinates. In particular, the local expression of a Poisson bracket

will change contravariantly under a change of local coordinates: Let x = (21, ..., 2,)
and y = (y1,...,Yn) be two local coordinate systems on a same open subset of a
Poisson manifold (M, {,}). Viewing y; as functions of (z1,...,z,), we have

oyi, Ys)
(1.30) {yi,y;} Z o Wi, y;) {xr,xs} :

x” I b

Denote II,5(x) = {z,, x5} (x),H;j(y) = {¥:i,y;} (y). Then the above equation can
be rewritten as

(1.31) =3 5] 0i:%3) ()11, ().

LL’ €T
r<s T s

EXERCISE 1.2.13. Consider the Poisson structure on R? defined by {z,y} = e®.
Show that in the new coordlnates (u,v) = (z,ye~") the Poisson tensor will have
the standard form au A av

EXERCISE 1.2.14. Let IT = " 11,;0/0x; AO/Ox; be a constant Poisson structure
on R”, i.e. the coefficients II;; are constants. Show that there is a number p > 0
and a linear coordinate system (y1,...,¥,) in which the Poisson bracket has the
form

(1.32) {f.g} = oltg) g 09

0W1,y2) O (ys,va) 9 (Y2p—1,Y2p)

1.3. Poisson morphisms

DEFINITION 1.3.1. If (M7, {, }1) and (M3, {, }2) are two smooth Poisson mani-
folds, then a smooth map ¢ from M; to My is called a smooth Poisson morphism
or Poisson map if the associated pull-back map ¢* : C*°(Mz) — C>°(M;) is a Lie
algebra homomorphism with respect to the corresponding Poisson brackets.

In other words, ¢ : (M1, {, }1) — (Ma, {, }2) is a Poisson morphism if
(1.33) {0 f,0"ghh =" {f.gt2 V f,g€C™ (M) .

Of course, Poisson manifolds together with Poisson morphisms form a category:
the composition of two Poisson morphisms is again a Poisson morphism, and so on.
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Notice that a Poisson morphism which is a diffeomorphism will automatically be a
Poisson isomorphism: the inverse map is also a Poisson map.

Similarly, a map ¢ : (My,w1) — (Mz,ws) is called a symplectic morphism if
¢*wy = wy. Clearly, a symplectic isomorphism is also a Poisson isomorphism. How-
ever, a symplectic morphism is not a Poisson morphism in general. For example,
if M; is a point with a trivial symplectic form, and M> is a symplectic manifold of
positive dimension, then any map ¢ : M7 — M, is a symplectic morphism but not
a Poisson morphism.

ExaMPLE 1.3.2. If ¢ : h — g is a Lie algebra homomorphism, then the linear
dual map ¢* : g* — b* is a Poisson map, where g* and h* are equipped with
their respective linear Poisson structures. The proof of this fact will be left to the
reader as an exercise. In particular, if h is a Lie subalgebra of g, then the canonical
projection g* — h* is Poisson.

ExAMPLE 1.3.3. If ¢ is a diffeomorphism of a manifold N, then it can be
lifted naturally to a diffeomorphism ¢, : T*N — T*N covering ¢. By definition,
¢« preserves the Liouville 1-form 6 (see Example 1.1.9), hence it preserves the
symplectic form df. Thus, ¢, is a Poisson isomorphism.

EXAMPLE 1.3.4. Direct product of Poisson manifolds. Let (My,{,}1) and
(M3, {,}2) be two Poisson manifolds. Then their direct product M; x My can
be equipped with the following natural bracket:

(1'34) {f (1'1,1'2) ,g(l‘l,fﬂz)} = {f:magaiz}l (331) + {fmmgIl}Q (.7;2)

where we use the notation hy, (z2) = hy,(21) = h(z1,22) for any function h on
M; x M, 1 € My and x2 € Ms. Using Equation (1.28), one can verify easily
that this bracket is indeed a Poisson bracket on M; x Ms. It is called the product
Poisson structure. With respect to this product Poisson structure, the projection
maps My x My — My and My x My — M, are Poisson maps.

EXERcISE 1.3.5. Let M; = My = R™ with trivial Poisson structure. Find
a nontrivial Poisson structure on M; x M, = R?" for which the two projections
My x My — M7 and M7 x My — M, are Poisson maps.

EXERCISE 1.3.6. Show that any Poisson map from a Poisson manifold to a
symplectic manifold is a submersion.

A vector field X on a Poisson manifold (M,II), is called a Poisson vector
field if it is an infinitesimal automorphism of the Poisson structure, i.e. the
Lie derivative of II with respect to X vanishes:

(1.35) LxTT=0.

Equivalently, the local flow (%) of X, i.e. the 1-dimensional pseudo-group of local
diffeomorphisms of M generated by X, preserves the Poisson structure: V¢ € R,
(¢%) is a Poisson morphism wherever it is well-defined.

By the Leibniz rule we have Lx ({f, g}) = Lx (I, df Adg)) = (LxTT,df Adg)+
(ILALx f Adg) + (L df AdLxg) = (LxILdf Adg) +{X(f), g} +{f, X(9)}. So
another equivalent condition for X to be a Poisson vector field is the following:

(1.36) {Xf, gy +1{f, Xg} = X{f, g} .
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When X = X}, is a Hamiltonian vector field, then Equation (1.36) is nothing but
the Jacobi identity. Thus any Hamiltonian vector field is a Poisson vector field. The
inverse is not true in general, even locally. For example, if the Poisson structure is
trivial, then any vector field is a Poisson vector field, while the only Hamiltonian
vector field is the trivial one.

EXERCISE 1.3.7. Show that on R?" with the standard Poisson structure 8%1_/\
8%1' any Poisson vector field is also Hamiltonian.

ExaMpPLE 1.3.8. Infinitesimal version of Example 1.3.3. If X is a vector
field on a manifold N, then X admits a unique natural lifting to a vector field
X on T*N which preserves the Liouville 1-form. In a local coordinate system
(P1y-3Pnsq1y- -+, qn) on T*N_ where (¢1,...,¢n) is a local coordinate system on
N and the Liouville 1-form is § = ), p;dg; (see Example 1.1.9), we have the fol-

lowing expression for X:

Oay(
If X = a;(q then X = a;(q il
2 2 aqz aq] 3%

The vector field X is in fact the Hamiltonian vector field of the function
X(ph e Pnsqly -y qn) = Zai(q)pz

on T*N. This function X is nothing else than X itself, considered as a fiber-wise
linear function on T*N.

ExaMPLE 1.3.9. Let G be a connected Lie group, and denote by g the Lie
algebra of GG. By definition, g is isomorphic to the Lie algebra of left-invariant tan-
gent vector fields of G (i.e. vector fields which are invariant under left translations
Ly : h— ghon G). Denote by e the neutral element of G. For each X, € T.G, there
is a unique left-invariant vector field X on G whose value at e is X, (X obtained
from X, by left translations), so we may identify T.G with g via this association
X — X. We will write T.G = g, and TG = g* by duality. Consider the left
translation map

(1.37) L:T*G—g" =T!G, L(p)=(L,)*p=L,p ¥VpeTG,

where L,-1p means the push-forward (Ly-1).p of p by L,-1 (we will often omit the
subscript asterisk when writing push-forwards to simplify the notations).

THEOREM 1.3.10. The above left translation map L : T*G — g* is a Pois-
son map, where T*G is equipped with the standard symplectic structure, and g* is
equipped with the standard linear Poisson structure (induced from the Lie algebra
structure of g).

Proof (sketch). It is enough to verify that, if z,y are two elements of g,
considered as linear functions on g*, then we have

{L*x,L*y} = L*([x, y]).
Notice that L*x is nothing else than z itself, considered as a left-invariant vector
field on G and then as a left-invariant fiber-wise linear function on 7*G. By the
formulas given in Example 1.3.8, the Hamiltonian vector field X+, of L*x is the
natural lifting to T*G of x, considered as a left-invariant vector field on G. Since
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the process of lifting of vector fields from N to T*N preserves the Lie bracket for
any manifold N, we have

[XL*QH XL*y} = XL*[I,y]~

It follows from the above equation and Lemma 1.1.11 that {L*z, L*y} and L*([z, y])
have the same Hamiltonian vector field on T#G. Hence these two functions differ by
a function which vanishes on the zero section of T*G and whose Hamiltonian vector
field is trivial on T*G. The only such function is 0, so {L*z, L*y} = L*([z,y]). O

EXERCISE 1.3.11. Show that the right translation map R : T*G — g* = TG,
defined by L(p) = (Ry)«p ¥ p € T, G, is an anti-Poisson map. A map ¢ : (M,II) —
(N, A) is called an anti-Poisson map if ¢ : (M,II) — (N, —A) is a Poisson map.

Given a subspace V € T, M of a tangent space T, M of a symplectic manifold
(M,w), we will denote by V+ the symplectic orthogonal to V: V1 = {X ¢
T.M | w(X,Y) =0VY € V}. Clearly, V = (V+). V is called Lagrangian
(resp. isotropic, coisotropic, symplectic) if V = V+* (resp. V C V1,V o V4,
VNV+ =0). A submanifold of a symplectic manifold is called Lagrangian (resp.
isotropic, coisotropic, resp. symplectic) if its tangent spaces are so. Lagrangian
submanifolds play a central role in symplectic geometry, see, e.g., [204, 142]. In
particular, we have the following characterization of symplectic isomorphisms in
terms of Lagrangian submanifolds:

PROPOSITION 1.3.12. A diffeomorphism ¢ : (M, w1) — (Mz,w2) is a symplectic
isomorphism if and only if its graph A = {(z,¢(x))} € My X My is a Lagrangian
manifold of My x My, where Mo means My together with the opposite symplectic
form —ws.

The proof is almost obvious and is left as an exercise. ([l

A subspace V' C T, M of a Poisson manifold (M, 1I) is called coisotropic if for
any a, 8 € TxM such that (o, X) = (5,X) =0V X € V we have (I,a A ) = 0.
In other words, V° C (V°)1, where V° = {a € T*M | (o, X) =0V X € V} is the
annulator of V and (V°)t = {8 e T:M | (Il,aAB) =0V o € V°} is the “Poisson
orthogonal” of V°. A submanifold N of a Poisson manifold is called coisotropic
if its tangent spaces are coisotropic.

ProrosITION 1.3.13. A map ¢ : (M1,111) — (Mo, Il) between two Poisson
manifolds is a Poisson map if and only if its graph T'(¢) := {(x,y) € My x Ma; y =
¢(x)} is a coisotropic submanifold of (My,111) x (Ma, —1I5).

Again, the proof will be left as an exercise. O

1.4. Local canonical coordinates

In this section, we will prove the splitting theorem of Alan Weinstein [205],
which says that locally a Poisson manifold is a direct product of a symplectic
manifold with another Poisson manifold whose Poisson tensor vanishes at a point.
This splitting theorem, together with Darboux theorem which will be proved at the
same time, will give us local canonical coordinates for Poisson manifolds.
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Given a Poisson structure II (or more generally, an arbitrary 2-vector field) on
a manifold M, we can associate to it a natural homomorphism

(1.38) f =ty T*M — TM,

which maps each covector a € T} M over a point z to a unique vector #(«) € T, M
such that

(1.39) (anB,1I) = (3, 4(a))
for any covector 5 € T M. We will call § = §i1 the anchor map of II.

The same notations § (or firr) will be used to denote the operator which as-
sociates to each differential 1-form « the vector field #§(«) defined by (§(«))(z) =
#(a(z)). For example, if f is a function, then #(df) = X is the Hamiltonian vector
field of f.

The restriction of f11 to a cotangent space T,y M will be denoted by #, or f#11(,)-
In a local system of coordinates (z1,...,x,) we have

i <z": aida:,) Z{xl,x]}al X:HUCLz
i=1

Thus f, is a linear operator, given by the matrix [H”(x)] in the linear bases
(dzy,...,dz,) and (89: ,...,%),

DEFINITION 1.4.1. Let (M,II) be a Poisson manifold and = a point of M.
Then the image C, := Imf, of f, is called the characteristic space at x of the
Poisson structure II. The dimension dimC, of C, is called the rank of II at x, and
max,.¢p dim C, is called the rank of II. When rank I, = dim M we say that II is
nondegenerate at x. If rank II, is a constant on M, i.e. does not depend on z,
then II is called a regular Poisson structure.

EXAMPLE 1.4.2. The constant Poisson structure 7
2s) is a regular Poisson structure of rank 2s.

0 m
i1 8% Nozi; on R (m >

EXERCISE 1.4.3. Show that rank II, is always an even number, and that II is
nondegenerate everywhere if and only if it is the associated Poisson structure of a
symplectic structure.

The characteristic space C, admits a unique natural antisymmetric nondegen-
erate bilinear scalar product, called the induced symplectic form: if X and Y
are two vectors of C, then we put

(1.40) (X)) =(8,X)=TLaAp) =—IL,8ANa) = —{a,Y) =—(V, X)
where «, 8 € T M are two covectors such that X = o and Y = §0.

EXERCISE 1.4.4. Verify that the above scalar product is anti-symmetric nonde-
generate and is well-defined (i.e. does not depend on the choice of @ and 3). When
IT is nondegenerate then the above formula defines the corresponding symplectic
structure on M.

THEOREM 1.4.5 (Splitting theorem [205]). Let x be a point of rank 2s of a
Poisson m-dimensional manifold (M,II): dimC, = 2s where C,, is the characteris-
tic space at x. Let N be an arbitrary (m— 2s)-dimensional submanifold of M which
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contains x and is transversal to C, at x. Then there is a local system of coordi-
nates (P1, -, Psy q1s- -3 Qsy 215« - -, Zm—2s) in a neighborhood of x, which satisfy the
following conditions:

a) pi(Nz) = ¢;(N,) = 0 where N, is a small neighborhood of x in N.

b) {qi;q;} = {pi,p;} =0V i,5; {pi,q;} = 0 if i # j and {pi,q;} = 1V i.

c) {zipi} ={zi,q;} =0V i, .

d) {zi,zjHx) =0V i,5.

A local coordinate system which satisfies the conditions of the above theorem
is called a system of local canonical cordinates. In such canonical coordinates
we have

14D (g} =3t 5o o+ Z S = {faby + {L.gbs

where

(142 {F.g}s = z o

defines the nondegenerate Poisson structure i% A % on the local submanifold
S={z1=+=2zn_2s =0} and

af o
(1.4 DY

defines a Poisson structure on a neighborhood of =z in N. Notice that, since
{#zi,p;} = {#i,¢;} = 0V 4,7, the functions {z;,z;} do not depend on the vari-
ables (p1,...,Ps,q1,.--,4s). The equality {z;,z;}(x) = 0 V 4,j means that the
Poisson tensor of {, } y vanishes at x.

Formula (1.41) means that the Poisson manifold (M, IT) is locally isomorphic (in
a neighborhood of z) to the direct product of a symplectic manifold (S, Y] dp;Adg;)
with a Poisson manifold (N, {, } v) whose Poisson tensor vanishes at z. That’s why
Theorem 1.4.5 is called the splitting theorem for Poisson manifolds: locally, we can
split a Poisson structure in two parts — a regular part and a singular part which
vanishes at a point.

Proof of Theorem 1.4.5. If TI(x) = 0 then s = 0 and there is nothing to
prove. Suppose that II(x) # 0. Let p; be a local function (defined in a small
neighborhood of x in M) which vanishes on N and such that dp;(x) # 0. Since
C; is transversal to N, there is a vector X,(x) € C, such that (X, (z),dp:(x)) # 0,
or equivalently, X, (¢)(z) # 0, where X,, denotes the Hamiltonian vector field of
p1 as usual. Therefore X, () # 0. Since C, 2 #(dp1)(z) = X, (z) # 0 and is not
tangent to N, there is a local function ¢; such that ¢1(N) =0 and X,,(¢1) =1 in
a neighborhood of z, or

(1.44) Xpn ={p1,q1}=1.

Moreover, X,,, and X,, are linearly independent (X, = AX,, would imply that
{p1,¢1} = —AX,, (p1) = 0), and we have

(1.45) [Xple ] X{pl»Ql} =0.
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Thus X,,, and X, are two linearly independent vector fields which commute. Hence
they generate a locally free infinitesimal R2-action in a neighborhood of x, which
gives rise to a local regular 2-dimensional foliation. As a consequence, we can find

a local system of coordinates (y1,...,Ym) such that
0 0
1.46 X, = — X, =—.
( ) q1 33/1 ’ P1 8y2

With these coordinates we have {q1,y;} = X4, (v;) = 0 and {p1,y:} = Xp, (v;) =
0, for ¢ = 3,...,m. Poisson’s Theorem 1.1.10 then implies that {p1,{y:,y;}} =
{q1,{yi,y;}} =0 for 4, j > 3, whence

{ywyj}:@w (y37aym) VZ,]ZS,

(147) {plaql} =1 )
{p1,y;} ={aq1,y;} =0 vVj=3.
We can take (p1,q1,¥s,--.,Ym) as a new local system of coordinates. In fact, the

Jacobian matrix of the map ¢ : (y1,%2,¥3,--,Ym) — (P1,491,Y3,---,Ym) is of the
form

(1.48) -1 0

(because gT(ﬁ =X, q1 =0, % = Xp,¢1 = {q1,p1} =1,... ), which has a non-zero

determinant (equal to 1). In the coordinates (g1, p1, Y3, - -, Ym), we have
3] 3] 1 0 3]
1.49 = _—AN—+3 I (Y3, ey Yn) = A — .
(1.49) Opr Oq 2 i;ﬂ) is Y )5yi dy;

The above formula implies that our Poisson structure is locally the product
of a standard symplectic structure on a plane {(p1,¢q1)} with a Poisson structure
on a (m — 2)-dimensional manifold {(ys,...,ym)}. In this product, N is also the
direct product of a point (= the origin) of the plane {(p1,q1)} with a local subman-
ifold in the Poisson manifold {(ys,...,ym)}. The splitting theorem now follows by
induction on the rank of II at . O

REMARK 1.4.6. In the above theorem, when m = 2s, we recover Darboux the-
orem which gives local canonical coordinates for symplectic manifolds. If (M, II)
is a regular Poisson structure, then the Poisson structure of N, in the above theo-
rem must be trivial, and we get the following generalization of Darboux theorem:
any regular Poisson structure is locally isomorphic to a standard constant Poisson
structure.

EXERCISE 1.4.7. Prove the following generalization of Theorem 1.4.5. Let N be
a submanifold of a Poisson manifold (M, II), and « be a point of N such that T,, N +
Cy =T, M and T, N NC, is a symplectic subspace of C,, i.e. the restriction of the
symplectic form on the characteristic space C,, to T, N NC, is nondegenerate. (Such
a submanifold N is sometimes called cosymplectic). Then there is a coordinate
system in a neighborhood of x which satisfy the conditions a), b), ¢) of Theorem
1.4.5, where 2s = dim M — dim N = dim C,, — dim(T, N N C,).
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1.5. Singular symplectic foliations

A smooth singular foliation in the sense of Stefan-Sussmann [187, 192] on a
smooth manifold M is by definition a partition F = {F,} of M into a disjoint union
of smooth immersed connected submanifolds F,, called leaves, which satisfies the
following local foliation property at each point x € M: Denote the leaf that
contains x by F,, the dimension of F, by d and the dimension of M by m. Then
there is a smooth local chart of M with coordinates yi, ..., ¥, in a neighborhood
Uofa,U={-¢<y <e&...,—¢ < ym < €}, such that the d-dimensional
disk {yq+1 = ... = ym = 0} coincides with the path-connected component of the
intersection of F, with U which contains z, and each d-dimensional disk {yg+1 =
Cd+1s- -+ Ym = Cm}, Where c441,. ..,y are constants, is wholly contained in some
leaf F,, of F. If all the leaves F, of a singular foliation F have the same dimension,
then one says that F is a regular foliation.

A singular distribution on a manifold M is the assignment to each point
x of M a vector subspace D, of the tangent space T, M. The dimension of D,
may depend on x. For example, if F is a singular foliation, then it has a natural
associated tangent distribution D”: at each point x € V, D7 is the tangent
space to the leaf of F which contains z.

A singular distribution D on a smooth manifold is called smooth if for any
point x of M and any vector Xy € D,, there is a smooth vector field X defined in a
neighborhood U, of x which is tangent to the distribution, i.e. X(y) € D, Vy € Uy,
and such that X (z) = Xy. If, moreover, dim D, does not depend on z, then we
say that D is a smooth regular distribution.

It follows directly from the local foliation property that the tangent distribution
D7 of a smooth singular foliation is a smooth singular distribution.

An integral submanifold of smooth singular distribution D on a smooth
manifold M is, by definition, a connected immersed submanifold W of M such
that for every y € W the tangent space TyW is a vector subspace of D,. An
integral submanifold W is called mazimal if it is not contained in any other integral
submanifold; it is said to be of mazimum dimension if its tangent space at every
point y € W is exactly D,,.

We say that a smooth singular distribution D on a smooth manifold M is an
integrable distribution if every point of M is contained in a maximal integral
manifold of maximum dimension of D.

Let C be a family of smooth vector fields on M. Then it gives rise to a smooth
singular distribution D: for each point € M, DS is the vector space spanned
by the values at x of the vector fields of C. We say that D¢ is generated by C.

A distribution D is called invariant with respect to a family of smooth vector
fields C' if it is invariant with respect to every element of C: if X € C and (¢l)
denotes the local flow of X, then we have (% ).Ds = Dyt (o) wherever @' (z) is
well-defined.

The following result, due to Stefan [187] and Sussmann [192] (see also Dazord
[61]), gives an answer to the following question: what are the conditions for a
smooth singular distribution to be the tangent distribution of a singular foliation ?
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THEOREM 1.5.1 (Stefan-Sussmann). Let D be a smooth singular distribution
on a smooth manifold M. Then the following three conditions are equivalent:
a) D is integrable.
b) D is generated by a family C of smooth vector fields, and is invariant with respect
to C.
¢) D is the tangent distribution D¥ of a smooth singular foliation F.

Proof (sketch). a) = b). Suppose that D is integrable. Let C be the family
of all smooth vector fields which are tangent to D. The smoothness condition of
D implies that D is generated by C. It remains to show that if X is an arbitrary
smooth vector field tangent to D, then D is invariant with respect to X. Let x be
an arbitrary point in M, and denote by F(z) the maximal invariant submanifold
of maximum dimension which contains z. Then by definition (the condition of
maximum dimension), for every point y € F(z) we have T,F(x) = D,, which
implies that the vector field X, when restricted to F(x), is tangent to F(z). In
particular, the local flow ¢ can be restricted to F(z), i.e. F(z) is an invariant
manifold for this local flow. Moreover, if ¢% () is well-defined for some 7 > 0, then
the point ¢% (z) lies on F(z). This fact follows from the maximality condition on
F(z). (Note that, the union of two invariant submanifolds of maximum dimension is
again an invariant submanifold of maximum dimension if it is connected). Because
X is tangent to F(x), we have (p%).«(ToF(x)) = T,p (o F(2). But T, F(z) = D,
and Tz (2)F (2) = Dy (2), hence (9% )«Dy = Doz (a)-

b) = ¢). Suppose that D is generated by a family C' of smooth vector fields,
and is invariant with respect to C. Let x be an arbitrary point of M, denote
by d the dimension of D,, and choose d vector fields Xi,..., Xy of C such that
Xi(z),...,Xq4(z) span D,. Denote by ¢t,..., ¢l the local flow of Xy,..., Xy re-
spectively. The map

(1.50) (S1,--+,84) —= ¢1' o...0 P (x)

is a local diffeomorphism from a d-dimensional disk to a d-dimensional submani-
fold containing = in M. The invariance of D with respect to C' implies that this
submanifold is an integral submanifold of maximum dimension. Gluing these local
integral submanifolds together (wherever they intersect), we obtain a partition of
M into a disjoint union of connected immersed integral submanifolds of maximum
dimension, called leaves. To see that this partition satisfies the local foliation prop-
erty of singular foliations, we can proceed by induction on the dimension of D,:
If dim D, = 0, then the local foliation property at x is empty. If dim D, > 0,
then there is a vector field X € C such that X (z) # 0. Then the trajectories of
X lie on the leaves, and we can take the quotient of a small neighborhood of x by
the trajectories of X to reduce the dimension of M and of the leaves by 1. The
invariance with respect to C' and the local foliation property does not change under
this reduction.

¢) = a): If D = D7 is the tangent distribution of a singular foliation F, then
the leaves of F are maximal invariant submanifolds of maximum dimension for D.

O
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DEFINITION 1.5.2. An ¢nvolutive distribution is a distribution D such that
if X,Y are two arbitrary smooth vector fields which are tangent to D then their
Lie bracket [X,Y] is also tangent to D.

It is clear from Theorem 1.5.1 that if a singular distribution is integrable, then
it is involutive. Conversely, for regular distributions we have:

THEOREM 1.5.3 (Frobenius). If a smooth reqular distribution is involutive then
it is integrable, i.e. it is the tangent distribution of a regqular foliation.

Proof (sketch). One can use Formula (1.50) to construct local invariant sub-
manifolds of maximum dimension and then glue them together, just like in the
proof of Theorem 1.5.1. One can also see Theorem 1.5.3 as a special case of The-
orem 1.5.1, by first showing that a regular involutive distribution is invariant with
respect to the family of all smooth vector fields which are tangent to it. O

EXAMPLE 1.5.4. Consider the following singular foliation D on R? with coor-
dinates (z,y): Dy = T(%y)]Rz if z > 0, and D, is spanned by a% if z <0.
Then D is smooth involutive but not integrable.

The above example shows that, if in Frobenius theorem we omit the word
regular, then it is false. The reason is that, though Formula (1.50) still provides us
with local invariant submanifolds, they are not necessarily of maximum dimension.
However, the situation in the finitely generated case is better. A smooth distribution
D on a manifold M is called locally finitely generated if for any x € M there
is a neighborhood U of x such that the C>°(U)-module of smooth tangent vector
fields to D in U is finitely generated: there is a finite number of smooth vector
fields X4,...,X,, in U which are tangent to D, such that any smooth vector field
Y in U which is tangent to D can be written as Y =Y | fiX; with f; € C>(U).

THEOREM 1.5.5 (Hermann [105]). Any locally finitely generated smooth invo-
lutive distribution on a smooth manifold is integrable.

See [215] for a simple proof of Theorem 1.5.5. O

Consider now a smooth Poisson manifold (M, IT). Denote by C its characteristic
distribution. Recall that

(1.51) C.=Imt, = {X(z),f € C¥(M)} YVaeM.

Since the Hamiltonian vector fields preserve the Poisson structure, they also pre-
serve the characteristic distribution. Thus, according to Stefan-Sussmann theorem,
the characteristic foliation C is completely integrable and corresponds to a singu-
lar foliation, which we will denote by F = Fy;. For the reasons which will become
clear below, this singular foliation is called the symplectic foliation of the Poisson
manifold (M, II).

For each point € M, denote by F(x) the leaf of F which contains z. Local
charts of F(x) are readily provided by Theorem 1.4.5: If
(plv <oy Pssqly o545, 215 -0 Zm72s)

is a local canonical system of coordinates at a point x € M, then the submanifold
{#z1 = -+ = zm_2s = 0} is a open subset of F(x), and it has a natural symplectic
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structure with Darboux coordinates (p;,q;). Notice that this symplectic structure
does not depend on the choice of coordinates: at each point of {z1 = -+ = 2,95 =
0}, it coincides with the symplectic form on the characteristic space. Thus, on
each leaf F(x) we have a unique natural symplectic structure, which at each point
coincides with the symplectic form on the corresponding characteristic space. It
also follows from Assertions b), d) of Theorem 1.4.5 that the injection i : F — M
is a Poisson morphism: if f, g are two functions on M and y € F(z), then

(1.52) {f,9}W) ={flr@), 917 @) = (¥),

where {, }, is the Poisson bracket of the symplectic form on F(z). In other words,
we have:

THEOREM 1.5.6 ([205]). FEvery leaf F(x) of the symplectic foliation Fri of a
Poisson manifold (M,II) is an immersed symplectic submanifold, the immersion
being a Poisson morphism. The Poisson structure 11 is completely determined by
the symplectic structures on the leaves of Fiy.

ExaMmpPLE 1.5.7. Symplectic foliation of linear Poisson structures. Let G be
a connected Lie group, g its Lie algebra, and g* the dual of g. Recall that g*
has a natural linear Poisson structure, also known as the Lie-Poisson structure,
defined by

(1.53) {f.h}(e) = (o, [df(a), dn(a)]).

Denote the neutral element of G by e, and identify g with T.G. G acts on g by
the adjoint action Ady(z) = (u— gug™').(z) and on g* by the coadjoint action
(the induced dual action) Adj(a)(z) = a(Ad,17), a € g%, v € g, g € G. This
action is generated infinitesimally by the coadjoint action of g on g* defined by
ads()(y) = (@, [9,2])) = —(a, adsy).

THEOREM 1.5.8. The symplectic leaves of the Lie-Poisson structure on the
dual of an arbitrary finite-dimensional Lie algebra coincide with the orbits of the
coadjoint representation on it.

Proof. Due to the Leibniz rule, the tangent spaces to the symplectic leaves, i.e.
the characteristic spaces, are generated by the Hamiltonian vector fields of linear
functions. If f, h are two linear functions on g*, also considered as two elements of
g by duality, and « is a point of g*, then we have

(1.54) Xp(h)(@) = (o, [f, h]) = —(ad}(a), h).

It implies that the tangent spaces of symplectic leaves are the same as the tangent
spaces of coadjoint orbits. It follows that coadjoint orbits are open closed subsets of
symplectic leaves, so they coincide with symplectic leaves because symplectic leaves
are connected by definition. O

A corollary of the above theorem is that the orbits of the coadjoint represen-
tation of a finite-dimensional Lie algebra are of even dimension and equipped with
a natural symplectic form. This symplectic form is also known as the Kirillov—
Kostant—Souriau form. Let us mention that coadjoint orbits play a very impor-
tant role in the theory of unitary representations of Lie groups (the so-called orbit
method), see, e.g., [119].

EXERCISE 1.5.9. Describe the symplectic leaves of so*(3) and sl*(2).



1.6. TRANSVERSE POISSON STRUCTURES 19

REMARK 1.5.10. A direct way to define the symplectic foliation of a Poisson
manifold (M,II) is as follows: two points z,y are said to belong to the same leaf
if they can be connected by a piecewise-smooth curve consisting of integral curves
of Hamiltonian vector fields. Then it is a direct consequence of the splitting the-
orem 1.4.5 that the corresponding partition of M into leaves satisfies the local
foliation property. Thus, in fact, we can use the splitting theorem 1.4.5 instead of
Stefan-Sussmann theorem 1.5.1 in order to show that on (M, II) there is a natural
associated foliation whose tangent distribution is the characteristic distribution.

1.6. Transverse Poisson structures

Let N be a smooth local (i.e. sufficiently small) disk of dimension m — 2s
of an m-dimensional Poisson manifold (M, II), which intersects transversally a 2s-
dimensional leaf F(x) of the symplectic foliation F of (M,II) at a point . In
other words, N contains x and is transversal to the characteristic space C,. Then
according to the splitting theorem 1.4.5, there are local canonical coordinates in
a neighborhood of x, which will define on N a Poisson structure. This Poisson
structure on N is called the transverse Poisson structure at x of the Poisson
manifold (M, II).

To justify the above definition of transverse Poisson structures, we must show
that the Poisson structure on N given by Theorem 1.4.5 does not depend on the
choice of local canonical coordinates, nor on the choice of N itself, modulo local
Poisson diffeomorphisms.

THEOREM 1.6.1. With the above notations, we have:
a) The local Poisson structure on N given by Theorem 1.4.5 does not depend on
the choice of local canonical coordinates.
b) If xo and x1 are two points on the symplectic leaf F(x), and Ny and Ny are two
smooth local disks of dimension m —2s which intersect F(x) transversally at xog and
x1 respectively, then there is a smooth local Poisson diffeomorphism from (Ny,xo)
to (Nl, .’El).

Proof. a) Theorem 1.4.5 implies that the local symplectic leaves near point x
are direct products of the symplectic leaves of a neighborhood of z in N with the
local symplectic manifold {(p1,...,ps,q1,-.-,qs)}. In particular, the symplectic
leaves of N are connected components of intersections of the symplectic leaves of
M with N, and the symplectic form on the symplectic leaves of N is the restriction
of the symplectic form of the leaves of M to that intersections. This geometric
characterization of the symplectic leaves of N and their corresponding symplectic
forms shows that they do not depend on the choice of local canonical coordinates.
Hence, according to Theorem 1.5.6, the Poisson structure of N does not depend on
the choice of local canonical coordinates.

b) Let Ny and Ny be two local disks which intersect a symplectic leaf F(x)
transversally at xg and x; respectively. Then there is a smooth 1-dimensional
family of local submanifolds N; (0 < ¢ < 1), connecting Ny to Ny, such that N,
intersects F,, transversely at a point x;. Point x; depends smoothly on ¢t. According
to (a parameterized version of) Theorem 1.4.5, there is a smooth family of local
functions

t t t t i t
(plv"'7p57Q17'"aqsazlw"azm—Qs)v
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such that for each t € [0,1], (pi,...,p%, ¢t,...,q5 24, ... 2L _5,) is a local canon-
ical system of coordinates for (M,II) in a neighborhood of x; such that pi(N;) =

For each point y € N, close enough to x;, define a tangent vector Y;(y) € T, M
as follows: For each 7 near ¢, the disk N, intersects the local submanifold {z¢ =
2(y), ... 2t o =2t _5.(y)} transversally at a unique point y,. The map 7 +— y,
is smooth. Vector Y;(y) is defined to be the derivation of this map at 7 = ¢. In
particular, Y;(x;) is the derivation of the map 7 +— x, at 7 =t.

There is a unique cotangent vector (;(y) € T;M such that B¢(y) annulates
T,N; (the tangent space of N; at y), and #6,(y) = Yi(y). For each ¢t € [0, 1] we
can choose a function f; defined in a neighborhood of Ny, in such a way that f;
depends smoothly on ¢, and that df;(y) = B:(y) V y € N;. It implies that we have
Xi(y) = Yi(y) Yy € Ni, where X; = Xy, denotes the Hamiltonian vector field of
fe-

Denote by ¢; the local flow of the time-dependent Hamiltonian vector field X;
(where t is considered as the time variable). Then of course ¢; preserves the Poisson
structure of V' (wherever ¢; is defined). From the construction of X, we also see
that ¢; moves xg to x, and it moves a sufficiently small neighborhood of zy in Ny
into NV;. In particular, ¢; defines a local diffeomorphism from Ny to N;. Since
(1 preserves the Poisson structure of M, it also preserves the Poisson structure
of No. (As explained in the first part of this theorem, the Poisson structure of
Ny depends only on II and Ny, and does not depend on other things like local
canonical coordinates). In other words, ¢, defines a local Poisson diffeomorphism
from (No,:l?o) to (Nl,xl). [l

In practice, the transverse Poisson structure may be calculated by the following
so-called Dirac’s constrained bracket formula, or Dirac’s formula® for short.

PROPOSITION 1.6.2 (Dirac’s formula). Let N be a local submanifold of a Pois-
son manifold (M,II) which intersects a symplectic leaf transversely at a point z.
Let 1, ..., 195, where 2s = rank I1(2), be functions in a neighborhood U of z such
that
(1.55) N ={x € U | ¢;(z) = constant}.

Denote by P;j = {t;,v;} and by (P¥) the inverse matriz of ( ”)U 1- Then the
bracket formula for the transverse Poisson structure on N is given as follows:

(156)  {f.g}n(z) ={f.3}(= Z{f i (@) P (2){1h;,G}(z) ¥z €N,

,j=1

where f,qg are functions on N and f,ﬁ are extensions of f and g to U. The above
formula is independent of the choice of extensions f and g.

Proof (sketch). If one replaces f by ¢y (Y k = 1,...,2s) in the above formula,
then the rlght hand side vanishes. If f and f are two extensions of f, then we
can write f = f + Z 1 (¥ — ;i(2))h;. Using the Leibniz rule, one verifies that

LAccording to Weinstein [206], Dirac’s formula was actually found by T. Courant and R.
Montgomery, who generalized a constraint procedure of Dirac.
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the right hand side in Formula (1.56) does not depend on the choice of f. By anti-
symmetricity, the right hand side does not depend on the choice of g either. Finally,
we can choose fand g to be independent of p;, ¢; in a canonical coordinate system
(P1y e s Dsy @y e ey Qss 21y e vy Zm— 23) provided by the splitting theorem 1.4.5. For

that particular choice we have {f i} () =0 and {f,}(z) = {f, g} n (). O

1.7. The Schouten bracket

1.7.1. Schouten bracket of multi-vector fields.

Recall that, if A =3, a;52 and B =3, b;5> are two vector fields written in
a local system of coordinates (z1,...,x,), then the Lie bracket of A and B is

ob; 0, d
(1.57) (4, B] = Zaz Zax 8% Zb Zazj, axj

We will redenote 3— by ¢; and consider them as formal, or odd variables®
(formal in the sense that they don’t take values in a field, but btlH form an algebra,
and odd in the sense that (;¢; = —(;(;, i.e. % A % = —% A aa; ). We can write
A=3",a;¢;and B =), b;¢; and consider them formally as functions of variables
(x4, ¢;) which are linear in the odd variables (¢;). We can write [A4, B] formally as

OA OB 9B 0A
(1.58) [A,B] = Z 3¢ 52, _Z 3 a -

The above formula makes the Lie bracket of two vector fields look pretty much like
the Poisson bracket of two functions in a Darboux coordinate system.

Now if I =, B O_ AN % is a p-vector field, then we will

i< <dp T ~ip 8:c

consider it as a homogeneous polynomlal of degree p in the odd variables ({;):

(1.59) O= > i.iCi-G, -

1< <ip

It is important to remember that the variables (; do not commute. In fact,
they anti-commute among themselves, and commute with the variables x;:

(1.60) Gy = —GiGis iCj = G iy = T

Due to the anti-commutativity of ({;), one must be careful about the signs when
dealing with multiplications and differentiations involving these odd variables. The
differentiation rule that we will adopt is as follows:

(Ciy -+ Giy)

(1.61) 5

= Cil e Cip_l.

2The name odd variable comes from the theory of supermanifolds, though it is not necessary
to know what a supermanifold is in order to understand this section.
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Equivalently, M = (=1)P7k¢, ... C/Z: ... Gi,, where the hat means that ¢;, is

0Ciy,
missing in the product (1 <k <p).
If
(1.62) = > A a . 6% = > A -G

11<...<lg T1,eesba

is an a-vector field, and

0
(1.63) B= Y Bi. g A 8%

11 <...<tp

Z Bn, ,zaCn-”Ci

Tyeeesl

is a b-vector field, then generalizing Formula (1.58), we can define a bracket of A
and B as follows:

dA OB OB 0A
(a-1)(b-1) " 98
(1.64) Z 3 5z, (—1) Z 3 5. -

Clearly, the bracket [A, B] of A and B as defined above is a homogeneous
polynomial of degree a + b — 1 in the odd variables ((;), so it is a (a + b — 1)-vector
field.

THEOREM 1.7.1 (Schouten—Nijenhuis). The bracket defined by Formula (1.64)
satisfies the following properties:
a) Graded anti-commutativity: if A is an a-vector field and B is a b-vector field
then

(1.65) [A,B] = —(=1)(e=DC=D[B 4] .

b) Graded Leibniz rule: if A is an a-vector field, B is a b-vector field and C is a
c-vector field then

(1.66) [A,BAC]=[A,B]AC+ (-1) @B A[A,C]

(1.67) [AAB,C] = AN[B,C]+ (1) VA, CIAB .
¢) Graded Jacobi identity:
(1.68) (—1)*~ VDA [B,Cl + (-1)*~ V=B, [C, All+
+ (—1) D=0 (A, B]] =0 .
d) If A= X is a vector field then
(1.69) [X,B]=LxB,

where Lx denotes the Lie derivative by X . In particular, if A and B are two vector
fields then the Schouten bracket of A and B coincides with their Lie bracket. If
A = X is a vector field and B = f is a function (i.e. a 0-vector field) then we have

(1.70) (X, f1=X(f) = (df, X) .

Proof. Assertion a) follows directly from the definition.
b) The differentiation rule (1.61) implies that

ABNC) _ poC H)Cg?

o, Pac ¢




1.7. THE SCHOUTEN BRACKET

Hence we have
Z 0A 8 B NG

T

[A,BAC] =

e = O(BAC) 0A
(_1)(u 1)(b+c—1) Z S
6 i 8:172

aA 8B 0A _oC oC 0A
— 737 o (a 1)(b+c—1) B
Z ¢ 83:@ Z G Z 0¢; 0x;
GB oA
_ (a—1)(b+c—1)+c
0A aB 0B 0A
_ (a—1)(b+c—1)+c+ac ve
2 oG om0~ Y 2. 3¢, o,
oC 0A 0A 0C
~_1\a=Db [ _/ 1\(a—1)(c—1)
e ( = B3 e+ X Boe o)
= [A,BIAC+ (-1) @V BA[A,C]
The proof of Formula (1.67) is similar.
c¢) By direct calculations we have
(—1)@= DDA [B,C]] = Sy + Sa + S5+ Sy,
where
0A 0°B oC 0B 0°C 0A
S, = (—1 (a—1)(c—1) e G | (a—1)(b—1) — -
! ( ) 12’; 6@ 3$j8<,‘ 8a:i ( ) ZZ; 8@ 8],‘,‘8@' 8a:j
0A 0B 09*C oC 0A 9°B
Sy = (— (a—1)(c—1 g _ 1 (e—1)(b—1) —=
2 2]: d¢; O¢; 0,0, ) z]: a¢; 9 w0,
9’°B 0C 0A 0?°C 0A OB

—(_ (b—1)(a—1)
S5 =(=1) ;a@am, a¢; oz;

0’C 0B 0A
1)(b—1)(a+c)+b
) 122 0¢;0¢; Ox; ax]

— (_1)( -

Si= (-

9?’B 9C 9A

0?C 0A 0B
— (_1\®o=D(c—=1)+a
(=1) ZZ 0¢;0¢; Ox; 890]

. 0*Cc . 9*C
(because 5606 = 860G

when adding similar terms from (—1)(”_1)(“_1)[
. . o)
d) If f is a function and X = 37, &i52-

(X, =285 =Y a5t =

(—1)e= D=1 Z

; 8@81‘]87@83?1 ’

a—1)(b—1)+c dela

,[C, A]] and (-1
is a vector field, then 7=
X(f). When A and B are vector fields, Formula

9?°B 0C 0A

(a 1)(b—1)+c “a

). Each of the summands Sy, Ss, S3, .54 will become zero
)= DO=DIC, (A, B]).

of _

0, and

(1.64) clearly coincides with Formula 1.58. When B is a multi-vector field, Assertion
d) can be proved by induction on the degree of B, using the Leibniz rules given by
Assertion b). O

A-priori, the bracket of an a-vector field A with a b-vector field B, as defined
by Formula (1.64), may depend on the choice of local coordinates (x1,...,Zy,).
However, the Leibniz rules (1.66) and (1.67) show that the computation of [A, B]
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can be reduced to the computation of the Lie brackets of vector fields. Since the
Lie bracket of vector fields does not depend on the choice of local coordinates, it
follows that the bracket [A, B] is in fact a well-defined (a+b— 1)-vector field which
does not depend on the choice of local coordinates.

DEFINITION 1.7.2. If A is an a-vector field and B is a b-vector field, then the
uniquely defined (a+b—1)-vector field [A, B], given by Formula (1.64) in each local
system of coordinates, is called the Schouten bracket of A and B.

REMARK 1.7.3. Our sign convention in the definition of the Schouten bracket
is the same as Koszul’s [123], but different from Vaisman’s [195] and some other
authors.

The Schouten bracket was first discovered by Schouten [182, 183]. Theorem
1.7.1 is essentially due to Schouten [182, 183] and Nijenhuis [162]. The graded
Jacobi identity (1.68) means that the Schouten bracket is a graded Lie bracket: the
space V*(M) = €D, VP (M), where VP(M) is the space of smooth p-vector fields
on a manifold M, is a graded Lie algebra, also known as Lie super-algebra, under
the Schouten bracket, if we define the grade of V(M) to be p — 1. In other words,
we have to shift the natural grading by —1 for V(M) together with the Schouten
bracket to become a graded Lie algebra in the usual sense.

Another equivalent definition of the Schouten bracket, due to Lichnerowicz
[127], is as follows. If A is an a-vector field, B is a b-vector field, and 7 is an
(a + b — 1)-form then

(L71) (n,[A4, B]) = (=1~ D(d(ign), A) — (d(ian), B) + (=1)*(dn, A\ B).

In this formula, i4 : Q*(M) — Q*(M) denotes the inner product of differential
forms with A, i.e. (i48,C) = (B, AN C) for any k-form 3 and (k — a)-vector field
C. If k<atheniysfB=0.

More generally, we have the following useful formula, due to Koszul [123]3.

LEMMA 1.7.4. For any A € V*(M), B € V*(M) we have
(172) Z[A’B] = (_1)(&—1)(})—1)7;14 O dO ’LB — lB (e] d o ZA+
+ (=1)%appod+ (—1)’d o ianp.

Proof. By induction, using the Leibniz rule. (I

Yet another equivalent definition of the Schouten bracket, via the so called curl
operator, will be given in Section 2.5.

The Schouten bracket offers a very convenient way to characterize Poisson
structures and Hamiltonian vector fields:

THEOREM 1.7.5. A 2-vector field 11 is a Poisson tensor if and only if the
Schouten bracket of 11 with itself vanishes:

(1.73) LI =0 .
3Koszul [123] wrote (1.72) as ila,B] = [[ia,d];ip]. But the brackets on the right-hand

side must be understood as graded commutators of graded endomorphisms of Q*(M), not usual
commutators.



1.7. THE SCHOUTEN BRACKET 25

If 11 is a Poisson tensor and f is a function, then the corresponding Hamiltonian
vector field Xy satisfies the equation

(1.74) Xp=—[Lf].

Proof. It follows directly from Formula (1.64) that Equation (1.73), when
expressed in local coordinates, is the same as Equation (1.28). Thus the first
part of the above theorem is a consequence of Proposition 1.2.8. The second
part also follows directly from Formula (1.64) and the definition of X;: —[II, f] =

o A 0 o o P) o
i Mg A g 1= = Wit o = 20 o iy e = X 0

By abuse of language, we will call Equation (1.73) the Jacobi identity, be-
cause it is equivalent to the usual Jacobi identity (1.2).

EXERCISE 1.7.6. Let II be a smooth Poisson tensor on a manifold M. Using
Theorem 1.7.5, show that the following two statements are equivalent: a) rank IT <
2; b) fII is a Poisson tensor for every smooth function f on M.

EXERCISE 1.7.7. Show that, if A is a p-vector field on a Poisson manifold
(M, 1I), then the Schouten bracket [II, A] can be given, in terms of multi-derivations,
as follows:

p+1
(175)  [LAJ(f1se s forn) = 2 (=D S A fieo fpr) b+
=1
+ Z(_1)1+JA({fl7f]}7f1a SRR fi LRI f] LRI fp+1)7
1<J

where the hat over f; and f; means that these terms are missing in the expression.
(Hint: one can use Formula (1.71)).

1.7.2. Schouten bracket on Lie algebras.

The Schouten bracket on V*(M) extends the Lie bracket on V(M) by the
graded Leibniz rule. Similarly, by the graded Leibniz rule (1.66,1.67), we can extend
the Lie bracket on any Lie algebra g to a natural graded Lie bracket on A*g =
@D, \*g, where A*g means g A ... A g (k times), which will also be called the
Schouten bracket. More precisely, we have:

LEMMA 1.7.8. Given a Lie algebra g over K, there is a unique bracket on
A*g = @2, A*g which extends the Lie bracket on g and which satisfies the following
properties, V A € N°g, B € N\bg,C € N°g:

a) Graded anti-commutativity:

(1.76) [A, B] = —(=1)le=D-D[B 4]

b) Graded Leibniz rule:

(1.77) [A,BAC])=[A,B]AC+ (-1)*" DB A[A,C]
(1.78) [AAB,C)l = AN[B,C|+ (—1)“"V[A,CI A B

¢) Graded Jacobi identity:

(=)« DEDA, B, O] + (-1) =D D[B, [C, All+

(1.79) +(-1)D0D(C,[4, B =0



26 1. GENERALITIES ON POISSON STRUCTURES

d) The bracket of any element in A*g with an element in A\’g = K is zero.

Proof. The proof is straightforward and is left to the reader as an exercise.
Remark that, another equivalent way to define the Schouten bracket on A*g is to
identify A*g with the space of left-invariant multi-vector fields on G, where G is
the simply-connected Lie group whose Lie algebra is g, then restrict the Schouten
bracket on V*(G) to these left-invariant multi-vector fields. O

If £ : g — V(M) is an action of a Lie algebra G on a manifold M, then it can
be extended in a unique way by wedge product to a map

N N g — V*(M).
For example, if z,y € g then A{(z Ay) = £(z) A E(y).

LEMMA 1.7.9. If £ : g — VY(M) is a Lie algebra homomorphism then its
extension A : A*g — V*(M) preserves the Schouten bracket, i.e.

N([o, B]) = [N&(a), ANE(B)] Y i, B € Ag.

Proof. The proof is straightforward, by induction, based on the Leibniz rule.
O

NOTATION 1.7.10. For an element a € A*g, we will denote by a™ the left-
invariant multi-vector field on G whose value at the neutral element e of G is
a, ie. at(g) = Lya, where L, means the left translation by g. Similarly, o~
denotes the right-invariant multi-vector field a™(g) = Ry, where R, means the
right translation by g.

As a direct consequence of Lemma 1.7.9, we have:

THEOREM 1.7.11. For an element r € g A g, where g is the Lie algebra of a
connected Lie group G, the following three conditions are equivalent:
a) r satisfies the equation [r,r] =0,
b) rT is a left-invariant Poisson structure on G,
¢) r~ is a right-invariant Poisson structure on G.

Proof. Obvious. (]
The equation [r,r] = 0 is called the classical Yang-Bazxter equation* [86],
or CYBE for short. This equation will be discussed in more detail in Chapter ?7.

EXAMPLE 1.7.12. If 2,y € g such that [z,y] =0 and z Ay #0, then r =z Ay
satisfies the classical Yang-Baxter equation, and the corresponding left and right
invariant Poisson structures on G have rank 2.

1.7.3. Compatible Poisson structures.

DEFINITION 1.7.13. Two Poisson tensors II; and Ily are called compatible if
their Schouten bracket vanishes:
(1.80) [I1;,II5] = 0.

4The Yang-Baxter equation has its origins in integrable models in statistical mechanics, and
is one of the main tools in the study of integrable systems (see, e.g., [116]).
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Another equivalent definition is: two Poisson structures II; and IIs are com-
patible if IIy +II5 is also a Poisson structure. Indeed, we have [II; + 11y, II; + 15| =
[Hl,Hl] + [HQ,HQ] + 2[1_.[1, Hg] = 2[H17H2], provided that [Hl, Hl] = [HQ,HQ} = 0.
So Equation (1.80) is equivalent to [II + Iy, IT; 4+ I15] = 0.

If II; and II; are two compatible Poisson structures, then we have a whole
2-dimensional family of compatible Poisson structures (or projective 1-dimensional
family): for any scalars ¢; and ¢, ¢1111 + oIl is a Poisson structure. Such a family
of Poisson structures is often called a pencil of Poisson structures.

ExXAMPLE 1.7.14. The linear Poisson structure xla%z A 6%3 + xga%g A 8%1 +

xga%l A 8%2 on s50*(3) = R? can be decomposed into the sum of two compatible
linear Poisson structures (,’E1% — xga%l) A aim and mga%l A 8%2.

EXAMPLE 1.7.15. If r, 75 € gA g are solutions of the CYBE [r,7] = 0, then
and r, form a pair of compatible Poisson structures on G, where G is Lie group
whose Lie algebra is g.

EXAMPLE 1.7.16 ([148]). On the dual g* of a Lie algebra g, besides the stan-
dard Lie-Poisson structure {f, g} p(x) = ([df(z),dg(x)], x), consider the following
constant Poisson structure:

(1.81) {f: g}a(e) = ([df(z),dg(2)], a),

where a is a fixed element of g*. This constant Poisson structure {, }, and the
Lie-Poisson structure {, }.p are compatible. In fact, their sum is the affine (i.e.
nonhomogeneous linear) Poisson structure

(1.82) {f,9}(x) = ([df(2),dg(2)], 2 + a),

which can be obtained from the linear Poisson structure {, } . p by the pull-back of
the translation map « — = + a on g*.

EXERCISE 1.7.17. Suppose that II; is a nondegenerate Poisson structure, i.e.
it corresponds to a symplectic form w;. For a Poisson structure Ils, denote by ws
the differential 2-form defined as follows:

WQ(X, Y) = <H2,ixw1 /\iyw1> VX,Y € Vl(M)
Show that [IIy,II5] = 0 if and only if dws = 0.

EXERCISE 1.7.18 ([23]). Consider a complex pencil of holomorphic Poisson
structures A1l + Aolla, 71,72 € C. Let S be the set of points (y1,72) € C? such
that the rank of v1II; 4721l is smaller than the rank of a generic Poisson structure
in the pencil. Show that if (y1,%2), (d1,82) € C?\ S are two arbitrary “regular”
points of the pencil (which may coincide), f is a Casimir function for ~;1II; 4 oI5
and g is a Casimir function for 6;1I; + d2Ils, then {f, g}, = {f,9}m, = 0.

REMARK 1.7.19. A vector field X on a manifold is called a bi-Hamiltonian
system if it is Hamiltonian with respect to two compatible Poisson structures:
X=X Il}i = ng Bi-Hamiltonian systems often admit large sets of first integrals,
which make them into integrable Hamiltonian systems. Conversely, a vast majority
of known integrable systems turn out to be bi-Hamiltonian. The theory of biHamil-
tonian systems starts with Magri [133] and Mischenko—Fomenko [148], and there
is now a very large amount of articles on the subject. See, e.g., [2, 9, 10, 24, 66|
for an introduction to the theory of integrable Hamiltonian systems.
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1.8. Symplectic realizations

We have seen in Section 1.5 that Poisson manifolds can be viewed as singular
foliations by symplectic manifolds. In this section, we will discuss another way to
look at Poisson manifolds, namely as quotients of symplectic manifolds.

DEFINITION 1.8.1. A symplectic realization of a Poisson manifold (P,1I) is
a symplectic manifold (M, w) together with a surjective Poisson submersion ® :
(M,w) — (P,II) (i.e. a submersion which is a Poisson map).

For example, Theorem 1.3.10 says that if G is a Lie group then T*G together
with the left translation map L : T*G — g* is a symplectic realization for g*.

The existence of symplectic realizations for arbitrary Poisson manifolds is an
important result due to Karasev [118] and Weinstein [208]:

THEOREM 1.8.2 (Karasev—Weinstein). Any smooth Poisson manifold of dimen-
ston n admits a symplectic realization of dimension 2n.

In fact, the result of Karasev and Weinstein is stronger: any Poisson manifold
can be realized by a local symplectic groupoid (see Section ??). In this section, we
will give a pedestrian proof of Theorem 1.8.2. First let us show a local version of
it, which can be proved by an explicit formula. We will say that ® : (M,w, L) —
(P, 1I) is a marked symplectic realization of (P, 1), where L is a Lagrangian
submanifold of M, if it is a symplectic realization such that ®|;, : L — P is a
diffeomorphism. Note that in this case we automatically have dim M = 2dim L =
2dim P.

THEOREM 1.8.3 ([205]). Any point z of a smooth Poisson manifold (P,II) has
an open neighborhood U such that (U,I1) admits a marked symplectic realization.

Proof. Denote by (z1,...,2,) a local system of coordinates at z. We will
look for functions w;(x,y), i = 1,...,n, x = (z1,...,2,), viewed as functions in
a neighborhood of z which depend smoothly on n parameters y = (y1,...,Yn),
such that w;(x,0) = x;, and if we denote by z; = z;(w,y) (w = (w1, ..., wy,)) the
inverse functions, then the map © : (w,y) — x(w,y) is a Poisson submersion from a
symplectic manifold M with coordinates (w,y) and standard symplectic structure
w =), dw; Ady; to a neighborhood (U, II) of z. We may also view (x,y) as a local
coordinate system on M. The condition that © be a Poisson map can be written
as:

(183) {mivmj}w(‘ra y) = {xia xj}n (:L’) (V iaj = 1a e 777’)7

Zn: 6.131 6.13j 81‘1 81‘]'

1.84 — —
(1.84) Owy, Oyn,  Oyn Owp,

) = {xi,xj}n (V i,j = 1,...,n).
h=1
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Viewing the above equation as a matrix equation, and multiplying it by (%;’f Vi

on the left and (‘377“”;)]471 on the right of each side, we get

8wk> i ( Ox; Ox;  Ox; Oz, ) (31111)
1.85 a. =
( ) (5‘% y (hz:; owp, Oy~ Oyp, Owy, y Ox; il
- 8wk 511)1
= ( axi >k7i ({Iu Ij}n)ij <8ZL'J )jJ )
Oow;  Owy

1. — = kil=1,... .
( 86) ayk ayl {wkawl}n (V ) ’ 7”)

Equation (1.86) with the initial condition w;(x,0) = z; has the following explicit
local solution: denote by gag the local time-t flow of the local Hamiltonian vector
field Xy, of the local function f, = >, y;x; on (P,1I). Then put (noting that ¢, is
well-defined in a neighborhood of z when y is small enough)

1
(1.87) wi(z,y) = /O z; 0y dt .

A straightforward computation, which will be left as an exercise (see [195, 205]),
shows that this is a solution of (1.86). The local Lagrangian submanifold in question
can be given by L = {y = 0}. O

which means

PROPOSITION 1.84. If &1 : (My,w1,L1) — (P,II) and @5 : (Mo, wq, L) —
(P, II) are two marked symplectic realizations of a Poisson manifold (P,II), then
there is a unique symplectomorphism ¥ : U(L1) — U(Ls) from a neighborhood
U(L1) of Ly in (My,w1) to a neighborhood U(Ls) of Lo in (Ma,ws), which sends
Ly to Ly and such that ®1|yr,) = P2|u(r,) 0 P.

Proof (sketch). Clearly, ¢ = (®3|z,) "t o®1|z, : L1 — Lo is a diffeomorphism.
We want to extend it to a symplectomorphism ¥ from a neighborhood of L; to
a neighborhood of Lo which satisfies the conditions of the theorem. Let f be a
function on P. Then ¥ must send ®;f to @3 f, hence it sends the Hamiltonian
vector field X@f to Xq>§f. If 1 € M; is a point close enough to L, then there is
a point y; € Ly and a function f on P such that z; = Q%If(yl), where ¢, denotes
the time-t flow of the Hamiltonian vector field X, of the function g, and we must
have

(1.88) V(z1) = ¢<11>;f(1/’(y1))

This formula shows the uniqueness of ¥ (if it can be defined) in a neighborhood of
Ly. To show that this formula also defines ¥ unambiguously, we will find the graph
of ¥ in M; x Ms. Consider the distribution D on M; x Ms, generated at each
point (z1,r2) € My x Mj by the tangent vectors of the type (Xo: s (71), Xoz ¢ (22))-
The fact that ®; and ®, are Poisson submersions imply that this distribution is
regular involutive of dimension n = dim P, so we have an n-dimensional foliation.
The graph of ¥ is nothing but the union of the leaves which go through the n-
dimensional submanifold {(y1,%(y1)) | y1 € L1}

It remains to show that ® is symplectic, and sends @7 f to @5 f for any function
f on P. To show that ® is symplectic, it suffices to show that its graph in M; X
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M, is Lagrangian (see Proposition 1.3.12). Since the involutive distribution D is
generated by Hamiltonian vector fields (Xg: s, Xo37), and the property of being
Lagrangian is invariant under Hamiltonian flow, it is enough to show that the
tangent spaces to the graph of ¥ at points (y1,%(y1)), y1 € L1, are Lagrangian.
But this last fact can be verified immediately.

Since W is symplectic and V. Xg¢:y = Xozy by construction, it means that
U, (97 f) is equal to @5 f up to a constant. But this constant is zero, because these
two functions coincide on Ly by the construction of ¥. Thus W, (®5f) = @5 f for
any function f on P, implying that ®; = &5 o V. (]

Theorem 1.8.2 is now a direct consequence of the local realization theorem 1.8.3
and the uniqueness proposition 1.8.4: there is a unique way to glue local marked
symplectic realizations together, which glues the marked Lagrangian submanifolds
together on their overlaps, to get a marked symplectic realization of a given Poisson
manifold. ([

REMARK 1.8.5. Of course, (non-marked) symplectic realizations of a Poisson
manifold (P,II) of dimension n are not necessarily of dimension 2n. For example,
if (M,w) is a symplectic realization of (P,II) and (N, o) is a symplectic manifold,
then M x N is also a symplectic realization of P. And if (P,II) is symplectic
then it is a symplectic realization of itself. Proposition 1.8.4 can be generalized to
an “essential uniqueness” result for non-marked local symplectic realizations (see
[205])).

An important notion in symplectic geometry, directly related to symplectic
realizations, is the following:

DEFINITION 1.8.6 ([126]). A foliation F on a symplectic manifold (M,w) is
called a symplectically complete foliation if the symplectically orthogonal dis-
tribution (TF)* to F is integrable.

In other words, F is a symplectically complete foliation if there is another
foliation ' such that T,F = (T,F')* V x € M. In this case, the pair (F,F’)
is called a dual pair. For example, any Lagrangian foliation is a symplectically
complete foliation which is dual to itself.

THEOREM 1.8.7 (Libermann [126]). Let ® : (M,w) — P be a surjective sub-
mersion from a symplectic manifold (M,w) to a manifold P, such that the level
sets of ® are connected. Denote by F the foliation whose leaves are level sets of .
Then there is a (unique) Poisson structure I on P such that ® : (M,w) — (P,II)
is Poisson if and only if F is symplectically complete.

Proof (sketch). The symplectically orthogonal distribution (TF)% to F is
generated by Hamiltonian vector fields of the type Xo« s where f is a function on P.
The integrability of (T'F)~ is equivalent to the fact that [Xe«r, Xo+4] is tangent to
(TF)™* for any functions f, g on P. In other words, X (g« oy} is tangent to (TF)*,
ie. {®*f, ®*g} is constant on the leaves of F. Since the leaves of F are level sets
of ®, it means that there is a function h on P such that {®*f, ®*g} = ®*h. In
other words, {f, g} := h is a Poisson bracket on P such that ® is Poisson. O
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Poisson cohomology

2.1. Poisson cohomology

2.1.1. Definition of Poisson cohomology.
Poisson cohomology was introduced by Lichnerowicz [127]. Its existence is
based on the following simple lemma.

LEMMA 2.1.1. IfII is a Poisson tensor, then for any multi-vector field A we
have

(2.1) [IT, [IT, A] = 0 .

Proof. By the graded Jacobi identity (1.68) for the Schouten bracket, if II is
a 2-vector field and A is an a-vector field then

(_1)a_1[H7 [H7 AH - [Hv [A’ H]] + (_1)a_1[A7 [H’ H]] =0.

Moreover, [A,11] = —(—1)*"![II, A] due to the graded anti-commutativity, hence
1, [I1, A]] = —3[A, [IL IT)]. Now if IT is a Poisson structure, then [II,II] = 0, and
therefore [II, [II, A]] = 0. O

Let (M,II) be a smooth Poisson manifold. Denote by 6 = dy : V¥*(M) —
V*(M) the R-linear operator on the space of multi-vector fields on M, defined as
follows:

(2.2) Sri(A) = [I1, Al.

Then Lemma 2.1.1 says that dry is a differential operator in the sense that
o1 0 6;p = 0. The corresponding differential complex (V*(M),d), i.e.,

(2.3) VP () S e () - vPr (M) —
will be called the Lichnerowicz complex. The cohomology of this complex is

called Poisson cohomology.

By definition, Poisson cohomology groups of (M, IT), i.e. the cohomology groups
of the Lichnerowicz complex (2.3), are the quotient groups

 kex(d : V(M) —s VPHL(M)

(2.4) HII-]I(M) = Im(0 : VP=L{(M) — VP(M)) *

The above Poisson cohomology groups are also denoted by HP(M,II), or also
HY ,(M,1II), where LP stands for Lichnerowicz—Poisson.

31
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REMARK 2.1.2. Poisson cohomology groups can be very big, infinite-dimensional.
For example, when II = 0 then H}j(M) := @, HE(M) = V*(M). Poisson coho-
mology groups of smooth Poisson manifolds have a natural induced topology from
the Fréchet spaces of multi-vector fields, which make them into not-necessarily-
separated locally convex topological vector spaces (see Ginzburg [88, 89]).

2.1.2. Interpretation of Poisson cohomology.

The zeroth Poisson cohomology group HY(M) is the group of functions f €
C>°(M) such that X; = —[II, f] = 0. In other words, Hj(M) is the space of
Castmir functions of II, i.e. the space of first integrals of the associated sym-
plectic foliation.

The first Poisson cohomology group Hf (M) is the quotient of the space of
Poisson vector fields (i.e. vector fields X such that [II, X] = 0) by the space of
Hamiltonian vector fields (i.e. vector fields of the type [II, f] = X_). Poisson vec-
tor fields are infinitesimal automorphisms of the Poisson structures, while Hamil-
tonian vector fields may be interpreted as inner infinitesimal automorphisms. Thus
H} (M) may be interpreted as the space of outer infinitesimal automorphisms
of II.

The second Poisson cohomology group HZ (M) is the quotient of the space of
2-vector fields A which satisfy the equation [II, A] = 0 by the space of 2-vector fields
of the type A = [II,Y]. If I, A] = 0 and ¢ is a formal (infinitesimal) parameter,
then II + €A satisfies the Jacobi identity up to terms of order £2:

(2.5) [IT + eA, TT + eA] = €[A,A] =0 mod £°.

So one may view Il + ¢A as an infinitesimal deformation of II in the space of
Poisson tensors. On the other hand, up to terms of order €2, II +¢[IL, Y] is equal to
(¢% )11, where 5 denotes the time-e flow of Y. Therefore IT + [IL, Y] is a trivial
infinitesimal deformation of IT up to a infinitesimal diffeomorphism. Thus, H (M)
is the quotient of the space of all possible infinitesimal deformations of II by the
space of trivial deformations. In other words, HZ (M) may be interpreted as the
moduli space of formal infinitesimal deformations of II. For this reason, the
second Poisson cohomology group plays a central role in the study of normal forms
of Poisson structures.

The third Poisson cohomology group Hi (M) may be interpreted as the space
of obstructions to formal deformation. Suppose that we have an infinitesimal
deformation II + A, ie. [II,A] = 0. Then a-priori, IT + €A satisfies the Jacobi
identity only modulo £2. To make it satisfy the Jacobi identity modulo &3, we have
to add a term £2A5 such that

(2.6) [T 4 eA + e?Ay, T4 A + e?Ay] = 0 mod &3,

The equation to solve is 2[II, Ag] = —[A, A]. This equation can be solved if and only
if the cohomology class of [A, A] in HJ (M) is trivial. Similarly, if (2.6) is already
satisfied, to find a term e3A3 such that

(2.7) [T+ eA + e?Ay + 3A3, TT + A + £2Ay 4+ 3A3) = 0 mod &,

we have to make sure that the cohomology class of [A, As] in H3 (M) vanishes, and
o on.



2.1. POISSON COHOMOLOGY 33

The Poisson tensor II is itself a cocycle in the Lichnerowicz complex. If the
cohomology class of IT in HZ (M) vanishes, i.e. there is a vector field Y such that
IT = [II, Y], then II is called an exact Poisson structure.

2.1.3. Poisson cohomology versus de Rham cohomology.

Recall that, the Poisson structure II gives rise to a homomorphism
(2.8) f=tn:T"M — TM,
which associates to each covector o a unique vector () such that

(2.9) (anB,1I) = (8, 4(a))

for any covector . This homomorphism is an isomorphism if and only if II is
nondegenerate, i.e., is a symplectic structure. By taking exterior powers of the
above map, we can extend it to a homomorphism

(2.10) 4. APT*M — APT M,

and hence a C* (M )-linear homomorphism

(2.11) f:QP(M) — VP(M),

where QP(M) denotes the space of smooth differential forms of degree p on M.
Recall that f is called the anchor map of II.

LEMMA 2.1.3. For any smooth differential form n on a given smooth Poisson
manifold (M,II) we have

(2.12) 8(dn) = =[IL #(n)] = —ou(#(n)) -

Proof. By induction on the degree of 1, using the Leibniz rule. If 7 is a function
then #(n) = n and §(dn) = —[II, 5] = X,,, the Hamiltonian vector field of . If n = d f
is an exact 1-form then #(dn) = 0 and [II,#(n)] = [II, X;] = 0, hence Equation
(2.12) is satisfied. If Equation (2.12) is satisfied for a differential p-form n and a
differential g-form g, then its also satisfied for their exterior product n A . Indeed,
we have £(d(n A p)) = #(dn A p+ (=1)Pn Adu) = §(dn) Af(p) + (=1)P4(n) Af(du) =
[T )] A 8) — (~1)P800) A L 8G0)] = — [T () A £G0)] = — I8 A )] O

The above lemma means that, up to a sign, the operator § intertwines the usual
differential operator d of the de Rham complex

(2.13) () =S arrn) -5 Rt (M) — L

with the differential operator dy; of the Lichnerowicz complex. In particular, it
induces a linear homomorphism of the corresponding cohomologies. In other words,
we have:

THEOREM 2.1.4 ([127]). For every smooth Poisson manifold (M,II), there is
a natural homomorphism

(2.14) £ Hip(M) = €D Hijp(M) — Hf(M) = D H (M)

from its de Rham cohomology to its Poisson cohomology, induced by the map § = t.
If M is a symplectic manifold, then this homomorphism is an isomorphism.
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When M is symplectic, f is an isomorphism, and that’s why #* is also an
isomorphism. (I

REMARK 2.1.5. de Rham cohomology has a graded Lie algebra structure, given
by the cap product (induced from the exterior product of differential forms). So does
Poisson cohomology. The Lichnerowicz homomorphism #* : Hjp(M) — HE (M)
in the above theorem is not only a linear homomorphism, but also an algebra
homomorphism.

REMARK 2.1.6. If (M,II) is not symplectic then the map #* : H}p(M) —
H} (M) is not an isomorphism in general. In particular, while de Rham coho-
mology groups of manifolds of “finite type” (e.g. compact manifolds) are of finite
dimensions, Poisson cohomology groups may have infinite dimension in general. An
interesting and largely open question is: what are the conditions for the Lichnerow-
icz homomorphism to be injective or surjective ?

2.1.4. Other versions of Poisson cohomology.

If, in the Lichnerowicz complex, instead of smooth multi-vector fields, we con-
sider other classes of multi-vector fields, then we arrive at other versions of Poisson
cohomology. For example, if IT is an analytic Poisson structure, and one considers
analytic multi-vector fields, then one gets analytic Poisson cohomology.

Recall that, a germ of an object (e.g., a function, a differential form, a Rie-
mannian metric, etc.) at a point z is an object defined in a neighborhood of z.
Two germs at z are considered to be the same if there is a neighborhood of z in
which they coincide. When considering a germ of smooth (resp. analytic) Poisson
structure II at a point z, it is natural to talk about germified Poisson cohomology:
the space V*(M) in the Lichnerowicz complex is replaced by the space of germs
of smooth (resp. analytic) multi-vector fields. More generally, given any subset N
of a Poisson manifold (M,II), one can define germified Poisson cohomology at N.
Similarly, one can talk about formal Poisson cohomology. By convention, the germ
of a formal multi-vector field is itself. Viewed this way, formal Poisson cohomology
is the formal version of germified Poisson cohomology.

If M is not compact, then one may be interested in Poisson cohomology with
compact support, by restricting one’s attention to multi-vector fields with compact
support. Remark that Theorem 2.1.4 also holds in the case with compact support:
if (M,II) is a symplectic manifold then its de Rham cohomology with compact
support is isomorphic to its Poisson cohomology with compact support.

If one considers only multi-vector fields which are tangent to the characteristic
distribution, then one gets tangential Poisson cohomology. (A multi-vector field A
is said to be tangent to a distribution D on a manifold M if at each point x € M
one can write A(x) = > a;v;1 A... Av;s where v;; are vectors lying in D). It is easy
to see that the homomorphism #* in Theorem 2.1.4 also makes sense for tangential
Poisson cohomology (and tangential de Rham cohomology).

The above versions of Poisson cohomology also have a natural interpretation,
similar to the one given for smooth Poisson cohomology.

2.1.5. Computation of Poisson cohomology.
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If a Poisson structure IT on a manifold M is nondegenerate (i.e. symplectic),
then Poisson cohomology of II is the same as de Rham cohomology of M. There
are many tools for computing de Rham cohomology groups, and these groups have
probably been computed for most “familiar” manifolds, see, e.g., [27, 85]. How-
ever, when II is not symplectic, Hfj(M) is much more difficult to compute than
Hjp (M) in general, and at the moment of writing of this book, there are few Pois-
son (non-symplectic) manifolds for which Poisson cohomology has been computed.
For one thing, H};(M) can have infinite dimension even when M is compact, and
the problem of determining whether H7 (M) is finite dimensional or not is already
a difficult open problem for most Poisson structures that we know of.

Nevertheless, various tools from algebraic topology and homological algebra can
be adapted to the problem of computation of Poisson cohomology. One of them
is the classical Mayer—Vietoris sequence (see, e.g., [27]). The following Poisson
cohomology version of Mayer—Vietoris sequence is absolutely analogous to its de
Rham cohomology version.

PROPOSITION 2.1.7 ([195]). Let U and V be two open subsets of a smooth
Poisson manifold (M,1I1). Then

(2.15) 0— VU UV) -5V (U)aV(V) -y unv) —o,

where a(A) = (Aly, Alv) is the restriction map, and B(A1,A2) = A|uvnv — Aslunv
is the difference map, is an exact sequence of smooth Lichnerowicz complexes, and
the corresponding cohomological long exact sequence (called the Mayer—Vietoris
sequence ) has the form

(2.16) ...— HY(UUV,I) 2% HYU,T) @ H*(V,11) 2=
HMYUNV,T) — HYY (U UV, ) 25

The proof of Proposition 2.1.7 is also absolutely similar to the proof of its de
Rham version. The above Mayer—Vietoris sequence reduces the computation of
Poisson cohomology on a manifold to the computation of Poisson cohomology on
small open sets (which contain singularities of the Poisson structure). To study
(germified) Poisson cohomology of singularities of Poisson structures, one can try
to use the tools from singularity theory. See, e.g., [151] for the case of dimension
2.

Another standard tool is the spectral sequence, which will be discussed in
Section 2.4.

In the case of linear Poisson structures, Poisson cohomology is intimately re-
lated to Lie algebra cohomology, also known as Chevalley—FEilenberg cohomology,
which will be discussed in Section 2.3.

Poisson cohomology can be viewed as a particular case of cohomology of Lie
algebroids. This leads to a definition and study of Poisson cohomology from a
purely algebraic point of view, as was done by Huebschmann [111].

Some other methods for computing and studying Poisson cohomology include:
the use of symplectic groupoids to reduce the computation of Poison cohomology
of certain Poisson manifolds to the computation of de Rham cohomology of other
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manifolds [212]; the van Est map which relates Lie algebroid cohomology with dif-
ferentiable cohomology of Lie groupoids [210, 56]; comparison of Poisson cohomol-
ogy of Poisson manifolds which are Morita equivalent [92, 91, 90, 56]; equivariant
Poisson cohomology [89].

2.2. Normal forms of Poisson structures

Consider a Poisson structure II on a manifold M. In a given system of coordi-

nates (z1,...,Tm), Il has the expression

0 0 1 0 0
2.17 II = ILi— AN — == I, — A —.
( ) ; Y 61‘1 6l‘j 2 ZZ: J &rl (9$j

A priori, the coefficients II;; of II may be very complicated, non-polynomial func-
tions. The idea of normal forms is to simplify these coefficients in the expression
of II.

A (local) normal form of II is a Poisson structure

0 0 1 0 0
I — E [ = Z E L
(2.18) 11 H” x; N x; 5 2 H” x; N x;

1<j
which is (locally) isomorphic to II, i.e. there is a (local) diffeomorphism ¢ : (z;) —
(z}) called a normalization such that ¢.I1 = II', such that the functions IT};
are “simpler” than the functions II;;. The ideal would be that H;j were constant
functions. According to Remark 1.4.6, such a local normal form exists when II is a
(locally) regular Poisson structure.

Near a singular point of II, we can use the splitting theorem 1.4.5 to write II as
the direct sum of a constant symplectic structure with a Poisson structure which
vanishes at a point. The local normal form problem for II is then reduced to the
problem of local normal forms for a Poisson structure which vanishes at a point.

Having this in mind, we now assume that II vanishes at the origin 0 of a given

local coordinate system (1, ..., ;). Denote by
(2.19) =0® ¢+ ¢ o (k> 1)
the Taylor expansion of II in the coordinate system (z1,...,%,,), where for each

h € N, II") is a 2-vector field whose coefficients Hi? are homogeneous polynomial

functions of degree h. II¥)| assumed to be non-trivial, is the term of lowest degree
in II, and is called the homogeneous part, or principal part of II. If k = 1
then IV is called the linear part of II, and so on. This homogeneous part can
be defined intrinsically, i.e. it does not depend on the choice of local coordinates.

At the formal level, the Jacobi identity for II can be written as
0 = [0 =[[® 4ok ¢ a® L at+d o
[H(k)7 H(k)] + 2[1‘[(76)7 H(k+1)] + Q[H(k), H(k+2)] + [H(’Hl)’ H(’“l)} + ...
which leads to (by considering terms of the same degree):

), m)] = o,
2[I1F), TIR+D] = 0,

(2.20) 2[II®), TI(k+2)) 4 [ITk+D) TIR+1] = 0,
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In particular, the homogeneous part II*) of II is a Poisson structure, and II
may be viewed as a deformation of II*). A natural homogenization question arises:
is this deformation trivial ? In other words, is IT locally (or formally) isomorphic to
its homogeneous part II*) ? That’s where Poisson cohomology comes in, because,
as explained in Subsection 2.1.2, Poisson cohomology governs (formal) deformations
of Poisson structures.

When k£ = 1, one talks about the linearization problem, and when k = 2 one
talks about the quadratization problem, and so on. These problems, for Poisson
structures and related structures like Nambu structures, Lie algebroids and Lie
groupoids, will be studied in detail in the subsequent chapters of this book. Here we
will discuss, at the formal level, a more general problem of quasi-homogenization.

Denote by
" 0
(2.21) Z:;WmayweN

a given diagonal linear vector field with the following special property: its coeffi-
cients w; are positive integers. Such a vector field is called a quasi-radial vector
field. (When w; = 1 Vi, we get the usual radial vector field).

A multi-vector field A is called quasi-homogeneous of degree d (d € Z) with
respect to Z if

(2.22) LzA = dA.

For a function f, it means Z(f) = df. For example, a monomial k-vector field
n a

2.2 @ . i €L

( 3) (I_Il‘Z )ale A\ A axjk, a; € L>o,
=1

is quasi-homogeneous of degree Y . | a;w; — Z§:1 wj,. In particular, monomial
terms of high degree in the usual sense (i.e. with large > a;) also have high quasi-
homogeneous degree. As a consequence, quasi-homogeneous (smooth, formal or
analytic) multi-vector fields are automatically polynomial in the usual sense. Note
that the quasi-homogeneous degree of a monomial multi-vector field can be negative,
though it is always greater or equal to — >\, w;.

Given a Poisson structure II with II(0) = 0, by abuse of notation, we will now
denote by

(2.24) M=10 112 ) dy <dy< ...

the quasi-homogeneous Taylor expansion of II with respect to Z, where each term
(%) is quasi-homogeneous of degree d;. The term II1(%), assumed to be non-
trivial, is called the gquasi-homogeneous part of II. Similarly to the case with
usual homogeneous Taylor expansion, the Jacobi identity for IT implies the Jacobi
identity for I1(%1) which means that I1(1) is a quasi-homogeneous Poisson structure,
and II may be viewed as a deformation of II(“), The quasi-homogenization problem
is the following : is there a transformation of coordinates which sends II to IT(41),
i.e. which kills all the terms of quasi-homogeneous degree > d; in the expression of
17

In order to treat this quasi-homogenization problem at the formal level, we will
need the quasi-homogeneous graded version of Poisson cohomology.
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Let 1™ be a Poisson structure on an n-dimensional space V = K", which
is quasi- homogeneous of degree d with respect to a given quasi-radial vector field
Z =30 wiri e Bz . For each r € Z, denote by Vk = V + (K™) the space of quasi-
homogeneous polynomlal k-vector fields on K™ of degree r with respect to Z. Of
course, we have

k __ k
(2.25) V=@, Vb

where V¥ = VE(K") is the space of all polynomial vector fields on K”. Note that,
if Ae V(r) then

Lz[ID A] = [Lz0D A] 4+ [ITD, LzA] = (d+ r)[ITD, A],
ie. oA = [I4 A] € ijf;. The group

.k k+1
(2.26) a ey = =0 Vi = Vi)
(") (O« Vi — VE)

is called the k-th quasi-homogeneous of degree 7 Poisson cohomology group of I1(4).
Of course, there is a natural injection from H (kr) (II(49) to the usual (formal, analytic
or smooth) Poisson cohomology group HR(ID) of TI9) over K™, While H*(IT1(¥)
may be of infinite dimension, H¥ r )(H(d)) is always of finite dimension (for each 7).

Return now to the quasi-homogeneous Taylor series IT = TI(@) 4 T1(d2) 4
The Jacobi identity for II implies that [II(?) TI(%)] = 0, i.e. (%) is a quasi-
homogeneous cocycle in the Lichnerowicz complex of TI(?1), If this term I1(%2) is a
coboundary, i.e. TI(%2) = [[1(41) X (42=d1)] for some quasi-homogeneous vector field
X(d2=d) — x (=715 /5g. then the coordinate transformation ] = a; — X~ %)
will kill the term I1(¢2) in the expression of II. More generally, we have:

PROPOSITION 2.2.1. With the above notations, suppose that TI(%) = [ X, TT(4)]4+
A for some k > 1, where X = X;0/0x; is a quasi-homogeneous vector field of
degree dy — dy. Then the diffeomorphism (coordinate transformation) ¢ : (x;) —

(x}) = (z; — X;) transforms 11 into

(2.27) G, I =110 4 (e-1) p A (i)

In other words, this transformation suppresses the term [ X, H(dl)] without changing
the terms of degree strictly smaller than dy.

Proof. Denote by I' = ¢.II. For the Poisson structure II we have

ox, 530
J _
{23} = Zax oz, {20} = Zaxu P
0X;
_ w0 (1) 4 7y(d2)
=> (& azu b 3%)(11 + 10042 ).,

uv

where §}* is the Kronecker symbol, and the terms of degree smaller or equal to dj
in this expression give

(I 4+ )y, Z N 9%

el
axu ox,
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On the other hand, by definition, {z}, 2’} is equal to I';; o ¢. But the terms of degree

79 ]
smaller or equal to dj, in the expansion of I';; o ¢ are
or'®)
rd) F(dk) X, —9
T 4.+ Z Fo.
Comparing the terms of degree dy,...,d;_1, we get F(dl) = H(d1 ,.. ,I‘E?’”‘*l) =
HZ(.;Z"'”). As for the terms of degree di, they give
o 0X; X,
]_—\(dk) _ Xs () — H(dk) _ H(dl _ YAy H dl).
Y Z O, Oz, 0T,
As we have
6H(d1 OX; X,
X H(dl _ 'LH(dl) _ J H(dl)
[ 0x, 0Ty ’
it follows that
Fg;lk) _ Hz(';lk) + [X,H(dl)]ij _ Hggk) _ [H(d1)7X]ij _ AE?A)
The proposition is proved. |

THEOREM 2.2.2. If the quasi- homogeneous Poisson cohomology groups H (H(d))

of a quasi-homogeneous Poisson structure II'Y of degree d are trivial for all r>d,
then any Poisson structure admitting a formal quasi-homogeneous expansion I =
@D 4+ 112) 4 4s formally isomorphic to its quasi-homogeneous part TI(® |

Proof. Use Proposition 2.2.1 to kill the terms of degree strictly greater than
d in II consecutively. (Il

EXAMPLE 2.2.3. One can use Theorem 2.2.2 to show that any Poisson structure
on K2 of the form IT = f aa 8 where f = 2243+ higher order terms, is formally

isomorphic to (22 +y ) /\ . (This is a simple singularity studied by Arnold,

see Theorem ?7). The quasi- radlal vector field in this case is Z = Sx% + 2y3%.

2.3. Cohomology of Lie algebras

Let TI™M be a linear Poisson structure on a vector space K. Denote by g =
((K™)*,{, Y1) the Lie algebra corresponding to IV, We will see in this section
that Poisson cohomology groups of II") are special cases of Lie algebra cohomology
of g.

2.3.1. Chevalley—Eilenberg complexes.

Let W be a g-module, i.e. a vector space together with a Lie algebra homo-
morphism p : g — End(W) from g to the Lie algebra of endomorphisms of W. In
other words, p is a linear map such that p([z,y]) = p(x).p(y) — p(y).p(x) Vz,y € g.
The action of an element x € g on a vector v € W is defined by

(2.28) z.v = p(x)(v).
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One associates to W the following complex, called Chevalley—Filenberg complex
of g with coefficients in W [51]:

5 _ 5 5 5
(229) cee T Ck l(ga ,0) - Ck(ga p) - CkJrl(g?p) T
where
(2.30) C*g,p) = (N'g") @ W

(k > 0) is the space of k-multilinear antisymmetric maps from g to W: an element
6 € C*(g, p) may be presented as a k-multilinear antisymmetric map from g to W,
or a linear map from A*g to W:

(2.31) O(zy,...,2x ) =0(@1 A...ANxy) €W, x; €.

The operator § = dcp : C*(g,p) — C* (g, p) in the ChevalleyEilenberg com-
plex is defined as follows:

(2.32)  (60)(z1,...,2xp1) = D (=1 p(ai)(0(1,... Fi .. wpg))+

i
Y (0w, 2] 20, T D Te),
i<j
the symbol ~ above a variable means that this variable is missing in the list.

It is a classical result [51], which follows directly from the Jacobi identity of g,
that dcgodcr = 0. It means that the Chevalley—Eilenberg complex is a differential
complex with differential operator § = dcg. Its cohomology groups
_ ker(0: C*(g,p) — C**'(g,p))

Im((S : Ckil(gap) - Ck(ga ,0))
are called cohomology groups of g with coefficients in W (or with respect to the
representation p).

(2.33) H"(g,p) = H* (g, W)

REMARK 2.3.1. Formula (2.32) is absolutely analogous to Cartan’s formula
(1.7). This construction of differential operators is sometimes referred to as Cartan—
Chevalley—Filenberg construction. If G is a connected Lie group with Lie
algebra g, then the space 5 (G) of left-invariant differential forms on G is a
subcomplex of the de Rham complex of G which is naturally isomorphic to the
Chevalley-Eilenberg C*(G,R) for the trivial action of g on R, which implies that
their cohomologies are also isomorphic:

(2.34) H;(G) = H*(g,R).

(The isomorphism from Q7 (G) to C*(G,R) associates to each left-invariant dif-
ferential form on G its value at the neutral element e of G, after the identifica-
tion of g* with T*@). In particular, when G is compact, the averaging process
a— [, Liadg (where a denotes a differential form on G, and L, denotes the left
translation by g € G) induces an isomorphism from H},(G) to H}(G), and we
have H;,(G) = H*(g,R).

EXERCISE 2.3.2. Show that, given a smooth Poisson manifold (M,II), its Lich-
nerowicz complex can be identified with a subcomplex of the Chevalley-Eilenberg
complex of the (infinite-dimensional) Lie algebra C'*° (M) with coefficients in C*° (M)
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(with respect to the adjoint action given by the Poisson bracket), which consists of
cochains which are multi-derivations. (Hint: use Formula (1.75)).

In general, the problem of computation of H (g, W) for a finite-dimensional g-
module W of a finite-dimensional Lie algebra g is a problem of linear algebra: one
simply has to deal with finite-dimensional systems of linear equations. However,
even for low dimensional Lie algebras, these systems of linear equations often have
high dimensions and require thousands or millions of computations, so it is not easy
to do it by hand.

Fortunately, cohomology of semisimple Lie algebras is relatively simple, due in
part to the following results, known as Whitehead’s lemmas.

THEOREM 2.3.3 (Whitehead). If g is semisimple, and W is a finite-dimensional
g-module, then H'(g,W) =0 and H?(g, W) = 0.

THEOREM 2.3.4 (Whitehead). If g is semisimple, and W is a finite-dimensional
g-module such that W9 = 0, where W8 = {w € W | z.w =0V z € g} denotes the
set of elements in W which are invariant under the action of g, then H*(g, W) =
0V Ek>0.

See, e.g., [115] for the proof of Whitehead’s lemmas. A refined (normed)
version of Theorem 2.3.3 will be proved in Chapter 3. Let us also mention that if
g is simple then dim H3(g,K) = 1. Combining the two Whitehead’s lemmas with
the fact that any finite-dimensional module W of a semisimple Lie algebra g is
completely reducible, one gets the following formula:

(2.35) H*(g.W) = H* (0. K) o W = (D) H'(9. K)o W*.
k#£1,2
REMARK 2.3.5. If W is a smooth Fréchet module of a compact Lie group G
and g is the Lie algebra of G, then the formula H*(g,W) = H*(g,R) @ W? is still

valid, see Ginzburg [89]. In particular, if a compact Lie group G acts on a smooth
manifold M, then C°°(M) is a smooth Fréchet G-module, and we have

(2.36) H*(g,C>(M)) = H*(g,R) ® (C™=(M))*.

REMARK 2.3.6. Cohomology of Lie algebras is closely related to differentiable
(or continuous) cohomology of Lie groups, via the so called van Est map and van
Est spectral sequence. See, e.g., [26, 97].

2.3.2. Cohomology of linear Poisson structures.

Consider now the case W = S?g, the g-symmetric power of g together with the
adjoint action of g:

(2.37) p(x) (@i, ... x5,) Z Ty mx ] x

Since g = (K™)*, {, }nw ), the space W = S9g can be naturally identified with the
space of homogeneous polynomials of degree ¢ on K", and we can write

(2.38) px).f ={z, [},
where f € S%g, and {z, f} denotes the Poisson bracket of z with f with respect to
nw.
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Denote by V( 0 = V(q) (K™) the space of homogeneous p-vector fields of degree
g. (It is the same as the space of quasi-homogeneous p-vector fields of quasi-
homogeneous degree ¢ — p with respect to the radial vector field > x;0/0x;). Vf’q)
can be identified with C?(g, S%g) as follows: For

) o,
(2.39) = > Am,%a ”Aa%pemw

i< <ip
define 6,4 € C?(g,S%g) by

(240) GA(Z'h yoee 71'1',,) = A;

215-050p”

LEMMA 2.3.7. With the above identification A < 6,4, the Lichnerowicz dif-
ferential operator 6pp = [TV, ] : Vf’q) VPH is identified with the Chevalley—

Eilenberg differential operator dcg : CP(g ng) — CPT1(g,S).

Proof. We must show that 9n<1> Al = ocglp for A € qu). Write TV =
5 Z” & ”:rk az A 81: ,and A = o Z“ ____ A 85 A A %. Denote the
Poisson bracket of H(l) by {,}. By the Lelban rule, we have

MY Al = By + By

where
1 0 0
B, = —E MY A TA A A
1 p 1. yp axil 8xip
1 0 0 0
= = ivAi i
| Z {‘r Lyeees p}a A 8@'11 A A 61‘%
01 ,eeeylpyt
and
1 0 0
_ = ) ()
By = . E Agy i, 1T s, A 8%]

- L (=14 Ay L L .

(AREEEEY2 .
Lrote g &nl &nj aa:il 83:% 8:%

It means that

E1 (dxil’ R dxip+1) = Z(_l)s—i_l{xis’Ail,.,.’i:...7ip+1}

S

and

k
Ey(dz;,, ..., dxz‘p+1) = Z (_1)u+vAk,il,...z‘]...ﬁ,...,z'pﬂciuiv’

u<vk
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On the other hand, we have

59A(£E7'1, .. .Iq'p+1) =
. u+1 o~
E )A(xm...xiu...,xiﬁl)
u+v — —
+ E A(wi, s, |, Tay oo Tiy oo Ty oy T )
u<v
_ E _1\utlyg,. ~
- ( 1) {x1u7Ai17...iu...,ip+1}
u
u+v k o~ o~
+ E (-1) zusz(xk?'rila"'xiu"":E’L'v"'a‘r’ip+1)'
u<v;k
It remains to compare the above formulas. ([

An immediate consequence of Lemma 2.3.7 and Theorem 2.2.2 is the following:

THEOREM 2.3.8 ([205]). If g is a finite-dimensional Lie algebra such that
H?(g,S%g) = 0V k > 2, then any formal Poisson structure 11 which vanishes
at a point and whose linear part TIV) at that point corresponds to g is formally
linearizable. In particular, it is the case when g is semisimple.

REMARK 2.3.9. In Lemma 2.3.7, the fact that A is homogeneous is not so
important. What is important is that the module W in question can be identified
with a subspace of the space of functions on K", where the action of g is given by
the Poisson bracket, i.e. by Formula (2.38). The following smooth (as compared to
homogeneous) version of Lemma 2.3.7 is also true, with a similar proof (see, e.g.,
(89, 93, 130, 131]): if U is an Ad*-invariant open subset of the dual g* of the
Lie algebra g of a connected Lie group G (or more generally, an open subset of
a dual Poisson-Lie group G* which is invariant under the dressing action of G —
Poisson-Lie groups will be introduced later in the book), then

(2.41) Hi(U) = H*(g,C*(U)) ,

where the action of g on C*°(U) is induced by the coadjoint (or dressing) action, and
a natural isomorphism exists already at the level of cochain complexes. In particu-
lar, if G is compact semisimple, then this formula together with the Fréchet-module
version of Whitehead’s lemmas (Remark 2.3.5) leads to the following formula (see
[93]):

(2.42) Hyy(U) = H*(g) @ (C™(U)7 = @ H*(s) ® (C>(U))“.
k#1,2
2.3.3. Rigid Lie algebras.
Theorem 2.3.8 means that the second cohomology group
H?(g,S>20) = @D H(g,5%9)
k>2

governs nonlinear deformations of the linear Poisson structure of g*. Meanwhile, the
group H?(g, g) governs deformations of g itself (or equivalently, linear deformations
of the Poisson structure on g* associated to g).
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An n-dimensional Lie algebra g over K can be determined by its structure
constants cfj with respect to a given basis (z;): [2;,2;]g = Zcfj:rk. The n3-
set A(n,K) C K" of all Lie algebra structures of dimension n is an algebraic
variety (the Jacobi identity and the anti-commutativity give the system of algebraic
equations which determine this set). The full linear group GL(n,K) acts naturally
on A(n,K) by changes of basis, and two Lie algebra structures are isomorphic if
and only if they lie on the same orbit of GL(n,K). An n-dimensional Lie algebra g
is called rigid if the orbit of its structure is an open subset of A(n, K) with respect

tuple of coefficients (cf;) is called a Lie algebra structure of dimension n. The

to the usual topology induced from the Euclidean topology of K”g; equivalently,
any Lie algebra g’ close enough to g is isomorphic to g.

THEOREM 2.3.10 (Nijenhuis—Richardson [161]). If g is a finite dimensional
Lie algebra such that H*(g,g) = 0 then g is rigid. In particular, semisimple Lie
algebras are rigid.

REMARK 2.3.11. The condition H?(g,g) = 0 is a sufficient but not a necessary
condition for the rigidity of a Lie algebra. For example, Richardson [173] showed
that, for any odd integer n > 5, the semi-direct product [, = sl(2,K) x W?2n+1
where W27+ is the (2n+1)-dimensional irreducible sl(2, K)-module, is rigid but has
H2(l,,1,) # 0. In fact, H?(g,g) # 0 means that there are non-trivial infinitesimal
deformations, but not every infinitesimal deformation can be made into a true
deformation. See, e.g., [39, 40, 95].

2.4. Spectral sequences

2.4.1. Spectral sequence of a filtered complex.

Spectral sequences are one of the main tools for computing cohomology groups.
The general idea is as follows.

Let (C' = @rez, C*,6) be a differential complex. It means that C* (k > 0) are
vector spaces (or more generally, Abelian groups), and 6 : C* — C*¥*! are linear
operators such that 6 o § = 0.

Assume that (C,6) admits a filtration (Cp)nen. It means that each CF is
filtered by subspaces
(2.43) ct=ctocikocyo. ..,
such that CF C C}IfH V k, h. In other words, Cj, = @, CF is a differential subcom-
plex of Cp,_1 for h > 1, and Cy = C. Put C, = C if h < 0 by convention. Using
this filtration, one decomposes cohomology groups
ZF  ker(6:CF — CFY)
Bt TIm(§: Ck=1 — CF)
into smaller pieces Hf(C)/H},,(C), where Hf(C) consists of the elements of
H*(C) which can be represented by cocycles lying in C’,j. The group
(2.45) P Hh(©)/H} L (C).

h>0

(2.44) H*(C) =

is called the graded version of H*(C); it is linearly isomorphic to H*(C) if, say, the
filtration is finite, i.e. C;, = 0 for some n € N.
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A way to compute H (C)/HF_,(C) and H*(C) is to use the spectral sequence
(EP?), > of the above filtered complex. By definition,

D,q p+q
_ Zr + C1p-|—1

(2.46) Bt = o

where

(2.47) zpa={yecpt oy e cpiiy
and

(2.48) Bra = {y €CTHI | y=62z¢ Cﬁjﬁ;f} .

Clearly, B2 C 7P, B2 C B and ZP9 D ZF:%, . Hence EP? is well-defined,
and is bigger than ET2Y,. (There is a surjection from a subgroup of EP¢ to EX/Y, ).
As r tends to oo, the group EP'? gets smaller and smaller, and it approximates

better and better the group H£+Q(C)/H£If (C). In fact, if the filtration is of finite

length, i.e. C,, =0 for some n € N, then

Zrtan Cprta 4 CPHe
_ p +1 ~ —+ +
b = HIM(C)/HYTH(C) Y r>mn,p.

- 1
BrranCpteycrte o

(2.49) EP

In general, one says that (E?'?) converges if its limit

2.50 ERT = lim EP9
( oo T

T —00

is isomorphic to H5+‘1(C’)/Hgif((]).

The terms EP9 of the spectral sequence can be computed inductively on r

(that’s why they are useful for computing Hg*q(C’)/H}fif(C)). The zeroth term

1S:

(2.51) Ep? =crta/cri

In other words, Ey = @E}Y is just the graded version of the complex C. For
r > 0, the differential operator ¢ induces an operator on (E??), denoted by 4,:

(2.52) 5 2 BP9 — prtrartl

(The image of y € ZP? mod BP? + Cgilq under §, is dy € ZPtma=+1 mod

Brtra=rtl4 O | One verifies directly that , is well-defined).
Since d 0 = 0, we also have §, 0§, = 0, i.e. ¢, is a differential operator. It

turns out that Effl is nothing but the cohomology of EP:? with respect to J,:

ker(6, : BP9 — EPma—rtl
(2.53) BP, = ( s )
Im(4, : EF~ ™1 — EPY)

EXERCISE 2.4.1. Verify Formula (2.53), starting from (2.46), (2.47) and (2.48).

REMARK 2.4.2. In the literature, Formula (2.53) is often used in the definition
of spectral sequences, and Formulas (2.46), (2.47) and (2.48) only show up after or
not at all.
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2.4.2. Leray spectral sequence.

As a first example of spectral sequences, let us consider a locally trivial fibration
7w : M — N of a manifold M over a connected manifold N with fibers diffeomorphic
to F. The de Rham complex *(M) of differential forms on M admits a natural
filtration with respect to this fibration: QF(M) (h > 0) is the subspace of Q*(M)
consisting of k-forms w which satisfy the following condition:

(2.54)
ww(Xl, . ,Xk) =0Vee M, Xy,.. Xpel,Mst.m,X1=...= 7T*Xk,h+1 =0.

The associated spectral sequence of this filtration is known as the Leray spectral
sequence. Its zeroth term E}'? can be written as follows:

(2.55) BP9~ QP(N, QI(F)).

More precisely, By = Qb+4(M)/ Qgi‘f (M) is naturally isomorphic to the space of
vector-valued p-forms on N with values in the vector bundle over N whose fiber
over a point y € N is the space of g-forms on the fiber F, = 7~ *(y) of the fibration
of M over N. The first and second terms are

(2.56) EPT=QP(N,HY(F))
and
(2.57) EY? = HP(N, HI(F)).

In the above formulas, H?(F') must be understood as a vector bundle over N whose
fiber over y € N is Hj,(F,), i.e., it is a local system of coefficients. If N is simply
connected then this bundle is automatically trivial and we can write

(2.58) E3? = Hjp(N) @ Hp(F).

EXAMPLE 2.4.3. The de Rham cohomology of the special unitary groups SU(n)
can be computed inductively on n with the help of the Leray spectral sequence
associated to the natural fibration of SU(n) over S?"~! with fiber SU(n — 1) (this
fibration is obtained via the natural action of SU(n) on the unit sphere S*"~! in
C"). When n = 2, SU(2) is diffeomorphic to the 3-dimensional sphere S3, so we
will simply write H3,(SU(2)) = H}z(S®). When n = 3, the second terms of the
Leray spectral sequence of the fibration SU(2) — SU(3) — S° are as follows:

EY? =R, E5? =R,
EJ'=R, ES°=R

)

(the other second terms are zero). The differential d5 is automatically trivial, be-
cause, for example, it maps the nontrivial term Eg 3 to the trivial term Eg’z. Sim-
ilarly, all the other differentials §,., 7 > 2, are trivial, because there are only 4
nontrivial cells E%3, £53, E09 E%0 and no differential 6, connects two of these
cells. Tt means that the Leray spectral sequence degenerates at Fo, implying that

(259)  Hip(SU(3)) = Hip(SU(2) ® Hin(S%) = Hin(5® x S°).

This isomorphism between Hj,(SU(3)) and H},(S* x S°) is actually an algebra
isomorphism, because the Leray spectral sequence is compatible with the product
structure of de Rham cohomology in a natural sense. Using this compatibility,
one can show inductively on n that the Leray spectral sequence for the fibration
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SU(n — 1) — SU(n) — S™! degenerates at the second term E, for any n > 3,
leading to the following algebra isomorphism:

(2.60) Hip(SU(n)) = Hip(S® x 8% x ... x §2n71).

See, e.g., [27, 85] for details and other applications of Leray spectral sequences and
other spectral sequences in topology.

2.4.3. Hochschild—Serre spectral sequence.

Given a Lie algebra [, a Lie subalgebra v C [, and an [-module W, the Chevalley—
Eilenberg complex C(I, W) has the following natural filtration with respect to t:

(2.61) CR(LW)={feCFUW) | f(z1,...,2x) =0 if x1,...,Th_ps1 E}.

By convention, CE([,W) = Ck(,W), and CF(I,W) = 0 if h > k. One checks
directly that §C (I, W) C Cr(I, W), i.e. it is really a filtered complex. The corre-
sponding spectral sequence is known as the Hochschild—Serre spectral sequence
[109].

We will be mainly interested in a special case of this spectral sequence, when
t is an ideal of [, and the quotient Lie algebra g = [/t is semisimple. (This is the
case, for example, when t is the radical, i.e. the maximal solvable ideal of I). In
this case, Hochschild-Serre spectral sequence leads to the following theorem.

THEOREM 2.4.4 (Hochschild-Serre [109]). Let [ be a finite dimensional Lie
algebra over K (K =R or C), ¢ be an ideal of | such that g = /v is semisimple,
and W be a finite-dimensional [-module. Then

(2.62) HYLW)= @ H(g,K)® H (x, W)® ¥k >0.
i+j=k

In the above theorem, H7(t,W) has a natural structure of g-module which
will be explained below, and H7(r, W)? is the subspace of H(t, W) consisting of
elements which are invariant under the action of g.

Proof (sketch). Since g is semisimple, by the classical Levi-Malcev theorem
there is a Lie algebra injection g — [ whose composition with the projection map
[ — [/v = g is identity. (See, e.g., [28, 196], and the beginning of Chapter 3). In
other words, we may assume that g is a Lie subalgebra of [. As a vector space, [ is
the direct sum of g with t. As a Lie algebra, [ can be written a semi-direct product
[=gxr.

By definition, the zeroth term Ef'? of the spectral sequence is

(2.63) ERT = CPH(L,W)/CPH(LW).
This space can be naturally identified with CP(g, C%(x,W)). Indeed, if we de-
note by (1,...,Zm,Y1,.--,Yn—m) & basis of [ such that (x1,...,2,,) span g and

(Y1,--++Yn—m) span t, then an element f € CHI(I,W) mod Cgif([, W) is com-
pletely determined by its value on elements of the type

xil/\"'/\xip/\yjl/\"'/\yjq'
The map
O iy Ao ANaiy = (Y5 Ao Ay, = flaa Ao ANz, Ay AN Y;))
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is a linear map from APg to Ci(x,W), ie. 6y € CP(g,C%r,W)). Note that
Clt,W) = AN @ W is a g-module: g acts on W by the restriction of the ac-
tion of [; it acts on t by the adjoint action of g in [, and on t* by the dual action.
It is clear that the correspondence f < 0 is one-to-one. Thus, we can write

(2.64) EpT = C7(g,C9(x, W)).

The next step is to look at the first spectral term E?"?, which is the coho-

mology of EP? with respect to 0y : EP? — EP9T' Using the identification
EPT > CP(g,C(t,W)), we can write dy as

(2.65) 5o : CP(g,Cx,W)) — CP(g,CT (x,W)).

It follows that

(2.66) EP1~CP(g, HI(x,W)).

Similarly, we have

(2.67) EPY =~ FP(g, Hi(x,V)).
Whitehead’s lemma (see Formula (2.35)) implies that

(2.68) EYT~ HP(g, H(x,W)®) = HP(g,K) @ H(x,W)".

If f € APg* and g € A" ® W are cocycles, and moreover g is invariant under the
action of g on AYt* ® W, then their product

(2.69) fRgeNGg QAN QW C NPTIF QW

is a cocycle. Equation (2.68) means that elements of EY"? can be written as linear
combinations of such cocycles f ® ¢g. In particular, any element of EY? can be

represented by a cocycle in ZPT4([, W). It implies that d; = d3 = ... = 0, and the
Hochschild—Serre spectral sequence degenerates (stabilizes) at Fs, i.e.
EPY =FP1= ... = ERI.

Since the filtration is clearly of finite length, we have
+ ~ q ~v
HP (W) /HY T (1LW) 2 Bt = HP(g,K) @ H(x, W)*

p+1
and k( )
HA (LW
HEw)y=2 P 22—~ HP(g,K) @ H(x, W)®.
p pt+q=k

2.4.4. Spectral sequence for Poisson cohomology.

Given a smooth Poisson manifold (M,II), there is a natural filtration of the
Lichnerowicz complex, induced by the characteristic distribution as follows. De-
note by V{(M,II) the space of smooth g-vector fields A on M with the following
property: A(z) € A¥(Imf,) AAT"FT,M ¥V x € M. In other words, A(x) is a linear
combination of g-vectors of the type Y1 A...AY, with Y3,...,Y) € Imf,. It is clear
that I € V3(M, 1), V*(M) = V§(M, 1) D V§(M,II) D ... D V(*rank H)(M,H) )
Vivank my+1(M, 1) = 0, and [IL, A] € VPHL (M, TT) if A € VI(M,TI). So we have a
filtration of finite length. The corresponding spectral sequence was first written
down explicitly by Vaisman [194, 195]. It was also present implicitly in the work
of Karasev and Vorobjev [199].
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Let us mention that the zeroth column E2° of the zeroth term of the above
spectral sequence consists of multi-vector fields which are tangent to the characteris-
tic distribution. Consequently, the zeroth column EY 0 of the first term of the above
spectral sequence consists of tangential Poisson cohomology groups, mentioned in
Subsection 2.1.4.

The use of the above spectral sequence in the computation of Poisson coho-
mology has yielded only limited success so far, mainly in the case when the Pois-
son structure is regular and the characteristic symplectic foliation is a fibration
[199, 194]. For this reason, we will not write down explicitly the above spectral
sequence in the general case (the reader may try to do it as an exercise). Instead,
we will give here a concrete simple example.

EXAMPLE 2.4.5. Let M = P x B", where P is a closed manifold such that
H}l(P) = 0, and B™ is an open ball of dimension n = dim H3,(P). Let II be
a regular Poisson structure on M, whose symplectic leaves are P x {y},y € B,
such that the map B" — H32,(P),y — [w,], where w, is the symplectic form of the
symplectic leaf P x {y} of II, is a diffeomorphism from B to its image. Then the
second Poisson cohomology of M vanishes: HZ(M) = 0. To see this, decompose any
2-vector field A such that [A, IT] = 0 into the sum of three parts, A = Agp+Azy+Ayy,
where A, is tangent to the symplectic leaves, Ay, = Y7 | X;A0/0y; with X; being
vector fields tangent to the symplectic leaves and (y;) being a system of coordinates
on B™, and Ay, = " fi;0/0y; A 0/0y;. The condition [A,II] = 0 is equivalent to
the following system of equations:

(2.71) Z[Xi, ] A0/0y; = Zfij[ﬁ/aijﬂ] A 0/0y,
(2.72) > [fi, T A 0/dyi N D/Dy; = 0.

The second equation means that [X,II] = ) j fij [0/0y;,IT] V 4. If we fix a symplec-
tic leaf {y = constant}, then [X;, 11} is exact on that leaf while , f;;(0/0dy;,11] is
not exact unless f;; = 0 because of the hypothesis that y — [w,] is a diffeomorphism.
Thus the equation [A,II] = 0 implies that f;; =0, i.e. Ay, =0, and [X;,IT] =0V i.
It follows from the hypothesis Hj,(P) = 0 that X; is exact on each symplectic
leaf, hence we can write X; = [g;,II]. The 2-vector field A’ = A + >"[g;0/0y;, 1] is
tangent to the symplectic leaves (i.e. A’ = Al,), and [A',II] = 0. It follows again
from the hypothesis that y — [w,] is a diffeomorphism that A’ is exact, A" = [Z,II],
and so is A. Thus, any two cocycle is a coboundary, and HZ(M) = 0. In terms
of spectral sequences, the decomposition A = Ay, + Ayy + Ay, corresponds to the
decomposition HA(M) = EQ? @ EL! @ EZ0, and we showed that each of the three
summands in this cohomology decomposition is trivial.

EXERCISE 2.4.6. Write down more explicitly the spectral sequence for the Pois-
son cohomology of the above example.

REMARK 2.4.7. There are some other natural filtrations of the Lichnerowicz
complex, e.g., the filtration associated to a momentum map, studied by Viktor
Ginzburg [88, 89], and the filtration given by the powers of an ideal (usually the
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maximal ideal) of functions at a point where the Poisson structure vanishes). This
last filtration is a general one, appearing in the study of local normal forms of many
different objects — we already used it in Section 2.2, without even mentioning the
spectral sequence.

2.5. The curl operator

2.5.1. Definition of the curl operator.

Recall that, if A is an a-vector field and w is a differential p-form with p > a,
then the inner product of w by A is a unique (p — a)-form, denoted by isw or
A_w, such that

(2.73) (iaw, B) = (w, A\ B)

for any (p — a)-vector field B. If p < a then we put i 4w = 0 by convention.

For example, if X is a vector field then ixw(X1,...,Xp—1) = (ixw, X1 A ... A
Xp,1> = (w,X A Xl VANIRAN Xp,1> == w(X,Xl, ce 7Xp71)-

Similarly, when a > p, then we can define the inner product of an a-vector field
A by a p-form 1 to be a unique (a — p)-vector field, denoted by i, A or niA, such
that

(2.74) (B,inA) = (B An, A)

for any (a — p)-form g.

Warning: Due to the non-commutativity of the wedge product, one must be
careful with the signs when dealing with inner products. Also, our sign convention
may be different from some other authors.

EXERCISE 2.5.1. If f is a function and A a multi-vector field then
(2.75) iafA=[A, f].

In particular, the Hamiltonian vector field of f with respect to a given Poisson
structure IT is X, = #n(df) = —iasIL

Let ©Q be a smooth volume form on a m-dimensional manifold M, i.e. a
nowhere vanishing differential m-form. Then for every p =0,1,...,m, the map

(2.76) Q :VP(M) — Q™ P(M)

defined by Q°(A) = i4Q, is a C°°(M)-linear isomorphism from the space V(M)
of smooth p-vector fields to the space Q™ P(M) of smooth (m — p)-forms. The
inverse map of Q° is denoted by QF : Q"~P(M) — VP(M), which can be defined
by QF(n) = inﬁ, where Q is the dual m-vector field of €, i.e. (Q2,Q) = 1.

EXERCISE 2.5.2. Prove the formula (774@)4(2 =.

Denote by Dq : VP(M) — VP~1(M) the linear operator defined by Dg =
O# od o Q. Then we have the following commutative diagram:
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yr)y  —2 s gmer(an)

(2.77) DQ[ [ d

Vp—l(M) o Q7n—p+1(M)

Since d od = 0, we also have Dg o Do = 0.

DEFINITION 2.5.3. The above operator Dg, is called the curl operator (with
respect to the volume form ). If A is an a-vector field then DA is called the curl
of A (with respect to Q).

EXAMPLE 2.5.4. The curl DX of a vector field X is nothing but the divergence
of X with respect to the volume form Q: (Do X)Q = Q*(DoX) = dixQ = LxQ =
(DivaX)Q, which implies that Do X = DivgX.

In a local system of coordinates (x1,...,x,) with Q = dx; A ... Adz,, and

denoting % by (; as in Section 1.7, we have the following convenient formal formula
for the curl operator:

(2.78) DoA =

The following proposition shows what happens to the curl when we change the
volume form.

ProprosITION 2.5.5. If f is a non-vanishing function then we have

(2.79) DjoA = DA+ [A|f] .

Proof. We have Do A—DoA = Q#*Q’ (Do A=DoA) = Q% (5dia(fQ)—diaQ)
= Q% (dIn|f| N iaQ) = iqum Q7 (14Q) = iqm A = [A, In|f]]. U

REMARK 2.5.6. It follows from the above proposition that, if we multiply the
volume form by a non-zero constant, then the curl operator does not change. In
particular, the curl operator Dgq can be defined on non-orientable manifolds as
well. Non-orientable manifolds don’t admit global volume forms in the sense of
non-vanishing differential forms of top degree, but they do admit measure-theoretic
volume forms with smooth positive distribution. Such a measure-theoretic volume
form is a non-oriented (or absolute) version of differential volume forms, and is also
called a density. Proposition 2.5.5 implies that one can replace a volume form by
a density in the definition of the curl operator.

2.5.2. Schouten bracket via curl operator.

THEOREM 2.5.7 (Koszul [123]). If A is an a-vector field, B is a b-vector field
and € is a volume form then

(2.80) [A,B] = (=1)’Dq(A A B) — (DqA) A B — (=1)*AA (DoB).
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Proof. By Formula (2.78) and Formula (1.64) we have:
(~1)PDo(A A B) = (—1)b ) 4B — 5~ 0. ((‘%B + (—1)”42%)
= Tt B VAT R+ SR+ (D TR
= (DoA)B + (1) A(DaB) + (8452 — (-1)V) T 52 )
— (DaA)B + (~1)A(DoB) + [4, B, O

The curl operator is, up to a sign, a derivation of the Schouten bracket. More
precisely, we have the following formula:

(2.81) DqlA, B] = [A, Do B] + (—1)""![DqA, B].

EXERCISE 2.5.8. Prove the above formula, either by direct calculations, or by
using Theorem 2.5.7 and the fact that Dg o Do = 0.

2.5.3. The modular class.

A particular important application of the curl operator in Poisson geometry
is the curl vector field Dgll, also called modular vector field, of a Poisson
structure II with respect to a volume form 2. This curl vector field is an infinitesimal
automorphism of the Poisson structure, i.e. it is a Poisson vector field. Moreover,
it also preserves the volume form:

LEMMA 2.5.9. IfII is a Poisson tensor and Q a volume form, then

Proof. It follows from Formula (2.81) and the fact that [II, II] = 0 that we have
0 = Dq[II, 1] = [II, Doll] — [DII, I = —2[DgII, II]. Hence we have [DqII, II] = 0.

To prove the second equality, we don’t even need the fact that II is a Poisson
structure. Indeed, we have L£(p,mQ = i(p,m)dQ + di(p,mQ = d(d(I1.2)) = 0. O

EXERCISE 2.5.10. Show that the curl vector field of the linear Poisson structure

II = y% A a% with respect to the volume forme dz A dy is a%» and it is not a

Hamiltonian vector field.

Lemma 2.5.9 means that the curl vector field Dgll is an 1-cocycle in the Lich-
nerowicz complex. Proposition 2.5.5 implies that if we change the volume form
(or more precisely, the density, see Remark 2.5.6) then this cocycle changes by a
coboundary. Thus the cohomology class of the curl vector field Doll in H*(M,IT)
does not depend on the choice of the volume form €.

DEFINITION 2.5.11. If (M,II) is a Poisson manifold and © a smooth density
on M, then the cohomology class of the curl vector field Doll in H'(M,II) is
called the modular class of (M,II). If this class is trivial, then (M, 1I) is called a
unimodular Poisson manifold.

DEFINITION 2.5.12. A density © on a Poisson manifold (M,II) is called an

tnvariant density if it is preserved by all Hamiltonian vector fields on M: Lx,Q =
0V fecC>(M).
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LEMMA 2.5.13. If Il is a Poisson structure and §) is a smooth density, then
Dqll = 0 if and only if Q is an invariant density. In particular, a Poisson manifold
is unimodular if and only if it admits a smooth invariant density.

We will leave the proof of the above lemma as an exercise. O

EXERCISE 2.5.14. Show that, if (M?",w) is a symplectic manifold of dimension
2n, then it is unimodular as a Poisson manifold. Up to multiplication by a constant,
the only invariant volume form on M is the so-called Liouwville form

1 n
(2.83) Q=—\w.

(Don’t confuse this Liouville volume form with the Liouville 1-form mentioned in
Example 1.1.9).

EXERCISE 2.5.15. A unimodular Lie algebra is a Lie algebra g such that for
any x € g, the linear operator ad, : g — g is traceless. In other words, g is called
unimodular if its adjoint action preserves a standard volume form. Show that a
linear Poisson structure is unimodular if and only if its corresponding Lie algebra
is unimodular.

For more about the modular class, see, e.g., [1, 77, 80, 91, 112]. For the theory
of (secondary) characteristic classes of Poisson manifolds (and Lie algebroids), of
which the modular class is a particular case, see Fernandes [80] and Crainic [56].

2.5.4. The curl operator of an affine connection.

Recall that a linear connection on a vector bundle E over a manifold M is
a R-bilinear map
(2.84) V: V(M) xT(E) - I'(E), (X,¢)+— Vx&,
(where T'(F) denotes the space of sections of FE), which is C°°(M)-linear with
respect to X, ie. Vix{ = fVx€ Vf € C°(M), and which satisfies the Leibniz
rule with respect to &, i.e. Vx(f§) = fVxE+ X(f)§. A linear connection is also
called a covariant derivation on E.

Let V be an affine connection on a manifold M, i.e. a linear connection on
the tangent bundle T'M of M. By the Leibniz rule, one can extend V to a map

(2.85) V VY M) x V(M) — V*(M)

(and more generally, to a covariant derivation on all kinds of tensor fields on M).
For example, Vx(Y AN Z) = (VxY)ANZ +Y A (VxZ). The operator

(2.86) Dy = ids, 0 Voyou, : V(M) — V*(M),

k
where (z1,...,Z,) denotes a system of coordinates on M, is called the curl oper-
ator of V.

EXERCISE 2.5.16. Show that the above definition of Dy does not depend on
the choice of local coordinates.

Recall that, an affine connection V on a manifold M is called torsionless if
VxY —VyX = [X,Y] for all X,Y € V!(M). We have the following statement,
similar to Theorem 2.5.7:



54 2. POISSON COHOMOLOGY

THEOREM 2.5.17 (Koszul [123]). If A is an a-vector field, B is a b-vector field
and V 1is a torsionless affine connection then

(2.87) [A,B] = (-1)’Dy(AAB) — (DyA) AB — (=1)*A A (DyB).
Proof. By induction, using the Leibniz identity. (]
If V is a flat torsionless connection with (1, ..., z,,) as a trivializing coordinate

system, i.e. Vy,,,0/0x; = 0 Vi, j, then Formula (2.86) coincides with Formula
(2.78).



CHAPTER 3

Levi decomposition

In this chapter, we will discuss a type of local normal forms for Poisson struc-
tures which vanish at a point, called Levi normal forms, or Levi decompositions.
A Levi normal form is a kind of partial linearization of a Poisson structure, and in
“good” cases this leads to a true linearization. The name Levi decomposition comes
from the analogy with the classical Levi decomposition for finite dimensional Lie
algebras. Let us briefly recall here the classical theory (see, e.g., [28, 196]):

Let [ be a finite-dimensional Lie algebra. Denote by t the radical of [, i.e. the
maximal solvable ideal of [. Then the quotient Lie algebra g = [/t is semi-simple,
and we have the following exact sequence:

(3.1) 0—=t—1—g—0.

The classical Levi-Malcev theorem says that the above sequence splits, i.e. there
is an injective Lie algebra homomorphism 2 : g — [ such that its composition with
the projection map [ — g is identity. The image (g) of g in [ is called a Levi factor
of [. Up to conjugations in [, the Levi factor of [ is unique. We will identify g with
1(g). Then g acts on t by the adjoint action in [, and [ can be decomposed into a
semi-direct product of g with u:

(3.2) [=gxrt.
The above decomposition is called the Levi decomposition of .

In the study of Poisson structures or other structures involving Lie brackets,
we often have infinite dimensional Lie algebras. So the idea is to find analogs of the
Levi-Malcev theorem which hold for these infinite dimensional Lie algebras. These
analogs will give interesting information about Poisson structures.

In Section 3.1 we will give a formal infinite dimensional analog of the Levi-
Malcev theorem, and illustrate its use in the example of singular foliations. Then
in the rest of this chapter, we will discuss Levi decomposition for Poisson structures.

3.1. Formal Levi decomposition

Let £ be a Lie algebra of infinite dimension. Suppose that £ admits a filtration
(33) L=LyDLiDLyD...,

such that Vi,j > 0, [£;, £;] C £,1; and dim(L;/L;41) < co. Then we say that £ is
a pro-finite Lie algebra, and call the inverse limit

o~

(3.4) L=1lim L/L;
the formal completion of L (with respect to a given pro-finite filtration).

55
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ExXAMPLE 3.1.1. Let £ be the Lie algebra of smooth vector fields on R™ which
vanish at the origin 0, and Ly be the ideal of £ consisting of vector fields with zero
k-jet at 0. Then L is pro-finite, and its formal completion is the algebra of formal
vector fields at 0.

Given a pro-finite Lie algebra £ as above, denote by t the radical of [ = £/£4
and by g the semisimple quotient [/r. Denote by R the preimage of v under the
projection £ — [ = L£/Ly. Then R is an ideal of £, called the pro-solvable
radical, and we have £L/R = [/t = g. Denote by R = lim._ R/L; the formal
completion of R. Then we have the following exact sequences:

(3.5) 0—-R—L—g—0,

(3.6) 0—-R—L—g—0.

The exact sequence (3.5) does not necessarily split, but its formal completion
(3.6) always does:

THEOREM 3.1.2. With the above notations, there is a Lie algebra injection
1: g — L whose composition with the projection map L — g is the identity map.
Up to conjugations in L, such an injection is unique.

Proof. By induction, for each k € N we will construct an injection 25 : g —
L/Ly, whose composition with the projection map L£/L; — g is identity, and
moreover the following compatibility condition is satisfied: the diagram

LTI L)Ly

g
(3.7) Id[ [ proj.

g —— L/L
is commutative. Then ¢ = lim._ 2 will be the required injection. When k =1, ¢; is
given by the Levi-Malcev theorem. If we forget about the compatibility condition,
then the other 1, k > 1, can also be provided by the Levi-Malcev theorem. But to
achieve the compatibility condition, we will construct ;1 directly from .

Assume that 25 has been constructed. Denote by p: g — L£/Liy1 an arbitrary
linear map which lifts the injective Lie algebra homomorphism , : g — L/L. We
will modify p into a Lie algebra injection.

Note that Ly/Lky1 is a g-module. The action of g on L;/L;41 is defined
as follows: for x € g,v € Li/Lit1, put z.v = [p(x),v] € L/Liy1. If z,y € g

then [p(2),p(3)] — p({2]) € Le/Lrss C L1/Lir, and therefore [[o(z), p(y)] —
p([z,y]),v] = 0 because [L1/Li+1,Lr/Lr+1] = 0. The Jacobi identity in £/Lx4+1
then implies that x.(y.v) — y.(z.v) = [z, y].v, so L /L1 is a g-module.

Define the following 2-cochain f: gA g — Li/Li11:

(3.8) z ANy €gnhgr flz,y) = [p(x),p(y)] — p([z,y]) € L1/ L1
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One verifies directly that f is a 2-cocycle of the corresponding Chevalley-Eilenberg
complex: denoting by fwyz the cyclic sum in (z,y, z), we have

5f (2, 2) = f (w-f(y.2) - F(ly, 2], 2)) =

ryz

Zj{ ([p(x% [0(v), p(2)] = p([y, 2])] = [ply, 2], p(2)] + p([[y, Z],x]))
=% [p(x), [p(y), p(2)]] +% p([ly, 2],2]) =0+ 0=0.

TYz

Since g is semisimple, by Whitehead’s lemma every 2-cocycle of g is a 2-
coboundary. In particular, there is an l-cochain ¢ : g — L/Lr11 such that

0p = f, i.e.
(3.9 [p(x),8(y)] = [p(y), d(2)] — [¢(x), 2(y)] = [p(2), p(y)] — p([, y]).

It implies that the linear map 1,11 = p — ¢ is a Lie algebra homomorphism from g
to L/L+1. Since the image of ¢ lies in L /L+1, it is clear that 1,41 is a lifting of
1. Thus 141 satisfies our requirements. By induction, the existence of ¢ is proved.

The uniqueness of 2 up to conjugations in L is proved similarly. Suppose that
Uet1, 241 ¢ 8 — L£/Lpy1 are two different injections which lift o5, Then o) | — 141
is an 1-cocycle, and therefore an 1-coboundary by Whitehead’s lemma. Denote
by «a an element of Ly/Lr41 such that do is this 1-coboundary. Then the inner
automorphism of £/L1 given by

(3.10) V€ L/Lys1+— Adexpat = v + [, V]

(because the other terms vanish) is a conjugation in £/Lj11 which intertwines u51
and %), and which projects to the identity map on £/Ly. O

The image +(g) of g in E, where 2 is given by Theorem 3.1.2, is called a formal
Levt factor of L.

REMARK 3.1.3. The above proof can be modified slightly to yield a proof of
the classical Levi-Malcev theorem, pretty close to the one given in [196] (Put £; =
the radical of £ in the finite dimensional case).

REMARK 3.1.4. Every semisimple subalgebra of a finite dimensional Lie algebra
is contained in a Levi factor. Similarly, each semisimple subalgebra of a pro-finite
Lie algebra is formally contained in a formal Levi factor. These facts can also be
proved by a slight modification of the uniqueness part of the proof of Theorem
3.1.2.

Relations between Levi decomposition and linearization problems were ob-
served, for example, by Flato and Simon [83] in their work on linearization of
field equations. Here we will show a simple example of such relations, involving
singular foliations.

Let F be a singular holomorphic foliation in a neighborhood of 0 in C™. Holo-
morphic means that F is generated by holomorphic vector fields. We will assume
that the rank of F at 0 is 0, i.e. X(0) = 0 for any tangent vector field X tangent
to F. Denote by X(F) the Lie algebra of germs at 0 of holomorphic vector fields
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tangent to F. Denote by X1)(F) the Lie algebra consisting of linear parts of ele-
ments of X(F) at 0. Then XM (F) is a Lie algebra of linear vector fields. Denote
by FM) the singular foliation generated by X'(1) (F) and call it the linear part of F.

THEOREM 3.1.5 (Cerveau [46]). With the above notations, if XV (F) is semisim-
ple and dim F = dim FD | then F is formally linearizable at 0, i.e. it is formally
isomorphic to F),

Proof. X(F) is a pro-finite Lie algebra with the standard filtration given by
the order of vanishing of vector fields at 0, hence it admits a formal Levi factor
g. When XYM (F) is semisimple, then g is isomorphic to X (F). Since g is
semisimple, its formal action on C™ is formally linearizable by a classical theorem
of Hermann (Theorem 3.1.6). Suppose that the action of g has been linearized. It
means that g consists of linear vector fields, hence it coincides with XM (F). In
other words, after the formal linearization, we have an inclusion XY (F) C X (F),
hence FM) ¢ F. But F and F() have the same dimension by assumptions, hence
they must coincide. O

THEOREM 3.1.6 (Hermann [106]). If g C V},,,.01.0(K") is a finite dimensional
semisimple subalgebra of the Lie algebra V}OTmal’O(K") of formal vector fields on
K" which vanish at 0, where K = R or C, then there is a formal coordinate sys-
tem (z1,...,2n) of K™ at 0, with respect to which the elements of g have linear
coefficients.

Proof (sketch). The proof follows the usual formal normalization procedure,
and is based on Whitehead’s lemma H'(g, W) = 0. Let X1, ..., X4 be a basis of g.
Suppose that, in a coordinate system (z1, ..., z,), we have

(3.11) Xi=xM 4 x® 4 x6 4

with s > 2, where Xi(s) is a vector field whose coefficients are homogeneous of
degree s, and so on. We want to kill the term Xi(s) in the expression of X; by a
coordinate transformation of the type z, = z;+ terms of degree > s. Due to the
Jacobi identity, the map X; — XZ.(S) is an 1-cocycle of g with coefficients in the
g-module of homogeneous vector fields of degree s. By Whitehead’s lemma, this
1-cocycle is a coboundary, i.e. we can write

(3.12) X =x"y],

(2

where Y = Zj [;0/0z; is homogeneous of degree s. Put z; = z — f;. This
coordinate transformation will kill the term of degree s in the Taylor expansion of
X;. O

3.2. Levi decomposition of Poisson structures

Let IT be a Poisson structure in a neighborhood of 0 in K", where K = R or
C, which vanishes at 0: TI(0) = 0. Denote by (™ the linear part of II at 0, and
by [ the Lie algebra of linear functions on K" under the linear Poisson bracket of
M. Let g C [ be a semisimple subalgebra of [. If II is formal or analytic, we
will assume that g is a Levi factor of [. If II is smooth (but not analytic), we will
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assume that g is a maximal compact semisimple subalgebra of [, and we will call
such a subalgebra a compact Levi factor. Denote by (21,...,Zm,Y1,- - Yn—m)
a linear basis of [, such that z1,...,2,, span g (dimg = m), and y1, ..., Yn—m Span
a complement t of g with respect to the adjoint action of g on [, i.e. [g,t] C t. (In
the formal and analytic cases, t is the radical of [; in the smooth case it is not the
radical in general). Denote by cl- and a - the structural constants of g and of the

action of g on t respectively: [z;,z;] = Zk C”Ik and [x;,;] = > ) ”yk.

DEFINITION 3.2.1. With the above notations, we will say that IT admits a formal
(resp. analytic, resp. smooth) Levi decomposition or Levi normal form at 0,
with respect to the (compact) Levi factor g, if there is a formal (resp. analytic,
resp. smooth) coordinate system

(33(1}0, "’x;ﬁ?yfoﬂ" '7y$lo—m)7

with §° = x;+ higher order terms and y{° = y;+ higher order terms, such that in
this system of coordinates we have

] a 9 o 9
(3.13) = chxkaoo (% +Za”ykaoo oy +Zaj—ayfoA—ay;O,

i<j 1<J

where P;; are formal (resp. analytic, resp. smooth) functions.
REMARK 3.2.2. Another way to express Equation (3.13) is as follows:
(3.14) 20} = chjxk and {z°,y;°} = Zaij,io.
In other words, the Poisson brackets of z-coordinates with x-coordinates, and of

z-coordinates with y-coordinates, are linear. Yet another way to say it is that the
Hamiltonian vector fields of z° are linear:

0 0
3.15 X = 3 i O
( ) b cljxk} 813;)0 azjyk ay;x-,

In particular, the vector fields Xye,..., Xz form a Lie algebra isomorphic to
g, and we have an infinitesimal linear Hamiltonian action of g on (K" II), whose
momentum map g : K® — g* is defined by (u(z2), z;) = z;(2).

THEOREM 3.2.3 (Wade [201]). Any formal Poisson structure Il in K® (K =R
or C) which vanishes at 0 admits a formal Levi decomposition.

Proof. Denote by L the algebra of formal functions in K™ which vanish at 0,
under the Lie bracket of II. Then it is a pro-finite Lie algebra, whose completion
is itself. The Lie algebra £/L;, where £; is the ideal of £ consisting of functions
which vanish at 0 together with their first derivatives, is isomorphic to the Lie
algebra [ of linear functions on K™ whose Lie bracket is given by the linear Poisson
structure IIV. By Theorem 3.1.2, £ admits a Levi factor, which is isomorphic
to the Levi factor g of [. Denote by x9°,...,z2° a linear basis of a Levi factor
of £, {z®,25°} = Y, ckaf® where ¢f; are structural constants of g. Then the
Hamiltonian vector fields X e, ..., X;oc gives a formal action of g on K". By
Hermann’s formal linearization theorem 3.1.6, this formal action can be linearized
formally, i.e. there is a formal coordinate system (29,... ,yg m) 10 which we have

(3.16) Xyoo = chxk Z ”y
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A-priori, it may happen that 20 # x°, but in any case we have z¥ = z3°+ higher
order terms, and Xy (23°) = 3, efa°, Xo (49) = 3op aljyp. Renaming yf by
y°, we get a formal coordinate system (x5°,...,y5° ,,) which puts II in formal Levi

normal form. O

REMARK 3.2.4. A particular case of Theorem 3.2.3 is the following formal
linearization theorem of Weinstein [205] mentioned in Chapter 2: if the linear part
of IT at 0 is semisimple (i.e. it corresponds to a semisimple Lie algebra [ = g), then
IT is formally linearizable at 0.

REMARK 3.2.5. As observed by Chloup [52], Theorem 3.2.3 may also be viewed
as a consequence of Hochschild—Serre’s Theorem 2.4.4. Indeed, according to Theo-
rem 2.4.4 and Whitehead’s lemma, we have

(3.17) H?(1,8P0) =2 H(g,K) @ H?(t, SP1)9 = H?(¢, SP)® VY p.

It means that any non-linear term in the Taylor expansion of II, which is represented
by a 2-cocycle of [ with values in S[ = @©,S”1, can be “pushed to t”, i.e. pushed to
the “y-part” (consisting of terms P;;0/0y; A 0/0y;) of IL.

In the analytic case, we have:

THEOREM 3.2.6 ([218]). Any analytic Poisson structure I1 in a neighborhood
of 0 in K", where K = R or C, which vanishes at 0, admits an analytic Levi
decomposition.

REMARK 3.2.7. If in the above theorem, [ = ((K™)*,{.,.} 1)) is a semi-simple
Lie algebra, i.e. g = I, then we recover the following analytic linearization theorem
of Conn [53]: any analytic Poisson structure with a semi-simple linear part is locally
analytically linearizable. When [ = g & K, then a Levi decomposition of II is still
automatically a linearization (because {y1,y1} = 0), and Theorem 3.2.6 implies the
following result of Molinier [149] and Conn (unpublished): If the linear part of an
analytic Poisson structure II which vanishes at 0 corresponds to [ = g & K, where
g is semisimple, then II is analytically linearizable in a neighborhood of 0.

REMARK 3.2.8. The existence of a local analytic Levi decomposition of II is
essentially equivalent to the existence of a Levi factor (and not just a formal Levi
factor) for the Lie algebra O of germs at 0 of analytic functions under the Poisson
bracket of II. Indeed, if II is in analytic Levi normal form with respect to a coor-

dinate system (z1,...,Yn—m), then the functions x1,...,z,, form a linear basis of
a Levi factor of 0. Conversely, suppose that O admits a Levi factor with a linear
basis z1,...,%m,. Then X, ,..., X,  generate a local analytic action of g on K.

According to Kushnirenko-Guillemin—Sternberg analytic linearization theorem for
analytic actions of semisimple Lie algebras [99, 124], we may assume that

0 0
k.0 k0
(3.18) Xy = Z CijTh 50 T Z “Yk 5,0

J J
in a local analytic system of coordinates (29,...,99_, ), where 29 = z;+ higher
order terms. Renaming y? by y;, we get a local analytic system of coordinates
(1, ..., Yn—m) which puts IT in Levi normal form.

In the smooth case, we have:
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THEOREM 3.2.9 (Monnier—Zung [152]). For anyn € N and p € NU {oo} there
is p' € NU {oo}, p' < 00 if p < 00, such that the following statement holds: Let
II be a CP -smooth Poisson structure in a neighborhood of 0 in R™. Denote by |
the Lie algebra of linear functions in R™ under the Lie-Poisson bracket 11, which
is the linear part of 11, and by g a compact Levi factor of I. Then there exists a
CP-smooth Levi decomposition of I1 with respect to g in a neighborhood of 0 .

REMARK 3.2.10. The condition that g be compact in Theorem 3.2.9 is in a
sense necessary, already in the case when [ = g.

REMARK 3.2.11. Remark 3.2.7 and Remark 3.2.8 also apply to the smooth case
(provided that g is compact). In particular, when [ = g, one recovers from Theorem
3.2.9 the following smooth linearization theorem of Conn [54]: any smooth Poisson
structure whose linear part is compact semisimple is locally smoothly linearizable.
When [ = g & R with g compact semisimple, Theorem 3.2.9 still gives a smooth
linearization. And the existence of a local smooth Levi decomposition is equivalent
to the existence of a compact Levi factor.

REMARK 3.2.12. There are analogs of the above Levi decomposition theorems
for Lie algebroids.

In the rest of this chapter, we will give a full proof of Theorem 3.2.6, and
then a sketch of the proof of Theorem 3.2.9, which is similar but more technical.
These proofs of Theorem 3.2.6 and Theorem 3.2.9 are inspired by and based on
Conn’s work [53, 54|, and use a normed version of Whitehead’s lemma (on vanish-
ing cohomology of semisimple Lie algebras) and the fast convergence method (of
Kolmogorov in the analytic case and Nash—Moser in the smooth case) in order to
show the convergence of a formal coordinate transformation putting the Poisson
structure in Levi normal form.

3.3. Construction of Levi decomposition

In this section we will construct, by a recurrence process, a formal system of
coordinates (x§°,..., 2%, y°, ...,y ) which satisfy Relations (3.14) for a given
local analytic Poisson structure II. We will later use analytic estimates to show
that our construction actually yields a local analytic system of coordinates.

Each step in our recurrence process consists of 2 substeps: the first substep is
to find an almost Levi factor. The second substep consists of almost linearizing this
almost Levi factor.

We begin the first step with the original linear coordinate system
(319) (.’17(1), LR mguy?7 R 7y7(?1,7m) = (.’171, ey Imy Y1, 0, ynfm) .

For each positive integer [, after Step I we will find a local coordinate system
(2, ... 2l byl ) with the following properties (3.20), (3.21), (3.24):

(3'20) (x%l7"',1.’lrn,’yi7"'7y/flfm) = (m11717"’7l.’ln’71’yiil7"’7yf17—1m) O¢l )
where ¢ is a local analytic diffeomorphism of (K", 0) of the type
(3.21) #1(2) = 2 + terms of order > 271 1 .



62 3. LEVI DECOMPOSITION

The space (K™, 0) above is fixed (our local Poisson manifold). The functions

xfl, z!, etc. are local functions on that fixed space.

Denote by
(3.22) X=X, (i=1,...,m)

the Hamiltonian vector field of 2! with respect to our Poisson structure II. Then
we have

(3.23) X =Xl+v!,
where
g ko1 0 k10 ! 2h+1
(3.24) X; = Zcijxk—l + Zaijyk—l , Y eO(]z|7 ),
, ox’, , oy’
jk J Jk J
i.e., X! is the linear part of X! = X, in the coordinate system (@h, . yhm),

and af’j are structural constants as appeared in Theorem 3.2.6, and Y} = X! — X!
does not contain terms of order < 2%

Condition (3.24) may be rewritten as

(3.25) {al,2l} = Zcfjmi modulo terms of order >2' 41,
k
(3.26) {at, yé} = Z aijfc modulo terms of order > 2' 41 .
k
So we may say that the functions (2},...,2! ) form an almost Levi factor,

and their corresponding Hamiltonian vector fields are almost linearized, up to
terms of order 2! + 1.

Of course, when [ = 0, then Relation (3.24) is satisfied by the assumptions of
I+1 41
(1 )

Theorem 3.2.6. Let us show how to construct the coordinate system ( T T,

from the coordinate system (x),...,y! ). Denote

(3.27) Oy = {local analytic functions in (K",0) without terms of order < 2'} .

Due to Relations (3.20) and (3.21), it doesn’t matter if we use the original coor-
dinate system (21, ..., Zm, Y1, - -, Yn_m) Or the new one (x4,... 2 oyt ... 4L )

in the above definition of O;. It follows from Relation (3.24) that

(3.28) fj = {xi,xé} - Zcfjxfc = Yll(scé) €0 .
k

Denote by (&1, ...,&mn) a fixed basis of the semi-simple algebra g, with

(3.29) 6,651 = i -
k

Then g acts on O via vector fields )A({, e ,)A(,ln, and this action induces the

following linear action of g on the finite-dimensional vector space O;/Oy; : if
g € Oy, considered modulo Oy 1, then we put
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(3.30) Ei-g:= chxk Z T a mod Oy .

Notice that if g € O; then Y} (g) € O;11, and hence we have

(3.31) & 9= X'"(g) mod 0111 = {zk,g} mod O, .
The functions l in (3.28) form a 2-cochain f! of g with values in the g-module
01/Op41 -

fl(é.’i A g_]) = lej mod Ol+1 {1‘27 ]} Zk} C'ijk mod Ol"rl .

In other words, if we denote by g* the dual space of g, and by (7, ...,&",) the basis
of g* dual to ({1, ...,&m), then we have

(3.33) =Y & NG @ (fl; mod O1) € N’g* @ 0/O41

1<j

It follows from (3.28), and the Jacobi identity for the Poisson bracket of IT and
the algebra g, that the above 2-cochain is a 2-cocycle. Because g is semi-simple,
we have H%(g,0;/O;41) = 0, i.e. the second cohomology of g with coefficients in
g-module O;/O, 1 vanishes, and therefore the above 2-cocycle is a coboundary. In
other words, there is an 1-cochain

(3.34) w' € g* ® 01/Op41
such that
(3.35) FUEGNE) =& w' (&) =& w!(&) - wl(z cFiék)
k

Denote by w! the element of O; which is a polynomial of order < 2!*! in
variables (z%,..., 2! v}, ... ¥, _,,) such that the projection of w! in O;/O;,1 is
w' (&)

REMARK 3.3.1. Remember that wﬁ are local functions on our fixed space
(K™,0). They are not functions of variables (x!,... 2Lyt ... yl_ ) per se, but

when expressed in terms of these variables they become polynomial functions.

Define 2/ as follows:
(3.36) et =gt —wl Vi=1,...,m
Then it follows from (3.28) and (3.35) that we have
(3.37) {2l 2t} — Zc e Oy forij<m.

This concludes our first substep (the (z}™') form a better “almost Levi factor”
than (z!)). Let us now proceed to the second substep.

Denote by Y the space of local analytic vector fields of the type u = Z;:lm u;0/ Oyt
(with respect to the coordinate system (z},...,%% _,.)), with u; being local analytic
functions. For each natural number &, denote by y,@ the following subspace of V'
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(3.38) V= {u = Z u;0/0y! | u; € (’)k} .

i=1

Then V', as well as Y} /Y], ,, are g-modules under the following action :

(3.39) & - Zuja/(“)yj = [XLu [Zc”mka—l—i—z Jyk@ 7 Zuja/ayj} .

The above linear action of g on };/),4+1 can also be written as follows :
(3.40) &Y wd/dys = ({ah,w} =D afu)0/0ys mod Vi, .
J J k
Define the following 1-cochain of g with values in y; / y; 1

n—m

(3.41) Z ( Z ({xi‘ﬂ’ yé} - Z aijé)(?/ay; mod yzl+1)) €g ®yzl/yll+1 :
i=1 k

Due to Relation (3.37), the above 1-cochain is an 1-cocycle. Since g is semi-
simple, we have H'(g,Y}/V},,) = 0, and the above 1-cocycle is an 1-coboundary.
In other words, there exists a vector field

n—m
(3.42) > vojoy; ey,
j=1
with vé being polynomial functions of degree < 2/*! in variables (z},..., v} ,.),
such that for every i = 1,...,m we have
(3.43)
D iy = aliyio/oy; = (el i} = akie)a/dy; mod Vi -
J J

We now define the new system of coordinates as follows :

gt = gl L (;
=z —w; (1=1,...,m),
3.44 / '
(344) yf“ yh—ol (i=1,...,n—m),

where functions w, v} € O, are chosen as above. In particular, Relations (3.37) and
(3.43) are satisfied, which means that

{alt! l+1} St € O,
{xﬁ“,yfl} Yalyp € O
i.e. Relation (3.24) is satisfied with [ replaced by [ + 1. Of course, Relations (3.20)

and (3.21) are also satisfied with [ replaced by I 4+ 1, and with ¢;1; being the map
which when written in the variables (x},...,y!_,.) has the following form:

(3.46) Gro1 = Id + g1,

(3.45)
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where
(3.47) Vi = —(w, .. wh ool Yy e (0.

REMARK 3.3.2. We stress here the fact that Formula (3.46) is valid with re-
spect to the coordinate system (z},...,y!_,,) only. In particular, the sum there
is taken with respect to the local linear structure given by the coordinate system
(«f,...,9yL ) and not by the original coordinate system (z1,...,%n_m). If we
want to express ¢y in terms of the original coordinate system then it will be

much more complicated.

Recall that, by the above construction, w!,...,w! vt ... vl are polyno-
mial functions of degree < 2!*! in variables (z},...,!_,,), which do not contain

terms of degree < 2!,

Define the following limits

($<1>o7 ce- ,yﬁim) = limlﬂoo(‘rllv s >yizfm) )
(3 48)
’ (I)oo:hml—woq)l where q)l:¢1o-~-o¢l .

It is clear that the above limits exist in the formal category,
(3.49) (2%, y2 ) = (29,90, ) oD,

and the formal coordinate system (z3°,...,y>° ) satisfies Relation (3.14).

The above construction works not only for local analytic Poisson structures,
but also for formal Poisson structures, so it gives us another proof of Theorem 3.2.3.
To prove Theorem 3.2.6, it remains to show that, when II is analytic, we can choose

[

functions wy, v; in such a way that (x3°,...,95°,,) is in fact a local analytic system

of coordinates.

REMARK 3.3.3. The above construction of formal Levi decomposition differs
from the construction of Wade [201] and Weinstein [209]. Their construction is
simpler (they don’t almost linearize the almost Levi factor at each step, and they
kill only one term at each step), and is good enough to show the existence of a
formal Levi decomposition. However, in order to prove the existence of an analytic
Levi decomposition, using Kolmogorov’s fast convergence method, one needs to kill
a bunch of terms at each step, and that’s why the second substep (almost linearizing
an almost Levi factor) is important.

3.4. Normed vanishing of cohomology

In this section, using normed vanishing of first and second cohomology groups
of g, we will obtain some estimates on w} = z} — 2! and v} = y! — y! ™. For some
basic results on semi-simple Lie algebras and their representations which will be

used below, one may consult a book on Lie algebras, e.g., [115, 196].

We will denote by gc¢ the algebra g if K = C, and the complexification of g if
K =R. So gc is a complex semi-simple Lie algebra of dimension m. Denote by gg
the compact real form of g¢, and identify gc with gg ®g C. Fix an orthonormal
basis (e1,...,em) of gc with respect to the Killing form: (e;,e;) = d;;. We may
assume that e1,...,en € v/—1go. Denote by I' = 3. e? the Casimir element
of gc: T lies in the center of the universal enveloping algebra U(ge) and does not
depend on the choice of the basis (e;). When K = R then I' is real, i.e., I' € U(g).
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Let W be a finite dimensional complex linear space endowed with a Hermitian
metric denoted by (,). If v € W then its norm is denoted by ||v|| = 1/{v,v). Assume
that W is a Hermitian go-module. In other words, the linear action of go on W is
via infinitesimal unitary (i.e. skew-adjoint) operators. W is a gc-module via the
identification gc = go ®r C. We have the decomposition W = Wy + W7, where
W1 = gc - W (the image of the representation), and gc acts trivially on Wy. Since
W1 is a gc-module, it is also a U(gc)-module. The action of ' on Wi is invertible:
I'-W; = Wi, and we will denote by I'"! the inverse mapping.

*

Denote by g¢ the dual of gc, and by (e},...,e},) the basis of g dual to

(e1,..vem). If w € gt ® W is an 1-cochain and f : A%gh ® W is a 2-cochain
with values in W, then we will define the norm of f and w as follows :

(3.50) lwll = max wled)], Il = max [ f(e; Aej)ll -

Since H?(g,K) = 0, there is a (unique) linear map hg : A%g* — g* such that
if u € A%g* is a 2-cocycle for the trivial representation of g in K (i.e. u([x,y], z) +
u(ly, 2], ) + u([z,z],y) = 0 for any z,y,z € g), then u = dho(u), i.e. u(x,y) =
ho(u)([x,y]). By complexifying hg if K = R, and taking its tensor product with the
projection map Py : W — Wy, we get a map

(3.51) ho® Py : N2 ge @ W — gt @ Wy .

Define another map
(3.52) hy: Age@W — gt @ W)
as follows : if f € A%gf ® W then we put

(3.53) h(f) = Ze: @@t Z(ej - flei Aej)))

J
Then the map

(3.54) h=ho®Py+hi:Nge@W —ge@W

is an explicit homotopy operator, in the sense that if f € A?gZ®W is a 2-cocycle
(i.e. f = 0 where § denotes the differential of the Chevalley—Eilenberg complex
o AgE @ W — ARFlgE @ W — L), then f = §(h(f)).

Similarly, the map A : g& @ W — W defined by
(3.55) hw) =17 (Y e w(er))
i

is also a homotopy operator, in the sense that if w € g¢ ® W is an 1-cocycle then
w = d(h(w)).

When K = R, i.e. when g¢ is the complexification of g, then the above homo-
topy operators h are real, i.e. they map real cocycles into real cochains.

The above formulas make it possible to control the norm of a primitive of a
1-cocycle w or a 2-cocycle f in terms of the norm of w or f. More precisely, we
have the following lemma about normed vanishing of cohomology, which is a
normed version of Whitehead’s lemma which says that H'(g, W) = H?(g, W) = 0.
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LEMMA 3.4.1 (Conn). There is a positive constant D (which depends on g but
does not depend on W) such that with the above notations we have

(3.56) [R(H)I < DI[f]l and [[A(w)] < Dfjw]|
for any 1-cocycle w and any 2-cocycle f of gc with values in W .

REMARK 3.4.2. The above lemma is essentially due to Conn (see Proposition
2.1 0f [53]). Conn stated the result only for some particular modules that he needed,
but his proof, which we give below, works without any change for other Hermitian
modules.

Proof (sketch). We can decompose W into an orthogonal sum (with respect
to the Hermitian metric of W) of irreducible modules of gy. The above homotopy
operators decompose correspondingly, so it is enough to prove the above lemma for
the case when W is a non-trivial irreducible module, which we will now suppose.
Let A # 0 denote the highest weight of the irreducible gg-module W, and by §
one-half the sum of positive roots of go (with respect to a fixed Cartan subalgebra
and Weyl chamber). Then I" acts on W by multiplication by the scalar (A, A + 26),
which is greater or equal to |[A||>. Denote by J the weight lattice of go, and
D = m(min,ez ||7])~!. Then D < oo does not depend on W, and ||A||> > %,
which implies that the norm of the inverse of the action of I' on W is smaller or
equal to ﬁ. On the other hand, the norm of the action of e; on W is smaller or
equal to ||| for each i = 1,...,m (recall that v/—1e; € go and (e;, e;) = 1), hence
the norm of the operator Y " e; - ' : W — W is smaller or equal to D. Now
apply Formulas (3.53) and (3.55). The lemma is proved. O

Let us now apply the above lemma to g-modules O;/0;;1 and y; / y; 41 intro-
duced in the previous section. Recall that g is a Levi factor of [, the space of linear
functions in K™, which is a Lie algebra under the linear Poisson bracket II(V). g acts
on [ by the (restriction of the) adjoint action, and on K™ by the coadjoint action.
By complexifying these actions if necessary, we get a natural action of g¢ on (C™)*
(the dual space of C") and on C". The elements x1,...,Zm, Y1, -, Yn—m of the
original linear coordinate system in K™ may be view as a basis of (C™)*. Notice
that the action of g¢ on (C™)* preserves the subspace spanned by (1, ..., 2) and
the subspace spanned by (y1,...,Yn—m). Fix a basis (z1,...,2,) of (C™)*, such
that the Hermitian metric of (C™)* for which this basis is orthonormal is preserved
by the action of gg, and such that

(357) zZ; = Z AijSCj + Z Ai,j+myj y

j<m j<n—m
with the constant transformation matrix (A4;;) satisfying the following condition :
(3.58) Aij=0if i <m<jorj<m<i).

Such a basis (z1,...,2,) always exists, and we may view (z1,...,2,) as a linear

coordinate system on C". We will also define local complex analytic coordinate

systems (24, ..., 2%) as follows :

rYn

(3.59) A= Agzh+ Y Aijimyl

j<m j<n—m
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Let [ be a natural number, p a positive number, and f a local complex analytic
function of n variables. Define the following ball B; , and L*-norm | f|; ,, whenever
it makes sense :

(3.60) B, ={zeC| /Y @] <p},

1
. 2
Lp \/VP /Sl,p |f(33)| dpg

where dy; is the standard volume form on the boundary S; , = 0B, ,, of the complex

ball By, with respect to the coordinate system (z!,...,2.), and V, is the volume

of Sj p, i.e. of a (2n — 1)-dimensional sphere of radius p.

(3.61) /]

We will say that the ball B; , is well-defined if it is analytically diffeomorphic
to the standard ball of radius p via the coordinate system (2},...,2L), and will use
| 111, only when B; , is well-defined. When B , is not well-defined we simply put
| fll,p = co. We will write B, and || f||, for By, and || f|o,, respectively. If f is a
real analytic function (the case when K = R), we will complexify it before taking

the norms.

It is well-known (see., e.g., Chapter 1 of [178]) that the L?-norm || f||, is given
by a Hermitian metric, in which the monomial functions form an orthogonal basis

Sif f =3 e aa ]I 27 and g = 37 cyn ba [ ; 2 then the scalar product (f, g),
is given by

(3.62) (fogdo= D (aun_l)!pm“aaba :

ot la] +n—1)!

(where a! = [T, ai!,|a| = Y a, and b is the complex conjugate of b), and the norm
[1£1l, s given by

al(n —1)! 2 2lal 12
E: Oa|+7ngin!ma|p .

aeNm

(3.63) 1Fllo = (

The above scalar product turns O;/O;41 into a Hermitian space, if we consider
elements of O;/O;4; as polynomial functions of degree less or equal to 2!+ and
which do not contain terms of order < 2!. Of course, when K = R we will have to
complexify O;/O;41, but will redenote (O;/O41)c by O;/O;41, for simplicity.

For the space V' of local vector fields of the type u = Y1 " u;0/0z.,,, (due
to (3.58) and (3.59), this is the same as the space of vector fields of the type
S " uj0/0y! defined in the previous section, up to a complexification if K = R),

we define the L2-norms in a similar way:

1 n—m
(3.64) o =3 [ 3 o)l
pJs

Lp 4=1

These L?-norms are given by Hermitian metrics similar to (3.62), which make
y;/yfﬂ into Hermitian spaces.
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Remark that if u = (uq,..., up—m) then

(3.65) Z [uillip = Ilulle,p = max [l -

K3

It is an important observation that, since the action of gy on C" preserves
the Hermitian metric of C", its actions on O;/O0;41 and y;/y;+1, as given in the
previous section, also preserve the Hermitian metrics corresponding to the norms
Il fllz,p and ||ull;, (with the same [). Thus, applying Lemma 3.4.1 to these gc-
modules, we get:

LEMMA 3.4.3. There is a positive constant Dy such that for anyl € N and any

positive number p there exist local analytic functions wh, ..., wl , !, ..., o

n—m?’
which satisfy the relations of the previous section (in particular Relation (3.85) and
Relation (3.43)), and which have the following additional property whenever By , is

well-defined :

(3.66) max willi, < Dl.nlya;x H{wi,xé} - Zcfjkal ,
; k ;
and
(3.67) miax||vf 1p < Dl.nétz}x H{xi - wbyﬁ} - ZaijéHl =
; : ;

3.5. Proof of analytic Levi decomposition theorem

Besides the L?-norms defined in the previous section, we will need the following
L*-norms : If f is a local function then put

(3.68) |f

l,p = Sup |f(3;‘)‘ )

Tz€By ,

where the complex ball B; , is defined by (3.60). Similarly, if g = (g1,...,9n) is

a vector-valued local map then put [gi,, = sup,ep, , /2_; [9i(2)[*. For simplicity,
we will write |f|, for |flo,p.

For the Poisson structure II, we will use the following norms :
— Ul
(3.69) [I);,, := e {2}, 2 }’lm .

(Nad ]
Due to the following lemma, we will be able to use the norms |f|, and | f]|,
interchangeably for our purposes, and control the norms of the derivatives:

LEMMA 3.5.1. For any € > 0 there is a finite number K < oo depending on
€ such that for any integer | > K, positive number p, and local analytic function
f € O, we have

(3.70) |f|(1+s/l2)p > eXP(2l/2)|f|(1+e/212)p > P|df|p )
and
(3.71) |fla—enzyp < 1fllp < |flp -

We will postpone the proof of Lemma 3.5.1 a little bit. Now we want to show
a key proposition which, together with a simple lemma, will imply Theorem 3.2.6.
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PROPOSITION 3.5.2. Under the assumptions of Theorem 3.2.6, there ezists a
constant C, such that for any positive number € < 1/4, there is a natural number
K = K(e) and a positive number p = p(e), such that for anyl > K we can construct
a local analytic coordinate system (x%, ...,y ) as in the previous sections, with

the following additional properties (using the previous notations) :
()1 (Chains of balls) The ball By exp(1/1), 15 well-defined, and if | > K we have

(3.72) Bt exp(t-2)p C Brexp(1/0p C Biotexp(2+2)p -
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(ii); (Norms of changes) If | > K then we have
(373) ‘¢l|l71,exp(ﬁ77(lfl)2 )p <p.

(#4i); (Norms of the Poisson structure) :

(374) |H‘l,exp(1/l)p < C. eXp(_l/\ﬁ)p :

Theorem 3.2.6 follows immediately from the first part of Proposition 3.5.2 and
the following lemma:

LEMMA 3.5.3. If there is a finite number K such that Condition (i); of Propo-
sition 8.5.2 is satisfied for all 1 > K, then the formal coordinate system

oo oo o0 oo
(551 yees L, s Yy 7"'7yn—m)

is convergent (i.e. locally analytic).

The main idea behind Lemma 3.5.3 is that, if Condition (4); is true for any [ >
K, then the infinite intersection ﬂ?iK B exp(1/1)p contains an open neighborhood
of 0, implying a positive radius of convergence.

The second and third parts of Proposition 3.5.2 are needed for the proof of
the first part. Proposition 3.5.2 will be proved by recurrence : By taking p small
enough, we can obviously achieve Conditions (i) x and (i)x (Condition (i7)x is
void). Then provided that K is large enough, when | > K we have that Condition
(i4); implies Conditions (7); and (#i);, and Condition (¢i%); in turn implies Condition
(#9);41. In other words, Proposition 3.5.2 is a direct consequence of the following
three technical lemmas:

LEMMA 3.5.4. There exists a finite number K (depending on €) such that if
Condition (ii);11 is satisfied and | > K then Condition (i);+1 is also satisfied.

LEMMA 3.5.5. There exists a finite number K (depending on €) such that if
Condition (iii); (of Proposition 8.5.2) is satisfied and | > K then Condition (ii);1+1
is also satisfied.

LEMMA 3.5.6. There exists a finite number K (depending on €) such that if
Conditions (i3);4+1 and (ii7); are satisfied and I > K then Condition (ii);41 s also
satisfied.

The lemmas of this section will be proved now, one by one. But first let us
mention here the main ingredients behind the last three ones: The proof of Lemma
3.5.4 and Lemma 3.5.6 is straightforward and uses only the first part of Lemma
3.5.1. Lemma 3.5.5 (the most technical one) follows from the estimates on the
primitives of cocycles as provided by Lemma 3.4.3.
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Proof of Lemma 3.5.1. Let f be a local analytic function in (C™,0). To
make an estimate on df, we use the Cauchy integral formula. For z € B, denote
by 7; the following circle : v; = {v € C" | v; = z; if j # i, |v; — z| = ep/21*}.
Then v; C B(14¢/12)p, and we have

0 1 v)dv

which implies that eXp(21/2)|f|(1+5/212)p > p|df| when [ is large enough.

(2)

212
< 5|f|(1+€/2l2)p ;

Now let f € O; such that |f|14c/2), < 0o. We want to show that if z €
B(i4¢/212)p then | f(z)] < exp(2l/2)|f|(1+5/l2)p (provided that [ is large enough com-
pared to 1/¢). Fix a point x € B(14./22), and consider the following holomorphic
function of one variable : g(z) = f (\:%IZ) This function is holomorphic in the

complex 1-dimensional disk B(11+5/l2)p of radius (1 + €/1%)p, and is bounded by
|fl(14¢/12), in this disk. Because f € Oy, we have that g(z) is divisible by zzl, that
is g(2)/ 22" is holomorphic in B(l1 +e/12)p- By the maximum principle we have

/()]

EEE

|f|(1+6/l2)p
T (L +e/P)p)*

9(2)

9(]z])
|

T lzl=04e/12)p
which implies that
1+¢e/20? 2 2!
@< (TELE) oo = el 2 lasepm <
< exp(—2"2)|fl(14e/12)p
(when [ is large enough). Thus we have proved that there is a finite number K
depending on ¢ such that
[flasesizyp > exp(22)|£l(14e /220

for any [ > K and any f € O;.

To compare the norms of f, we use Cauchy-Schwartz inequality: for f =

> enk Call; 20 and |z| = (1 —£/20*)p we have

i

< S leal [ 12l <

a€ENFE i
2 =1 0\ ol n =D )
= ZQNC“' (o] +n— 1" Za: altn— 1t ? H'Z” -
12
=wm<l—zﬂ}

It means that for any local analytic function f we have

20"
Flaesarms < 1,

- en/2

—n/2 n
) (= (122 < By

Now if f € Oy, we can apply Inequality (3.70) to get

n

(20)
|f‘(17€/12)p < exp(_Ql/2)|f|(17€/2l2)p < E"T eXP(—Ql/Q)Hpr < ||pr )
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provided that [ is large enough compared to 1/e. Lemma 3.5.1 is proved. O

Proof of Lemma 3.5.3. The main point is to show that the limit (2, By,
contains a ball B, of positive radius centered at 0. Then for z € B,, we have

x € By,, implying ||(2!(2),...,24(2))| < p is uniformly bounded, which in turn
implies that the formal functions z® = lim;_, 2} are analytic functions inside
B, (recall that (z},...,zl) is obtained from (z},...,y!_,,) by a constant linear

transformation (A;;) which does not depend on ).

Recall the following fact of complex analysis, which is a consequence of the
maximum principle : if g is a complex analytic map from a complex ball of radius
p to some linear Hermitian space such that ¢g(0) = 0 and |g(z)| < C for all |z] < p
and some constant C, then we have |g(x)| < C|z|/p for all z such that |z < p. If
l1,l12 ¢ Nand r1,ro > 0,5 > 1, then applying this fact we get:

(3.75) If By, », C By, then By, . /s C Biyryys -

(Here r1 plays the role of p, 5 plays the role of C', and the coordinate transformation

ll l2
I

from (27',...,2%) to (212,...,2%2) plays the role of g in the previous statement).

Using Formula (3.75) and Condition (4); recursively, we get

By D Bi_1,exp(=1/12)p 2 Bi—2,exp(=1/12—1/(1-1)2)p 2
D oo D BKveXp(_Zi::K l/kz)p .

Since ¢ = exp(— Y- ;- 1/k?) is a positive number, we have (2 B, O Bk, cp,
which clearly contains an open neighborhood of 0. Lemma 3.5.3 is proved. (I

Proof of Lemma 3.5.4. Suppose that Condition (i%);+1 is satisfied. For

simplicity of exposition, we will assume that the coordinate system (z},...,z2])
coincides with the coordinate system (x},...,y!_,.) (The more general case, when
(24,...,2%) is obtained from (z},...,y}_,,) by a constant linear transformation, is
essentially the same). Suppose that we have
V141 1exp(1/1—e/12)p < P -
Then it follows from Lemma 3.5.1 that, provided that [ is large enough:
1

|d¢l+1|l,exp(1/l—25/l2)p < om "

(In order to define |dvii 1| exp(1/i—2¢/12)p, consider diyy1 as an n2-vector valued
function in variables (z},...,2!)). Hence the map ¢;;1 = Id + 14 is injective
in Bl,cxp(l/l72s/l2)p o if T,y € BZ,PH"E 7é Y, then H(lerl(x) - ¢l+1(y)H 2 ||.’L’ - y” -
[V101(2) =11 W) = 2=yl =nlddialexpa/i—2epi2)plz—yll = (1=1/2)[lz—y|[ > 0.
(Here (z—y) means the vector (2} (z)—24(y),..., 2. ()~ 2. (y)), i.e. their difference
is taken with respect to the coordinate system (z!,...,z)).

It follows from Lemma 3.5.1 that
D141 ]1,exp(1/1—2¢/12)p = 1 + Vi1 |1,exp(1/1-26/12)p <
< |Id|l,exp(1/l—25/l2)p + ‘wl+1|l,exp(1/l—2s/l2)p <

< exp(1/l —2¢/12)p + 4% exp(1/1 — 2¢/12)p < exp(1/l — £/1%)p .
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In other words, we have
(376) ¢l+1 (Bl,exp(l/l72s/l2)p) C Bl,exp(l/lfs/lz)p .

Applying Formula (3.75) to the above relation, noticing that 1/I — 2¢/I1*> >
1/(1 4+ 1), and simplifying the obtained formula a little bit, we get

(3.77) G141 (Blexp(1/(14+1)—2¢/(1+1)2)p) C Biexp(1/(141))p -
We will show that ¢l_+11 is well-defined in By cxp(1/(1+1))p, and

(3.78)  O5 (Blexp(1/(4+1))p) = Bist.exp(1/(41))p C Blexp(1/(41)425/(1+1)2)p -
Indeed, denote by S exp(1/1—2¢/12), the boundary of By cxp(1/1—2¢/12),- Then

G141 (S1exp(1/1-26/12)p) C Blexp(1/1—</12)p
and is homotopic to Sy exp(1/1-2¢/12)p Via a homotopy which does not intersect
Bj exp(1/(+1))p- It implies, via the classical Brower’s fixed point theorem, that
G141 (Blexp(1/1—2¢/12)p) Must contain By exp(1/(14+1))p- Because ¢py1 is injective in
(Biexp(1/1—2¢/12)p), it means that the inverse map is well-defined in By exp(1/(141))p>
with

Qslipll(Bl,exp(l/(l—i-l))P) - Bl,exp(l/l—Zs/lz)p .
In particular, Bl+1,exp(1/(l+1))p = d)l_-&-ll (Bl,exp(l/(l+1))p) is well-defined. Lemma 3.5.4
then follows from (3.77) and (3.78). O

Proof of Lemma 3.5.5. Suppose that Condition (ii¢); is satisfied. Then
according to (3.28) we have :

l l _ 1,1 kol
(379) || ij”l,exp(l/l)p < |fij|l,exp(1/l)p - ‘{xwm]} - ;Cijxk Lexp(1/1)p <

< Crg exp(1/1)p + Z |C§jH‘T§c|l,ﬂ <Ci.Cp+ C2'eXP(1/l)PZ |C§j‘ <Csp,
& k

where Cj3 is some positive constant (which does not depend on [).

We can apply the above inequality ||f}j||l7exp(1/l)p < C3p and Lemma 3.4.3 to
find a positive constant Cy (which does not depend on 1) and a solution w! of (3.37),
such that

(3.80) < Cup .

HwiHl,exp(l/l)p

Together with Lemma 3.5.1, the above inequality yields

(3.81) |dw < Cy,

l
i‘l,exp(l/l—s/2l2)p
provided that [ is large enough. Applying Lemma 3.5.1 and the assumption that
ITI|; exp(1/1)p < Cp to the above inequality, we get

l 1
|{wi’yj}|l,exp(l/l7€/2l2)p <GCsp

for some constant C5 (which does not depend on [). Using this inequality, and
inequalities similar to (3.79), we get that the norm |[.||; exp(1/1—c/212), of the 1-
cocycle given in Formula (3.41) is bounded from above by Cgp, where Cg is some
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constant which does not depend on L. Using Lemma 3.4.3, we find a solution vF

to Equation 3.43 such that

(382) < C'Gp R

!
H”i“z,exp(l/Z—e/zﬂ)p
where Cg is some constant which does not depend on I. Lemma 3.5.5 (fr [ large

enough compared to Cg) now follows directly from Inequalities (3.80), (3.82) and
Lemma 3.5.1. g

Proof of Lemma 3.5.6. Suppose that Condition (ii);11 is satisfied. By
Lemma 3.5.4, Condition (i);41 is also satisfied. In particular,

Bl+1,exp(1/(l+1))p C Bl,exp(l/(l+1)+25/(l+1)2)p C Bl,exp(l/l—2s/l2)p
(for e < 1/4 and [ large enough). Thus we have
|{z§+1 S exp(1/(1+1)p < {=t, '+1}|l,exp(1/l72s/l2)p ST +T*+T°+T*

where

T' = |zl 2 iexp(1/1-2/2)p »

7> = [{a™ = 2L 2 Y iexp(1i-2¢ /20 »
7% = {2 = 2 exp(1/1-2¢12)p
T = |{Zf+1 - va ;H - Z§}|l,exp(1/z—2s/z2)p

For the first term, we have
Tl < ‘{217 j}|l exp(1/l)p |H|l ,exp(1/l)p C eXp( 1/\ﬁ)p
Notice that C exp(—1/v1+1)p — Cexp(—1/V1)p > Gp (for I large enough). So to
verify Condition (iii);41, it suffices to show that 72 +T% + T* < $p. But this last

inequality can be achieved easily (provided that [ is large enough) by Conditions
(49)141, (i44); and Lemma 3.5.1. Lemma 3.5.6 is proved. O

3.6. The smooth case

In this section we will give a sketch of the proof of Theorem 3.2.9, referring the
reader to [152] for the details, which are quite long. Or rather, we will show what
modifications to be made to the proof of the analytic Levi decomposition theorem
3.2.6 in order to obtain the proof of Theorem 3.2.9.

In this section, g will be a compact semisimple Lie algebra. Denote by (&1, ..., &m)
a fixed basis of g, which is orthonormal with respect to a fixed positive definite in-
variant metric on g. Denote by c . the structural constants of g with respect to this
basis:

(3.83) fzagj chfk

Since g is compact, we may extend (&1, ...,&,) to a basis

(517"'7£m7y1a'~'7yn—m)

of [ such that the corresponding Euclidean metric is preserved by the adjoint action
of g. The algebra g acts on [* = R" via the coadjoint action of [ {(z) := ad¢(z) for
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(egCl,zeR"=1* The basis ({1,---,&m, Y1, - Yn—m) of [ may be viewed as
a coordinate system (x1,...,Zm, Y1, -, Yn—m) on R™ (with x; = ;).

Denote by G the compact simply-connected Lie group whose Lie algebra is
g. Then the above action of g on R™ integrates into an action of G on R™ (the
coadjoint action). The action of G on R™ preserves the Euclidean metric of R™

given by [[2]|* = 3 |zi(2)* + X [y, (2) >

For each positive number r > 0, denote by B, the closed ball of radius 7 in R™
centered at 0. The group G (and hence the algebra g) acts linearly on the space of
functions on B, via its action on B,: for each function F' and element g € G we
put

(3.84) g(F)(2) == F(g7'(2)) = F(Adgg-1)z).

In the smooth case, we will use C*-norms and Sobolev norms. For each non-
negative integer k£ > 0 and each pair of real-valued functions Fy, F5 on B,, we
will define the Sobolev inner product of F} with Fy with respect to the Sobolev
Hj-norm as follows:

o) wml = 3 [ (19 (5 00) (G0 e

|| <k

The Sobolev Hy-norm of a function F' on B, is

We will denote by C,. the subspace of the space C*°(B,) of smooth real-valued
functions on B,., which consists of functions vanishing at 0 whose first derivatives
also vanish at 0. Then the action of G on C, defined by (3.84) preserves the Sobolev
inner products (3.85).

Denote by ). the space of smooth vector fields on B, of the type

n—m

(3.87) w= > u0/dy;

i=1
such that u; vanish at 0 and their first derivatives also vanish at 0. Then ), is a
g-module under the following action :

(3.88) & Zujﬁ/é)yj = [Zcmxk + Za”yk Zuja/ayj} ,
J

where X; = >, cfapd/0n; + D ik a¥yx0/dy; are the linear vector fields which
generate the linear orthogonal coadjoint action of g on R™.

Equip ), with Sobolev inner products:

n—m

(3.89) <u,v)ﬁr = Z (Wi, i)k s

i=1
and denote by y,fr the completion of ), with respect to the corresponding Hj ,-
norm. Then y,fr is a separable real Hilbert space on which g and G act orthogonally.

The C*-norms can be defined as follows:
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(3.90) | F||k,r := sup sup |D*F(z)]

|| <k z€B,

for F' € C,., where the sup runs over all partial derivatives of degree |«| at most k.
Similarly, for v = >""" " v;0/0y; € Y, we put

(3.91) |||k, :=sup sup sup |D%u;(2)]
i |a|<kzEB,

The C* norms ||. ||, are related to the Sobolev norms ||HkHT, as follows:

k,r

(3.92) 1F ]| < CIFIIE s, and [ FIE, < C(n +1)F||F]

for any Fin C, or Y, and any k > 0, where s = [£] 41 and C is a positive constant
which does not depend on k. In other words, C* norms and Sobolev norms are
“tamely equivalent”. A priori, the constant C' depends on r, but later on we will
always assume that 1 < r < 2, and so may assume C to be independent of r. The
above inequality is a version of the classical Sobolev’s lemma for Sobolev spaces.

Similarly to the analytic case, we will need the following normed version of
Whitehead’s lemma (cf. Proposition 2.1 of [54]):

LeEMMA 3.6.1 (Conn). For any given positive number r, and W = C, or Y,
with the above action of g, consider the (truncated) Chevalley-Eilenberg complex
WRWealg BwW eyt 2 W e Al
Then there is a chain of operators
W2 Weag LW e A2y 2 We Al
such that

60 o ho + ]7,1 o (51 = IdW@/\lg* 5

(3.93) 610hy +hgody = Idwgpzg -

Moreover, there exist a constant C > 0, which is independent of the radius r of B,
such that

(3.94) I (@)l < Cllullil, §=0,1,2

for all k>0 and u € W ® NN T1g*. If u vanishes to an order | > 0 at the origin,
then so does hj(u).

Strictly speaking, Conn [54] proved the above lemma only in the case when
g = [ and for the module C,., but his proof is quite general and works perfectly in
our situation without any modification. In fact, in order to prove Lemma 3.6.1, it
is sufficient to show that W is a infinite direct sum of finite-dimensional orthogonal
modules, and then repeat the proof of Lemma 3.4.1. (]

For simplicity, in the sequel we will denote the homotopy operators h; in the
above lemma simply by h. Homotopy relation (3.93) will be rewritten simply as
follows:

(3.95) Id—6oh=hos.
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The meaning of the last equality is as follows: if u is an 1-cocycle or 2-cocycle, then
it is also a coboundary, and h(u) is an explicit primitive of u: §(h(u)) = u. If u is
a “near cocycle” then h(u) is also a “near primitive” for .

Combining Inequality (3.94) with Sobolev inequalities, we get the following
estimate for the homotopy operators h with respect to C* norms:

(3.96) IRk < Clrn+ 1M ullpgsr ¥ j=0,1,2

for all k > 0 and u € W @ A lg* where W = C, or ),. Here s = [%} +1,C is a
positive constant which does not depend on & (and r provided that 1 <r < 2).

It is well-known that the space C*°(B,) with C* norms (3.90) is a tame
Fréchet space (see, e.g., [103] for the theory of tame Fréchet spaces). Since
C, is a tame direct summand of C*°(B,.), it is also a tame Fréchet space. Simi-
larly, Y, with norms (3.91) is a tame Frechet space as well. What we will use here
is the fact that tame Fréchet spaces admit smoothing operators and interpolation
inequalities:

For each ¢t > 1 there is a linear operator S(t) = S,.(t) from C, to itself, called a
smoothing operator, with the following properties:

(3.97) IS@)Fllpir < Cpugt® V|| Fllq.r
and
(3‘98) ”(Id - S(t))FHq,r < Cp,qt(q_p)HFHp,r

for any F' € C,, where p, ¢ are any nonnegative integers such that p > ¢, Id denotes
the identity map, and C), 4 denotes a constant which depends on p and gq.

The second inequality means that S(t) is close to identity and tends to identity
when t — oco. The first inequality means that F' becomes “smoother” when we
apply S(t) to it. That’s why S(t) is called a smoothing operator. A priori, the
constants Cp, , also depend on the radius r. But later on, we will always have
1 <r <2, and so we may choose Cp, ;, to be independent of r.

There is a similar smoothing operator from ). to itself, which by abuse of
language we will also denote by S(t) or S,(t). We will assume that inequalities
(3.97) and (3.98) are still satisfied when F is replaced by an element of Y.

For any F in C, or )., and nonnegative integers p; > ps > ps, we have the
following interpolation inequality:

(399 (Flpe)” " < Couipaipa (IF ) P2 (IF ) 7",

where Cl, p,.p; i & positive constant which may depend on p1, p2, ps.

Similarly to the analytic case, in order to prove Theorem 3.2.9, we will con-
struct by recurrence a sequence of local smooth coordinate systems (z¢,y?) :=

(xd,... 2d yd ... yd ), which converges to alocal coordinate system (x°°, y>°) =
(250, ..., 220,y ...,y ), in which the Poisson structure IT has the desired form.
Here (2°,9°) = (z1,.. ., %m,Y1, - - - s Yn—m) is the original linear coordinate system.

For simplicity of exposition, we will assume that II is C'*°-smooth. However, in
every step of the proof of Theorem 3.2.9, we will only use differentiability of IT up
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to some finite order, and that’s why our proof will also work for finitely (sufficiently
highly) differentiable Poisson structures.

We will denote by 04 the local diffeomorphisms of (R™,0) such that
(3.100) (@%,yM)(2) = (2°,4°) 0 Oua(2) ,

where z denotes a point of (R™,0).

Denote by IT¢ the Poisson structure obtained from II by the action of ©4:
(3.101) ¢ = (04).I1

Of course, IT° = II. Denote by {.,.}4 the Poisson bracket with respect to the
Poisson structure I1%. Then we have

(3.102) {F1, Fa}a(z) = {F1004,F004}(047"(2)).

Assume that we have constructed (z?,y?) = (z,y) 0 ©4. Let us now construct
(41 y?*) = (2,9) 0 ©441. Similarly to the analytic case, this construction con-
sists of two steps : 1) find an “almost Levi factor”, i.e. coordinates acd‘H such
that the error terms {z¢™, d+1} Dok ck 4F1 are small, and 2) “almost linearize”
it, i.e. find the remaining coordinates yd‘H such that in the coordinate system
(91 y?+1) the Hamiltonian vector fields of the functions xf“ are very close to
linear ones. In fact, we will define a local diffeomorphism 6411 of (R™,0) and
then put ©441 = 0441 0 ©4. In particular, we will have II%+! = (9d+1)*Hd and
(xd—&-l,yd—o—l) — (xd7yd) ° (@d)—l o 9d+1 o ®d~

Similarly to the analytic case, consider the 2-cochain

(3.103) Z ®ENE
of the Chevalley-Eilenberg complex associated to the g-module C,, where now

(3.104) fij (2, y) = {2, v} a — chxk7
and r = ry depends on d and can be chosen as follows:

3.105 1 1

(3.105) rg=1+ iT1

In particular, rg = 2, rq/rg+1 ~ 1+ d%, and limg_,., g = 1 is positive. This choice
of radii r4 means in particular that we will be able to arrange so that the Poisson
structure I19 = (©,).I1 is defined in the closed ball of radius r4. (For this to hold,
we will have to assume that II is defined in the closed ball of radius 2, and show by
recurrence that By, C 04(B;,_,) for all d € N).

Put

(3.106) Z Pt @& = S(ta) (h(f)

Td—1

where h is the homotopy operator as given in Lemma 3.6.1, .S is the smoothing
operator and the parameter t; is chosen as follows: take a real constant ¢y > 1



3.6. THE SMOOTH CASE 79

(which later on will be assumed to be large enough) and define the sequence (t4)q>0
by tg+1 = tz/ 2 In other words, we have

d
(3.107) tq = exp <<2) lnt()) , Intg > 0.

The above choice of smoothing parameter ¢4 is a standard one in problems involving
the Nash-Moser method, see, e.g., [102, 103]. The number % in the above formula
is just a convenient choice. The main point is that this number is greater than 1 (so
we have a very fast increasing sequence) and smaller than 2 (where 2 corresponds
to the fact that we have a fast convergence algorithm which “quadratizes” the error

term at each step, i.e. go from an “c-small” error term to an “e2-small” error term).

According to Inequality (3.96), in order to control the C*-norm of h(f?) we
need to control the C**s-norm of f%, i.e. we face a “loss of differentiability”. That’s
why in the above definition of ¢¥*! we have to use the smoothing operator S, which
will allow us to compensate for this loss of differentiability. This is a standard trick
in the Nash-Moser method.

Next, consider the 1-cochain

(3.108) Z Z{xz—h z,ya}d—z Wy"a ®&

of the Chevalley-Eilenberg complex associated to the g-module )., where r = rg =
1+ ﬁ, and put

(3.109) P = Zwi“% = S(ta) (h(3) ,

e
@

where h is the homotopy operator as given in Lemma 3.6.1, and S(t4) is the smooth-
ing operator (with the same ¢4 as in the definition of @9+1).

Now define 6441 to be a local diffeomorphism of R™ given by
(3.110) Oair = Id — (P, pdHl gdtt gty

d+1 d+1)

This finishes our construction of G441 = 0441 0 O4 and (x*T y = (x,y) o
O441. This construction is very similar to the analytic case, except mainly for the
use of the smoothing operator. Another difference is that, for technical reasons, in
the smooth case we use the original coordinate system and the transformed Poisson
structures IT1¢ for determining the error terms, while in the analytic case the original
Poisson structure and the transformed coordinate systems are used. In particular,
the closed balls used here are always balls with respect to the original coordinate
system — this allows us to easily compare the Sobolev norms of functions on them,
i.e. bigger balls correspond to bigger norms.

The technical part of the proof (see [152]) consists of a series of lemmas which
show that the above construction actually yields a smooth Levi normalization in
the limit, provided that II is defined on the closed ball of radius 2 and is sufficiently
close to its linear part there. If II does not satisfy these conditions, then we may
use the following homothety trick to make it satisfy: replace II by II* = %G(t)*l_[
where G(t) : z — tz is a homothety, ¢ > 0. The limit lim; ., IT* is equal to the
linear part of II. So by choosing ¢ high enough, we may assume that II¢ is defined
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on the closed ball of radius 2 and is sufficiently close to its linear part there. If ©
is a local smooth Levi normalization for II*, then G(1/t) o © o G(t) will be a local
smooth Levi normalization for II.

REMARK 3.6.2. In [152] there is also an abstract Nash—Moser normal form
theorem, which can be applied to the problem of smooth Levi decomposition of
Poisson structures, and hopefully to other smooth normal form problems as well.



CHAPTER 4

Linearization of Poisson structures

4.1. Nondegenerate Lie algebras

Let II be a Poisson structure which vanishes at a point z: II(z) = 0. Denote by
(4.1) m=0®4+0® 4.

the Taylor expansion of II in a local coordinate system centered at z, where II(%) is
a homogeneous 2-vector field of degree k. Recall that, the terms of degree k of the
equation [II,II] = 0 give

k
(4.2) > [m®, k=] < o,
i1
In particular, [IIM, TIM] = 0, i.e. the linear part IV of II is a linear Poisson

structure. One says that II is locally smoothly (resp. analytically, resp. formally)
linearizable if there is a local smooth (resp. analytic, resp. formal) diffeomorphism
¢ (a coordinate transformation) such that ¢,IT = IV,

DEFINITION 4.1.1 ([205]). A finite-dimensional Lie algebra g is called formally
(resp. analytically, resp. smoothly) nondegenerate if any formal (resp. analytic,
resp. smooth) Poisson structure II which vanishes at a point and whose linear
part at that point corresponds to g is formally (resp. analytically, resp. smoothly)
linearizable.

In other words, a Lie algebra is nondegenerate if any Poisson structure, whose
linear part corresponds to this algebra, is completely determined by its linear part
up to local isomorphisms.

The above definition begs the question: which Lie algebras are nondegenerate
and which are degenerate? This question is the main topic of this chapter. One
of the main tools for studying it is the Levi decomposition, treated in the previous
chapter. The question is still largely open, though we now know of several series of
nondegenerate Lie algebras, and many degenerate ones (it is much easier in general
to find degenerate Lie algebras than to find nondegenerate ones).

As explained in Chapter 2, formal deformations of Poisson structures are gov-
erned by Poisson cohomology, and for linear Poisson structures Poisson cohomology
is a special case of Chevalley-Eilenberg cohomology of the corresponding Lie alge-
bras. In particular, if [ is a Lie algebra such that H2([,S¥I) = 0 V k > 2, then it
is formally nondegenerate (Theorem 2.3.8). Let us recall here a special case of this
result:

THEOREM 4.1.2 ([205]). Any semisimple Lie algebra is formally nondegenerate.

81
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In general, it is much more difficult to study smooth or analytic nondegeneracy
of Lie algebras than to study their formal nondegeneracy, because the former prob-
lem involves not only algebra (cohomology of Lie algebras) but also geometry and
analysis (to show the analyticity or smoothness of coordinate transformations).

The first significant results about analytic and smooth nondegenerate Lie alge-
bras are due to Conn [53, 54], and are already mentioned in Chapter 3 as special
cases of Levi decomposition theorems. Let us recall here Conn’s results.

THEOREM 4.1.3 ([53]). Any semisimple Lie algebra is analytically nondegen-
erate.

THEOREM 4.1.4 ([54]). Any compact semisimple Lie algebra is smoothly non-
degenerate.

On the other hand, most non-compact real semisimple Lie algebras are smoothly
degenerate (see Section [207]).

Related to the notion of (formal) nondegeneracy is the notion of rigidity of
Lie algebras, mentioned in Subsection 2.3.3, and also the notion of strong rigidity
[25]. Recall that H?(g,g) is the cohomology group which governs infinitesimal
deformations of a Lie algebra g. This group is somehow related to the group
®r>2H?(g, S kg), but they are not the same. Not surprisingly, there are Lie algebras
which are rigid but degenerate (e.g. saff(2), see Example 4.1.5), Lie algebras which
are non-rigid but nondegenerate (e.g. a 3-dimensional solvable Lie algebra Kx 4 K2,
where A is a nonresonant 2 x 2 matrix, see Theorem 4.2.2), Lie algebras which are
both rigid and nondegenerate (e.g. semisimple Lie algebras), and Lie algebras which
are both non-rigid and degenerate (e.g. Abelian Lie algebras).

EXAMPLE 4.1.5. Denote by saff(2,K) = sl(2,K) x K? the Lie algebra of in-
finitesimal area-preserving affine transformations on K2. Then saff(2,KK) is rigid
but degenerate. The linear Poisson structure corresponding to saff(2) has the form
WY = 2edh A de — 2fOh A Of + hde A Of + y10h A Oy; — y20h A Oys + y10e A
Oy + y20f A Byp in a natural system of coordinates. Now put IT = IT() + IT with
I = (h? + 4ef)dy1 A Qya. Then II is a Poisson structure, vanishing at the origin,
with a linear part corresponding to saff(2). For M) the set where the rank is less
or equal to 2 is a codimension 2 linear subspace (given by the equations y; = 0 and
yo = 0). For II the set where the rank is less or equal to 2 is a 2-dimensional cone
(the cone given by the equations y; = 0, y2 = 0 and h? + 4ef = 0). So these two
Poisson structures are not isomorphic, even formally. The rigidity of saff(2) will be
left to the reader as an exercise (see [173, 40]).

EXAMPLE 4.1.6. The Lie algebra ¢(3) = so(3) x R? of rigid motions of the
Euclidean space R? is degenerate and non-rigid. The linear Poisson structure cor-
responding to ¢(3) has the form I = 2,029 A O3 + 22073 A D21 + 23071 A OTo +
Y1022 AOYs +y20x3 A Oy1 +y30x1 AOJys in a natural system of coordinates. Now put
=1+ with I = (22 + 23+ 23) (21022 N Ox3 + 22023 AN O31 + 23031 AO13). For
I the set where the rank is less or equal to 2 is a dimension 3 subspace (given by
the equation y; = yo = y3 = 0), while for II the set where the rank is less or equal to
2 is the origin. A Lie algebra not isomorphic to ¢(3) but adjacent to e(3) is so(3,1),
the Lie algebra of infinitesimal linear automorphisms of the Minkowski space. Here
the adjective adjacent means that, in the variety of all Lie algebra structures of
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dimension 6 (see Subsection 2.3.3), the GL(6)-orbit which corresponds to e(3) lies
in the closure (with respect to the Euclidean topology) of the GL(6)-orbit which
corresponds to so(3,1) . One also says that e(3) is a contraction of so(3,1). If a
Lie algebra is a contraction of another Lie algebra, then it is not rigid.

A strongly rigid Lie algebra is a Lie algebra g whose universal enveloping
algebra U(g) is rigid as an associative algebra [25]. It is easy to see that if g is
strongly rigid then it is rigid. A sufficient condition for g to be strongly rigid is
H?(g,S*g) =0V k > 0, and if this condition is satisfied then g is called infinitesi-
mally strongly rigid [25]. Obviously, if g is infinitesimally strongly rigid, then it
is formally nondegenerate. In fact, we have the following result, due to Bordemann,
Makhlouf and Petit:

THEOREM 4.1.7 ([25]). If g is a strongly rigid Lie algebra then it is formally
nondegenerate.

We refer to [25] for the proof of the above theorem, which is based on Kont-
sevich’s theorem [121] on the existence of deformation quantization of Poisson
structures.

4.2. Linearization of low-dimensional Poisson structures

4.2.1. Two-dimensional case.

Up to isomorphisms, there are only two Lie algebras of dimension 2: the trivial,
i.e. Abelian one, and the solvable Lie algebra K x K, which has a basis (e, e2) with
[e1, e2] = eq. This Lie algebra is isomorphic to the Lie algebra of infinitesimal affine
transformations of the line, so we will denote it by aff(1).

The Abelian Lie algebra of dimension 2 is of course degenerate. For example,
the quadratic Poisson structure (% + mg)a%l A 8%2 is non-trivial and is not locally
isomorphic to its linear part, which is trivial.

On the other hand, we have:

THEOREM 4.2.1 ([5]). The Lie algebra aff(1) is formally, analytically and
smoothly nondegenerate.

Proof. We begin with {z,y} =« +.... Putting 2’ = {z,y},y’ = y, we obtain
{z/,y'} = %—’g{x,y} = z'a(z’,y’), where a is a function such that a(0) = 1. We
finish with a second change of coordinates " = 2/,y” = f(a’,y'), where f is a
function such that gyf, =1/a. O

4.2.2. Three dimensional case.

Every Lie algebra of dimension 3 over R or C is of one of the following three
types, where (eq, e, e3) denote a basis:

e 50(3) with brackets [eq, ea] = e3, [e2, e3] = €1, [e3, e1] = ea.
e sl(2) with brackets [eq, ea] = e3, [e1, e3] = e1,[e2, e3] = —ea. (Recall that
s0(3,R) 2 sl(2,R), so(3,C) = sl(2,C)).
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e semi-direct products K x 4 K2 where K acts linearly on K2 by a matrix A.
In other words, we have brackets [e2, e3] = 0, [e1, e2] = aea + bes, [e1, €3] =
cea+des, and A is the 2 x 2-matrix with coefficients a, b, ¢ and d. (Different
matrices A may correspond to isomorphic Lie algebras).

The Lie algebras sl(2) and so(3) are simple, so they are formally and analyti-
cally nondegenerate, according to Weinstein’s and Conn’s theorems.

The fact that the compact simple Lie algebra so(3,R) is smoothly nondegener-
ate (it is a special case of Conn’s Theorem 4.1.4) is due to Dazord [62]. In Chapter
7?7, we will extend this result of Dazord to the case of elliptic singularities of Nambu
structures, using arguments similar to his.

On the other hand, sl(2,R) is known to be smoothly degenerate (see [205]).
A simple construction of a smooth non-linearizable Poisson structure whose linear
part corresponds to sl(2,R) is as follows: In a linear coordinate system (y1,y2,¥3),

e o 0 o 0 o 0
OO —yg A — —gp—— A =— —yp=— A =—— = X \Y,
Boy "oy Py Ny Moy oy
— %) 1%} _ 0 ) %) e 13
where X = Y2555 — Y35,5 and Y = a5 T yg?JTIng (yza—y2 +y3673)' This linear

Poisson structure corresponds to sl(2,R) and has C' = y3 + y3 — y} as a Casimir
function. Denote by Z a vector field on R? such that Z = 0 when y2 +y2 —y? > 0,
and Z = \/% (yga%2 +y3 %) when y3 +y3 —y? > 0, where G is a flat function
such that G(0) = 0 and G(C) > 0 when C > 0. Then Z is a flat vector field such
that [Z, X] = [Z,Y] = 0. Hence Il = X A (Y — Z) is a Poisson structure whose linear
part is I = X AY. While Y is a periodic vector field, the integral curves of Y —Z
in the region {y3 + y3 — y7 > 0} are spiraling towards the cone {y3 + 43 — y3 = 0}.
Thus, while almost all the symplectic leaves of II()) are closed, the symplectic
leaves of II in the region {y3 +y2 — y? > 0} contain the cone {y3 +y3 —y? = 0} in
their closure (also locally in a neighborhood of 0). This implies that the symplectic
foliation of II is not locally homeomorphic to the symplectic foliation of II(*). Hence
II can’t be locally smoothly equivalent to IT(V).

For solvable Lie algebras K x 4 K2, we have the following result:

THEOREM 4.2.2 ([69]). The Lie algebra R? x 4 R is smoothly (or formally)
nondegenerate if and only if A is nonresonant in the sense that there are no relations
of the type

(43) Ai = N1+ noXs (’L =1or 2),

where A1 and Ay are the eigenvalues of A, ni and no are two nonnegative integers
with nq +ng > 1.

Proof. Let II be a Poisson structure on a 3-dimensional manifold which van-
ishes at a point with a linear part corresponding to R? x 4 R with a nonresonant A.
In a system of local coordinates (z,y, z), centered at the considered point, we have

(44)  A{za}=ar+by+0Q2), {2y} =cx+dy+0(2), {z,y}=0(2),

where a, b, ¢, d are the coefficients of A, and O(2) means terms of degree at least
2. Tt follows that the curl vector field DqII (see Section 2.5), with respect to any
volume form €2, has the form (a + ¢)0/0z + Y, where Y is a vector field vanishing
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at the origin. But the non-resonance hypothesis imposes that the trace of A is not
zero; so Dqll doesn’t vanish in a neighborhood of the origin. We can straighten it
and suppose that the coordinates (z,y, z) are chosen such that DoIl = 9z.

Now the 3-dimensional hypothesis implies IT A IT = 0 and, using formula
[IL,II] = Do(II ATI) £ Dqo(IT) ATI

(see Section 2.5), we obtain

Do) ATl =0.
In the above coordinates this gives 9/9z A Il = 0 and, so,
M=0/0zNX,

where X is a vector field. Now we recall the basic formula
[Da(1T), 1] =0

which have the consequence that we can suppose that X depends only on the
coordinates x and y.

Because of the form of the linear part of I, X is a vector field which vanishes
at the origin but with a nonresonant linear part. Hence, up to a smooth (or formal)
change of coordinates x and y, we can linearize X (see Appendix ??). This gives
the smooth (or formal) nondegeneracy of R? x 4 R.

To prove the “only if” part, we start with a linear Poisson structure
Y =a/9z A XM,

where X is a linear resonant vector field. Every resonance relation permits
the construction of a polynomial perturbation X of X which is not smoothly
isomorphic to X (), even up to a product with a function (see Appendix ??). Then
it is not difficult to prove that 9/9z A X is a polynomial perturbation of II!) which
is not equivalent to it. (I

REMARK 4.2.3. The same proof shows that algebras of type K2 x 4 K (where
K =R or C) are analytic nondegenerate if we add to the non-resonance condition
a Diophantine condition on the eigenvalues of A (see Appendix ?7).

4.2.3. Four-dimensional case.

The results on (non)degeneracy of 4-dimensional Lie algebras presented in this
subsection are taken from Molinier’s thesis [149].

According to [170], every 4-dimensional Lie algebra over K, where K = R or
C, belongs to (at least) one of the following four types:

Type 1: direct products K x Ls where L3 is a 3-dimensional algebra (see the
preceding paragraph for a classification)

Type 2: semi-direct products Kx 4 K2, where K? is the commutative Lie algebra
of dimension 3, and K acts on K? by a matrix A.

Type 3: semi-direct products K x 4 Hs, where Hs is the 3-dimensional Heisen-
berg Lie algebra: Hjs has a basis (z,y, z) such that [z,y] = z, [z, 2] = [y,2] = 0.

Type 4: semi-direct products K2 x K2.
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In the first type we have K x sl(2) and K x so(3), which are the same when
K = C, and the cases where L is a semi-direct product K x K2. The Levi decom-
position theorems from Chapter 3 imply that K x sl(2) and K x so(3) are formally
and analytically nondegenerate, and that R x so(3,R) is smoothly nondegenerate.
However, R x sl(2,R) is smoothly degenerate: just repeat the proof, given in the
previous subsection, of the fact that sl(2) is smoothly degenerate. The case where
L3 is a semi-direct product is degenerate (formally, analytically and smoothly): if
we choose coordinates (u, v, x,y) such that the corresponding linear Poisson tensor
has the form

o 0 o 0
(4.5) (ax+by)%/\%+(cx+dy)%/\a—y,

then we can add a quadratic term v? % /\% to get a non-linearizable Poisson tensor.

Every algebra of the second type is degenerate. To prove this we choose coordi-
nates (u, x1, T2, x3) such that in these coordinates the corresponding linear Poisson
structure has brackets {u,x;} = 3, alx;, (the others brackets are trivial), where

al are the coefficients of the matrix A. Up to isomorphisms, we can suppose that

A is in Jordan form and we can also replace A by AA where A is any non vanishing
constant. So we have the following list of cases:

(4.6) {u, 21} =0, {u,z2} =21, {u,x3} = w9;

(4.7 {u, 1} = ax1, {u,x2} =x2, {u,z3} =22+ 23;

(4.8) {u,z1} =21, {u,22} =0, {u,z3} = w9;

(4.9) {u, 21} =21, {u,z2} =21 + 22, {u,z3} =22 + 235
(4.10) {u, 21} = 1, {u,x2} = axs, {u,z3} = bxs;

(4.11) {u,21} = azy, {u,z2} =bry —x3, {u,x3} = 29+ b23.

Each of the above cases can be perturbed to a non-linearizable Poisson structure by
adding a quadratic term: Ow3 A (22021 + x12203) for (4.6); 23023 A Oy for (4.7)
and (4.8); 220x3 A Oxo for (4.9); xow30x3 A Oxo for (4.10); and (23 + 23)0x3 A dz2
for (4.11).

Similarly, every algebra of the third type is also degenerate. To prove this
we choose coordinates (u, 1,22, x3) such that the corresponding linear Poisson
structure has brackets {z3,22} = 21, {u,z;} = >, alz;, (the other brackets are

zero), where a{ are the coeflicients of the matrix A. Up to isomorphisms, we have
the following cases:

(4.12) {u, 1} = 221, {u,x2} =22, {u,x3} =22 + X3;
(4.13) {u,z1} = (1 4+ b)xy, {u,z2} =x9, {u,z3} =bas;
(4.14) {u, 21} = 2az1, {u,z2} = axs —x3, {u,x3} =22+ axs.

Each case can be perturbed to a non-linearizable Poisson structure by adding a
quadratic term: x30z3A\0xy for (4.12); xox3023 AOxo for (4.13); and (23 +23)0z3 A
Oxq for (4.14).

Finally, if g is a Lie algebra of the last type, which does not belong to the
previous three types, then it admits a basis (u, v, z,y), with either the brackets

(4.15) [u,z] =z, [v,y] =y;
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or the brackets

(4'16) [uax] =&, [u7y] =Y ,[v,x] =Y, [Uay] =Z.

When K = C then the above two cases are the same and are isomorphic to aff(1, C) x
aff(1,C). When K = R, these are the two real versions of aff(1,C) x aff(1,C). We
will see in Section 4.3 that (4.15) is formally, analytically and smoothly nonde-
generate, and therefore (4.16) is also formally and analytically nondegenerate. We
don’t know whether (4.16) is smoothly nondegenerate.

4.3. Nondegeneracy of aff(n)

As an application of the Levi decomposition, we will prove the following:

THEOREM 4.3.1 ([75]). For any natural number n, the Lie algebra aff(n,K) =
gl(n,K) x K™ of affine transformations of K", where K =R or C, is formally and
analytically nondegenerate.

Proof. We will prove the above theorem in the analytic case. The formal case
is absolutely similar, if not simpler. Denote by | = g x v a Levi decomposition
for a (real or complex) Lie algebra [, where s is semisimple and t is the solvable
radical of [. Let II be an analytic Poisson structure vanishing at a point 0 in a
manifold whose linear part at 0 corresponds to [. According to the analytic Levi
decomposition theorem 3.2.6, there exists a local analytic system of coordinates
(1, Tm,Y1,---,Y4) in a neighborhood of 0, where m = dimg and d = dimr,
such that in these coordinates we have

(417) {xz7xj} - Zci‘fjmk 5 {xiay’r} = Zafrys )

where cfj are structural constants of s and aj,. are constants. This gives what we
call a semi-linearization for II. Note that the remaining Poisson brackets {y,,ys}

are nonlinear in general.

We now restrict our attention to the case where [ = aff(n), m = n?—1, d = n+1,
g =sl(n),t = R(Id) x K™ where Id acts on K™ by the identity map. The following
lemma says that we may have a semi-linearization associated to the decomposition
aff(n) = gl(n) x K™ (which is slightly better than the Levi decomposition).

LEMMA 4.3.2. There is a local analytic coordinate system

(xla ey Tp2-1,Y0,Y15 - - - 7yn)

which satisfy Relations (4.17), with the following extra properties: {yo,yr} = y, for
r=1,...,n; {z;,yo} =0 Vi.

Proof. We can assume that the coordinates y, are chosen so that Relations
(4.17) are already satisfied, and yo corresponds to Id in R(Id) x K™. Then the
Hamiltonian vector fields X, are linear and form a linear action of sl(n). Because
of (4.17), we have that {z;,yo} = 0, which implies that [X,,, X,,] = 0, i.e. X,
is invariant under the sl(n) action. Moreover we have X, (z;) = 0 (ie. X,
does not contain components 9/9z;), and X,, = > | y;0/0y;+ nonlinear terms.
Hence we can use (the parametrized equivariant version of) Poincaré linearization
theorem to linearize X, in a sl(n)-invariant way. After this linearization, we have
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that X,, = > ] 1:0/0y;. In other words, Relations (4.17) are still satisfied, and
moreover we have {yo, v} = Xy, (¥i) = ¥i- O

REMARK 4.3.3. Lemma 4.3.2 still holds if we replace aff(n) by any Lie algebra
of the type (g Keg) x n where g is semisimple and eg acts on n by the identity map
(or any matrix whose corresponding linear vector field is nonresonant and satisfies
a Diophantine condition).

We will redenote yo in Lemma 4.3.2 by x,2. Then Relations (4.17) are still
satisfied. We will work in a coordinate system (x1,...,2,2,91,...,Yn) provided by
this lemma . We will fix the variables 1, ..., z,2, and consider them as linear func-
tions on gl*(n) (they give a Poisson projection from our (n? + n)-dimensional space
to gl*(n)). Denote by F1,...,F, the n basic Casimir functions for gl*(n). (If we
identify gl(n) with its dual via the Killing form, then F7, ..., F,, are basic symmetric
functions of the eigenvalues of n x n matrices). We will consider Fy(z),..., F,(x)
as functions in our (n? + n)-dimensional space, which do not depend on variables
y;. Denote by X, ..., X, the Hamiltonian vector fields of Fy,..., F,.

LEMMA 4.3.4. The vector fields X1, ..., X, do not contain components 0/0x;.
They form a system of n linear commuting vector fields on K™ (the space of y =
(Y1, .-+ ,Yn)) with coefficients which are polynomial in © = (21, ...,x,2). The set of
x such that they are linearly dependent everywhere in K" is an analytic space of
complex codimension strictly greater than 1 (when K= C).

Proof. The fact that the X; are y-linear with z-polynomial coefficients follows
directly from Relations (4.17). Since F; are Casimir functions for gl(n), we have
XZ(.’Ek) = {Fi,xk} = 0, and [X“XJ} = X{thj} = 0.

One checks that, for a given x, X7 A --- A X,, = 0 identically on K" if and
only if x is a singular point for the map (Fi,..., F,) from gl*(n) to K™. The set
of singular points of the map (Fi,...,F,) in the complex case is of codimension
greater than 1 (in fact, it is of codimension 3). O

LEMMA 4.3.5. Write the Poisson structure II in the form 11 = Hfl) + 1:1, where
W s the linear part and II denote the higher order terms. Then II is a Poisson
structure which can be written in the form

(4.18) M=) fiXinX;,

i<j
where the functions f;; are analytic functions which depend only on the variables x,
and they are Casimir functions for gl*(n) (if we consider the variables x as linear
functions on gl*(n)).

Proof. We work first locally near a point (z,y) where the vector fields X},
are linearly independent point-wise. As II is a 2-vector field in K™ = {y} (with
coefficient depending on z) we have a local formula = ZKJ- fij Xs A X; where
fij are analytic functions in variables (z,y). Since X}, are Hamiltonian vector fields
for I and also for IV, we have [Xk,l:[] = [Xp, ] — [Xp, ID] =0 for k=1,...,n.
This leads to Xx(fi;) = 0V k, 1, j. Hence, because the X}, generate K", the functions
fij are locally independent of y. Using analytic extension, Hartog’s theorem and
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the fact that the set of x such that Xi,...,X,, are linearly dependent point-wise
everywhere in K" is of complex codimension greater than 1, we obtain that f;; are
local analytic functions in a neighborhood of 0 which depend only on the variables
z. The fact that II is a Poisson structure, i.e. [l:[,ﬁ] = 0, is now evident, because
Xk(fij) =0 and [Xz,X]] =0.

Relations [X,,, ] = [X,,,TT] — [X,,, TM] = 0 imply that X, (fi;) = 0, which
means that f;; are Casimir functions for gl*(n). O

REMARK 4.3.6. Lemma 4.3.5 is still valid in the formal case. In fact, every
homogeneous component of II satisfies a relation of type (4.18).

LEMMA 4.3.7. There ezists a vector field Y of the formY = >"" | a; X;, where
the analytic functions a; depend only on the variables x and are Casimir functions
for gl*(n), such that

(4.19) v, iM] = -1, [v,II] = 0.

Proof. Since the functions f;; of Lemma 4.3.5 are analytic Casimir functions
for gl(n), we have f;; = ¢;;(F1, ..., F,) where ¢;;(z1,...,2,) are analytic functions
of n variables. On the other hand, since I 1T and II = I® + IT are Poisson
structures, they are compatible, i.e. we have [H(l),f[] = 0. Decomposing this
relation, we get %‘i: + %LZ“ %Lz’;i =0V 4,7, k. This is equivalent to the fact that
the 2-form ¢ := Zij ¢ijdz; Ndz; is closed. By Poincaré’s lemma we get ¢ = do with
an 1-form o = ), a;dz;. Then we put Y := 3" o;(F1,..., F,)X;. An elementary

calculation proves that Y is the desired vector field. [l

Return now to the proof of Theorem 4.3.1. Consider a path of Poisson struc-
tures given by II, := II(") 4 ¢II. As we have [Y,II,] = II = %Ht, the time-1 map
of the vector field Y moves IV =TI, into IT = II;. This shows that IT is locally
analytically linearizable, thus proving our theorem. (I

REMARK 4.3.8. For any n € N, the algebra aff(n) is a Frobenius Lie algebra,
in the sense that its coadjoint representation has an open orbit. In other words, its
corresponding linear Poisson structure has rank equal to the dimension of the alge-
bra almost everywhere. One may think that there must be some links between the
nondegeneracy and the property of being a Frobenius Lie algebra. Unfortunately,
the search for new nondegenerate Lie algebras among Frobenius Lie algebras, car-
ried out by Wade and Zung [202], didn’t bring up any new nondegenerate example
so far, though some of the degenerate Frobenius Lie algebras turn out to be finitely
determined (see Subsection ?7).

In the above proof of Theorem 4.3.1, we implicitly showed that
(4.20) HZ p(aff(n), S (aff(n))) =0 V k > 2,

where S* denotes the symmetric product of order k and H¢c g denotes the Chevalley—
Eilenberg cohomology (it is hidden in the last two lemmas). A purely algebraic
proof of this fact was obtained independently by Bordemann, Makhlouf and Petit
n [25], who showed that aff(n) is infinitesimally strongly rigid, i.e.

(4.21) HZ 5 (aff(n), S*(aff(n))) =0 ¥ k > 0.
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They also verified that

(4.22) Hep(aff(n), S*(aff(n) =0V k> 1
and

(4.23) H{ g (aff(n),K) = K.

Since aff(n) is a Frobenius Lie algebra, we also have

(4.24) He p(aff(n), S*(aff(n))) =0V k> 1

(geometrically, it means that aff*(n) can’t admit a homogeneous Casimir function
of degree k > 1, because it has an open symplectic leaf), and

(4.25) H2 5 (aff(n), K) = K.

THEOREM 4.3.9. Any finite direct sum [ = € l;, where each |; is either simple
or isomorphic to aff(n;) for some n; € N, is formally nondegenerate.

Proof (sketch). Using the above formulas, Whitehead’s lemmas, and Hochschild—
Serre spectral sequence, one can show that HZ ([, S*[) = 0 for any k > 1. O

REMARK 4.3.10. The Lie algebra aff(n) @ g (n € N, g semisimple) is infinites-
imally strongly rigid, but the Lie algebra aff(ni) @ aff(n2) (n1,n2 € N) is not
infinitesimally strongly rigid, because HZ ;(aff(n1) @ aff(n2), K) = K (see [25]).

CONJECTURE 4.3.11. Any finite direct sum [ = @ [;, where each [; is either
simple or isomorphic to aff(n;) for some n; € N| is analytically nondegenerate.

Theorem 4.3.1 shows that the above conjecture is true when [ = aff(n). It is
also true when [ = g @ aff(n), g being semisimple, with the same proof. Another
case where we know that the conjecture is true is the following:

THEOREM 4.3.12 (Dufour-Molinier [71]). The direct product
aff(1,K) x ... x aff(1,K)

of n copies of aff(1,K) is formally and analytically nondegenerate for any natural
number n.

Proof (sketch). Denote [ = aff(1) X ... x aff(1) (n times). As discussed about,
simple direct computations show that HZ,([,S*I) = 0V k > 2, so [ is formally
nondegenerate.

Consider now an analytic Poisson structure II whose linear part II") corre-
sponds to [. Consider the set

¥ = {z € (K**,0) | rank II(x) < 2n}
of singular points of II. This set is given by the analytic equation

det(IT;; (2))21—, =0 ,

ij=1
where II;; are the coefficients of II in a coordinate system.

When II is linear, ¥ is just a union of n hyperplanes in K?” in generic position.
Since II is formally linearizable, there are n formal hyperplanes in generic position
which are formal solutions of det(IT;;(z))7%_, = 0. Applying Artin’s theorem [8]
about approximation of formal solutions of analytic equations by analytic solutions,
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we obtain that the equation det(IT;;(x));_; = 0 admits n local hypersurfaces in
generic position near 0 as its solutions. Thus, locally, ¥ is a union of n analytic
hypersurfaces. So there is a local analytic coordinate system (z1,y1,...,Zn,Yn)
such that

n
5= J{zi=0}.
i=1
It is easy to see that in such a coordinate system we have

{zisxj} = wiwjoi (v, y), {xi v} = 2iBij (. y) -
A first change of coordinates of the type x; = z;v;(z,y), y; = y; leads to {z;, z;} =
0. Then another change of coordinates of the type } = z;, y; = y; + b;(,y) gives
{zi,y;} = d;jz;. Finally, we obtain {y;,y;} = 0 after a change of coordinates of the
type z; = x;, y; =y; + ¢;(x). O

REMARK 4.3.13. Tt is also shown in [71] that aff(1,R) x aff(1,R) is C°°-
nondegenerate. We don’t know if other Lie algebras of the type €, aff(n;) are
smoothly nondegenerate or not.






APPENDIX A

A.1. Moser’s path method

A smooth time dependent vector field X = (Xi):eja,p; On a manifold M is
a smooth path of smooth vector fields X; on M, parametrized by a parameter ¢
(the time parameter) taken in some interval |a,b[. Any smooth path (¢¢);ejq,5; Of
diffeomorphisms determines a time dependent vector field X by the formula

(A1) Xo(u(w)) = % ().

Conversely, the classical theory of ordinary differential equations says that,
given a smooth time dependent vector field X = (X¢)icjq,p[, in a neighborhood
of any (z9,t9) in M x]a,b[, we can define a unique smooth map (z,t) — ¢:(z),
called the flow of X starting at time tg, with ¢, (x) = = and which satisfies
Equation (A.1). Because ¢y, is locally the identity, ¢ are local diffeomorphisms
for ¢ sufficiently near ty. In some circumstances, for example when X has compact
support, these local diffeomorphisms extend to global diffeomorphisms. Taking
then ¢ty = 0, we can get by this procedure a path of (local) diffeomorphisms (¢;);
with ¢g = Id.

Suppose that we want to prove that two tensors A and A’, on a manifold M, are
isomorphic, i.e. we want show the existence of a diffeomorphism ¢ of the ambient
manifold such that

(A.2) ¢*(A) = A.

Sometimes, this isomorphism problem can be solved with the help of the
Moser’s path method, which consists of the following:

e First, construct an adapted smooth path (At)te[o,l] of such tensors, with
A() = A and A1 = A
e Second, try to construct a smooth path (¢¢)e[,1] of diffeomorphisms of
M with ¢y =Id and
(A3) 61 () = Ao Vteo,1],
or equivalently,

(A.4) 8(6;(Ay)) /Ot =0 Y t € [0,1].

One tries to construct a time-dependent vector field X = (X;) whose flow
(starting at time 0) gives ¢;. Equation (A.4) is then translated to the
following equation on (X;):
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If this last equation can be solved, then one can define ¢; by integrating X, and
¢ = ¢1 will solve Equation (A.2).

The Moser’s path method works best for local problems because time-dependent
vector fields can always be integrated locally. In global problems, one usually needs
an additional compactness condition to assure that ¢ = ¢; is globally defined.

The method is named after Jurgen Moser, who first used it to prove the fol-
lowing result:

THEOREM A.1.1 ([153]). Let w and ' be two volume forms on a manifold M
which coincide everywhere except on a compact subset K. If we have w — v’ = da
where the form a has its support in K, then there is a diffeomorphism ¢ of M,
which is identity on M \ K, such that ¢*(v') = w.

Proof. We have w’ = fw where f is a strictly positive function on M (f =1
on M\ K). Then w; = fiw, with f; = tf+1—t¢, ¢t € [0,1], is a path of volume
forms on M. Now Equation (A.5) reduces to

(A.6) dix,w =w—w'.
The hypothesis of the theorem allows us to replace Equation (A.6) by
(A.7) ix,wt = Q.

But this last equation has a unique solution X;. Since the support of X; lies in
K, we can integrate this time-dependent vector field to a path of diffeomorphisms
¢¢ on M which is identity on M \ K, and such that ¢7(v’) = w. O

In particular, when M = K we get the following corollary:

COROLLARY A.1.2 ([153]). Two volume forms on a compact manifold are iso-
morphic if and only if they have the same total volume.

It was pointed out by Weinstein [203, 204] that the path method works very
well in the local study of symplectic manifolds. A basic result in that direction is
the following.

THEOREM A.1.3. Let (wi)icjo,1) be a smooth path of symplectic forms on a
manifold M. If we have Ow; /0t = dv; for a smooth path v of 1-forms with compact
support, then there is a diffeomorphism ¢ of M with ¢*w; = wp.

Proof. Equation (A.5) follows from the equation ix,w; = —7;, which has a

solution (X;); because w; is nondegenerate, so the path method works in this case.
O

THEOREM A.1.4 (see [142]). Let Kbe a compact submanifold of a manifold
M. Suppose that wy and wy are two symplectic forms on M which coincide at each
point of K. Then there exist neighborhoods Ny and N1 of K and a diffeomorphism
¢ : Ng — N1, which fixes K, such that ¢p*wi = wy.

Proof. Consider the path w; = (1 — t)wg + twy of symplectic forms in a
neighborhood of K. Similarly to the proof of the previous theorem, it is sufficient
to find an 1-form v such that y(z) = 0 for any « € K and

(A.8) dy = 0w /Ot = w1 — wo.
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The existence of such a v is a generalization of Poincaré’s lemma which says
that a closed form is exact on any contractible open subset of a manifold. It can be
proved by the following method, inspired by the Moser’s path method. Choose a
sufficiently small tubular neighborhood T" of K in M and denote by v; the mapping
from T into T which is the linear contraction v — tv along the fibers of T. With
0 = wy — wg, we have

Loy
o Ot
because v is the identity and vy has its range in K. Now, if we denote by Y; the

time dependent vector field associated by Formula (A.1) to the path (¢¢)c0,1), We
get

(A.9) 0 = ¢1(0) —(0) = dt,

vt .
6; :T/JtEYfO:d%v

with v = 9] ty,0. The path v, is, a priori, defined only for ¢ > 0, but it extends
clearly to ¢t = 0; also it vanishes on K. So Equation (A.9) gives § = dvy with

(A.10)

v = fol ~;dt, and leads to the conclusion. O

A direct corollary of Theorem A.1.4 is the following result of Weinstein:

THEOREM A.1.5 ([203]). Let L be a compact Lagrangian submanifold of the
symplectic manifold (M,w). There is a neighborhood Ny of L in M, a neighborhood
Ny of L (identified with the zero section) in T*L and a diffeomorphism ¢ : Ng —
N1, which fizes L, such that ¢*w is the canonical symplectic form on T*L.

Proof (sketch). Choose a Lagrangian complement E, to each T, L in T, M in
order to get a fiber bundle E over L complement to T'L in TM|;. We construct
a fiber bundle isomorphism f : E — T*L by f(v)(w) = w(v,w). As E realizes a
normal bundle to L, we can consider that f gives a diffeomorphism from a tubular
neighborhood of L in M to a neighborhood of L in T*L which sends w|r to the
canonical symplectic form of T*L (restricted to L). So we can suppose that w is
defined on a neighborhood of L in T*L and is equal to the canonical symplectic
form at every point on L. Then we achieve our goal using Theorem A.1.4. ([

When the compact submanifold K is just one point, we recover from Theorem
A.1.4 the classical Darboux’s theorem:

THEOREM A.1.6 (Darboux). Every point of a symplectic manifold admits a
neighborhood with a local system of coordinates (p1,...,Pn,q1,---,qn) (called Dar-
boux coordinates or canonical coordinates) in which the symplectic form has
the standard form w =3, dp; A dg;.

Proof. We can suppose that we work with a symplectic form w near the origin
0 in R?". Moreover we can suppose, up to a linear change, that a first system of
coordinates is chosen such that w(0) = w(0) where wg = Y ;- ; dp; A dg;. Then we
apply Theorem A.1.4 to the case K = {0}. O

In fact, Moser’s path method gives a simple proof of the following equivariant
version of Darboux’s theorem [204], which would be very hard (if not impossible)
to prove by the classical method of coordinate-by-coordinate construction.
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THEOREM A.1.7 (Equivariant Darboux theorem). Let G be a compact Lie group
which acts symplectically on a symplectic manifold (M,w) and which fizes a point
z € M. Then there is a local canonical system of coordinates (p1,...,Pnsq1,---,qn)
in a neighborhood of z in M, with respect to which the action of G is linear.

Proof. One first linearize the action of G near z using Bochner’s Theorem 77.
Then, after a linear change, one arrive at a system of coordinates (p1, ..., Pn, q1, - -, Gn)
in which the action of G is linear, and such that w(0) = wo(0) where wy =
Zz;l dp; A dg;. One then uses the path method to move w to wg in a G-equivariant
way. To do this, one must find an 1-form ~ such that w — wy = dy as in the proof
of Theorem A.1.3, and moreover v must be G-invariant in order to assure that the
resulting flow ¢; is G-invariant (i.e. it preserves the action of G). Note that both
w and wg are G-invariant. In order to find such a G-invariant 1-form +, one starts
with an arbitrary 1-form 4 such that w—wy = d¥, and then average it by the action
of G:

(A1) 7= [ oty s,
where p denotes the action of G, and du denotes the Haar measure on G. ]

The Moser’s path method has also become an essential tool in the study of
singularities of smooth maps. In that domain we often have to construct equiva-
lences between two maps fo and f1, e.g. relations g o ¢ = f (right equivalence), or
go¢ =1 o f (right-left equivalence), or more general equivalences (contact equiva-
lence, etc.), which are given by some diffeomorphisms (¢, 1, etc.). To use the path
method we first construct an appropriate path (f;) which connects fy to f1. Then
we try to find a path of diffeomorphisms which gives the corresponding equivalence
between f; and fy. Differentiating the equation with respect to ¢, we get a version
of Equation (A.5). For example, in the case of right-left equivalence we fall on the
following equation:

ofi(x)

(A.12) dfi(Xe(w)) + Yi(fe(x)) = o

where the unknown are time-dependent vector fields X; and Y; on the source and
the target spaces respectively. The singularists have developed various methods
to solve these equations, such as the celebrated preparation theorem (see, e.g.,
[94, 7]). The Tougeron’s theorem that we present below is typical of the use of the
path method in this domain.

Let C3°(R™) be the algebra of germs at the origin of smooth functions f : R™ —
R. We denote by the same letter such a function and its germ at the origin. Let
A(f) C C§°(R™) be the ideal generated by the partial derivatives %, e 88; of

f. The codimension of f € C§°(R™) is, by definition, the dimension of the real
vector space C3°(R™)/A(f).

We say that f € C°(R") is k-determinant if every g € C§°(R™), such that f
and g have the same Taylor expansion at the origin up to order k, is right equivalent

to f.

THEOREM A.1.8 (Tougeron [193]). If f € C(R™) has finite codimension k
then it is (k + 1)-determinant.
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Proof. Denote by M C C5°(R™) the ideal of germs of functions vanishing at
the origin. Consider the following sequence of inequalities:

(A13)  dimC(R™)/(90 + A(f)) < dim C3(R™) /(02 + A(f)) < - -
< dim C(R™)/(M™ + A(f)) < dim CF(R™) /@™ + A(f) < - < k.
It follows that there is a number ¢ € Z,0 < ¢ < k, such that 97 + A(f) =

IMITL+A(f), and hence 9M? C MITL+A(f). Applying Nakayama’s lemma (Lemma
A.1.9) to this relation, we get MM? C A(f), which implies that

(A.14) MmE2 c MEA(f).

Let g € C§°(R™) be a function with the same (k + 1)-Taylor expansion as f.
We consider the path f; = (1 —¢)f + tg and, following the path method, try to
construct a path of local diffeomorphisms (¢;); which fixes the origin and such that
ft o ¢y = f. Here the equation to solve (Equation (A.5)) becomes

(A.15) S )Xt 2) = (f - 9)(@),

ox;
i=1 v

where the unknown functions X;(¢, ) must be such that X;(¢,0) = 0. In fact, we
will try to find X; such that X;(t,.) € M2 for any ¢, so the differential of the
resulting diffeomorphisms ¢; at 0 will be equal to identity.

By compactness of the interval [0, 1], we need only be able to construct (¢;);
for ¢ near any fixed ¢ty € [0,1],, i.e. we need to solve Equation (A.15) only for ¢
near to (and x near 0). We denote by A the ring of germs at (¢9,0) of smooth
functions of (¢,z) € R x R™; C5°(R™) is considered naturally as a subring of A.
Then Equation (A.15) (with X; € 92, where 90 is now the ideal of A generated
by germs of functions f such that f(¢,0) = 0 for any ¢ near ¢y) can be replaced by

(A.16) MmE2 c MEA(f),
where A(f;) is now the ideal of A generated by the functions h(t, x) = 82‘756) (recall
that f — g belongs to M+ +2).

Now, because g—ifi = 6% modulo MFHL A, we have A(f) C A(f;) + ML A,

and Relation (A.14) leads to

(A.17) MET2A C M2A(f;) + IMFT3A,
or
(A.18) IMFF2A C M2A(f,) + 1 - P24,

where T is the ideal of A consisting of germs of functions vanishing at (¢, 0). Ap-
plying again Nakayama’s lemma, we get M*T24 € M2A(f;), i.e. Relation (A.16),
which leads to the result. O

LEMMA A.1.9 (Nakayama’s lemma). Let R be a commutative ring with unit
and I an ideal of R such that, for any x in I, 1 + x is invertible. If M and N are
two R-modules, M being finitely generated, then the relation M C N + IM implies
that M C N.
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Proof. Choose a system of generators m,...,mq for M. Then M C N +IM

ives a linear system » ._ a’m; = n; where n; are elements of N, i =1,...
Jj=1l...q 72 """] ) ) ’

and a{ are elements of R of the form a{ = 5{ + 1/27 , Where 5{ is the Kronecker
symbol and l/f are in I. As the matrix (ag) is invertible, we can write the m; as
linear combinations of the n; and obtain M C N. O

A special case of the preceding Tougeron’s theorem with £ = 1 is the Morse
lemma which says that, near any singular point with invertible Hessian matrix, a
smooth function is right equivalent to (z1,...,2,) —c+>.,_, , a7

The Moser’s path method is also useful in the study of contravariant tensors,
e.g. vector fields and Poisson structures. In the case of vector fields, we fall on the
equation

02,

ot’

where (Z;); is a given path of vector fields and (X;); is the unknown (see, e.g.,
[176]).

For Poisson structures, we get a similar equation:

o1l

ot’

where (II;); is a path of Poisson structures. However, the use of Moser’s path
method in the study of Poisson structures is rather tricky, because it is not easy
to find a path of Poisson structures which connects two given Poisson structures,
even locally, due to the Jacobi condition. One needs to make some preparatory
work first, for example to make the two original Poisson structures have the same
characteristic foliation (then it will become easier to find a path connecting the two
structures). The equivariant splitting theorem for Poisson structures can be proved
using this approach, see [146].

(A.19) (X, 2] = —

(A.20) (X, 1L = —

A.2. The neighborhood of a symplectic leaf

In this section, following Vorobjev [200], we will give a description of a Poisson
structure in the neighborhood of a symplectic leaf in terms of geometric data, and
then use these geometric data to study the problem of linearization of Poisson
structures along a symplectic leaf.

A.2.1. Geometric data and coupling tensors.

First let us recall the notion of an Ehresmann (nonlinear) connection. Let
p : E — S be a submersion over a manifold S. Denote by Ty E the vertical
subbundle of the tangent bundle TE of E, and by VI (F) the space of vertical
tangent vector fields (i.e. vector fields tangent to the fibers of the fibration) of
E. An Ehresmann connection on F is a splitting of TE into the direct sum of
Ty E and another tangent subbundle Ty F, called the horizontal subbundle of
E. Tt can be defined by a V.(E)-valued 1-form I' € Q'(F) ® V}(E) on E such
that T'(Z) = Z for every Z € Ty E. Then the horizontal subbundle is the kernel
of I'' TyE = {X € TE,I(X) = 0}. For every vector field u € V(S) on S,
there is a unique lifting of u to a horizontal vector field Hor(u) € V(E) on E



A.2. THE NEIGHBORHOOD OF A SYMPLECTIC LEAF 99

(whose projection to S is u). The curvature of an Ehresmann connection is a
Vi (E)-valued 2-form on S, Curvr € Q*(S) ® VI (E), defined by

(A.21) Curvr(u,v) := [Hor(u), Hor(v)] — Hor([u,v]), u,v € V(9),

and the associated covariant derivative dr : Q%(S) ® C®(E) — QT1(S) ® C*(E)
is defined by an analog of Cartan’s formula:

(A22) OrK(ur,... upsr) = Y (=1 Lprop(un) (K, .. Gy k1))

7
Y (U)K (g ug] w1 ).
i<j

Remark that Or o Or = 0 if and only if I' is a flat connection, i.e. Curvr = 0.

Suppose now that S is a symplectic leaf in a Poisson manifold (M,II), and E
is a small tubular neighborhood of S with a projection p : E — S. Then there
is a natural Ehresmann connection I' € QY(E) @ V{,(E) on E, whose horizontal
subbundle is spanned by the Hamiltonian vector fields Xyop,, f € C*(S). The
Poisson structure II splits into the sum of its horizontal part and its vertical part,

(A.23) I=V+H,

where V = Iy € VZ(E) and H = [y € V%(E) (there is no mixed part). The
horizontal 2-vector field H is nondegenerate on Ty E. Denote by F its dual 2-form;
it is a section of A>T E which can be defined by the following formula:

(A.24) F(Xfop, Xgop) = (ILp*df Ap*dg), f,g€C™(S),

(recall that X fop, Xy0p € Vi (E)). Via the horizontal lifting of vector fields, F may
be viewed as a nondegenerate C°°(E)-valued 2-form on S, F € Q?(S) @ C®(E).

The above triple (V,T',F) is called a set of geometric data for (M,II) in a
neighborhood of S.

Conversely, given a set of geometric data (V,T',F), one can define a 2-vector
field IT on E by the formula II = V + H, where H is the horizontal 2-vector field
dual to F. A natural question arises: how to express the condition [II,II] = 0, i.e.
IT is a Poisson structure, in terms of geometric data (V,I',F) ? The answer to this
question is given by the following theorem:

THEOREM A.2.1 (Vorobjev [200]). A triple of geometric data (V,T,F) on a
fibration p : E — S, where T' is an Ehresmann connection on E, V € VZ(E) is
a vertical 2-vector field, and F € Q*(S) @ C*°(E) is a nondegenerate C*°(E)-valued
2-form on S, determines a Poisson structure on E (by the above formulas) if and
only if it satisfies the following four compatibility conditions:

(A.25) V.V =0,

(A.26) Lirorw)V =0 Y ue V'(S),

(A.27) orF =0,

(A.28) Curvr (u,v) = VH(A(F(u,v))) Y u,v e V(S),

where V¥ means the map from T*E to TE defined by (V*(a),8) = (V,a A B).
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REMARK A.2.2. Equations (A.25) and (A.26) mean that the vertical part V
of IT is a Poisson structure (on each fiber of E) which is preserved under parallel
transport. This gives another proof of Theorem 1.6.1 which says that the transverse
Poisson structure to a symplectic leaf is unique up to local isomorphisms.

REMARK A.2.3. In the above theorem, F is not necessarily a tubular neighbor-
hood of S. The symplectic case (E is a symplectic manifold) of the above theorem
was obtained by Guillemin, Lerman and Sternberg in [98]. In fact, the proof of
the symplectic case can be easily adapted to the Poisson case because a Poisson
manifold is just a singular foliation by symplectic manifolds. The Poisson structure
IT is called the coupling tensor of (V,I',F) (it couples a horizontal tensor with a
vertical tensor via a connection).

Proof. Consider a local system of coordinates (z1,...,Zm, Y1, .-, Yn—m) o0 E,
where y1,. .., Yn_m are local functions on a fiber and 1, ..., z,, are local functions
on S (m = dim S is even). Denote the horizontal lifting of the vector field dx; :=
0/0x; from S to E by Ox;. Then we can write IT = V + H, where

1
(AQQ) V= 5 Z aijayi A ayj (aij = *aji),
ij
and
1 -
ij

is the dual horizontal 2-vector field of F.
The condition [II, II] = 0 is equivalent to
(A.31) 0=V V]+2[V,H]+[H,H|=A+B+C+D,
where
(A32) A=)V,
(A33)  B=2) [V,0x;] A X;, where X; = b;;01;,

J

(A34)  C=) [V,bij] A0z ADxj + Y i ANOx; A (D bikbju[0xk, 0i)),

ij ij kl
(A.35) D= by;0u;(bw) Oa; A D A Dy,
ijkl

Notice that A, B,C, D belong to complementary subspaces of V3(E), so the
condition A4+ B+ C+ D =0 means that A=B=C=D=0.

The equation A = 0 is nothing but Condition (A.25): [V, V] = 0.

The equation B = 0 means that [V,0z;] = 0V i, i.e. Lz;-V =0V i, which is
equivalent to Condition (A.26).

The equation D = 0 means that §,, > bijOx;j (b)) = 0 V i,k,l, where §,,
denotes the cyclic sum. Let us show that this condition is equivalent to Condition
(A.27). Notice that F(9x;,0x;) = c¢;j, where (c;5) is the inverse matrix of (b;;), and
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OrF(dx;, dxj, dzxy) = ¢, dxi(cjr). By direct computations, we have

(A.36) OrF(  biaOta, Y bipdrs, »  bry0zs) =2 f > budzi(bjn)-
« B v ik
Thus the condition D = 0 is equivalent to the condition

(A.37) OrF(Y _ biaOta, ¥ bijpdrs, » bryOr,) =0 Vi, j k.
a B vy

Since the matrix (b;;) is invertible, the last condition is equivalent to OrF = 0.

Similarly, by direct computations, one can show that the condition C = 0 is
equivalent to Condition (A.28). O

THEOREM A.2.4 (Vorobjev [200]). Let E be a sufficiently small neighborhood E
of a symplectic leaf S of a Poisson manifold (M,11), together with a given projection
p: E — S. Denote by (V,T,F) the associated geometric data in E. Consider an
arbitrary tensor field ¢ € Q1(S) ® C*°(E) whose restriction to Q1(S) = Q1(S) ®
C*>(S) wia the inclusion S — E is trivial, and the following new set of geometric
data:

(A.38) V=V,
(A.39) I =T — V¥(dp*9),
(A.40) F'=F —0ré — {¢, ¢}y

Then the coupling tensor II' of (V',T,F’) is also a Poisson tensor, and there is
a diffeomorphism f between neighborhoods of S, which fizes every point of S and
such that f, II=1I'.

In the above theorem, V¥(dp*¢) means an element of Q'(E) ® VL (E) defined
by the formula V¥#(dp*¢)(w) = V¥(d(¢(p.w)), w € TE, where p,w is the projection
of wto S, ¢(p.w) is viewed as a function on the fiber T, E over the origin z of p,w,
and V*(d(¢(psw)) is the Hamiltonian vector field with respect to V on T,.E of the
function ¢(p,w). Similarly, {¢, #}, means an element of Q%(S) @ C°(E) defined
by {6, ¢}y (u,v) = {p(u), p(v) }v, where u,v € V1(S), and the bracket is taken with
respect to V.

Proof (sketch). We will use Moser’s path method. Consider the following
family of geometric data,

Ve=V,
T, =T — 1V (dp*¢),
Ft =F— tal—‘(ﬁ - t2{¢a ¢}V7

and the corresponding family of coupling tensors II;, ¢ € [0,1]. Define a time-

dependent vector field X = (X;)co,1] as follows: X; is the unique horizontal
vector field with respect to I'y which satisfies the equation
Xy By = —¢

(where ¢ and F; are considered as differential forms on E by lifting). One verifies
directly that we have

(AA1) (X, 1] = — 2t



102 A. APPENDIX

It implies that the time-1 flow % of X = (X;) moves Il = Il to II' = II;. As a
consequence, II’ is automatically a Poisson tensor. Note that X vanishes on S, so
ok fixes every point of S. O

REMARK A.2.5. The flow ¢ in the above proof preserves the symplectic leaves
of IT (so IT and IT’ have the same foliation though not the same symplectic forms on
the leaves). What the flow does is to change the projection map p. It also allows us
to compare different geometric data of the same Poisson structure but with respect
to different projection maps.

A.2.2. Linear models.

Consider the geometric data (V,T',F) of a Poisson structure in a neighborhood
E of a symplectic leaf S with respect to a projection p : £ — S. We will embed
E in the normal bundle NS of S by a fiber-wise embedding which maps S to the
zero section in NS and which projects to the identity map on S. Then we can view
(V,T, ) as geometric data in a neighborhood of S (identified with the zero section)
in NS.

Denote by VU the fiber-wise linear part of V, I'") the fiber-wise linear part of
I, and F the fiber-wise affine part of F in NS. For example, if X,Y € T,S, then
F(X,Y) is a function on a neighborhood of zero in N, S, and F()(X,Y) is the sum
of the constant part and the linear part of F(X,Y") on N,. By looking at the fiber-
wise linear terms of the equations in Theorem A.2.1, we obtain immediately that
(V(l), F(l)JF(l)) also satisfy these equations, which implies that the coupling tensor
oM of (Y, T FW) is also a Poisson structure, defined in a neighborhood of S
in NS. We will call IIV) the Vorobjev linear model of II along the symplectic
leaf S.

THEOREM A.2.6. Up to isomorphisms, the Vorobjev linear model of a Poisson
structure 11 along a symplectic leaf S is uniquely determined by I and S (and does
not depend on the choice of the projection).

Proof. We will fix a projection p : E — S, and linearize the fibers of E
by an embedding from E to NS which is compatible with p. This way we may
consider the linear model II™) of II with respect to p as living in E. Consider now
another arbitrary projection p;. We can find a smooth path of projections p; with
po = p and p; = p;. There is a unique time-dependent vector field Y = (V;) in
a neighborhood of S which satisfies the following properties: Y; is tangent to the
symplectic leaves of II, is symplectically orthogonal to the intersections of the fibers
of p; with the symplectic leaves, vanishes on S, and the flow ¢} of Y moves the
fibers of pg to the fibers of p;: p; o 9! = po. Denote II; = (¢4 ) 1II. Denote by
Hﬁl) the Vorobjev linear model of II; with respect to the projection p (HEU also
lives in E via the fixed linearization of E). To prove the theorem, it is sufficient to

show that Hgl) is isomorphic to IIM) by a diffeomorphism in a neighborhood of S.
Denote by (V;, Ty, F;) the geometric data of IT; with respect to p. Note that

aantt = —[Y¥;, II;] by construction. Similarly to the proof of Theorem A.2.4, we have
oy ’ OF;
=y, =t — iyt 9Tt _ _
Vt Vv ot 1% ( p ¢t)7 ot al“tfbtv
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where ¢; a family of elements of Q!(S) ® C>°(FE) defined by ¢; = —Y;JF;. Looking
only at the fiber-wise linear terms of the above equations, we get

ory" _ (DN (5 4 (1) oFy” _
7—*0’ ) (dp*dy ), rale

pm =y, 0,

which implies that
oY
ot
where Z = (Z;) is the time-dependent vector field defined by the formula ¢§1) =
—7,.FY . As a consequence, the time-1 flow of (Z;) moves TI(V) to TI{". O

= _[Ztvngl)L

REMARK A.2.7. The linear model of a Poisson structure along a symplectic leaf
can also be constructed from the transitive Lie algebroid which is the restriction
of the cotangent algebroid to the symplectic leaf, see [200]. We will leave it as an
exercise for the reader to show that Vorobjev’s original construction via transitive
Lie algebroids is equivalent to the above construction.

The following simple example shows that, in general, one can’t hope to find a
local isomorphism between a Poisson structure and its Vorobjev linear model along
a symplectic leaf, even if the leaf is simply-connected, the normal bundle is trivial
and the transverse Poisson structure is linearizable.

EXAMPLE A.2.8. Put M = S?xR? with Poisson structure II = fII; +II,, where
II, is a nondegenerate Poisson structure on $2, Iy = 20y AOz +y0z A0z +yO0x A0y
is the Lie-Poisson structure on R? corresponding to so(3), and f = f(2% + y* + 22)
is a Casimir function on (R3 II,). Since the linear part of f on R? is trivial, the
linear model of I is f(0)II; + II. If f is not a constant then IT can’t be isomorphic
to II) near S for homological reasons: the regular symplectic leaves are S? x §2,
the integral of the symplectic form over the first component S? is a constant (does
not depend on the leaf) in the linear model II(V), but is not a constant when the
symplectic form comes from II.

If one wants to linearize only V and I' but not F, then the situation becomes
more reasonable. See [30] for some results in that direction.

A.3. Dirac structures

An almost Dirac structure on a manifold M is a subbundle L of the bundle
TM & T*M, which is isotropic with respect to the natural indefinite symmetric
scalar product on TM & T*M,

(A.42) (X1,01), (X2,a2)) = %((041,X2> + (az, X1))

for (X1,0n),(X2,a2) € T'(TM & T*M), and such that the rank of L is maximal
possible, i.e. equal to the dimension of M.

For example, if w is an arbitrary differential 2-form on M, then its graph
L,={(X,ixw)| X € TM} is an almost Dirac structure. Furthermore, an almost
Dirac structure L is the graph of a 2-form if and only if L, N ({0} & T M) = {0}
for any x € M. Similarly, if A is an arbitrary 2-vector field on M, then the set
Ly = {(iaA, @) | @ € T*M} is also an almost Dirac structure.
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A Dirac structure is an almost Dirac structure plus an integrability condition.
To formulate this condition, consider the following bracket on I'(T'M &T* M), called
the Courant bracket [55]:

(A43) [(Xhal), (XQ,OQ)]C = ([X]_,XQ],EXIQQ — iX2d(Jé1).

An almost Dirac structure L is called a Dirac structure if it is close under the
Courant bracket, i.e. [(X1,a1), (X2, a2)], € I'(L) for any (X1, 1), (X2, a2) € I'(L).
In this case, the pair (M, L) is called a Dirac manifold.

ExAMPLE A.3.1. If w is a 2-form on M then the almost Dirac structure L, =
{(X, X _w) | X € TM} is a Dirac structure if and only if w is closed. Similarly, if A is
a 2-vector field on M then the almost Dirac structure Ly = {(auA, ) | « € T*M}
is a Dirac structure if and only if A is a Poisson structure. In other words, Dirac
structures generalize both presymplectic structures and Poisson structures.

ExaMPLE A.3.2. If L is a Dirac structure on M such that its canonical pro-
jection pry : L — M to M vanishes at a point o € M, then for z near zy we have
L, N (T, M @ {0}) = {0}, which implies that locally L = L, is the graph of a 2-
vector field A, and the integrability of L means that A satisfies the Jacobi identity.
Thus locally a Dirac structure whose projection to T'M vanishes at a point is the
same as a Poisson structure which vanishes at that point.

The Courant bracket (A.43) is not anti-symmetric nor does it satisfy the Jacobi
identity on I'(TM & T*M). But if L is a Dirac structure, then one can verify easily
that the restriction of the Courant bracket to I'(L) is anti-symmetric and satisfies
the Jacobi identity, and it turns L into a Lie algebroid over M whose anchor map
is the canonical projection prq : L — TM from L to TM, see [55]. For example,
when L = L comes from a Poisson structure, then this Lie algebroid is naturally
isomorphic to the cotangent algebroid associated to A.

In particular, if L is a Dirac structure, then its associated distribution Dy, on
M, (Dr). = pr1(Ls), is integrable and gives rise to the associated foliation Fy, on
M. Furthermore, there is a 2-form wj, defined on each leaf of this foliation by the
formula

(A.44) QL(X,Y) = (a,Y) V (X,a),(,5) € L.

The fact that L is isotropic assures that 17 is well-defined and skew-symmetric.
Moreover, we have:

THEOREM A.3.3 ([565]). If L is a Dirac structure on M then dQ2, =0 on any
leaf of the associated singular foliation Fi, of L.

The meaning of the above proposition is that, roughly speaking, a Dirac struc-
ture is a singular foliation by presymplectic leaves. Its proof is a straightforward
verification similar to the Poisson case. Note that L is completely determined by
DL and QL.

A submanifold of a Poisson manifold is not a Poisson manifold in general, but
is a Dirac manifold under some mild assumptions. More generally, we have:

PROPOSITION A.3.4 ([55]). Let @ be a submanifold of a Dirac manifold (M, L).
If Lyn (TyQ ® Ty M) has constant dimension (i.e. its dimension does not depend
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on q € Q), then there is a natural induced Dirac structure Lo on Q defined by the
formula

LyN(T,Q & Ty M)
(A.45) (Lo =T S0r e (1)) -

A special case of the above proposition is when Q = N is a slice, i.e. a local
transversal to a presymplectic leaf O at a point zy. Then the condition of the
theorem is satisfied, so N admits an induced Dirac structure, whose projection to
T N vanishes at xg, thus in fact N admits a Poisson structure which vanishes at x,
and one can talk about the transverse Poisson structure to a presymplectic leaf in
a Dirac manifold — provided that it is unique up to local isomorphisms.

Vorobjev’s (semi)local description of Poisson structures via coupling tensors
(see Subsection A.2.1) can be naturally extended to the case of Dirac structures.
More precisely, given a triple of geometric data (V,T',F) on a manifold F with
a submersion p : £ — S, where I" is an Ehresmann connection, V is a vertical
2-vector field, and F is a (maybe degenerate) C'*°(FE)-valued 2-form on S, denote
by L = L(V,T,F) the associated subbundle of TE @ T*E, which is generated by
sections of the types (a,i,V) and (X, ixF), where X € VL F is a horizontal vector
field and « is a vertical 1-form, i.e. a|r,p = 0. Here ixF means the contraction
of F, considered as a horizontal 2-form on F, with X. Then L is an almost Dirac
structure on E.

THEOREM A.3.5 ([74]). Given a set of geometric data (V,T',F) for a submer-
sion p: E — S such as above, the corresponding almost Dirac structure L(V,T,F)
is a Dirac structures if and only if the following four conditions (the same as in
Theorem A.2.1) are satisfied:

(A.46) Vv,V =0,

(A.47) LorwyV =0 YV ueV(S),

(A.48) orF =0,

(A.49) Curvr (u,v) = VH(A(F(u,v))) Y u,v € V(S).

Conversely, if E is a sufficiently small tubular neighborhood of a presymplectic leaf
S with a projection map p : E — S in a Dirac manifold (M, L), then there is a
unique triple of geometric data (V,T,F) on (E,p) such that L = L(V,T,F) on E.
Moreover, the vertical Poisson structure V vanishes on S, and the restriction of F
to S is the presymplectic form of S induced from L.

The proof of Theorem A.3.5 is absolutely similar to the Poisson case. (The
only difference between the Dirac case and the Poisson case is that the horizontal
2-form F may be degenerate in the Dirac case). A direct consequence of Theorem
A.3.5 is that, similarly to the Poisson case, the transverse Poisson structure to a
presymplectic leaf in a Dirac manifold is well-defined, i.e. up to local isomorphisms
it does not depend on the choice of the slice. Another simple consequence is that the
dimensions of the presymplectic leaves of a Dirac structure have the same parity.

Dirac and almost Dirac structures provide a convenient setting in which to
study dynamical systems with constraints (holonomic and non-holonomic) and con-
trol theory, and there is a theory of symmetry and reduction of (almost) Dirac
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structures, which generalizes the theory for symplectic and Poisson structures. See,
e.g., [55, 68, 59, 19, 20, 21| and references therein.

For a generalization of the notion of Dirac structures to Lie algebroids, see
[129]. In a different development, the complex version of Dirac structures (L is a
complex subbundle of (TM & T*M) ® C which satisfies the same conditions as in
the real case) leads to generalized complex structures, see, e.g., [107, 96].
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