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Preface

The aim of this book is to provide an introduction to Poisson geometry. The
book grew out of several sets of lecture notes that we prepared over many
years while teaching master- and graduate-level courses at our home insti-
tutions and minicourses at various Poisson geometry schools. In particular,
the writing of the book was influenced by our experiences teaching the ma-
terial and by the interactions we had with the students who attended those
lectures. Although it is fair to say that the book has grown and includes
a bit more material than one can actually hope to cover in class during a
one-semester course, the aim remains the same: to provide lecture notes
for a graduate-level course giving an introduction to Poisson geometry, ad-
dressed to students and researchers who have some familiarity with classical
differential geometry and differentiable manifolds. Some basic knowledge
of algebraic topology and symplectic geometry would be a plus, but not a
requirement, to fully grasp some parts of the book. Some standard topics
from differential geometry that we need but that might be missing from an
introductory course are summarized in the appendices at the end of the text.

Poisson geometry emerged from the mathematical formulation of clas-
sical mechanics. Historically, it all started with the work of Siméon Denis
Poisson on the mechanics of particles which led him to the discovery in
1809 of the so-called Poisson bracket as a method for obtaining new inte-
grals of motion. Poisson computations occupied many pages, and his results
were rediscovered and simplified two decades later by Carl Gustav Jacob
Jacobi, who was the first to realize the fundamental role played by the Pois-
son bracket in rational mechanics and who identified its main properties:
an operation (bracket) which associates to any two observables f and g a

xiii
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xiv Preface

new observable {f, g} and which satisfies the Leibniz and Jacobi identity.
Jacobi’s work on Poisson brackets, including the discovery of his famous
identity, the commutator of derivations, etc., greatly influenced Sophus Lie
in his foundational study of symmetries of partial differential equations at
the end of the nineteenth century, which led him to the discovery of Lie
groups and Lie algebras (see [102]). Linear Poisson structures correspond
to Lie algebra structures, so Lie was in fact the first to study them and it
is remarkable how deeply Lie’s work dives into Poisson geometric aspects.
For instance, Lie explicitly poses the realization problem for linear Poisson
structures, a problem which turns out to be the same as that of searching for
a Lie group integrating a Lie algebra. However, perhaps somewhat surpris-
ingly, the first geometric, systematic, study of Poisson structures occurred
much more recently in the work of André Lichnerowicz [109] in the 1970s,
which marks the birth of Poisson geometry in its modern formulation.

The spectacular development of Poisson geometry from the last few
decades owes much to the foundational work of Alan Weinstein [147] in
the 1980s and his discovery of symplectic groupoids as the global objects
behind Poisson structures [I51]. In retrospect, this discovery follows the
same path as in Lie’s work: the search for nondegenerate (symplectic) real-
izations led to the discovery of interesting global structures. In some sense,
this book can be seen as an updated and expanded exposition of Weinstein’s
pioneering work. In particular, our aim here is not to provide a survey of
the vast amount of work done in this subject in the last 30—40 years, but
rather to provide an introduction to the subject that will allow the reader
to plunge into any of these recent exciting developments, some of which are
mentioned throughout the text.

We have tried to provide our own insight into the subject while resisting
the temptation of concentrating on our contributions. Our philosophy can
be summarized as follows: Poisson geometry is an amalgam of foliation the-
ory (partition into leaves), symplectic geometry (along the leaves), and Lie
theory (transverse to the leaves). In particular, it provides the framework in
which these geometries get to interact with each other in a beautiful sym-
biosis. While this is already, we believe, the main message in Weinstein’s
foundational paper [147], the full extent of this interaction came to life later
with the discovery of the global counterparts to Poisson structures: symplec-
tic Lie groupoids. These objects codify all these three different aspects and
we have organized the book so that one is led naturally to uncover them,
giving an upgraded view on Weinstein’s and Lichnerowicz’s works.
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Preface XV

The monograph by Vaisman [141] was for a long period of time the only
textbook on Poisson geometry, apart from an earlier account by Bhaskara
and Viswanath [15]. The book by Cannas da Silva and Weinstein [30] con-
tains a nice elementary introduction to the subject, aimed towards noncom-
mutative geometry and quantization. A more up-to-date account of Poisson
geometry, with a strong emphasis on local normal forms, was provided by
Dufour and Zung in their research monograph [59]. More recently, the
beautiful book by Laurent-Gengoux, Pichereau, and Vanhaecke appeared
[105], which is highly recommended for people with an algebraic-geometric
background. As the authors point out in the introduction, “The main topic
about Poisson structures which is absent from this book is what should be
called Poisson geometry.” We hope that our book provides an introduction
to Poisson geometry, which can be assimilated during a semester-long course
or can be used as material for self-study of the topic.

The main body of the book is divided into four parts, followed by the
appendices that were already mentioned. Each part ends with a small set of
notes containing brief historical comments and directions for further read-
ing. The best overview of the book is its table of contents. Still, we would
like to emphasize that we payed special attention to the way we introduce
those basic concepts in the theory that are more complex and require a
deeper thought process. Take for example the notion of symplectic leaf:
set-theoretically, we introduce them right away in Chapter 1 as the orbits of
Hamiltonian diffeomorphisms, promising the reader that the actual struc-
ture (smooth, symplectic) will be discussed later. In Chapter 2, we take
advantage of the bivector field point of view to indicate how the smooth
structure may arise from a Frobenius-type theorem. However, the actual
local result that is needed, the Weinstein Splitting Theorem, is then dealt
with in Chapter 3. Finally, we discuss properly their smooth and symplectic
structure in Chapter 4. We have also paid special attention to examples and
exercises — at the price of increasing the size of the book. Several sections of
the book are called “Examples” or “Case study”, and there are well over 200
exercises, split into two types: the ones spread throughout the text, called
“Exercises”, which are helpful in understanding the main material, and the
ones listed at the end of each chapter, called “Problems”, which are useful
in consolidating the material and providing further examples. We have tried
to fill in a gap in the existing literature by providing a longer list of concrete
examples of symplectic realizations and symplectic groupoids. The end of
each example is marked with the symbol of a fish. We have made an effort
to include full proofs for all the results we discuss, the exception being Lie’s
Third Theorem for Lie algebroids. Some of the arguments used in the proofs
are new; others simplify and fill in some gaps in the literature (see the notes
and references at the end of each part of the book).
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xvi Preface

There are a few topics, which may now be considered standard in Pois-
son geometry, that we have decided not to include, such as Poisson-Lie
groups, deformation quantization, generalized complex structures and in-
tegrable systems. They go beyond our purpose here and they deserve a
separate volume. We hope that our book will provide a solid background
for learning such topics or for moving to more advanced ones in the cutting
edge of research.

Acknowledgments. We would like to express our appreciation to the many
students, in particular to our PhD students, who took part in the various
courses on Poisson geometry we have taught in Utrecht, Urbana-Champaign,
and Nijmegen, as well as in various summer schools on Poisson geometry.
Their comments and feedback were invaluable to the writing of this book.

There are many colleagues and collaborators with whom we have inter-
acted throughout the years. These interactions have shaped our views of
Poisson geometry and mathematics in general, and from them we obtained
many ideas which have influenced the writing of this book. We are grateful
to all of them!

We would also like to thank our home institutions for providing a stimu-
lating atmosphere and work environment and for their welcoming hospitality
during our mutual visits.

We have been generously supported by the NWO and NSF during the
writing of this book, most recently by NWO Vici grant 639.033.312 and NSF
grant DMS-2003223.

March 11, 2021

Marius Crainic
Rui Loja Fernandes
Ioan Marcut
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List of Notations
and Symbols

List of notations, abbreviations, symbols, and the like:

M : smooth manifold
reM : a point in the manifold M
C*(M) : smooth functions on M
Xk (M) : multivector fields of degree k on M
QF (M) : differential forms of degree k on M
Ok (M) : closed differential forms of degree k on M
Diff (M) : diffeomorphisms of M
1Xs la : interior product by a vector field X, by a 1-form «
Lx : Lie derivative along a vector field X
[, ] : Schouten bracket of multivector fields

b : flow of the vector field X
(If;’(s : flow of the time-dependent vector field X = {X;}ier
d. f : differential of the function f at the point x
0r, : Liouville 1-form on T*M
Wean : canonical symplectic form on T M
(M, ) : Poisson manifold
7t T*M — TM: contraction with a bivector field 7
X(M, ) : Poisson vector fields of (M, )

m
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xviii List of Notations and Symbols

Xnam(M, ) : Hamiltonian vector fields of (M, )

Diff (M, ) : Poisson diffeomorphisms of (M, )

Ham(M, ) : Hamiltonian diffeomorphisms of (M, )

Fr : symplectic foliation of (M, )

g, G : Lie algebra, Lie group

Vecw* : annihilator of the linear subspace V- C W

G=M : Lie groupoid over M with source s, target t, multiplica-
tion m, unit u, and inverse ¢

A—M : Lie algebroid over M with Lie bracket [-,:]4 and anchor
pa (or without the index A)

v, w : left-invariant vector fields on a Lie group or groupoid

v, d : right-invariant vector fields on a Lie group or groupoid

oA : action of Lie group or groupoid

@ : action of Lie algebra or algebroid

E,N=M : symplectic groupoid over M

: Lie algebroid isomorphism of (X,Q) = M

: generalized tangent bundle TM & T*M

: generalized differential of a diffeomorphism ®
: Dirac structure

: gauge transform of 7, L.

: pullback, pushforward of L

: vector bundle, scalar multiplication by ¢
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List of Conventions

All manifolds are smooth, second countable, and all maps are smooth. Man-
ifolds will also be assumed to be Hausdorff, unless otherwise stated — see
Sections [[3.7 and M43l A topological space is said to be 1-connected if it
is connected and simply connected. Vector spaces are real, unless stated
otherwise.

- Lie bracket of vector fields: [X,Y](f) = X(Y(f)) — Y(X(f))

- Lie algebra of G: left-invariant vector fields on G

- Actions G x M — M: all actions are left actions unless stated otherwise

- Infinitesimal actions: Lie algebra homomorphisms « : g — X(M)

- Infinitesimal generators: the infinitesimal action associated to a G-
action: «(v)l|, 1= %‘t:(} exp(—tv) - x

- Contractions: i,9 = J(«, —) and iyw = w(v, —)

- Canonical symplectic form: w.,, = —df, with 8, the Liouville 1-form

- Symplectic form/bivector: 7f = (w’)~!

- Hamiltonian vector field (M,w): ix,w =df

- Poisson bracket on (M,w): {f,g} = X¢(9)

- Hamiltonian vector field (M, 7): X; = n*(df) = iqym = {f,"}

- Multiplication in groupoid G: ¢ - h is defined if s(g) = t(h) and the
result satisfies s(g - h) = s(h) and t(g-h) = t(g)

- Lie algebroid of G: left-invariant vector fields, so A, = (Kerdt)|,

- Symplectic groupoid (X,): t: (3,Q) — (M, 7) is a Poisson map

Xix

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



Part 1

Basic Concepts
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In these first lectures we discuss the building blocks of Poisson geometry.
We introduce the two standard ways of conceptualizing Poisson manifolds,
via Poisson brackets and via Poisson bivector fields. After that we discuss
the main examples, which will be used throughout the book.
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Chapter 1

Poisson Brackets

1.1. Poisson brackets

Definition 1.1. A Poisson manifold is a manifold M endowed with
a Poisson bracket on the space C*° (M) of smooth functions, i.e., a
Lie bracket

{,}:C®(M) x C®(M) = C>*(M),
satisfying the Leibniz identity:

{frg-hy=g-{f,hy +{f,9}-h, V fg,heCF(M)
A Poisson map between Poisson manifolds (M, {-,-}1) and
(Mz,{-,-}2) is a smooth map ® : M; — M, which induces a Lie
algebra homomorphism:

{foq)7goq)}1:{fvg}20¢7 vagecoo(MQ)

Recall that (C*°(M),{,-}) being a Lie algebra means that the Poisson
bracket is R-bilinear and skew-symmetric and satisfies the Jacobi identity:
{f A9, n}} +{n.Af, 9} +{g.{h, f}} =0, Vf.g,heC™M).

The Leibniz identity says that, for any H € C°°(M), the operation {H, -}
is a derivation of the algebra C°°(M); therefore it defines a vector field Xy
on M via the relation

This is called the Hamiltonian vector field of H € C*°(M).

A consequence of the Leibniz rule is that Poisson brackets are local in
the sense that they can be restricted to open sets.

3
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4 1. Poisson Brackets

Proposition 1.2. Any open subset U of a Poisson manifold (M,{-,-}) has
an induced Poisson bracket {-,-}u for which the inclusion U — M is a
Poisson map:

{flo.glvto ={f,9}lv, Vf,ge€CT(M).
Proof. For f,g € C*°(U) and p € U we define
{f:9}u(p) == {f, 3} (),

where ]?, g € C°°(M) are any smooth functions that coincide with f and g,
respectively, on a neighborhood O C U of p. To show that this is well-defined
it suffices to show that, for any open set O C M and any f,g € C>*(M),
the bracket {f,g}|o depends only on f|p and g|o. By skew-symmetry and
bilinearity, it suffices to show that g|o = 0 implies {f, g}|o = 0. This holds
because

{f7g}|o = ng(g”O = zXf‘O(g‘O)

Everything else (e.g., Jacobi) follows because it involves identities that can
be checked on small enough neighborhoods of points where the functions
involved have extensions to the entire M. (]

In a local chart (U,x!,...,2™) a Poisson bracket {-,-} takes the form

i Of 0
(1.2) (fallo= Y 7o,

ij=1

for some smooth functions 7% € C*°(U). To see this, decompose the Hamil-
tonian vector field of f € C*°(U) as

— J
Xp= Xpos.
j=1

The Leibniz rule gives that the components satisfy

J o _ j J
X1, = fX] + gXJ.
Hence, for each j, the map f — X} is a derivation of C*°(U), and we

conclude that the Hamiltonian vector field Xy can be written as

™ af o
_ ij9) 9
Xf_zﬁ Ozt Oxi’

i,j=1
which implies (2]).
The functions 7%/ are just the Poisson brackets of the local coordinates

and are called the structure functions of the Poisson bracket with respect
to the chart (U, z!,..., 2™); i.e.,

(1.3) 7 = {2t 27}y € C®(U).
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1.2. Orbits 5

They form a skew-symmetric matrix of functions which by (L2 determine
the bracket locally. These functions are not arbitrary.

Exercise 1.3. Consider a skew-symmetric matrix of smooth functions 7% €
C>(U), 1 <i,7 < m, and define an operation {-,-}yy on C*(U) by (L2).
Show that the Jacobi identity for {-, -}17 is equivalent to the following system
of PDEs:

gk ki ij
(1.4) Z(W”aﬂ -1-7731(?;; +7Tklaa7;l):0 (1<i<j<k<m).

Remark 1.4. The system (4] is an overdetermined nonlinear system of
first-order PDEs: there are ('y)-equations on (") unknown functions 7.
The space of local solutions of this system is poorly understood. This is the
first indication that, in contrast with symplectic geometry, Poisson geometry
is interesting even locally.

1.2. Orbits
The Hamiltonian vector fields defined by (L)) give rise to a Lie subalgebra
Xtam(M, {-,-}) C X(M).

The fact that Xgam(M, {-,-}) is closed under the Lie bracket of vector fields
follows from the Jacobi identity for the Poisson bracket.

Exercise 1.5. Show that the Jacobi identity is equivalent to the assignment
f +— Xy being bracket preserving:

(15) X{f,g} = [vaXg]v vf?.g € COO(M)

So for a Poisson bracket this assignment is a Lie algebra homomorphism.

By moving along flows of Hamiltonian vector fields one generates an
equivalence relation ~ on M:

x~y < 3 f1,...,fr € CP(M) such that gb}(h o---o¢§fk(x) =y.
The previous exercise shows that the map
C*(M) = X(M), f— Xy,

encodes an infinitesimal action of the Lie algebra (C*°(M),{-,-}) on M (see
Section[A.2]). The definition of ~ is inspired by the definition of the orbits of
infinitesimal actions of finite-dimensional Lie algebras (see (A.13])). For this

reason, the equivalence classes of ~ will be called the orbits of the Poisson
manifold (M, {-,-}).

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



6 1. Poisson Brackets

Remark 1.6. For the time being we use the term orbit. Later on we will
use the more standard term symplectic leaf. As we will see, each orbit
is naturally an immersed submanifold of M and has an induced symplectic
form.

In general it is not so easy to find the orbits of a given Poisson manifold
by directly applying the definition. To get a preliminary idea of what the
orbits look like it is very helpful to know the center of the Lie algebra
(C®(M),{-,-}). Its elements deserve a special name:

Definition 1.7. A function C € C*°(M) on a Poisson manifold
(M, {-,-}) is called a Casimir function if

{C.f} =0, YfeC=2M).

Clearly, a Casimir function must be constant on each orbit. So to deter-
mine the orbits one can first try to find the Casimir functions, and then their
common level sets would form a coarser partition than the orbit partition.

Next, note that the orbit directions are given by the Hamiltonian vector
fields:

(1.6) {Xpo:HeC®(M)} C T, M,

where Xy » = Xy (x) denotes the value of Xy at . In fact, we shall see that
these are indeed the tangent spaces to the orbits. Moreover, for the actual
computation of the orbits, we state here the following very useful criterion.

Proposition 1.8. Assume that S is a partition of a Poisson manifold
(M,{-,-}) by connected immersed submanifolds such that, for each S € S,

1,8 ={Xpyy,:HeC®(M)}, Vzelb.

Then the members of S are precisely the orbits of the Poisson manifold.

The proof will be given in Chapter [l

1.3. Poisson and Hamiltonian diffeomorphisms

A Poisson diffeomorphism is a diffeomorphism which is also a Poisson
map. The collection of all Poisson diffeomorphisms of (M, {-,-}) forms a
subgroup

Diff (M, {-,-}) c Diff (M).

Infinitesimal Poisson diffeomorphisms are characterized as follows:

Exercise 1.9. Check that the flow ¢!, of a vector field V' € X(M) consists
of Poisson diffeomorphisms if and only if

(1.7) 2v({f,93) ={Lv(f), 9} +{f. L (9)}, V[ geCT(M).
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1.3. Poisson and Hamiltonian diffeomorphisms 7

By a Poisson vector field we mean a vector field V' € X(M) satisfying
(L7). The following exercise shows that the collection of all Poisson vector
fields forms a Lie subalgebra; we denote it by

X(M,{-,-}) CcxX(M).
Exercise 1.10. Prove the following:
(a) Every Hamiltonian vector field Xy is a Poisson vector field.
(b) A vector field V' is a Poisson vector field if and only if
V. Xul = Xo ), VHECT(M).
(c) Poisson vector fields form a Lie subalgebra of the Lie algebra of all

vector fields.

The exercise shows that the Lie algebra of Hamiltonian vector fields is a
Lie ideal of the Lie algebra of Poisson vector fields. Hence, as in symplectic
geometry (see Section [B]), we have

:{Ham(M7 {'7 }) C :{(Mv {" }) - X(M)

While the Lie algebras X(M) and X(M, {-,-}) correspond to the groups
Diff (M) and Diff (M, {-,-}), respectively, it is a bit less obvious which group
gives rise to the Lie algebra Xpam(M, {-,-}). In principle this group should
arise from flows of Hamiltonian vector fields. However, these are not enough
and one needs to consider time-dependent functions.

Definition 1.11. Let (M, {-,-}) be a Poisson manifold. A Hamil-
tonian diffeomorphism is a diffeomorphism ¢ : M — M with the
following property: there exists a smooth family of diffeomorphisms
¢t M — M, t €[0,1], with

¢” =idy, ¢' =6,
and such that the family is Hamiltonian; i.e., there is a smooth family
of functions {Hy}ycpo,1) on M such that

%qﬁt(ﬂ:) = Xu,(¢' (@), V(z,t) € M x[0,1].

The collection of all Hamiltonian diffeomorphisms is denoted
Ham(M,{-,-}) and is called the Hamiltonian group of (M, {-,-}).

A family {¢t}te[0,1] as in the definition is called a Hamiltonian isotopy.

Note that ¢' is the flow (IJ?(OH of the time-dependent Hamiltonian vector field
Xp, (see Section[A3]). The fact that Ham(M, {-, -}) is indeed a group follows
from the exercise below.
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8 1. Poisson Brackets

Exercise 1.12. Let {¢'},cj01] and {9'},c01) be Hamiltonian isotopies.
Show that {(¢") ™ }iejo,1) and {¢ 0 9'},c0,1) are also Hamiltonian isotopies.

Exercise 1.13. Prove that Ham (M, {-,-}) is a normal subgroup of the group
of all Poisson diffeomorphisms of (M, {-,}).

The proof of the following result is deferred until Chapter @l

Proposition 1.14. The orbits of the action of Ham(M,{-,-}) on M are
precisely the orbits of (M,{-,-}).

1.4. Examples

Let us start with some concrete examples. For instance we have a Poisson
bracket on R? defined by

(1.8) {z,y} =1
The only Casimir functions are the constant ones and there is only one orbit,
the entire space R2.
Exercise 1.15. Consider the Poisson bracket on R? defined by
{z,y} =2+
Is it Poisson diffeomorphic to (L8)?

Adding the variable z to (L8] and declaring it to be a Casimir function,
we obtain a Poisson bracket on R3:

(1.9) {z,y} =1, {z,z}=0, {y,z}=0.

Since a Casimir function is constant along leaves, the orbits are contained
in the horizontal planes z = ¢. You should deduce using Proposition [I.8
that they actually coincide with these planes. Notice also that if we had
considered instead

{$7y}: L, {LB,Z}:O, {y’z} =Y,

then the Jacobi identity would not hold and so this would not be a Poisson

bracket.
Next, consider the following linear bracket:
(1.10) {z.yt =2 Az.z}=y, {yz}==

You should check that the Jacobi identity holds. This Poisson bracket has
the following Casimir function:

C(:E,y, Z) = 'CCQ - y2 + 22'

The origin being a zero of all structure functions, it is fixed by all Hamilton-
ian flows; therefore it is an orbit. The remaining orbits are the connected
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components of the level sets of C' in R3\{0}: the two components of the
cone C' = 0 and the sheets of the hyperboloids C = r, for r € R*.

Exercise 1.16. Show the following;:

(a) The Poisson brackets (L9) and (LI0) are not Poisson diffeomor-
phic.
(b) Any Poisson automorphism of (LI0) must fix the origin.

Now we consider a quadratic Poisson bracket:

(1.11) {z,y} =2y, {y,z} =vyz, {z,2}=0.
Again, you should verify that the Jacobi identity holds. There is a Casimir
function

C(x7 y’ Z) = xZ?

which allows one to determine the orbits. Notice that the structure functions
vanish along the plane y = 0, so points in this plane are orbits. In particular,
this Poisson bracket cannot be Poisson diffeomorphic to the previous Poisson
brackets on R3.

We now turn to general classes of examples of Poisson brackets of which
the previous brackets will turn out to be special cases.

Example 1.17 (Symplectic structures). Every symplectic manifold (M, w)
has an associated Poisson bracket {-,-}. It is defined such that the Hamil-
tonian vector field of H € C*°(M) satisfies

ix,w = dH.

It follows that the notions of Hamiltonian and symplectic vector field from
symplectic geometry (Section [B.I]) are consistent with the notions of Hamil-
tonian and Poisson vector field introduced above. As we will see later, be-
sides providing basic examples, symplectic structures are also the building
blocks of all Poisson manifolds.

Proposition [[.8 implies that the orbits of a symplectic manifold (M, w)
are the connected components of M.

In particular, we have the canonical Poisson bracket on R?® which is
given in linear coordinates (¢',...,q% p1,...,ps) by

> (8f dg Of Z?g)

(1.12) {f:9} ::Z Op; 0¢*  dq' Op;

i=1
The structure functions of the canonical Poisson bracket are
By Darboux’s Theorem (Section [B.]]), any symplectic manifold can be cov-
ered by charts in which the Poisson bracket takes this canonical form.
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10 1. Poisson Brackets

Exercise 1.18. Consider the Poisson bracket on the symplectic manifold
(T*N,wean). The evaluation on X € X(N) defines a smooth function

evx : TN = R,  ay+— a,(Xy).

Show that

evVix,y] = {eVX7 evY}Cth VXY € :{(N)
In other words, ev : X(N) — C*°(T*N) embeds the Lie algebra of vector
fields into the Lie algebra (C*°(T*N), {-, }can)-

Exercise 1.19 (Poisson maps versus symplectic maps). Consider two sym-
plectic manifolds (Mj,w;) and (Ms,we) and a smooth map ¢ : My — My.
Show the following;:

(a) If ® is a symplectic map, then it must be an immersion. Give exam-
ples of symplectic maps between symplectic manifolds of different
dimensions.

(HINT: Inclusions.)

(b) If ® is a Poisson map, then it must be a submersion. Give ex-
amples of Poisson maps between symplectic manifolds of different
dimensions.

(HINT: Projections.)

(c) If @ is a local diffeomorphism, then ¢ is a Poisson map if and only

if it is a symplectic map.

NoTE: This exercise will become easier at the end of the next chapter. T

Example 1.20 (The zero Poisson bracket). Any manifold M carries the
zero Poisson bracket {-,-} = 0. Notice that its orbits are the points of M;
hence we find ourselves at the opposite spectrum when compared to brackets
coming from symplectic manifolds. As we will see later this example often
turns out to be more interesting than one might expect at first. For now
observe that a Poisson map

(1'13) /1’:(/1'17-”7/1%) : (M,{,})—) (an{'7'}50)

is the same thing as a collection of n functions p; € C°°(M) that pairwise
Poisson commute:

{nis i} = 0.
In particular, when (M, w) is symplectic and {-, -} is the associated Poisson
bracket, we recover two classical notions (discussed also in Section [B.2]):
(i) A Poisson map p as in (ILI3)) is the same thing as the moment map
of an infinitesimal R"-Hamiltonian space.

(ii) If in addition p is a submersion almost everywhere and dim M =
2n, then (M, w, u) is called a completely integrable system. Ty
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1.4. Examples 11

Example 1.21 (Constant Poisson brackets). The simplest solutions to the
Poisson equation ([L4) are the constant ones: 7% (z) = . We then talk
about a constant Poisson bracket on R":

— ;0f 09
— ] I ; tj
(1.14) {f,9} = Z i Bad with ¢’ e R.
4,7=1
In this case the orbit equivalence relation ~ is stable under translation.
Hence the orbits are all translates of the orbit W through the origin. This

orbit is the vector subspace W C R" spanned by the vectors
(1.15) vi= (. ™) eR™ (1<i<m).

The condition that {-, -} is a constant bracket does not depend on the choice
of linear coordinates. It makes sense on any finite-dimensional vector space
V and can be characterized more intrinsically as the condition that the
bracket of any two linear functions on V' is a constant function. T

Example 1.22 (Linear Poisson brackets). A Poisson bracket {-,-} on a
vector space V with the property that the bracket of linear functions is
again linear is called a linear Poisson bracket. The importance of these
structures is highlighted by the following:

Proposition 1.23. There is a canonical 1-to-1 correspondence

linear Poisson brackets {-,-} | _ Lie algebra structures [-, -]
on a vector space V = g* on the dual vector space g =V'*
determined by the condition
(1.16) {evu,evy} =eviy,), Yu,v ey,

where ev : g — C™(g*) is the evaluation map that identifies elements of
g = V* with linear functions on g* = V.

The relation (II0) says that, given a linear Poisson bracket {-,-} on
V = g*, the corresponding Lie algebra structure [-,-] on g is obtained by
restricting the Poisson bracket to linear functions. Conversely, given a Lie
algebra structure [-, -] on g, there is a unique linear Poisson bracket {-,-} on
V = g* satisfying (LI6). It is given on arbitrary functions f,g € C*°(g*) by

(1.17) {£,91(&) = ([def,deg]. &), VEE€g,

where the differential d¢f : Teg* — R is viewed as an element of g:
d -
< ffa V> dt li=o

Exercise 1.24. Prove that ([LI7) is indeed a linear Poisson bracket on
V=g

fE+tv), Vveg
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12 1. Poisson Brackets

To write the correspondence in the proposition in coordinates, let {e'}
be a basis of g and denote by (z*) the induced linear coordinates on V' = g*.
Given a linear Poisson bracket, the resulting structure functions are the
linear functions

(a0l = wa) = 3 i,
k
where the czj are the structure constants of the Lie algebra g w.r.t. the fixed
basis:
e’ el] = Zczje :
k

Note that a Poisson bracket on a vector space is linear if and only if its
structure functions are linear relative to any linear coordinate system.

Starting with the embedding of Lie algebras from (1G]
ev:(g,[]) = (C=(g%), {-})

and composing with the map f + X, one obtains an infinitesimal g-action
on the manifold g*:

@ (g [ ]) = (X(g) [ ]), v Xy,
This is precisely the coadjoint g-action ad* recalled in Section [A.2}
Exercise 1.25. Check that for any v € g, one has
Xev, = ad} .

We now explain that the orbits of the linear Poisson bracket coincide
with the coadjoint orbits. These can be described using any connected Lie
group G with Lie algebra g. Then the infinitesimal g-action comes from the
coadjoint G-action

Ad* : G — Diff(g"),
whose orbits are the coadjoint orbits. The coadjoint orbit
Og:=G-¢ (Eeg)
is an immersed submanifold of g* with
TeO¢ = {(ad})¢ : v € g}.

For such general facts about smooth actions, see Section [A.2l Therefore
Exercise [[.25] and Proposition imply:

Proposition 1.26. The orbits of the linear Poisson bracket on g* coincide
with the coadjoint orbits.
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Exercise 1.27. Let g = s0(3,R) be the Lie algebra of 3 x 3 skew-symmetric
matrices with bracket the commutator of matrices. Show that if one iden-
tifies s0(3,R) with R3 so that the Lie bracket is identified with the vector
product x, then the linear Poisson bracket on s0(3, R)* becomes the Poisson
bracket on R? given by the triple product:

oo
x y z
(1.18) {£,9Y(x) = (Vf(x) x Vg(x)) - x=| 92 52 2

x Y z

Moreover, show the following:

(a) The equations for the orbits of the Hamiltonian vector field corre-
. . 2 2 2
sponding to the function H(z,y,z) = o+ ény + 57 are

t={H,z} = Ly~ Yz,

I,T.
(1.19) y={Hy}= jf;é“”zx
z={H,z} = Z_Iyyyzn

These are the Euler equations describing the motion of a top in the
absence of gravity, moving around its center of mass, with moments
of inertia I, I, and I, (see, e.g., [13] for such examples).

(b) The orbits of this Poisson bracket are the spheres centered at the
origin, and the origin.
(¢) The Poisson bracket is not Poisson diffeomorphic to (LI0). T¥

Example 1.28 (Quadratic Poisson brackets). Moving one degree higher, a
quadratic Poisson bracket on a vector space is one for which the Poisson

bracket of any two linear functions is a homogeneous polynomial of degree
2.

A relatively simple family of such brackets on R™ can be constructed as
follows. Fix an m x m skew-symmetric matrix A = (a") and define

" . Of g
Py (P |
(1.20) {f,.g}a= i%:la R
You should convince yourself that the Jacobi identity holds.

Exercise 1.29. There are even more general quadratic Poisson brackets
than the Poisson brackets ([L20). Give such examples in R? and R3.

Let us restrict the Poisson bracket {-, -} 4 to the open subset

% ={(z',...,2™) 2" >0, i=1,...,m}.
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14 1. Poisson Brackets

Fix A1,..., A\, € R and define the following function on RZ}:
m . .
H := Z (Niloga® —a').
i=1
The flow of the Hamiltonian vector field Xz is the solution to the system
of ODEs
(1.21) ' ={H,z'} =eix' + Za”:vzzcj (1<i<m),

i=1

where we have introduced the constants ¢; := >, a’*);. Equations (L2
are the famous Lotka-Volterra equations which model the dynamics of the
populations of n biological species interacting in an ecosystem [91]. For this
reason we shall call (L20) the LV-type Poisson bracket associated with
the skew-symmetric matrix A.

Exercise 1.30. Find the orbits of the LV-type Poisson bracket on R? with
structure functions:

(1.22) {z,y} =2y, {y,z} =vyz, {z,z} =2z

(HinT: Find a Casimir function.)

Exercise 1.31. Consider the map ® : R?™ — R™, (¢’, p;) + «*, defined by
(1.23) ot = P L e

Show that ® is a Poisson map when we equip R?>™ with the canonical Poisson
bracket ([L.I2)) and R™ with the LV-type Poisson bracket (L20). Ty

1.5. Poisson actions and quotients

There are natural ways of producing new Poisson manifolds out of known
Poisson manifolds. For example, one can form products of Poisson manifolds
(see Problem [[2]). Another way is by forming quotients as we now discuss.

Given a proper and free symplectic action of a Lie group G on a sym-
plectic manifold (M,w), the quotient M /G has an induced Poisson bracket,
which is uniquely determined by the property that the quotient map

p:M— M/G

is a Poisson map. This follows because C®(M/G) = C>®(M)% is closed
under the Poisson bracket on M (see Exercise [B.11]). Even though we start
with a symplectic manifold, the resulting Poisson bracket can have intricate
geometry. Here is an explicit example.
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1.5. Poisson actions and quotients 15

Example 1.32. Start with the symplectic manifold:
1
M=C’\{0}, w= §(dz Adw + dz A dw),

which admits the free and proper symplectic G = S'-action given by
0-(z,w) = ("2 ew).

Consider the S'-invariant functions on M:

1 1
o1 =3 (12 +[wl), o2 =3 (12 ~[wl*), os=z0+zw.

The Poisson brackets of these functions are given by
{01,009} =03, {02,03} = —01, {o1,03} = 09.
They induce a smooth map:
o:M/St 5 R3, [z] = (01(x),00(z), o3()).

The restriction of o to an open dense set U C M/S! is an embedding. So
(U,0) is a chart on the quotient in which the Poisson bracket is linear. Te

In general, the orbits of the Poisson manifold M/G may be hard to
determine. However, in the case of Hamiltonian G-spaces the situation
improves. Recall — see Section [B.2] — that such a Hamiltonian G-space
consists of a symplectic G-space (M,w) together with a G-equivariant map
@ M — g* satisfying the moment map condition:

Zba(v)w =dpy, Vveg,

where @ : g — X(M) denotes the infinitesimal g-action. We then have the
following result relating the orbits and the symplectic quotients:

Proposition 1.33. Let (M,w) be a Hamiltonian G-space with moment map
o M — g%, and assume that the action is free and proper. Then the
orbits of the Poisson manifold M /G are the connected components of the
symplectic quotients M || ,G := u=1(0)/G C M/G, where O ranges through
the coadjoint orbits of g*.

Proof. The connected components of the symplectic quotients M//, G, when
O ranges through the coadjoint orbits of g*, give a partition of M/G by
connected immersed submanifolds. According to Proposition [ all we
have to check is that

Ty(M ) G) ={Xpuy: He C*(M/G)}, YyeM]|,G.

To see this we first observe that, since p : M — M /G is a Poisson map, if
H € C>*(M/QG), then the vector fields Xy € X(M/G) and Xgop € X(M)
satisfy

Xuop(fop)=Xu(f)op, VfeCT(M/G).
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16 1. Poisson Brackets

In other words,
dp(XHop,m) = XH7p($), VYa e M.

Note that for each £ € O the projection restricts to a submersion p :
p (&) — M/ ,G, which induces the isomorphism:

M//EG = ;fl(g)/Gg ~MJ,G.
We claim that
(1.24) Txﬂ_l(f) = {XHop : H € CF(M/G)},

so the result will follow.

We now observe that any Hamiltonian vector field Xy, is symplectic
orthogonal to the G-orbits. Indeed, since the image of the infinitesimal
action @ : g — X(M) at © — see Section — coincides with the tangent
space to the orbit through x, it is enough to observe that

w(e(v), XHop) = —a(v)(Hop) =0, Ywveg.
Now, (L24]) will follow from the following lemma:

Lemma 1.34. For any Hamiltonian G-space, the orbits of the action are
symplectic orthogonal to the fibers of the moment map. More precisely,

T(G-z)** = Kerdy, Yz M.

Proof of the lemma. The image of « coincides with the tangent space to
the orbits. The lemma follows by observing that the moment map condition

Zba(v)w = duy

implies that w(«(v),w) = 0, whenever v € g and w € Kerd,u, and that
Ty(G - z) and Ker dyu have complementary dimension. O

The inclusion D in our claim ([.24)) is now obvious. For the other inclu-
sion, we need to prove that any tangent vector X € T,u~'(£) can be written
as

X = XHop,x,

for some H € C*°(M/G). Setting @ = ixw, the lemma implies that «
annihilates the tangent space to the orbits and hence is the pullback of a
covector in M/G. Since any covector can be realized as the differential of a
function, we can write

a=p*d.H,
for some function H € C*°(M/G). Then X = Xpop ,, as required. O
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1.5. Poisson actions and quotients 17

Example 1.35 (Moment maps as Poisson maps). Symplectic manifolds
and linear Poisson brackets on duals of Lie algebras interact nicely within
the Hamiltonian framework. We need here the infinitesimal version of this
framework. A g-Hamiltonian space consists of a symplectic manifold
(M,w), an infinitesimal Lie algebra action @ : g — X(M), and a smooth
map u: M — g* satisfying the following:

(i) w is g-invariant.
(ii) p is g-equivariant.
(iii) The moment map condition: i, ,)w = duy, Yv € g.
Note that the moment map condition (iii) implies that the map « : g —

X(M) can be recovered from p and w. It is remarkable that all the other
conditions can be packed into one single property, namely that the map

g—> C¥(M), v py

is a Lie algebra homomorphism — as discussed in Section [B.2 — or, equiv-
alently, that u is a Poisson map! In other words, given (M,w) and g there
is a 1-to-1 correspondence

Poisson maps _ g-Hamiltonian T
i (Mow) = (g, mg) () spaces (M,w)

Most of this discussion generalizes to Poisson manifolds. A Poisson
action of a Lie group G on a Poisson manifold (M, {-,-}) is an action & :
G — Diff(M) with the property that the translation by any g € G is a
Poisson map:

‘Qfg:(M7{'7'})_>(M7{'7'})7 TH=g-x.
The quotient construction immediately extends to the Poisson setting:

Proposition 1.36. Given a free and proper Poisson action of a Lie group G
on a Poisson manifold (M, {-,-}), the orbit space M /G has a unique Poisson
bracket for which the projection p: M — M/G is a Poisson map.

Example 1.37. There are many possible concrete illustrations of this con-
struction. For example, one can construct interesting Poisson brackets on
the real projective space RP"~! by starting with an LV-type quadratic
Poisson bracket {-,-}4 on R"\{0} from Example [.2§ and the R*-action
(A, z) = Az. The outcome can be quite interesting:

Exercise 1.38. Consider the quotient Poisson bracket on the projective
plane RP? induced by the LV-type Poisson bracket on R3*\{0} from Exercise
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18 1. Poisson Brackets

.30 Show that the 0-dimensional orbits are the points on the three circles:
Z={[z:y:0]}U{[z:0:z]}U{[0:y: 2]},
and that 2-dimensional orbits are the four components of RP?\ Z. T

One can also generalize Hamiltonian actions to Poisson manifolds. We
say that a Poisson action of a Lie group G on (M, {-,-}) is a Hamiltonian
action if there is a G-equivariant map p : M — g* such that the infinitesimal
action « : g — X(M) satisfies the moment map condition:

(1.25) a(v) =X,,, Vveg.

Exercise 1.39. For a connected Lie group G, show that the G-orbits of a
Hamiltonian G-space (M, {-,-}, u) are always contained in the orbits of the
Poisson manifold M. Is this still true for a Poisson action?

(HINT: Look at the Poisson action of Example [[.371)

As for the analogue of Proposition [[.33] consider a proper and free
Hamiltonian G-space (M, {-,-}) with moment map p : M — g* and fix
a coadjoint orbit O C g*. In this case, the statement becomes that the
quotient

M oG =~ (0)/G
carries a unique Poisson bracket such that the inclusion M ,G — M/G is
a Poisson map. This will be discussed in detail in Section BIl For now we
look at an example.

Example 1.40. Consider the linear Poisson bracket on so*(3,R) ~ R3 as
in Exercise [[27l In coordinates (z,y, z) it is given by

{z,y} =2, A{y.zt=2 A{zz}=y.
The action of S' on R3 by rotations around the z-axis Oz is Hamiltonian
with moment map
iR =R, u(r,y,z) =z

The restriction of this action to the open set M = R3\Oz is a proper and free
Hamiltonian action. The induced Poisson bracket on the quotient M /S! is
zero: the S'-invariant functions u = z2+y? and v = z give global coordinates
on the quotient and we have

{ua U}M/Sl = {.,L,2 + y27 Z} = 0.

Now, recalling that so(4,R) ~ so(3,R) @ so(3,R), the linear Poisson
bracket on s0(4,R)* ~ R3 x R3 is given in coordinates (z1,y1, 21, T2, y2, 22)
by

{Zi,yiy =z, Ayiszi} =z, {2z, %) = yi,
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where the other structure functions are zero. We use the diagonal S'-action
on R3 x R3. This is still Hamiltonian with moment map:

iR R =5 R, p(wy,y1, 21, T2, Y2, 22) = 21 + 2.

The action is proper and free on the open set M = (R3\0z) x R3. We
leave as an exercise to determine the quotient Poisson bracket on M/S* (it
is nonzero!).

Problems

1.1. Recall that a first integral of a vector field V € X(M) is any function
f € C*°(M) which is constant on the integral curves of V. Given a Poisson
manifold (M, {-,-}) and a function H € C*°(M), show that if f and g are
first integrals of X, then {f, g} is a first integral of Xp.

1.2. Let (My,{-,-}1) and (M, {-,-}2) be Poisson manifolds. Show that on
the product M; x My the following formula defines a Poisson bracket:

{93 (@1, 22) = {f(,22),9(, z2) 1 (z1) + {f(z1,°), g(z1, ) }o(22).

Show that this is the unique Poisson bracket on the product for which the
projections p; : My x My — M; are Poisson maps and

1.3. Consider on G = Ry x R the Poisson bracket of LV-type:

{x7 y} =Ty.

Consider also the group operation m : G x G — G:

m((w1,y1), (T2,92)) = (172,91 + T1Y2).

Show that m : G x G — G is a Poisson map, where we use the product
Poisson structure on the domain.

NoOTE: A pair (G, {-,-}¢) where G is a Lie group and {-,-}¢ is a Poisson
bracket for which multiplication m : (G x G,{-,-}axa) — (G,{:,-}¢) is
called a Poisson-Lie group.

1.4. In the standard coordinates (zo = xg + Yo, 21 = T1 + WY1,...,2n =
Ty + iy,) on C"*L, consider the bracket defined by

(1.26) {f, g} ::izzjzj<af % _ 99 8f>.

J=0

(a) Verify that this formula defines a (real) Poisson bracket on C**1.

aZj 82]- 8zj 8Ej
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20 1. Poisson Brackets

(b) Show that the action of C* on C"*1\{0} is by Poisson diffeomorphism
and hence there is a quotient Poisson bracket on CP™.

(c) Determine the Hamiltonian vector field Xy, on CP" of the function

Hj([ZO Ll Zn])

1.5. Show that for any quadratic Poisson bracket on R™ the Euler vector

field
FE = ;1 T py

is a Poisson vector field which is not Hamiltonian.

1.6. Show that on a 2-dimensional manifold M any skew-symmetric, bilinear
bracket {-,-} on C°°(M) satisfying the Leibniz identity also satisfies the
Jacobi identity.

1.7. Let of : GXxM — M be an action of a Lie group G on a manifold M and
denote by « : g — X(M) the corresponding infinitesimal action. If (M, {-,-})
is a Poisson manifold and the G-action is by Poisson diffeomorphisms, verify
that a(v) is a Poisson vector field, for all v € g. Show that the converse holds
provided G is a connected Lie group.

1.8. Let C': M — R be a Casimir function of a Poisson manifold (M, {-,}).
If 0 is a regular value of C, show that C~1(0) has a unique Poisson bracket
for which the inclusion i : C~1(0) < M is a Poisson map.

1.9. Let G be a Lie group with Lie algebra g. Consider the linear Poisson
bracket on g*. Show that the coadjoint action G x g* — g* is Hamiltonian
with moment map p = Idg- : g* — g*.

1.10. Identify the Lie algebra g = s[(2,R) with (R3)* by identifying a trace-
less 2 x 2 real matrix
a b—c
( b+c —a )

with the linear functional (z,vy, z) — azx + by + cz.

(a) Show that under this identification the Poisson bracket on s[(2,R)* be-
comes the following Poisson bracket on R?:

of of of
(1.27) {f.odx)=|g 3 4§
2r 2y —2z

(b) Verify that C(z,y, 2) = 2+y? — 22 is a Casimir function for this Poisson
bracket.
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(c) Find the orbits of this Poisson bracket.
(d) Show that this Poisson structure is Poisson diffeomorphic to ((LI0).
1.11. Let G be a Lie group and consider the symplectic manifold (T*G, wecan )-
Let G act on itself (on the left) by right translations:

d:GxG— G, dy(h)— hg™ !,
and consider the lifted symplectic action G x T*G — T*G. Show that the

resulting Poisson quotient 7*G/G is isomorphic to g* with the linear Poisson
bracket.
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Chapter 2

Poisson Bivectors

2.1. The point of view of bivectors

The local expression (I.2]) for the Poisson bracket suggests that the Poisson
bracket is encoded by an expression of the form

0 0
E: ij -
T T axi/\ﬁwj'

i<j

Note that the skew-symmetry is already taken into account through the use
of wedge products. Such an expression is an example of a bivector field
on M, i.e., a section of /\2 TM. The Jacobi identity amounts to some extra
condition on 7 expressed by the Poisson equation (L.4]).

We shall now discuss the calculus of multivector fields (also called
polyvector fields). Recall that a differential form of degree k

we QM) = F(;\T*M)

can be identified with a C*°(M)-multilinear, alternating map of degree k on
the space X' (M) := X(M) of vector fields on M:

w: XY M) x - x XY (M) — C°(M).

k-times

Dually, a smooth multivector field of degree &k on M

9 € XH(M) = r(/k\TM)
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24 2. Poisson Bivectors

can be identified with a C°°(M )-multilinear, alternating map of degree k on
the space Q! (M) of 1-forms on M:

(2.1) 9 QM) x - - x QM) — C®(M).

k-times

Under this identification the resulting wedge product
AR (M) x XY (M) — 2R (M)
can be described explicitly by the usual formula
WA (a1, s opa)= > (=17 o1)s - - Qo)) Q1) - - > Yoty
€Sk

where the sum is over all (k,)-shuffles. In degree k = 0, we have X°(M) =
C*®(M) and fAY = f-9. As for forms, this operation is graded commutative
and associative:

ONAC=(=1)dee?deeCeng (IANO)AT=DNA(CAT);

i.e., one obtains a graded commutative algebra structure on
m
M) =P xFm
k=0

If (U,x!,...,2™) are local coordinates on M, then the coordinate vector
fields {%, ce (f)xim} form a basis for the C*°(U)-module X(U). Taking
wedge products we obtain a basis for the C°(U)-module X*(U):

O a..pa 2
Oxh ox'x’
In particular, we find the local representation of a k-vector field ¥ € X*(M):

Ny = Z Yk ( 0 /\i

8 gl dxix’
11 <o <ip

i1<i2<"-<ik.

for uniquely determined smooth functions ¥~ € C°(U). In the case of a
bivector field ™ we obtain
0
i (
Z " Z?afz aaﬁ

1<j

In the same way that a vector field X € X(M) = X'(M) can be iden-
tified with a derivation .Zx : C*°(M) — C*°(M) on the algebra of smooth
functions, a multivector field ¥ € X¥(M) can be identified with a similar
operation

Ly CP(M) x -+ x C°(M) — C®(M),
(2.2) fg(fl, ey fk) = ﬁ(dfl, . ,dfk)
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This operation is alternating and a multiderivation, meaning that it is a
derivation with respect to each argument:

Ly(frs--sgh, - fo) =Ly(fr, -9, f)h+9 Lo(f1 o hy o i)

Proposition 2.1. On any manifold M, ¥ — £y gives a 1-to-1 correspon-
dence

multivector fields alternating multiderivations
9 € Xk(M) L C®(M) x -+ x C®(M) — C®(M)

k-times

Exercise 2.2. Prove Proposition 211
(HINT: The proof is entirely similar to the case of vector fields.)

For us the degree 2 case of biderivations plays a special role: these are
maps
{3 OF(M) x CF(M) — C™(M)
which are R-bilinear and skew-symmetric and satisfy the Leibniz identity
— thus all the properties of Poisson brackets hold, except for the Jacobi

identity. According to the proposition, a 2-derivation {-, -} corresponds to a
bivector field m € X2(M) via

(2.3) m(df,dg) ={f, g}

In order to rewrite the Jacobi identity one needs to generalize the usual
Lie bracket on vector fields. This can be defined by

Lxy) = Lx oLy — Ly o Zx,
and for arbitrary multivector fields we introduce:

Definition 2.3. The Schouten bracket of the multivector fields ¥ €
XFHL(M) and ¢ € X!T1(M) is the unique multivector field [0, ¢] € XFH+1(M)
satisfying

(2.4) Lo =Lyo L — (—1)" % 0 L,
where
LyoLe(frs- o forie)
= Y (D) Lo(forys oo Sothy L Fothrtys - Fotortrn);

0€SkK, 141

and the sum is over all (k,! + 1)-shuffles.

Remark 2.4. By convention, for f € C°°(M) we set £y = f and Lo Ly =
0. Note that with this convention, for ¥ € X**1(M) one has

Lg.5) =Ly o Ly = (=1)"iasV.
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Exercise 2.5. Just as for vector fields, while £y o Z; is not a multideriva-
tion, check that the graded commutator (2.4) is (therefore, Definition 2.3 is
correct).

For a biderivation {-, -} : C*°(M) x C*°(M) — C*°(M) with associated
bivector field m € X2(M) we find that
1
(25) 5%7r,7r](f7 g, h) = {f7 {gv h}} + {97 {ha f}} + {ha {f?g}}
Therefore, we obtain one of the main conclusions of this section:

Corollary 2.6. On any manifold M, ([2.3) induces a 1-to-1 correspondence

Poisson brackets | _ | bivector fields m € X2(M)
{}on M — satisfying [m, 7| =0

Definition 2.7. A bivector field 7 € X%(M) satisfying [r, 7] = 0 is
called a Poisson structure or a Poisson bivector on M. We also
say that the pair (M, ) is a Poisson manifold.

While the previous definition of the Schouten bracket has the advantage
of being explicit, it may not be so enlightening. A more conceptual approach
is the following:

Theorem 2.8. The Schouten bracket is the unique R-bilinear operation
[ ] - XL < (M) — 2N, (k1> —1)
satisfying the following properties:
(i) When k =1=0 it is the usual Lie bracket of vector fields.
(ii) When k=0 and l = —1 it is the Lie derivative:
(X, f]=2Zxf=X(f)
(iii) Graded skew-symmetry:
[9,¢) = —(-DM[¢, ),
for 9 € XF1(M) and ¢ € XH1(M).
(iv) Graded Leibniz identity:
W.¢arl=[. AT+ ()M, 7,
for 9 € XF1(M), ¢ € XHY (M), and T € X™TL(M).
Moreover, the graded Jacobi identity holds:
(=179, ¢, 7] + (—1)[C, [r, 9] + (—1)™ [, [9,¢]] = 0,
for 9 € XFHL (M), ¢ € X+ (M), and T € X H(M).
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Proof. We leave it as an exercise to check that the graded commutator (2.4))
satisfies all properties in the proposition (see also Remark 2.4]).

For uniqueness, note first that any operation [-, -] satisfying (i)—(iv) must
be local. This can be proven similarly to Proposition Therefore, also
using R-bilinearity, it suffices to calculate [, -] on decomposable multivectors
¥ =XoA---AXpand ( = YgA---AY], for [,k > 0. Using (i)—(iv), we obtain

(26) [XoA--AXp,YoA---AY]

k l
— ZZ(_l)iJrj[Xi,yj] /\XO"'Xi“'Xk/\}/O"‘i}J"“}/la
i=0 j=0
which shows that these properties determine the operation [-, -], which there-
fore must coincide with the Schouten bracket. O

Similarly to vector fields, multivector fields can be pushed forward via
diffeomorphisms. This allows one to define the Lie derivative of a k-vector
field ¥ € X¥(M) along a vector field X € X(M) as usual by

d '
— 0.
o (9%

This definition coincides with the usual Lie derivative along vector fields of
functions f € C*°(M) = X°(M) and of vector fields Y € X(M) = X*(M).
One can check directly that .Zx is a derivation with respect to the wedge
product; i.e., it is R-linear and satisfies the Leibniz identity:

Lx(WNCQ) =LxINC+INLxC.
Thus, it has the same properties as the operator [X, —] : X¥(M) — X*(M).

Lxv =

Exercise 2.9. Show that, for any X € X(M) and 9 € X*(M),
(X, 9] = ZLx0.

Using the explicit formula for the Schouten bracket we obtain for any
bivector field m € X2(M)

(2.7) (Zxm)(df,dg) = X({f,g}) —{X(f), 9} —{f, X(9)}.

In particular, we deduce:

Corollary 2.10. Given a vector field X € X(M) on a Poisson manifold
(M, m) the following statements are equivalent:

(i) X is a Poisson vector field.
(ii) 7 is invariant under the flow of X or, equivalently, Lxm = 0.
(iii) [X,7] = 0.
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2.2. A slight twist: 7*

There is yet another, slightly different, but useful way to look at Poisson
structures. Namely, a bivector field 7 € X2(M) induces a vector bundle map

(2.8) ™ T*M — TM, o igr.

By this formula, bivector fields 7 € X2(M) are in 1-to-1 correspondence
with vector bundle maps 7 : T*M — T'M which are skew-symmetric:

(rhy* = —nb,
The map induced between sections will be denoted by the same symbol:

QY M) — XN (M).

We can express the condition [r,7] = 0 in terms of the bundle map
using the following operation on the space of 1-forms:

(2.9) [, Blx i= L1 (B) — ZLripla) — d(w(a, B)).
The following result details some of its properties.

Proposition 2.11. Let m € X%(M) be a bivector field with associated bideri-
vation {f,g} = w(df,dg). The bracket [2Z9) is the unique bilinear, skew-
symmetric operation on QY(M) such that the following hold:

(i) On exact 1-forms, it is given by

[dfvdg]ﬂ':d{fag}’7 vagecoo(M)
(ii) It satisfies the Leibniz identity with respect to mt:

(o, FBlx = F o Blr + Loz (f) B, ¥ F € CX(M), 0,8 € QL(M).
Moreover, the following are equivalent:

(a) [m, 7] =0.

(b) m: (QYM),[,"]x) = (XY(M),[,"]) preserves the brackets.

(c) [-,]x satisfies the Jacobi identity.
Remark 2.12. The bracket [-, -] will play a central role. The properties (ii)
and (c) for the triple (1% M, [-, ], 7*) are precisely the axioms of a geometric

structure called a Lie algebroid. This notion will also play an important role
later in the book.

Proof. It is straightforward to verify using (2.9)) that [, -], satisfies (i) and
(ii). On the other hand, any R-bilinear, skew-symmetric operation on 1-
forms which satisfies the Leibniz rule (ii) is determined by its values on
exact forms; thus if it also satisfies (i), then it must coincide with [-, -] .
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For the second part note that by the Leibniz identity (ii) the map
Ur - Q1(M) x QM) = X (M), Up(a, B) i= [7(a), 7(8)] — 7([ov Bla)

is C°°(M)-bilinear. We claim that the following equality holds:
1

5[7-(77-(](047577)'

Since both sides are C°° (M )-multilinear, it suffices to check the equality on

exact 1-forms: o = df, f = dg, v = dh. In this case, by (i) and (ZX), both
sides give

(v | Un(e, 8)) =

Jia(frg.h) = {f g, h}} + {9, {h, f}} +{h.{f. 9}}.
This shows that (a) is equivalent to (b).
Next, denote the Jacobiator of the bracket [-,-] of three 1-forms by

J['v'}w(av /87'7) = [Oé, [57 ’Y]Tl']ﬂ + [67 ['77 a]ﬂ']?‘( + h’a [a7 5]7‘(]71"
Using the Leibniz rule repeatedly, one obtains the following equality:

J[~,~]7T (‘%57 f’Y) = f J[~,~]7T (O[?ﬁvf}/) + gUﬂ(a,B)(f) -
This shows that (c) implies (b). Conversely, if (b) holds, then J.;_ is

C°°(M)-multilinear by the above. On the other hand, using (i) and (;;L)7r we
find

J[',']w (dfv dg, dh) = dJ{,}(fv g, h) =0.
We conclude that J|. ;= 0. Hence, (c) holds. O

The map 7* allows us to write Hamiltonian vector fields as “m-gradients”:
Xy =7*(dH), H e C®(M).
In particular, the Hamiltonian directions (L) are described by the image
of 7t
(2.10) Imnt = {Xg,: HecC®(M)}CT,M.
Note that Im ¥ is a vector subbundle of TM only when 7% has constant rank.
In general one should think of it as a singular distribution. The proposition

shows that the Poisson condition [m, 7] = 0 implies the involutivity of this
distribution

[*(a), 7% (8)] € Im7*, Va,B € QY (M).

We will discuss in Chapter [ that this singular distribution is integrable and
that its associated “singular foliation” has leaves the orbits of (M, ) (for
regular and singular foliations see Appendix [C]).
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2.3. Poisson maps and bivector fields

Recall that, given a smooth map ® : M — N, a vector field X € X(M) is
said to be ®-related to a vector field Y € X(N) if

ch(m) = (dxq)) Xz, YaxeM.

In this case ® maps integral curves of X to integral curves of Y. The vector
field Y is not completely determined by the vector field X unless the map
® is surjective. If X and Y are ®-related and ® is surjective, we will write
Y = (®).X and call Y the pushforward of the vector field X.

This generalizes to multivector fields as follows.

Definition 2.13. Let ® : M — N be a smooth map. A k-vector field
¥ € X*(M) is said to be ®-related to a k-vector field ¢ € X*(N) if

ch(m) = (dxq))*ﬁx, Ve M,

where (dy®), : A" TM — AF Ty ()N is the map induced by the differential
of ®. When @ is surjective ( is determined by 1, so we write ( = &, and
we call ¢ the pushforward of ¢ by the map .

In terms of multiderivations the relation of being ®-related becomes:
Lemma 2.14. ¥ € X¥(M) is ®-related to ¢ € X*(N) if and only if
fﬁ(floq)w"afkoq)) :"iﬂ((fla"'?fk)oq)a v fla"'?fk € COO(N)

The relation of being ®-related is compatible with the algebraic opera-
tions on multivector fields:

Proposition 2.15. If 9; € X% (M) is ®-related to ¢; € X4(N), i = 1,2,
then the following hold:

(i) a1 + b is ®-related to aly + bla, for a,b € R.
(ii) Y1 A V2 is ®-related to (1 A (.
(iii) [91,79] is ®-related to [C1, (2]

Proof. Items (i) and (ii) follow immediately from the definition and (iii)
follows from the previous lemma. O

We can now give several characterizations for a map to be Poisson:

Proposition 2.16. Let (M, 7)) and (N, wn) be Poisson manifolds. Given
a smooth map ® : M — N, the following statements are equivalent:

(i) @ is a Poisson map.

(ii) mas is ®-related to Ty .
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iii) For ever € C°°(N), the Hamiltonian vector field X rop is ®-
Y f
related to the Hamiltonian vector field X;.

(iv) The following diagram commutes for all x € M:

oM —22 Ty N

M I+

Proof. Lemma 214 implies immediately the equivalence between (i) and
(ii) and between (i) and (iii). On the other hand, (ii) can be written as

((d®)wmar)(a, B) = wn (i, B)
= ((d2)*B)(m, ((d®)*@)) = B(ry ()
= Bd2(r},((d2) ) = Ay (),
for all ov, § € Tg(, ) N. So (ii) is equivalent to (iv). O
Exercise 2.17. Show that a map ® : (M, my) — (N, 7n) is a Poisson map
if and only if
*[ar, Blay = [@*, @*Blry, Ve, B € QY(N).

2.4. Examples

We consider now many examples of Poisson structures that will be recurrent
in later chapters. This includes revisiting the examples in Chapter [l from
the point of view of bivectors, which will provide new insights.

2.4.1. Rank 2 Poisson structures. For a 2-dimensional manifold M the
Jacobi identity holds automatically. In the language of bivector fields, we
have X3(M) = 0, so:

e If dim M = 2, any bivector field 7 € X2(M) is Poisson: [r, 7] = 0.

In the same spirit, on a manifold M of arbitrary dimension one can
consider decomposable bivector fields:

T=XAY,
where X,Y € X(M). One finds that
[m, 7] =2[X, Y]ANX AY.

In particular, if X and Y commute, then 7 is a Poisson bivector field. In
general, 7 is a Poisson bivector field if and only if the three vector fields
X, Y, and [X,Y] are linearly dependent at every point. If X and Y are
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linearly independent everywhere, this condition is equivalent to the distri-
bution spanned by X and Y being involutive (see Section [C.T)):

[X,Y] € Span{X,Y}.
This distribution consists of the Hamiltonian directions (Z.10):
Span{X,Y} = 7%(T*M) c TM.
Therefore, by Proposition [[.8 the orbits of 7 are the leaves of the foliation
integrating Span(X,Y). T

2.4.2. Symplectic structures. The canonical Poisson bracket (LI2)) on
R?% corresponds to the bivector field

. 9 0
ﬂ'can—;api /\8_(]1

This bivector should be seen as the dual of the canonical symplectic form
(B4) in Appendix [Bl Let us explain precisely what this means.

Just as a bivector 7 induces a bundle map 7, a 2-form w € Q%(M)
determines a vector bundle map

Wi TM = T*M, v iyw.

The nondegeneracy of w is equivalent to w” being an isomorphism. In this
case the inverse is a skew-symmetric map and so it takes the form

(2.11) (W)t =at T*M — TM,

for some bivector field 7 € X2(M). Conversely, if 7 is a nondegenerate
bivector field, i.e., if 7¥ : T*M — T'M is an isomorphism, then it deter-
mines a nondegenerate 2-form w. Note that (2.11]) can be rewritten as

(2.12) w(r(a), T(8)) = —m(a,B), Va,B € T*M.
In fact, we have:

Proposition 2.18. The inversion relation ([ZI1)) induces a 1-to-1 corre-
spondence

nondegenerate ~ nondegenerate
bivectors m € X2(M) 2-forms w € Q%(M)

Moreover, under this correspondence,
(2.13)  [m,7)(o, B,7) = —dw(n*(a), 7*(B),7* (7)), Va,B,y€T*M,

In particular, one obtains a 1-to-1 correspondence

nondegenerate Poisson | symplectic
bivectors m € X2(M) forms w € Q*(M)
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Proof. The first part is clear. It is enough to check (2.I3) on exact 1-forms
a=df, 8 =dg, and v = dh. Using (2.5]) we find that

Sl ml(df,dg, dh) = {£, {9, B}} + {gs (. £} + (o £, 93

On the other hand, recall the Koszul-type formula for the exterior derivative:
Qw(X,Y, Z) = X(@(Y. 2)) + Y ((Z. X)) + Z(@(X,Y))
- (w([Xa Y]a Z) + w([Y) Z]vX) + W([Z, X]a Y)) :

If we let X = 7f(df), Y = n%(dg), and Z = ©f(dh), we find
dw(rf(df), 7*(dg), 7*(dR)) = —2({f. {9, h}} + {g. {h. [}} + {h. {f. 9}]),

so the result follows. O

2.4.3. Symplectic foliations. Let {w;}icr be a smooth 1-parameter fam-
ily of symplectic forms on a manifold S. These can be arranged into a
Poisson bracket {-,-} on M =S x R by setting

{f,g}(x,t) = {f(a t),g(-,t)}t(x),

where {-,-}; denotes the Poisson bracket on S induced by w;.

Exercise 2.19. Find the orbits of the resulting Poisson manifold M = SxR.

More generally, whenever we have
(i) a partition F of M by submanifolds S C M which fit “smoothly”
together and
(ii) a smooth family of symplectic forms wg, one for each submanifold
SeF,

we can define a Poisson structure using the similar formula

{f,g}‘S:{f’S,g‘S}S, f?gECOO(M)a

for any S € F. Here, {-,-}s denotes the Poisson bracket on S induced by
the symplectic form wg.

More precisely, the smoothness in (i) means that F is a regular foliation
— see Section [C.Il As for the smoothness in (ii), note that the symplectic
forms

2
ws € () = F(/\T*ﬂs) (S € F)

can be put together into a section wr of /\2 T*F. The smoothness of the
family amounts to the smoothness of wx. In other words, one deals with a

regular symplectic foliation (F,wzr) — a notion that is explained in more
detail in Section [C.2]
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The bivector field corresponding to {-,-} is a bivector along T'F,

2 2
rer(ATF) cT(A\TM),
The restriction 7|g € T'( /\2 T'S) to each leaf S becomes precisely the inverse
of the symplectic form wg as in ([2.I1]). In other words, we have

W(Oé,ﬁ) = —w]_-(ﬂ'ﬁ(a),ﬂ'ﬁ(ﬁ)), Va,8€T"M.

As a simple generalization of the previous exercise, the reader can now
show that the corresponding orbits are precisely the leaves of the original
foliation F. Te

2.4.4. Completely integrable 1-forms. General Poisson structures can-
not be described with differential forms, as in the symplectic case. However,
in dimension 3 there is still a relationship with 1-forms.

For example, given a Poisson bracket {-, -} on R3 with structure functions

a=A{y,z}, b={zz}, c={xy},
consider the 1-form
0 =adx+bdy+ cdz.
By a direct computation, the Jacobi identity for {-, -} is equivalent to € being
a completely integrable 1-form, meaning that

0 Ndb = 0.

Then one obtains a 1-to-1 correspondence

Poisson _ | completely integrable
brackets on R? ( < 1-forms on R3

In terms of bivector fields this correspondence is given by

o 0 o 0 o 0
=a—AN—4+b—N—4+c—AN— <+— 6O=adr+bd dz.
m aay 8z+ 0z 8x+68x oy adrtody+cdz
For example, any smooth function C' € C*°(R3) gives rise to an exact
completely integrable 1-form: § = dC. The corresponding Poisson bracket
{-,-}¢ on R3 is given by the triple product:

of of of
wox
(2.14) {fig}c =(VfxVyg).-VC=| 52 o 5
oc  oC oC
or oy 0z

The linear Poisson bracket (ILI8) on so(3,R)* and the quadratic Poisson
structure (L22) on R? are both of this form.

Exercise 2.20. What are the orbits of the Poisson bracket {-,-}¢7
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As explained in Example of Appendix [C] completely integrable 1-
forms that are nowhere zero encode codimension-1 foliations. Thus, if

6, #0, VzeR3

then Ker # = TF for a 2-dimensional foliation F on R3. One can show that
this case fits into the setting of symplectic foliations as in Subsection
— see Problem In particular, the orbits are the leaves of F.

In general, the orbits for the corresponding Poisson bracket are described
in Problem 2.8 they are the zeros of # and the 2-dimensional leaves lying
in the open set where 6 is nonvanishing.

Moving now to a general 3-dimensional orientable manifold M, we use
the language of bivector fields. Any volume form p € Q3(M) induces an
isomorphism

2
Wi NTM = T°M, X AY = u(X,Y,").

Hence, any 1-form 0 € QY(M) can be “inverted” with respect to u to a
bivector field m € X2(M), giving a 1-to-1 correspondence:

XXM &S oM.
For M = R3 with the standard volume form p = dz A dy A dz we recover
the previous 1-to-1 correspondence.

We leave it as an exercise to check that if m corresponds to 6, then
—20 N dO = (iy[m, 7)) .
Therefore we deduce:

Proposition 2.21. A volume form on a 3-dimensional manifold M gives
rise to a 1-to-1 correspondence

Poisson _ completely integrable
structures on M ( < 1-forms on M

It follows that the orbits of any orientable 3-dimensional Poisson mani-
fold (M, ) can be determined by choosing a volume form p, inverting 7 to
a 1-form 6, and then determining the zeros and the 2-dimensional integral
submanifolds of §. For more details, see Problem 2.8

Exercise 2.22. Use this method to find the orbits of the linear Poisson
structure on s[(2,R)* (the dual of the Lie algebra of traceless 2 x 2 real
matrices).

Exercise 2.23. Given an orientable 3-dimensional manifold M, let f €
C*°(M) be a Morse function. Show that there exists a Poisson structure on
M whose zeros are precisely the critical points of f. Ty
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2.4.5. Constant Poisson structures. Constant Poisson brackets on a
vector space V', as in Example [[.2T] correspond simply to bivectors

2
mEe /\ v
interpreted as constant bivector fields. Here we identify a vector v € V with

the constant vector field z — & |,_o(x+1tv). If we fix a basis {e;} of V, then
0
ozt )
the corresponding basis of A\”V, m has constant coefficients:

) o g
— ij ij
T = ;<j c 97 A pE c’ eR.

where the (2!) are the corresponding linear coordinates in V. In

€; =

The corresponding Poisson bracket is precisely ([LI4]). The orbits of 7 dis-
cussed in Example [[.21] can now be described in a coordinate-free manner.
Namely, the subspace W C V spanned by the vectors (IL15]) is precisely the
image of 7f : V* — V and the orbits are simply the translates of W.

This leads to the the following point of view on constant bivectors, which
also reveals the symplectic nature of the orbits.

Proposition 2.24. For any vector space V one has a 1-to-1 correspondence

pairs (W,w) formed by
bivectors \ .~ a subspace W C V' together with
e /\2 V a nondegenerate 2-form w € /\2 W

which associates to the bivector w the pair
W = Imn?, w(ﬂﬁa,wﬁﬁ) = —7m(a, B),

and to the pair (W,w) there corresponds the bivector
(2.15) m(a, 8) = —w (") (@lw), @) 7 (Blw))

Remark 2.25. The minus signs in the formulas above are introduced so
that when the bivector m € /\2 V' is nondegenerate, we have W = V and
= (wb)_l.

Exercise 2.26. Show that a constant Poisson structure is induced by a

symplectic foliation. Te

2.4.6. Linear Poisson structures. A Poisson structure corresponding to
a linear Poisson bracket will be called a linear Poisson structure. As
discussed in Proposition [[.23] such a Poisson structure corresponds to a Lie
algebra (g, [+, ]). The corresponding bivector field is denoted by

Tg € X%(g").
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This linear bivector can be described directly. Namely, the dual of the Lie
bracket [-,-] : A2 g — g is a map g* — A%g* and can be regarded as a
bivector field on g*:

mole := &([-, /\g N/\ng, geg”.
Propositions [[.23] and [[L26] can be restated as:

Proposition 2.27. There is a canonical 1-to-1 correspondence

linear Poisson structures |  _ Lie algebra structures |-, -]
on a vector space V = g* ( <7 on the dual vector space g = V*

Furthermore, the orbits of the linear Poisson structure (g*, ) coincide with
the coadjoint orbits.

If {€'} is a basis of g inducing coordinates (z%) on g*, the linear bivector
field has linear coefficients:

I~k 0, 0
Tg = = CcL T - N\ —,
9 2,,kk ox*  OxJ
Z7j7

where the czj are the structure constants of g for the basis {e'}.

Exercise 2.28. Given two Lie algebras (g, [-,-]) and (b, [-,-]), check that a
linear map ¥ : g — b is a Lie algebra homomorphism if and only if the dual
map is a Poisson map ¥* : (h*, 7)) — (g%, 7). Ty

2.4.7. Affine Poisson structures. Similarly to linear Poisson structures,
one defines an affine Poisson structure on a vector space V' as one for which
the Poisson bracket of two affine functions is again affine. Fixing linear
coordinates (z') on V, this condition means that the structure functions
must be affine:

(2.16) = \J Z ik,
The Poisson condition [r, 7] = 0 amounts to two types of equations:

m
Z(cﬁlcl]k cjlc]“+ckl ”):0 (i,j,k,r=1,...,m);

=1
Em: (A“c{’wwl i 4 \M ”) —0 (i k=1,...,m).
=1

The first condition means that the ch are the structure constants of a Lie
bracket on g = V*:

[]:gxg—a [he]= Zc”’“
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where {e'} is the basis of g corresponding to the coordinates (). The first
condition is then the Jacobi identity for this bracket:

[u, [v,w]] + [v, [w,u]] + [w, [u,v]] =0, Y u,v,weEg.
To rewrite the second condition, consider the skew-symmetric bilinear map:
Aigxg—R, Ae,el) =\,
Then the second condition is expressed intrinsically in terms of A as follows:
AMu, [v,w]) + A(v, [w,u]) + AMw, [u,v]) =0, Vu,v,w € g.

This means that A is a Lie algebra 2-cocycle on g — a notion recalled in
Section [A1l

In conclusion, one obtains:

Proposition 2.29. There is a 1-to-1 correspondence

affine Poisson - Lie algebra structures on g
structures on V = g* ( <7 plus a 2-cocycle A on g

Given g and ), the corresponding Poisson bivector field will be denoted
T € X7(g")

and will be called the affine Poisson structure associated to (g, A). The
orbits are worked out in Problem 2.0

Exercise 2.30. Give a coordinate-free interpretation of the correspondence
in Proposition [2.29

The previous discussion does not depend so much on V' being a vector
space, but rather on being an affine space. While the difference between
the two is just the choice of origin, one should still keep in mind that the
relevant type of isomorphisms are the affine ones. Using such isomorphisms,
one may be able to transform an affine Poisson structure into a linear one.
For example, on R? the change of coordinates u = x + 1,v = y transforms
the affine Poisson structure defined by {z,y} = =+ 1 into the linear Poisson
structure with {u, v} = v. The following result clarifies when this is possible:

Proposition 2.31. For any affine Poisson structure (g%, 7y »), the following
are equivalent:

(i) There is an affine Poisson diffeomorphism W : (g*, mq) — (g%, mg.2)-
(ii) There is a Poisson diffeomorphism ® : (g%, mq) — (g%, 7 2)-

(iii) The Poisson bivector my  vanishes at least at one point.
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(iv) The Lie algebra 2-cocycle X : N* g — R is exact:
Au, v) = &([u, v]),

for some linear map € : g — R.

Proof. Clearly, (i) = (ii) = (iii). Fixing a basis as above, by (2I1f) the
condition that my y vanishes at the point —§ € g* can be written as

NI = "cleh, where £=(£',....€M).
k

This is precisely the condition for the cocycle A to be exact, so (iii) =
(iv). Finally, for (iv) = (i), observe that the last formula the translation
U(z) = x + £ gives an affine isomorphism between 7y y and 7. U

Exercise 2.32. Find affine Poisson structures that are symplectic.

Constant Poisson structures can be viewed as the affine Poisson struc-
tures whose underlying Lie algebra is abelian. However, the only constant
Poisson structure that satisfies the conditions of the proposition is the zero
Poisson structure.

For interesting classes of Lie algebras the second Lie algebra cohomology
vanishes; i.e., condition (iv) always holds. This includes the semisimple
Lie algebras — see Theorem [A.J] — and also other examples such as the
following;:

Exercise 2.33. Prove that for the nonabelian 2-dimensional Lie algebra
g=R> [er,ex = ey,

any 2-cocycle A is exact. T

2.4.8. Families of Poisson structures. Generalizing families of symplec-

tic structures, any smooth family of Poisson bivectors {m; };cr on a manifold

M gives a Poisson structure on M x R with bivector field
m(x,t) = m(z) (no % component).

For an interesting example, let g be a Lie algebra endowed with a 2-
cocycle A. Since t A is a 2-cocycle for each ¢ € R, we obtain a family of affine
Poisson structures on g*: {ﬂ'g’t A fter. The resulting Poisson structure 7 on
g* X R is given in linear coordinates by

{2%, 27} =t A\ + Zczjxk, {t,z'} = 0.
k

In particular, it is a linear Poisson structure on g* x R = (g @ R)*. Hence,
we have recovered a well-known fact: a 2-cocycle A on g defines a central
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extension Lie algebra gy = g ® R of g with Lie bracket:
[(u7 ’l“), (Uv 5)]§>\ = ([u7 U]g’ )\(’LL, U)) .

Of course, one can also check directly that the Jacobi identity for g, is
equivalent to the Jacobi identity for g, together with the 2-cocycle condition
for A.

Problems

2.1. Find the Schouten bracket [m, 7] for the following bivector fields:
(a) 71':8;21/\%4_..._'_#2_1/\(%%6%2(]1%271)‘
(b) W:f(gl)%/\%—F%/\%‘F“""a@z;L/\%6%2(T2n).
—_ 0 0 o) 0 0 0 2(m3
() m=f@)g; Nz +9W) gz A gz + M2) 55 A gy € X2(RT).
2.2. Let (M, ) be a Poisson manifold. If X,Y € X(M) are commuting

Poisson vector fields, show that 7 + X AY € X?(M) is a Poisson bivector
field.

2.3. Let (M, ) be a Poisson manifold.

(a) If X € X(M) is a vector field, show that the bivector field on M x R
Tx ::7T+X/\% € X*(M x R)
is a Poisson bivector if and only if X is a Poisson vector field for (M, ).

(b) Similarly, but one dimension higher, if X,Y € X(M) are commuting
vector fields, show that the bivector field on M x R?
0 o 0

9
T = XAN—4+YAN—+IAN—AN—
TXYA =T AN G H XN G T A N B

is a Poisson bivector for any constant A € R if and only if X and Y are
Poisson vector fields for (M, 7).

(c) Extend (a) and (b) for any finite number of commuting vector fields.

2.4. Let E be the Euler vector field from Problem [[L] and let d € Z be an
integer. A Poisson bivector m on R" is said to be homogenous of degree d if

Lrpm =dm.
Show the following:

a) For d = 0, 1, 2 one recovers precisely the notions of constant, linear, and
p y
quadratic Poisson bivectors, respectively.
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(b) If my : R — R™ denotes scalar multiplication by ¢ € R, then 7 is
homogeneous of degree d if and only if

(my)sm =>4, Vit > 0.

2.5. Assume that 0 is a nowhere vanishing completly integrable 1-form on
R3, so that Ker @ defines a foliation F on R3. Show the following:

(a) There exists a 2-form on R3 such that § Aw is the standard volume form
dx Ady A dz.

(b) Restricting w to T'F, the resulting foliated 2-form wx does not depend
on the choice of w.

(¢) (F,wr) is a symplectic foliation.

(d) The Poisson structures associated with 6, as in Subsection 2.4.4] and
with (F,wgr), as in Subsection [Z4.3] coincide.

(e) If S is a nonorientable surface in R? (e.g., the Mobius band), then there
is no Poisson bracket on R?® admitting S as an orbit.

2.6. Let p be a volume form on a 3-dimensional manifold M. Prove the
claim from Subsection 244t if 7 € X2(M) is the inverse of § € QY(M)
relative to p, then

—20 A dO = (iy[m, 7)) .
2.7. Show that if 7 € X2(M) is a Poisson structure on a 3-dimensional

manifold, then fr is also a Poisson structure, for any f € C*°(M). What
about in dimension 47

2.8. Let 7w be a Poisson structure on an oriented 3-manifold M with volume
form g and corresponding completely integrable 1-form 6 € Q'(M) (see
Subsection 2.4.4]). Denote by U C M the open set where 6, # 0.

(a) Prove that (X;) = 0 for any Hamiltonian vector field X .

(b) Show that the orbits of 7 consist of points in M\U and leaves of the
foliation integrating the distribution Ker 0|y.

2.9. Show that for any finite-dimensional vector space V', the assignment
7 +— 7t defined as in ([23), gives a linear 1-to-1 correspondence

constant bivectors ~ linear maps A: V* =V
S /\2 174 7 that are anti-self-dual; i.e., A* = —A

2.10. Let M : /\2 g — R be a Lie algebra 2-cocycle as in Subsection 2.4.71
Using the fact that the orbits of a linear Poisson structure are the coadjoint
orbits, show that the orbits of the affine Poisson manifold (g*, 7 ») coincide
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with the orbits of an action
é)\ X g* — 9*7
where G » is a connected Lie group integrating the central extension Lie

algebra gy = g ® R.

2.11. An action « : g — X(M) can be interpreted as a bivector field « €
X2(M x g*), where for (x,£) € M x g* one views @, : g — T,M as an
element
Cre €9 QT M =Teg" @ T, M.
For a bivector field 7 € X2(M), define the bivector field on M x g*:
Iy, =7+a+m; € X*(M x g*).

Show the following:
(a) Ilg . is Poisson if and only if 7 is Poisson and « is a Poisson action.
(b) Assuming (a) and that « : g — X(M) integrates to a Poisson action

G x M — M, show that the diagonal action of G on M x g*, where G

acts via the coadjoint action in the second factor, is Hamiltonian with

moment map the projection p: M x g* — g*.
2.12. For a Poisson manifold (M, 7) define the linear map

de: XM — XM M), dgd = [, 9]
(a) Show that d is a differential: d2 = 0.
(b) What is the meaning of the first Poisson cohomology group
oyl 2
HI(M) = Ker(dr : X*(M) = X*(M)) ,,
Im(dy : XO9(M) — X1(M))

2.13. For any 1-form a € Q'(M), define the interior product with a by

(2 %k(M) - %k_l(M)? iaﬁ(aly SRR ak—l) = 19(0[, 1S3 R ak—l)a
and the operator .%, : X¥(M) — X*(M) by (see the previous exercise)

% i=driag + iads.

Show that %, is a derivation of the algebra (X°*(M), A) which satisfies
(a) gadw = dwgaa
(b) tfa,8, = [Za»ip] = [ias 5],
(©) L), = [Zar 5],

where the bracket in right-hand side of (b) and (c) is the usual commutator:
[A,B] = Ao B — Bo A.
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Chapter 3

Local Structure
of Poisson Manifolds

Poisson structures can exhibit a very rich and interesting geometry, even
locally. In this chapter we will discuss some classical aspects of the local
structure of Poisson manifolds. The main result of the chapter, the Wein-
stein Splitting Theorem, states that a Poisson manifold is locally the product
of a symplectic manifold and of a Poisson manifold with a zero. This yields
a very simple local structure for regular Poisson manifolds. It follows that,
to understand a general Poisson manifold locally, it suffices to look around
zeros. At such a point there is a canonical first-order approximation of the
Poisson bivector — the linear Poisson structure corresponding to the isotropy
Lie algebra. The linearization problem asks whether a Poisson structure is
locally isomorphic around a zero to its first-order approximation. In the
end of this chapter we will discuss Conn’s Linearization Theorem, a deep,
difficult, and beautiful result in Poisson geometry.

3.1. The Weinstein Splitting Theorem

Definition 3.1. For a bivector field 7 € X2(M) the dimension of the
image of b TxM — T, M is called the rank of 7 at = € M.

For a Poisson bivector the rank is the dimension of the Hamiltonian
directions (2.I0). By skew-symmetry, it is an even integer. Moreover, the
rank cannot drop locally: every © € M has a neighborhood U such that

rank 7, <rank m,, VyecU.

43
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44 3. Local Structure of Poisson Manifolds

Recall that 7 is called a nondegenerate bivector field if ©f : T*M — TM
is a vector bundle isomorphism or, equivalently, if rank 7, = dim M, for
all x € M. As discussed in the previous chapter, in this case w = 77! is
a symplectic structure. So by Darboux’s Theorem, Theorem [B:ﬂ m can be

put locally in the canonical form

Sy

— Opi

0 :
A o7 (2s = dim M).

The following important result generalizes Darboux’s Theorem and is
the Poisson geometric analogue of Frobenius’s Theorem:

Theorem 3.2 (Weinstein Splitting Theorem). Let (M, ) be a Poisson man-
ifold, and let x € M. There exist coordinates (U,p1,...,ps,q%...,¢%,y",
.., y?) centered at x such that

0
ab —_— =
Ty = E 8]9 -+ E o ~A By (2s = rank 75),

1<a<b<q

where the 9“b(y) are smooth functions of (y*,...,y?) such that 62°(0) = 0.

Note that, by shrinking U, the chart x = (p1,...,ps,q%, .., ¢yt ..., y%)
can be chosen such that x(U) =V x W, where V C R* and W C R? are
open neighborhoods of 0. These Weinstein splitting charts give local
Poisson isomorphisms with a product

(3.1) X : (U, mly) = (V,Tcan) x (W, 0),

where Trean is the canonical Poisson structure on R?® and

0 0
— ab v 2
0=>"0 (y)aya/\ay e xX2(W)

a<b
is a Poisson structure that vanishes at the point y = 0. Such charts should
be seen as the Poisson analogue of the

e Darboux charts for symplectic structures,
e charts resulting from the Frobenius Theorem, which we call foliated

charts.

See the discussion concerning Theorems[B.7 and Accordingly, the Wein-
stein Splitting Theorem is the Poisson analogue of the theorems of Darboux
and Frobenius.

In the next chapter we will use the splitting charts to define the smooth
structure on the orbits of a Poisson manifold, in a similar way as one uses
Frobenius’s Theorem to describe the leaves of regular foliations. Namely,
note that, for a splitting chart ([B.I]), the submanifold

Vor=x""(V x{0}) ={y' =0,...,y7 =0}
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plays the role of the plaque through = € M for Im «#. In other words, since
6(0) = 0, the Hamiltonian directions are given by

0 o 0 8}'

tm iy = Span {20 D0
m |y, = Span op1 dps’ Oq* dq°

In general, for y # 0, the submanifold V,, := X1V x {y}) is not necessarily
a plaque of Im 7%, as only one inclusion holds:

0 o 0 0
Imﬂ'ﬁh/y Dspan{a—pl,...,%,a_qlp'“?a_qs}'

For the proof of the Weinstein Splitting Theorem, we need the following
standard lemma, which is a consequence of the flow box theorem (the case
k = 1) and the fact that flows of commuting vector fields also commute for
small times.

Lemma 3.3. Let Vi,..., Vi be vector fields defined on a neighborhood of
x € M, which are linearly independent at x and pairwise commute:

Vi, Vi =0, 1<ij<k.

Then there exists a chart centered at x, (U,x',..., ™), such that
(3.2) Vip =2 1<i<k
. |\ U — 833i7 =0 =M.

Proof of Theorem We will prove the statement by induction on the
rank m,. If rank 7, = 0, there is nothing to prove. Assume that rank m, > 0
and that the result holds for any Poisson structure with rank smaller than

rank .

Since m, # 0 there exists a function p defined around z such that p(z) =
0 and X,,|, = 74(dep) # 0. By Lemma we can find a coordinate chart
(U,x!,...,2™) centered at z in which X,|y = 6%1. Set g := z'. Observe

that the relations

Xp(p) =0, Xy(q)=0, Xp(¢)={p,a} =1, Xy(p)={gp}=-1

imply that X, and X, are linearly independent. These vector fields com-

mute:
[(Xp, Xyl = Xgp gy = X1 =0.
Lemma gives a new chart centered at x, still denoted (U,x!,... 2™),
such that
0 0
(3'3) Xq’U = ﬁ’ Xp’U = W
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After possibly shrinking U, (U, q,p,x3,...,2™) is also a coordinate system
centered at x. This follows because the differentials of these functions are
independent:

dq Op 0q Jp
3 m 1 m

=dzt A Adz™,

where in the last equality we have used the relations

dp dp
ol Xq(p) = -1, 922 Xp(p) =0,
dq Jq

By (B3), the new coordinates (U, ¢, p, 23, ...,z™) satisfy
{pgy =1, {p,z'}=0, {gz'}=0 (3<i<m).

Therefore, m takes the form

g 0 3} 0
Ty ==—AN—+ b ™ N —.
v=13," 3 > 0w, ") N o
3<a<b<m
Hence, in these coordinates X,|y = 6% and Xyl = —8%. On the other

hand, the Jacobi identity gives

a a a a a a

a—q(9 ") = X,(07) = {p. {a%,2"}} = {{p, 2"}, 2"} + {2, {p,2"}} = 0,
and similarly 8%(9‘“’) = 0. So, after possibly shrinking U again, we may

assume that the functions 8% do not depend on the variables p and ¢g. The

Jacobi identity for the variables 23, ..., 2™ shows that
0 0
0= 0% (23, ... 2™ — A —
Z ( ) Oxt 8l‘b
3<a<b<m

is a Poisson structure defined around 0 in R™~2. Note that
rank 6y = rank m, — 2.

So the theorem follows by applying the induction hypothesis to 6. O

3.2. Regular points

Definition 3.4. Let (M, 7) be a Poisson manifold. One calls x € M
a regular point if the rank of 7 is constant in a neighborhood of z.
Otherwise, z is called a singular point.

The properties of the rank imply that the set of regular points of a
Poisson manifold is open and dense.
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It is instructive to illustrate the Weinstein Splitting Theorem around a
regular point. Then, in a splitting chart (U, p1,...,ps, ¢ ..., ¢% 9%, ..., y9)
the Poisson structure becomes constant,

0 0
Ty=) 5N
~ dpi  Oq

and the Hamiltonian directions are given by

0 o 0 8}'

= Span {2, 2, 2 0
mly = Span op1 dps’ Og* 0q®

Hence, around a regular point, Imf becomes a regular involutive distri-
bution. For the associated regular foliation the Weinstein splitting charts
are a special kind of foliation charts. We see that 7 is associated with a
symplectic foliation as in Subsection 243 with leaves given by {y = yo},
with yo € R?, and leafwise symplectic forms

S
Wyy = Z dq* A dp;.
=1

In this case, Weinstein’s Splitting Theorem becomes the foliated Darboux
Theorem stated as Theorem We will treat this class of examples in
full detail and from a global perspective in the next chapter.

3.3. Singular points

As we have seen, Poisson structures admit a simple local form around regular
points. In contrast, they can have a very complicated behavior around
singular points.

Let us look on R? where any bivector field is Poisson:
0
(3.4) 7= (@ y) o A o

At a singular point (xg,yo), we have f(zg,y0) = 0 and f does not vanish
identically on a neighborhood of (zg,yo). However, because f can be any
smooth function with these properties, the general local classification of such
bivectors is beyond our current understanding — for the known results, see
[12.124] or [105] Section 9.1].

The case of a generic singular point is covered by the following result:

Proposition 3.5. Consider a Poisson structure on R? that vanishes trans-
versely at the origin:

w#mw%A%,ﬂ®=Qdd#0
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There is a chart (U, (u,v)) centered at 0, such that

o=t n
=0 " g

Proof. By assumption, we may apply Lemma [3.3] to the vector field:

_9fo _of9
Oy ox Oz oy’
Hence, there is a smooth function g, which vanishes at the origin, such that
of 0g  90f dg
ZLvg=—1 it
vy — Oy 0r Ox dy

Thus, we can use f and g as new coordinates around the origin:

u=f(z,y), v=gxy).
In these new coordinates we find that

ofo of o
(wob = (o) =1 (L5 -SL00)

Equivalently, m = u% A % U

In general, as the order of the singularity grows, there are more and
more possible canonical forms for the Poisson structure, which may depend
on several parameters. For example, for a Poisson structure (3.4 with

f(0)=0, dof=0, det(Hessof)#O0,
one can show that there is a chart (U, (u,v)) centered at 0, such that

0 a 0
2 9 (22
mly = a(u®+v )_8u A 50 °F v = a(u® —v )8u A 50’

for some real number a > 0 — see [12] or [124]. We leave it as an exercise
to check that these Poisson structures are not isomorphic for different values
of a.

If one considers instead a bivector field (B.4]) that is flat at 0, i.e., one
for which the derivatives of f of any order vanish at 0, then there is no
polynomial canonical form.

In higher dimensions, a general bivector field can have singularities where
the rank is nonzero. However, for Poisson bivector fields, the Weinstein
Splitting Theorem allows one to consider only singularities with zero rank.
The Jacobi identity can be even further exploited to obtain canonical forms
that do not hold for arbitrary bivector fields.

We illustrate this phenomenon by giving the local canonical form for an
important class of examples, generalizing Proposition
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Example 3.6 (Log-symplectic Poisson structures). Let M be an even-
dimensional manifold; say dim M = 2n. Then /\2” TM is a line bundle
and any bivector field 7 € X2(M) yields a section:

n 2n
AreT ( A TM) .
This section vanishes precisely at the points  where rank m, < dim M.
A Poisson manifold (M?" ) is called log-symplectic if the section

A" 7 is transverse to the zero section of /\2n TM. This can be rephrased as
follows. In a local chart (U,z!,... 2%"), we have

Al = -2 non

T — JE— “ e —,
v ox! Ox?n

for some function f € C°°(U). Then the transversality condition means

that d, f # 0 at any zero of f. Note that the structure from Proposition 3.5

is of this type.

Transversality implies that the zero set of \" ,

7= </n\7r)_1(0),

is a codimension-1 submanifold of M. Since Z is the set where rank 7 is not
locally constant, we call Z the singular locus of (M, 7).

The restriction of 7 to the complement of Z is nondegenerate, and so
M\Z can be covered by Darboux charts putting 7 in canonical form. By
applying the Weinstein Splitting Theorem and Proposition B.5 one obtains
a simple local form for 7 also around points on the singular locus Z:

Proposition 3.7. Let (M?", 1) be a log-symplectic manifold with singular
locus Z. For any x € Z one can choose local coordinates (U, u,v,p;,q'),
1 <i<n-—1, centered at x, such that UNZ = {u =0} and

Remark 3.8. If we invert 7|y, we obtain the “singular” 2-form:

n—1 n—1
1 . )
(zly)~t = —dv A du+ > "dg' Adp; = dv Adloglul + Y dg’ Adp;.
i=1 =1

So we have a symplectic form that blows up with a logarithmic singularity
along Z. This is the reason for the term “log-symplectic”.
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Proof of Proposition B.7k Let (U, p1,...,ps,q%...,¢% v ..., 4%%) be
Weinstein splitting coordinates centered at x € Z (where n = s + k):

ab 0 0 .9 0
7T|U =0+ Tean = 1<a<zb<2k0 (y)aya A 8yb +;5pi A 8(]1"
Then
k/+\sw| —/\i/\~-~/\ 0,9
Nop " Bgt dps  9g°

If £ > 1, then /\ 0 vanishes at 0 to order greater than 1, contradicting that
/\k+s 7 is transverse to the zero section. Hence, we must have k = 1, and so

mlo = 0%(y',y ) Z

with 6'2(0,0) = 0. Transversality of A" 7 implies that d(070)912 # 0, so the
result now follows from Proposition O

8192 gt

Exercise 3.9. Show that any compact surface (oriented or not) admits a
log-symplectic structure. Ty

The study of singularities of Poisson structures is an intricate subject and
there are relatively few general results. The related problem of linearizing
Poisson structures will be discussed in Section

3.4. The isotropy Lie algebra

Let (M, ) be a Poisson manifold and fix z € M. Recall that, by Proposition
211, the space of 1-forms Q!(M) has a Lie bracket [-,];. This bracket
induces a Lie bracket on the subspace

Ker ! € T M.
This is shown in the following:

Lemma 3.10. Ifa, o/, 3,8 € QY (M) are any 1-forms such that their values

at x € M satisfy al, = o/|, € Kermh and Bl = B'|s € Ker 7k, then

[, Blale = [, Bzl

The proof uses the Leibniz identity for the bracket [, -] (see Proposition
[Z11) and is left as an exercise.

Definition 3.11. The isotropy Lie algebra at x of a Poisson man-
ifold (M, ) is the vector space Ker 7T§; equipped with the Lie bracket
induced from [-, ] .

Next, we show that the isotropy Lie algebra depends only on the orbit.
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Proposition 3.12. The isotropy Lie algebras at different points on the same
orbit of a Poisson manifold are isomorphic.

Proof. If z and y belong to the same orbit of (M, ), there is a Hamiltonian
diffeomorphism ¢ that sends x to y. Since ¢ is a Poisson diffeomorphism,
we have that ¢,m =7 and

¢*la, Blx = [¢"a, ¢*Blr, V.8 € QN (M).
It follows that (d;¢)* is a Lie algebra isomorphism from Ker 715 to Ker wi. O

Exercise 3.13. Let x be a regular point of (M, 7). Show that the isotropy
Lie algebra at x is abelian.

Hence, the isotropy Lie algebra is interesting only at singular points. We
consider first one extreme case:

Example 3.14 (Zeros of Poisson structures). Let x be a point in a Poisson
manifold (M, 7) where 7 vanishes. In this case the isotropy Lie algebra has
underlying vector space Ker wi =TrM. Therefore, the dual space T, M has
a linear Poisson structure — see Subsection [2.4 This will be called the
linear approximation to 7 at the zero x and W111 be denoted by lin,

Let us give the explicit local form of 71", In a chart (U,x!,...,2™)
centered at z, we have

Y 5
ﬂ]U:ZW” - A —, with 7%(0)=0.

‘—~  Jx* OxJ
1<)
The bracket on 1-forms is given by

i = J ij — -
[dz’, dz’], = d{2%, 27} = dn Z Dk dx
Therefore, the structure constants for the Lie algebra structure of Ty M in
the basis {d,x!,...,d,2™} are given by the first-order partial derivatives of
the bivector:

The linear Poisson structure th

coordinates on T, M by

lmzz< ?97;; )aizA%'

1<J

is then given in the corresponding linear

Using Taylor’s Theorem, the orlglnal Poisson structure takes the form

Z(Z 0t + 09(2)) L

1<J

lin

hence 7" is indeed the linear approximation of m at x. Ty
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At a point x where the rank is nonzero, the isotropy Lie algebra Ker Tri

encodes the first-order approximation of 7 in the direction transverse to the
orbit S through z. As we will see in the next chapter, S is an immersed
submanifold of M satisfying 7,5 = Im 7Tm Consider the normal space to
S at x:

vp(S) =T, M/T,S.
Note that if @ € Ker mﬁv, then by skew-symmetry

0= (rh(e), B) = —{o,7h(B)), VBET;M

Therefore, Ker 7r§; consists of the covectors that annihilate Im 7r§;:

Kern? = {a € T/ M : afp 2 = 0} = (Imn?)°.

In other words, the isotropy Lie algebra at x can be identified with the
conormal space to the orbit S at z, i.e., the dual of v,(5):

Ker Fi = (Imﬂi)o = (T,5)° = v;(9).

The corresponding linear Poisson structure on the normal space v, (.S) is

called the transverse linear approximation of 7 at z and is denoted by
wgf I 1t can be identified with the linear approximation of the transverse

component of m with respect to a Weinstein splitting chart. Namely, write
=Yg hget X Wiy
op; 8yb’
1<a<b<q
with 69°(0) = 0. The isotropy Lie algebra is the vector space
Ker ﬂg = <dxy1, e ,dxyq>

with Lie bracket given by

a@ab
[doy®, day’] = [dy®, dylale = da{y®, 4"} = do6™ =) gy (Odet”

This shows that the isotropy Lie algebra of 7 at x coincides with the isotropy
Lie algebra of = Y, _, 0°(y) aga A aiyb at 0. This implies the claim about
the linear approximations:

" aaab )
= Y SO A g

a<b c
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3.5. Linearization of Poisson structures

The Weinstein Splitting Theorem reduces the local study of Poisson mani-
folds to that of Poisson manifolds around a zero.

As we have seen in Example BI4 at a zero x of m we obtain a linear

Poisson manifold (7, M, 7i"). It is natural to try to compare m with 7.

The Linearization Problem. Given a Poisson manifold (M, )
with a zero x € M, is there a local Poisson diffeomorphism

®: (M,7) = (TuM, 7% with ®(z) = 0?

If this happens, we say that 7 is linearizable at z.

Example 3.15. For M = R? and

o 0 .
™ = f% A 8—y, with f(O) = 0,

the linear approximation to m at the origin is

i _ (g(O)w—l—%(O)y) 0,9

Ox oy oz By’
and the isotropy Lie algebra is determined by the relation
of of
doz,doy] = dof = =(0)d —(0)doy.
[do, doy] = do f o (0)dox + By (0)doy

The isotropy Lie algebra is abelian if and only if dgf = 0. In this case,
7% = 0, and so 7 can be linearized at 0 if and only if f vanishes on a
neighborhood of 0. So there are many examples of nonlinearizable Poisson
structures; for instance

0 0
2, ,2
T™=(x — N =.
(@ +y7) 5 9y

The isotropy algebra is nonabelian if and only if dof # 0. In this case,

by Proposition B.5] there are coordinates (u,v) centered at 0 which linearize

m at 0:
_2 A8
%% e
In particular, this also shows the basic fact that all nonabelian Lie algebras
in dimension 2 are isomorphic. Ty

The previous example shows that in dimension 2 any Poisson structure
vanishing at a point, and whose linear approximation does not vanish, can
be linearized. However, this is rather unusual; most Poisson structures can-
not be linearized around zeros, even if their linear approximation does not
vanish.
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Example 3.16. Consider a vector field X € X(R?) which is a cubic pertur-
bation of the infinitesimal rotation vector field:
0 0 0 0
X =—-y— — 24P — — .
Yo +£L’ay + (z* +y°) <$a$ +y8y>
We obtain a Poisson bivector field on R? by setting

0

The linear approximation of 7 at 0 is

We leave it as an exercise to check the following:

(a) The Poisson structure 7 has a line of zeros on the z-axis and the
nearby orbits consist of surfaces spiraling around the z-axis.

(b) The linear approximation 7i" has orbits the z-axis (zeros) and the
cylinders around the z-axis.

Hence, there can be no local Poisson diffeomorphism defined around 0 map-
ping ﬂ'gn to m. We conclude that m is not linearizable at 0. T

In general, it is quite hard to obtain sufficient criteria for linearization.
The following theorem is one of the most important linearization results in
Poisson geometry:

Theorem 3.17 (Conn [35]). Let (M, x) be a Poisson manifold with a zero

x € M. If the isotropy Lie algebra Ker wi is semisimple and compact, then
m 18 linearizable around x.

The proof of Conn’s Theorem is beyond the scope of this book. The
assumption on the Lie algebra in the theorem admits several equivalent
characterizations:

- g is semisimple and admits a compact Lie group integrating it;
- the simply connected Lie group integrating g is compact;

- any connected Lie group integrating g is compact;

- the Killing form of g is negative definite.

For example, the Lie algebras so(n,R) (n > 3) and su(n) (n > 2) satisfy
these conditions. For most semisimple Lie algebras that are not compact,
it is known that a version of Conn’s Theorem does not hold [150]. For
example, in Problem [B.9 below you are asked to show that a certain Poisson

structure with the isotropy Lie algebra s[(2,R) at a zero is not linearizable.
Remarkably, for certain semisimple Lie algebras this problem is still open.
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A survey of these results can be found in the monograph by Dufour and
Zung [59]. This book includes also several other deep linearization and
local normal form results by Dufour, Monnier, and Zung, e.g., a Levi-type
decomposition for Poisson structures around zeros.

Problems

3.1. Let m € X2(M) be a bivector field. Show that x ~ rank 7, is a lower
semicontinuous function: every x € M has a neighborhood U such that

rank 7, <rank m,, VyeU.
3.2. Prove Lemma .10 using the Leibniz identity for [-, -].

3.3. Let g be a Lie algebra. Show that the isotropy Lie algebra of the
linear Poisson structure (g%, my) at & € g* coincides with the isotropy of the
coadjoint action:

ge=1{veg:&(v,w])=0VYweg}.

3.4. Show that the isotropy Lie algebra of a Poisson structure of Lotka-
Volterra type from Example [L28 at any point is abelian.

3.5. On a 3-dimensional manifold M, consider a volume form u € Q3(M)
and a smooth function C' € C*°(M). Let w be the Poisson structure corre-
sponding to p and the exact 1-form 6 = dC, as constructed in Subsection

244
(a) Show that € M is a critical point of C' if and only if z is a zero of 7.

)
(b) Show that z € M is a nondegenerate critical point of C (i.e., the Hessian
of C' at z is nondegenerate) if and only if the isotropy Lie algebra of =
at x is isomorphic to either so(3,R) or s((2,R).
REMARK: In this case, it can be shown that 7 is linearizable around x.

3.6. Consider the Poisson structures in R? given by

0
2 2

T=a(u” £v°)— A —,
( )8u ov
where a > 0 is some positive real number.

(a) Show that their isotropy Lie algebras at the origin are abelian.

(b) Show that for different values of a > 0 these Poisson structures are not
isomorphic in any neighborhood of the origin.

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



56 3. Local Structure of Poisson Manifolds

3.7. Consider the Poisson structure of Example [3.16]

T R B BV B
7T_X/\az’ X= y8x+$8y+(z +y)<$8x+y8y>'

(a) Show that, in polar coordinates, X = % + 7’3%, so r~2 4 20 is locally
constant along its flow lines.

(b) Show that the z-axis is a line of zeros of m and that the nearby orbits
consist of surfaces spiraling around the z-axis.
HiNT: Show that the orbits of m are obtained by translating the orbits
of the vector field X in the direction of the z-axis.

(c) Show that the linear approximation to 7 at 0 is
lin 0 o 0 A 0 0 A 0
o = | —y=— — — = — A —.
0 Yor 0z 00 0z
(d) Verify that ’/T(l)in vanishes along the z-axis and that the other orbits are
cylinders around the z-axis.

(e) Conclude that 7 is not linearizable at the origin.

3.8. Construct examples of bivector fields 7 on R* satisfying:
(a) 7 is nondegenerate, but does not admit Weinstein splitting coordinates
anywhere;

(b) 7 has constant rank = 2, but does not admit Weinstein splitting coor-
dinates anywhere;

(¢) 7 A is transverse to the zero section of A* TR?, and 7 is not tangent
to the singular locus Z := (7 A 7)~1(0).

3.9. We use the identification s[(2, R)* ~ R? from Problem [.I0and consider
the linear Poisson structure g2 r)-

(a) Show that in cylindrical coordinates x = r cos(f), y = rsin(0), z = z
o z0 0
775[(2,]R) =2 &—’—;E /\%.

(b) Let x : R — [0,00) be a smooth function satisfying

0, fort<O,

x(t) =
>0, fort>D0.

(e.g., take x(t) = e~1/*, for t > 0). Prove that the function € : R® — R,
given in cylindrical coordinates by €(r, 0, z) = x(r? — 2%)/r?, is smooth.
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(¢) Show that

T 1= T2,r) + (7, 0, Z)TE A g
is a Poisson structure which vanishes at 0 and has isotropy Lie algebra
sl(2,R).

(d) Prove that 7 is not linearizable at 0.
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Notes and References
for Part 1

In the period 1808-1810, five papers were published by the French math-
ematicians Siméon Denis Poisson (1781-1840) and Joseph-Louis Lagrange
(1736-1813), each paper improving on the preceding ones. These works were
concerned with both concrete problems in rational mechanics, such as the
motion of the planets in the solar system, and the general mathematical
formulation of mechanics. While Poisson created his bracket, a special case
of the general bracket introduced in the first chapter, Lagrange created an-
other bracket, called the Lagrange bracket, which can be interpreted as the
components of a symplectic form. An account of the inception of Poisson
and symplectic geometry and how they are interlaced can be found in the
article by Marle [116]. A survey of the mathematical contributions of Pois-
son can be found in the collection [102]. For a historical account of how
Poisson brackets influenced the development of Lie theory see the works of
Hawkins [86,187].

The foundations of modern day Poisson geometry, as presented in these
lectures, is usually credited to Kirillov [98], Lichnerowicz [109], and Wein-
stein [147]. While Kirillov worked with a Lie bracket on the space of func-
tions, Lichnerowicz was the first one to introduce the calculus of multivector
fields and to recognize its relevance to Poisson geometry. He was also the
one who realized the relevance of the Schouten bracket, sometimes called the
Schouten-Nijenhuis bracket, which had been introduced by Schouten [135]
and Nijenhuis [127] in connection with other questions in differential geom-
etry. Lichnerowicz in [109] used the Schouten bracket to define the Poisson
cohomology that we will study in a later chapter.

99
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60 Notes and References for Part 1

The article by Weinstein [147] is arguably the most important of these
earlier works, and its influence has lasted to the present. He established the
Weinstein Splitting Theorem, introduced the isotropy Lie algebra, formu-
lated the linearization problem, obtained formal linearization results, and
proposed several conjectures. The analytic and smooth linearization results
were soon after proved by Conn [35], using analytic methods, and the search
for geometric arguments led to further development of Poisson geometry. In
the same paper, Weinstein also introduced many other basic notions for
Poisson manifolds, such as the notion of symplectic realization, that we will
study in later chapters.

The article [101] by Kosmann-Schwarzbach contains a detailed histor-
ical account of Poisson geometry ranging from the early contributions of
Lagrange, Poisson, Hamilton, and Liouville to the early days of modern
Poisson geometry. The survey article by Weinstein [156] describes the state
of the field at the end of the 1990s.

Our presentation of the basic elements of Poisson geometry is standard
and follows Weinstein’s original paper closely. Chapter [Bleven has the same
title as [147], in homage to this work. Perhaps, the only nonstandard term
used in this first part of the text is the designation “LV-type Poisson struc-
ture”, which is often called a “log-canonical Poisson structure”. We have
decided not to use the latter term in order to avoid confusion with the notion
of log-symplectic Poisson structure and because it seems to be historically
accurate — see [57,[131].

Our choice of examples of Poisson structures illustrating the theory is
mainly motivated by pedagogical reasons. Some of these classes have a
wide range of applications and connections with other fields, for example,
going beyond symplectic structures, linear Poisson structures in Lie theory
[4,8], log-symplectic structures in Melrose’s b-geometry [82]84)126], or
LV-type Poisson structures in the theory of cluster algebras [69][74]. There
are many other examples of Poisson structures which appear naturally in
various settings. Just to list a few, one finds Poisson structures on various
moduli spaces [6,[16], on semiclassical versions of quantum groups [56.100],
on algebraic groups and Bott-Samelson varieties [70,111,112], in derived
algebraic geometry [26][130], etc. These were left out since each of them
would require a detour to discuss them properly.
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Part 2

Poisson (Geometry
Around Leaves
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One of the most important aspect of a Poisson manifold is that it is
built out of symplectic leaves that fill up the manifold in a nice way. We
have seen this before in special cases, where we call these leaves “orbits”
of the Poisson manifold. Now we will see that they are actually immersed
submanifolds carrying a symplectic structure, and locally they can always be
seen as “plaques”, justifying the name symplectic foliation. Globally, they
can be entangled and form a very complicated partition of the manifold.
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Chapter 4

Symplectic Leaves
and the Symplectic
Foliation

4.1. The symplectic foliation

The orbits of a Poisson manifold (M, ), which were introduced in Section
[CL2 have a natural smooth structure. The charts are constructed using
Weinstein splitting charts. The orbits became maximal integral submani-
folds of the singular distribution Im 7#. They also carry natural symplectic
structures — therefore justifying the terminology symplectic leaves.

Theorem 4.1. An orbit S of a Poisson manifold (M, ) has a unique
smooth structure for which the inclusion is an immersion. The tangent
spaces of S consist of the Hamiltonian directions

T.5 =Im Wg, Ve es,
and S has a symplectic structure wg defined at x € S by
(4.1) ws(mha, 7 8) = —my(a, B), Va,B €Ty M.

For the proof we fix an orbit S and denote 2s := rank(r|g). This number
is indeed well-defined, since by Proposition B.12] we have:

Lemma 4.2. The rank of 7 is constant along orbits.
Consider a connected Weinstein splitting chart (U, x) around a point in
S, i.e., a Poisson diffeomorphism
X (Usnlo) = (Vi Tean|v) x (W, 0)

where V C R?* and W C RY are open and 6 is a Poisson structure on W.

63
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64 4. Symplectic Leaves and the Symplectic Foliation

Lemma 4.3. For some subset A C {w € W : 6, =0}, we have that
SNU =x"1V x A).

Moreover, if an integral curve of a Hamiltonian vector field lies in S N U,
then it lies in x~H(V x {\}), for a unique X € A.

Proof. For (v,\) € x(SNU), we need to show that (v, \) € x(SNU) for any
v € V. For this we will move from one point to the other by Hamiltonian
diffeomorphisms.

Assume first that the line segment [v, v'] belongs to V. For the standard
symplectic structure on R?*, the constant vector field v' — v is the Hamil-
tonian vector field of a linear function a € (R?*)*. Let H be a compactly
supported smooth function on V' x W such that H(u,w) = a(u), for (u,w)
in a neighborhood of [v,v'] x {A}. Then

Qbf)(H (U, )‘) = (U + t(vl - U)v )‘)
Since x is a Poisson map, Q%(Hox sends x ! (v, A) to x (v, A), so we conclude
that (v, ) € x(SNU).
In general, since V is connected and open, for any v’ € V we can find a

sequence vy = v,v1,...,vr = v with [v;,v;41] C V. By applying the above
argument to each segment, we obtain that (v/,\) € x(S N U), as claimed.

This proves that x(SNU) = V' x A for some A C W. Since rank(7|g) = 2s
and rank(mean |y + 0]w) = 25 + rank(6|,,), we have that

Ac{weW :6,=0}

So if (v, \¢) € V x A is an integral curve of a Hamiltonian vector field Xy,

then
d 4
&At = 0)\t(d(vt,)\t)H) - O,
and so A; is constant. This proves the second part. O

Let {(U;, xi)}icr be an open cover of S by connected splitting charts
centered at points in S. Write x;(S NU;) = V; x A; and for A € A; set

Uan = x; (Vi x {\}) € SN U

Note that each Uj; y) is a 2s-dimensional embedded submanifold of M. We
should think of these submanifolds as the plaques for the Weinstein splitting
charts — compare with the discussion following Theorem[C.4l The manifold
structure of S is constructed such that the inclusions

U(i,)\) — S
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are smooth open embeddings. For this to work, the sets U(; ) must have
open intersections:

Lemma 4.4. U(i,)\) N U(j#) 1S open in U(i)\).

Proof. Let z € U; ) NU(j,)- The intersection U; y) N Uj is open in Uy; y),
and therefore it is a union of open connected components. If C is the
component containing x, then, as in the proof of Lemma[4.3] any two points
in C' can be connected by Hamiltonian flow lines in C. Since C C SN Uj,
Lemma .3 implies that C' C Uy; ). Thus C' C U ») N U(j,y- Since z was
arbitrary, we conclude that U )y N U, ) 1s open in Uy y). (I

The existence of a smooth structure for S is now implied by the following
general result:

Lemma 4.5. Let {N;}icr be a collection of embedded submanifolds of M,
all of the same dimension. Assume that for all i,j € I, N; N N; is open in
N;. Then N :=J;c; Ni is a smooth manifold, possibly not second countable,
for which the inclusion N — M is an immersion. The differential structure
is uniquely determined by the condition that the maps N; — N are smooth
open embeddings.

Proof. Consider the topology on N generated by open subsets of N;, with
¢t € I. Then the inclusion N — M is continuous and, in particular, N is
Hausdorff. The assumption that the intersection N; N IV; is open in IV;, for
all j € I, implies that the inclusion N; < N is an open embedding.

Fix a smooth atlas A; on each N;, and let

A= U .AZ
el

We claim that A is an atlas for N. Clearly, the elements of A are still
charts on N, i.e., homeomorphisms onto their image. Let (U;, ;) € A; and
(Uj, x;) € A;j be two charts in A. Since Uj is an embedded submanifold of
M, x;:U; — R* has a smooth extension X;: 0 — R* to some open set
O D Uj of M. On x;(U;NU;) we can write y;0x; © = X;0X; ', which shows
that the transition function is smooth. Hence, A is a smooth atlas on N.

Finally, the condition that the maps N; < N be smooth open embed-
dings determines the set C°°(N), which further determines the differential
structure on N. O

That the orbits are second countable is implied by the general result: any
connected immersed submanifold of a second countable manifold is second
countable (see [137, Appendix A]). Here is a direct argument:

Lemma 4.6. The orbit S is second countable.
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Proof. Since M is second countable, there is a countable subset K C I such
that UkeK Uk = UiEI Ui. Let

Vi={(k,\): ke K \e A}
Since S = U(k,A)ev U(k,), it suffices to check that V' is a countable set.

As noted in the proof of Lemma [A4] each connected component of
Utk,n) N Ui is contained in a unique U ,; clearly, the number of such con-
nected components is at most countable. Since K is countable, it follows
that for each (k,\) € V there are at most a countable number of (I, ) € V
such that U x) N Ug ) # 0. We conclude that, for a fixed (ko, o) € V, the
set of all finite sequences

(k1, A1),y (kmy Am) €V, s.t. Utk v i) VU ) 7 0 (1<i<m)
is at most countable.

We claim that every (I, ) € V is the end point of a sequence, proving
that ) is countable. For this, fix points x € U z,) and y € Ug,,, and
consider a Hamiltonian flow line v from « to y. By compactness of v([0, 1]),
there are

ki,....km=1le K and tH=0<t1 < - <tpy1 =1
such that v([t;, ti+1]) C Uk,. By Lemma [4.3] there are unique indexes
M €A, Am—1 € Ay
such that y([t;, tit1]) C U, a,)- Hence, ¥(t:) € Ug, 1 x—1) N Ui 0)- O

)\m:,uGAl

m—1)

Next, we show that the smooth structure on the orbits is unique, by
showing that the orbits are initial submanifolds — see Definition and
Theorem [C.I11

Lemma 4.7. The orbit S is an initial submanifold. Therefore, S admits a
unique differential structure for which the inclusion is an immersion.

Proof. Let f : P — M be a smooth map such that f(P) C S. We need
to show that f is smooth when viewed as a map to S. Since smoothness
is a local property, we may assume that P is connected and that there is a
splitting chart x : U =5 V x W such that f(P) C SNU. Denote x(SNU) =
V x A. Then pry, ox o f(P) is a path-connected subset of A, and since A is
at most countable (Lemma [A.0]), it follows that pry, ox o f(P) consists of a
single point A € A. Thus f(P) maps into the plaque Uy := x~}(V x {\}).
Since U) is an embedded submanifold of M, it follows that f : P — U, is
smooth. Since the inclusion Uy < S is smooth, sois f: P — S. O

Proof of Theorem 4.3l Lemmas 475 .6, and A7 show that every orbit
S has a unique smooth structure for which it is an immersed submanifold.
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Next, fix x € S and a splitting chart centered at x
X : (U, ) = (V, Tean|v) X (W,0), x(z)=(0,0), 6y =0.
This yields a chart (Up, xo) on S centered at z:
Up:=x"*(V x{0}), xo:=pryoxlue-
Next, since 7can 18 nondegenerate and 6y = 0, we have that
T(0,0y(V x {0}) = Im(can,0 + 00)*.
Via the Poisson map x !, this yields the description of the tangent space:
T, = T,Uy = Im =%,
It is now clear that (4.I]) defines a 2-form on S. Since in the chart (U, xo)
wsluy = Xo(Wean),
we see that wg is indeed a symplectic structure on S. (]
Theorem 1] implies that the orbits together with their symplectic forms

determine the Poisson structure. Namely, if (S,wg) is the orbit through a
point z, then the Poisson structure at x is given by

2 2
me=wgs € NTuS C /\TxM.
In particular, we deduce:

Corollary 4.8. The symplectic structure on the orbit S of (M,n) is the
unique symplectic structure wg for which the inclusion

(S,wgl) — (M, )

18 a Poisson map.

We conclude that a Poisson structure can be viewed as a partition of the
manifold into disjoint submanifolds endowed with symplectic structures.

Definition 4.9. A symplectic leaf of a Poisson manifold (M, )
is an orbit S together with the induced symplectic form wg. The
symplectic foliation of (M, 7) is the collection of symplectic leaves:

Fr={(S,wg) : S is a symplectic leaf}.

Remark 4.10. We emphasize that we use the term “symplectic foliation”
in Definition as synonymous with “the collection of all orbits/leaves of
(M, m)”. In general, these leaves have different dimension and they do not
form a (regular) symplectic foliation. It is possible to make sense of the
notion of singular foliation and one can indeed associate to the singular
distribution Im 7* a singular foliation — see Section However, to define
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the notion of singular symplectic foliation one would need to make sense of
the notion of foliated form in the singular setting. Still, one can view ({1
as saying that the symplectic forms on the leaves assemble into a global
smooth object: the Poisson structure. In some sense, a singular symplectic
foliation is a Poisson structure!

We shall not make any use of the theory of singular foliations. Still it is
sometimes helpful to keep them in mind. For example, the following useful
alternative characterization of symplectic leaves can be viewed as saying
that they are the maximal integral submanifolds of the singular distribution
Im

Proposition 4.11. Let (M, 7) be a Poisson manifold, and let i : N — M
be a connected immersed submanifold, satisfying

T,N=Imnf, VzeN.

Then N is an open subset of a single symplectic leaf.

Proof. Since N is connected, it is enough to prove the result locally. There-
fore, assume that N is contained in the domain of a connected Weinstein
splitting chart centered at a point of N:

X : (U, nly) == (V, Tcan|v) x (W, 0).

Since dim N = dim V' and rank 7|y = dim N, we have that x(N) C V x Z,
where Z is the zero set of 6. Since x is a Poisson diffeomorphism, we obtain

dx(TN) = dx(Im 7*|§) = Im(7ean|v + 0| 2) = TV x Z.

Hence, d(pry ox)(T'N) = 0, and so pry, oy is constant on N. This implies
that N C x 1(V x {\}), for some A\ € W. Thus, by Lemma 3, N is
contained in a single symplectic leaf S. Since S is an initial submanifold,
the inclusion map 7 : N < S is smooth. Since 7 is an immersion between
manifolds of the same dimension, it is a local diffeomorphism. We conclude
that N is an open subset of S. g

Proposition .11 immediately implies the criterion used in Chapter [ to
prove that a given partition is indeed the symplectic foliation of a Poisson
manifold:

Proof of Proposition [[.8l By Proposition 11l each element of N € S
is an open subset of a unique symplectic leaf S € F,. The elements of S
contained in a fixed leaf S € F; form an open cover of S by disjoint subsets.
Since S is connected, there is only one N € § included in S, and so one
must have N = S. g
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Finally, we prove that the symplectic leaves of a Poisson manifold coin-
cide with the orbits of the Hamiltonian group:

Proof of Proposition [[.T4l By its definition, note that a symplectic leaf
is contained in an orbit of the action of the Hamiltonian group Ham(M, r):
if x ~ y are two points in the same leaf, then y = ¢(z) where ¢ is a
composition of Hamiltonian diffeomorphisms.

For the reverse inclusion, observe that if two points x and y belong to
the same orbit of the action of the Hamiltonian group Ham(M, ), then
they are connected by an integral curve « : [0,1] — M of a time-dependent
Hamiltonian vector field Xp,. Say that some 7(tp) belongs to some leaf S,
for some ty € [0,1]. Because the inclusion of the leaf is a Poisson map,
we have that the integral curve through ¢y of the restricted Hamiltonian
function Hy|s is also an integral curve of Xp,. Hence y(t) € S, for all
t € (to —e,to +¢), for some £ > 0. Since [0, 1] is connected, it follows that
v(t) stays in the same leaf for all ¢t € [0, 1]. Hence, z,y € S and the result
follows. O

4.2. Regular Poisson structures

Definition 4.12. A Poisson manifold (M, ) is called regular if the
rank of 7 is constant.

For a regular Poisson manifold (M, 7), we have that Im7# C TM is a
smooth subbundle; i.e., it is a distribution, which is involutive by Proposition
2101 Therefore it defines a (regular) foliation F of M with

(4.2) TFy =Im7".

It follows, e.g., from Proposition 1Tl that the leaves of this foliation are the
symplectic leaves of w. The symplectic structures from Theorem (1] glue to
a foliated 2-form on F;

2
Wr, € 92(fw) = P(/\T*er>7
given by

(4.3) wr, (4 (a), 7(B)) = —7 (v, B).
This is of course related to Subsection and in fact we have:

Theorem 4.13. Formulas [A2)) and ([3]) establish a 1-to-1 correspondence

reqular Poisson ~ symplectic foliations
structures ™ € X2(M) (F,wr) on M
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Proof. Given a symplectic foliation (F,wr) we have seen in Subsection
243 how to obtain a Poisson structure 7w which satisfies (£.2]) and (4.3]).

For the converse, the above construction gives a foliated form wz, and
we are left to check that it is a foliated nondegenerate, closed 2-form, in the
sense of Definition The nondegeneracy follows immediately from the
fact that TF, = Im 7%, That it is closed follows because dr is the leafwise
de Rham differential, and the restriction of wz, to the leaf S is the symplectic
structure wg. Alternatively, one can prove it using the explicit formula

d]—'w}}(ﬂ-ﬁ(a)vﬂ-ﬁ(/@)? ﬂ-ﬁ(’}')) = _[77777](057/87'7)7 v a7577 S T*M7

which we leave as an exercise (see Problem [4.5]). O

In order to obtain a regular Poisson structure on a given manifold M, we
need to construct a foliation together with a leafwise symplectic form. For
instance, in dimension 3, it is known that any compact manifold M admits a
codimension-1 foliation F. If the foliation is oriented, a Riemannian metric
on M induces a leafwise volume form w. Since the leaves are 2-dimensional,
w makes F into a symplectic foliation.

Example 4.14 (Symplectic foliation of Kronecker type). Inspired by the
Kronecker foliation of the 2-torus T? — see Example — we consider the
foliation on T® induced by the nowhere vanishing closed 1-form

0y = do' +1d¢? (A €R)

where (¢!, 2, ¢3) are the angle coordinates. Depending on A being rational
or irrational, the leaves are either all 2-tori or all cylinders. Choosing any
metric on T? and the standard volume form, we obtain our main examples
of symplectic foliations of the 3-torus. T

Example 4.15 (Reeb foliation). A famous foliation of a folaition on S? is
obtained by decomposing S? as a union of two solid tori glued along their
boundaries, and each solid torus is foliated by disks that wind asymptotically
towards the boundary as in Figure[4.Il This is known as the Reeb foliation
and it played a crucial role in the development of foliation theory. For a more
detailed description, see [122, Example 1.1(5)]. You should try to construct
an explicit Poisson structure 7 on S* whose symplectic foliation is the Reeb
foliation. T

Given a foliation F of a manifold M we can try to look for a closed
2-form on M which restricts to a nondegenerate 2-form on the leaves. This
rarely works: for example, if H?(M) = 0 and F has a compact leaf, this is
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Figure 4.1. The Reeb foliation of a solid torus.

not possible, as in the Reeb foliation. In fact, we have the following famous
result:

Theorem 4.16 (Novikov). On a compact 3-manifold with finite fundamen-
tal group every codimension-1 foliation admits a compact leaf.

See, e.g., [122] for a proof. On the other hand, given a symplectic
foliation of M, one can always extend the foliated symplectic form to a
global 2-form on M (see the problems at the end of this chapter). So given
a foliation, a natural question is to look for a 2-form that restricts to a
symplectic form on the leaves.

Example 4.17 (Cosymplectic structures). Let M?"*! be an odd-dimen-
sional manifold, and let us look for codimension-1 symplectic foliations. As
we have already mentioned, a simple way of obtaining such a foliation F is
to start with a nowhere vanishing closed 1-form 6 € Q?(M). If we now look
for a closed 2-form w on M which restricts to a nondegenerate 2-form on
the leaves, we discover the condition in the following definition:

Definition 4.18. A cosymplectic structure on an odd-dimension-
al manifold M?"*! is a pair (0,w) € QY (M) x Q*(M) satisfying

df =0, dw=0, 6AwW"isa volume form.

How can one recognize the regular Poisson structures that arise from
such structures? The key to answering this question is the notion of Reeb
vector field of the pair (6,w), which is the unique vector field X € X(M)
satisfying

0(X)=1, ixw=0.
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This vector field is clearly transverse to the foliation and it turns out to be
a Poisson vector field. In fact, we obtain:

Proposition 4.19. For an odd-dimensional manifold M there is a 1-to-1

correspondence
corank 1 Poisson structures m . cosymplectic structures
with a Poisson vector field X h Fr (< (0,w) on M

Proof. Given a cosymplectic structure (6, w), to check that the correspond-
ing Reeb vector field is Poisson, we observe that its defining equations imply

Lx0 = Lxw=0.

Hence, the flow of X preserves both 6 and w, and so it preserves the corre-
sponding Poisson bivector w. Conversely, given 7 together with a Poisson
vector field X transverse to the symplectic foliation F, we have

TM =TF; ®(X),
so we can define a 1-form 6 by
ix0=1, O|lrr, =0,
and a 2-form w by
ixw=0, wlrr, =wr,.

We leave as a simple exercise the check that (6, w) is a cosymplectic structure
and that these two constructions are inverse to each other. O

e

In general, the existence of foliations on a given manifold is a classical
problem in foliation theory, which is well understood in codimension 1. On
the other hand, the existence of a leafwise symplectic form on a given fo-
liation is a much more subtle problem as it is a parametric version of the
problem of existence of symplectic forms — see [14]. For example, every
odd-dimensional sphere admits a codimension-1 foliation, but only S*, S3,
and S° are known to admit a regular Poisson structure of codimension 1:
for S! it is trivial, S* admits the Reeb foliation, while for S° it is far from
being trivial — see [121].

In contrast, it is known that if a noncompact connected manifold M ad-
mits a 2s-dimensional foliation with a leafwise nondegenerate 2-form, then
it also admits a regular Poisson structure of rank 2s — see [67]. This gener-
alizes a classical result of Gromov on the existence of symplectic structures
on open manifolds — see [118].
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4.3. More examples of symplectic foliations

Example 4.20 (Log-symplectic structures). Consider a log-symplectic Pois-
son structure (M?", 1), with singular locus Z — recall Example

There are two types of symplectic leaves of (M, 7). First there are the
open leaves, which are the connected components of

(M\Zan)v 77b = (Wﬂ|M\Z)_1‘
The second type of leaves are all included in Z, and they can be described
as follows:

Proposition 4.21. The symplectic leaves of w that are included in Z are
given by a cosymplectic structure (0,w) on Z; i.e., they are of the form
(S,wls), where S is a leaf of the foliation TF = Ker 0.

Proof. The local form of 7 from Proposition [3.7 implies that
g =7z € X%(2)

is a Poisson structure on Z of rank 2n — 2. Proposition [[.8 and the formula
for the symplectic form () imply that the leaves of mz together with
their symplectic structure are precisely the symplectic leaves of 7 that are
included in Z.

In view of Proposition 19 to construct the cosymplectic structure
(0,w) it suffices to find a Poisson vector field X on Z which is transverse to
the foliation Fr,. Assume first that M is orientable and fix a volume form
p € Q2"(M). Define the continuous function

(4.4) /\::‘</n\7r,,u>‘ . M — [0, 00),

which is smooth on M\Z. By definition, Z = A~1(0). When M is not
orientable, we construct a similar function as follows. Let M be the ori-
ented double cover of M and denote by 7 : M — M the nontrivial deck-
transformation. Let 7 be the 7-invariant lift of 7 to M and consider a
volume form 7 on M that is anti-invariant under 7; i.e., 7*(ft) = —fi. Then
A = [(\"#, )| is T-invariant, and so it is the lift of a function A on M.
Locally this function can written as in (4.4]).

We claim the following:
(i) There is a unique smooth vector field flog » € XY(M) extending:
Xioga € X' (M\2).
(ii) )~(10g,\ € XY(M) is tangent to Z.

(iii) The restriction X := )Nﬁog Az € X1(Z) is a Poisson vector field for
mz which is transverse to the foliation F,.
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This can be checked directly in the charts from Proposition[3.7l Namely,
if o is a constant volume form in such coordinates, writing u = +e9uqg, we
obtain that

= 0
Xlog/\ = % + Xga

which clearly satisfies the above conditions. O

We note that the vector field )Z'bg » has appeared secretly in the 2-
dimensional case in the proof of Proposition It will appear again in
Example [0.20, as the modular vector field of (M, r). In the terminology of
Chapter 8 (Z,7z) is a complete Poisson submanifold of (M, ). T

Example 4.22 (Linear Poisson structures). Let g be the Lie algebra of a
connected Lie group G. We have seen in Proposition[[.26lthat the symplectic
leaves of the linear Poisson structure (g*,my) coincide with the coadjoint
orbits of G. That was based on the fact that, for each £ € g*, the coadjoint
orbit O¢ = G - £ has tangent space at §

TgOf = {ad;j ’5 TV E g} = Imﬂg‘g.
Formula (4.1)) shows that the symplectic form on O¢ is given by

wo, (ad, l¢;ady, [¢) = = ([v,w]), e, v,w ey
This is known as the Kirillov-Kostant-Souriau (KKS) symplectic form
— also recalled in Example

Figure sketches the symplectic foliations of the linear Poisson struc-
tures associated with the following 3-dimensional Lie algebras:

orthogonal Lie algebra: s0(3,R) = {X € gI(3,R) : X + X =0},
special linear Lie algebra: sl(2,R) = {X € gl(2,R) : tr X = 0},
Euclidean Lie algebra: ¢(2,R) = R x R?, for the action: - (z,y) =

)‘(_yv :B)a
- open book Lie algebra: bz = R x R?, for the action: \ - (x,y) =
Az, ).
The details are left as an exercise. Ty

Example 4.23 (Hamiltonian G-spaces). We continue the discussion on
Hamiltonian G-spaces from Section So let (M,w) be a Hamiltonian
G-space with moment map p : M — g*, and assume that the action of G is
proper and free. The quotient manifold M /G has a unique Poisson struc-
ture 7 for which the projection p : M — M /G is a Poisson map. As we saw
in Section [[LA] the symplectic leaves are the connected components of the

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



4.3. More examples of symplectic foliations 75

Figure 4.2. Symplectic foliations of 3-dimensional linear Poisson structures.

reduced spaces:
M) .G =u"0)/Gc M/G.
where O C g* is any coadjoint orbit.

We now complete this discussion by identifying the symplectic forms on
the leaves:

Proposition 4.24. The symplectic leaves of M /G are the connected com-
ponents of the reduced symplectic spaces (M [/ ,G,wo).

Let us start by recalling the definition of the reduced symplectic form
— see Section [B.2l It is the unique symplectic form wp which for any £ € O
satisfies

Piwo = ifw where pt(€)

We fix a connected component
ScMj,G,
and we denote its pre-image in M by
§=p7(8) cuHO).
We need to check that
(4.5) piws = izw on §5 = 5N p ).

Fixz €S, y = p(z) € S, and £ = p(x) € O. Our plan is to compute the
symplectic form wg at y using the defining formula from Theorem E.1] and
check that it satisfies this equality.
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The Poisson bivector m on the quotient space M/G is uniquely deter-
mined by the property that the projection p : M — M /G is a Poisson map.
By Proposition 2.16, this is equivalent to the commutativity of the following
diagram:

.M —% T,(M/G)

ol

TiM <—Tr(M/G
M« T (M/G)

Therefore, if for a € Ty (M/G) we let X, € T M be defined by
pra=ix,(w),
the condition that p is a Poisson map implies that

o = dp(X,).

We now return to our aim of proving identity (4.5) by applying formula
(#1). Note that this formula can be written as

WS(Wﬁaa V) = OZ(V),
for all V € T;,S, a € T;(M/G). It follows that for any Y € T,.S, we have
ws(mfa, dp(Y)) = a(dp(Y)) (V= dp(Y)).
Using the definition of X,, and that dp(X,) = 7fa, we can write this last
identity as
ws(dp(Xa),dp(Y)) = w(Xa,Y).

Note that this holds for all a € T;;(M/G) and Y € T,S. In order to prove
identity (4.5]), we are left with showing that any X € Tng is of type X, for
some « or, equivalently, that i x (w) vanishes on the kernel of dp. This follows

from the fact that the fibers of the moment map are symplectic orthogonal
to the orbits of the action — see Lemma [[.34]

4.4. The coupling construction

In this section we will introduce a version of the coupling construction, which
produces Poisson structures with a given symplectic leaf (S,w) and a given
isotropy Lie algebra g. It generalizes the linear Poisson structures on g* —
which is recovered when S is a point — and can be seen as providing “linear
models” for Poisson structures around arbitrary symplectic leaves.

Let us consider first the case of a regular Poisson structure (M, 7). Then
the “linear model” around a leaf we are looking for should give, in particular,
a linear model for the underlying foliation F, around the leaf. Such linear
models are well known in foliation theory. They can be constructed as
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follows: starting with a connected manifold L (the leaf), one considers its
universal covering space

p:Z—>L.

This is a principal bundle with structure group the fundamental group 7 (L).
Given a representation h : w1 (L) — GL(V') one forms the associated bundle

Mlin = E Xﬂ'l(L) V.
On MU one has the foliation F1* whose leaves are the submanifolds
Ly :={[(z,v)] : 2z € E} (veV).

Note that L ~ Lg appears as the central leaf of this foliation. Also F'™ is
a very special foliation: each leaf L, is an embedded submanifold and the
projection L, — L, (z,v) + v, is a covering space. We call (M, Flin) a
linear foliation.

Given a foliation (M, F) with an embedded leaf L the nearby leaves
may fail to be embedded and/or be coverings of L (see, e.g., the Kornecker
foliation). So, in general, we cannot expect (M hn,]-"lin) to give a linear
model for F around L. Still, we have the following well-known result:

Theorem 4.25 (Reeb). Let (M, F) be a foliation with a leaf L whose uni-
versal covering space is compact. Then L has a neighborhood consisting of
a union of leaves, isomorphic to a linear foliation.

See, e.g., [122] for a proof. Note that the assumption in the theorem is
equivalent to L being compact with finite fundamental group.

Moving to symplectic foliations, it is not hard to include a symplectic
form in this construction: starting with a symplectic manifold (S,wg) we
consider the pullback symplectic form on the universal covering space

p:S— 8, wg = pFwg.
Then this gives a closed form
W= pr*go?g IS QQ(g x V),

which is invariant under the action of 71(S), so it descends to closed 2-form
w on the quotient

Mhl’l = § Xﬂ'l(s) V

The restriction of w to the leaves of FI* gives a foliated symplectic form
wr. The resulting Poisson structure is too simpleminded to serve as a linear
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model around a general symplectic leaf. Namely,

- it can only work around regular symplectic leaves, and

- even around a regular leaf, it only allows for families with constant
symplectic structures, or more generally which admit a closed ex-
tension.

In order to solve these issues, we will now replace (i) the vector space V
by the dual of a Lie algebra g*, equipped with its linear Poisson structure,
and (ii) the universal covering space by a principal G-bundle. We will also
need to choose a principal bundle connection — this was hidden before
in the fact that the universal covering space has a canonical flat principal
connection. So the input data for our linear model is

(i) a symplectic manifold (S,wsg),
(ii) a (right) principal G-bundle over S:
P 3 G
d
S

(iii) an auxiliary choice of principal bundle connection, i.e., a G-invariant
1-form 0 € Q'(P, g) satisfying
i@(U)Q =v, Vveg.
The local model Poisson manifold will be defined on an open subset of the
associated bundle:
Pxgg'=(Pxg")/G

(the quotient modulo the diagonal action of G). Moreover, it will be an
open neighborhood of S viewed as the submanifold

S~ (Px{0})/G— P xgg".
We will obtain the Poisson structure using the general construction of Hamil-
tonian G-spaces.
First, we look for a symplectic form on P x g* making this space into a
Hamiltonian space with moment map the second projection
prPxgt—gt, u8)=¢

To achieve this, we use the auxiliary connection § € Q!(P, g) and we pair it
with p to promote it to a 1-form on P x g*:

(4.6) 0= (u,0) € QP x g*).
This allows us to define a closed 2-form on P x g*:
(4.7) Q= p*wg —df € Q*(P x g*).
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Exercise 4.26. Show the following:
(i) © is G-invariant.
(ii) € is nondegenerate at any point (z,0).
(iii) The second projection p : P x g* — g* satisfies the moment map
condition with respect to €.
It follows from (i) and (ii) that the set on which €2 is nondegenerate,
OCPxg,

is an open G-invariant set containing P x {0}. In this way, we have con-
structed a Hamiltonian G-space p : (O, Q) — g*.

Definition 4.27. The linear model associated with a principal G-
bundle P over a symplectic manifold (S,wg) with respect to a prin-
cipal connection @ is

(4.8) M®(P,ws) := 0/G c (P x g*)/G

endowed with the quotient Poisson structure, denoted =?.

Remark 4.28. The linear model from the definition is the Poisson geometric
version of the classical coupling construction from symplectic geometry.
There is a more general construction, which includes both cases, where one
replaces the coadjoint action of G on the linear Poisson manifold (g*, )
by an arbitrary Hamiltonian G-space (F,7p,pur). This construction fits
naturally in the setting of Dirac geometry discussed in Chapter []— see also
Problem

The following proposition lists some of the properties of this linear
model:

Proposition 4.29. For a linear model (M%(P,ws), n%), the following hold:

(i) The natural map P x {0}/G ~ S identifies the central symplectic
leaf of MY (P,wgs) with (S,ws).

(ii) The isotropy Lie algebra at any point of this central leaf S is iso-
morphic to g.

Moreover, two linear models M% (P, wg) and M?%(P,ws) associated with
different principal bundle connections are Poisson diffeomorphic around the
central leaf.

The first item is straightforward to check. The second item follows from
general properties of Hamiltonian quotients described in Problem .I0. The
independence on the choice of the connection 1-form 6 will be dealt with
later in Section
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We now have the following Poisson analogue of Reeb’s Theorem:

Theorem 4.30 (Crainic and Marcut). Let (M, ) a Poisson manifold with
a symplectic leaf (S,wg) whose Poisson homotopy cover is compact and
has vanishing second de Rham cohomology. Then S has a neighborhood
consisting of a union of symplectic leaves, isomorphic to a linear model

(M?(P,wg), ).

We will not prove this result here — see [49] — and the notion of Poisson
homotopy cover will be discussed in Part 4 of the book. For now we observe
that when the leaf reduces to a point S = {x¢} the assumption on the
Poisson homotopy cover amounts to the condition that the isotropy Lie
algebra Ker 7750 is semisimple and compact. Hence, for a zero of 7 the

theorem recovers Conn’s Linearization Theorem from Section

Example 4.31 (Abelian case). It is instructive to detail the coupling con-
struction (&) in the case where G is abelian. Assume first that G = S’
Hence the starting data is a principal S!'-bundle over a symplectic manifold,

P 3 st
(Sylws)

together with the auxiliary choice of a connection 1-form 6. Since g = R,
the induced infinitesimal S'-action on P is encoded by a vector field

V=a(l): P>z~ - it

)

d
lo”
and the connection 1-form § € Q!(P) is an ordinary 1-form satisfying 0(V) =
1. It then follows that df is basic; i.e., it can be written (uniquely) as

—df = p*rg, with kg € Q*(S).

The 2-form kg is known as the curvature of 6. It is a closed 2-form and
its cohomology class, called the Chern class of the principal bundle P, is
independent of # and is an invariant of the principal bundle.

The coupling construction becomes very explicit. First, one has
Q=p (wsg) —d(th) =p*(ws +trg) —dt NO € Q2(P x R),

where ¢ stands for the real variable. Since the action of S! on its Lie algebra
R is trivial, the linear model becomes

M?(P,ws) C (P xR)/S' =8 xR,
with symplectic leaves S x {t} endowed with the symplectic form

w = wg + tky.
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In other words one obtains the trivial (product) foliation with the linear
family of symplectic forms with variation the curvature of the connection.

Exercise 4.32. In general, M?(P,wg) is not the entire S x R, but just an
open set containing S x {0}. Why? Show that if S is compact, M?(P,ws)
can be taken to be a product S x (—e¢,€).

Note that any other connection 6’ is of the form 6’ = 6 + p*n, and the
resulting families are related by
wp = wy —d(tn).

The Moser Lemma from symplectic geometry — recalled in Theorem [B.8
— can now be applied on each leaf to show that the corresponding linear
models are isomorphic. Later we will study a Poisson version of Moser’s
Lemma, which will imply the independence on the connection in general.

A similar description holds for the n-torus T” = (S')”: then 6 has n-
components, one obtains n curvature-form components

Ei,... .k, € Q%(9),
and one ends up with the linear model

SXR", w4, =ws 1R+ F by R

Problems

When asked to find the “symplectic foliation”, find the orbits together with
the symplectic structure!

4.1. Find the sympectic foliation of the following linear Poisson manifolds
(make also pictures!):

(a) (R? majim) = 235 A 35)
(b) (R3, afi1 ryxR = T2 A a%),
(C) (Rg,ﬂ'hem = 28%1: A %)
4.2. Show that the linear Poisson structure
- 0 0 A 0
T =|r——y— -
“(2R) oy Yor 0z
corresponds to the Euclidean Lie algebra
¢(2,R) =R x R?, where R acts by \- (z,y) = (=\y, \z).

Find its symplectic foliation.
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4.3. Show that the linear Poisson structure

corresponds to the “open book Lie algebra”
b3 =R x R?,  where R acts by A - (z,y) = (\z, \y).
Find its symplectic foliation.

4.4. Find the symplectic foliation of the Poisson structure on R? associated
with the standard volume form g = dxAdyAdz and the completely integrable
1-form 6 = dC, where C(z,y,2) = 2% + y* + sin?(2).

4.5. Let ™ € X2(M) be a bivector field of constant rank. Assume that Im 7*
is an involutive distribution with corresponding foliation F; i.e., Imnf =
TF. Show that the formula

wr(ri(a), 7 (8)) := —7(, B), «,BE€T;M,

defines a foliated 2-form wz € Q2(F), which satisfies

[m. 70, B,7) = —drwr(ni(a), 7*(8), 7*(v)), o B,y € TIM.
(HINT: Proof of Proposition 2.18])

4.6. Let ™ be a regular Poisson structure on M with symplectic foliation
Fr and foliated symplectic form wz_.

(a) Show that there exists a 2-form w € Q?(M) extending the foliated sym-
plectic form wx_, i.e., such that for every symplectic leaf i : S < M one
has

ifw = wr,_|s-

(b) Give an example that shows that, in general, the extension w may not
be taken to be a closed form.
(HiNT: Consider a regular Poisson structure with a compact leaf on a
manifold with H%(M) = {0}.)

(c) Show that so(3,R)*\{0} with the restriction of the linear Poisson struc-
ture 7,3,k is also an example for (b).

4.7. Let (M, m) be a Poisson manifold. Assume that there exists a 2-form
w € O2(M) extending the symplectic forms on the leaves, i.e., such that for
every symplectic leaf i : (S,wg) — (M, ) one has

1w = wg.
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Show the following:
(a) The image of the vector bundle map
T*M — T*M, £+ ¢&—u’ ont(€)
is the family of isotropy Lie algebras of (M, 7).
(b) (M, ) is a regular Poisson manifold.
4.8. Let (M?"*1 1) be a regular Poisson manifold with rank7 = 2n. Let

X be a Poisson vector field transverse to the symplectic foliation F. Show
that one then obtains the following:

(a) a closed 1-form 6 satisfying
ix0=1, 0lrr =0,
(b) a closed 2-form w satisfying
ixw=0, wlrr, =wr,,
(¢) a volume form
wi=0Aw".
(HINT: Recall Koszul’s formula for the de Rham differential.)
4.9. Let (5,9) be a symplectic manifold, and assume that there exists a

symplectic vector field X € X(5,) which is transverse to a codimension-1
embedded submanifold 7 : M — S.

(a) Show that 6 := i*(ixQ) € QY(M) and w = i*Q € Q>(M) defines a
cosymplectic structure on M.

(b) Conversely, show that if (0, w) is a cosymplectic structure, then it can
be obtained from a symplectic manifold as in (a).

4.10. Let (M,w) be a free and proper Hamiltonian G-space with moment
map u: M — g*. Consider M /G with the quotient Poisson structure. Fix
x € M and denote the projection by p: M — M /G. Show that the isotropy
Lie algebra at p(x) € M/G is isomorphic to the isotropy Lie algebra g¢ of
the coadjoint action at £ := u(z),

ge = {veg : adi(€) = 0}.

4.11. Apply the coupling construction from Section [£.4] to the following
data:

- the symplectic manifold S? endowed with the standard area form wgz,

- the Hopf fibration, i.e., the principal S'-bundle
p:S* =S plao,21) = (|20]* — |21]? 20 Z021)
where S! acts on S? via

(z0,21) e = (zoew, Zlew),
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- the principal S'-connection form
0 =—yder+ady —tdz + zdt € Q'(S?),
where 29 = ¢ + iy and 21 = z + it.
More precisely:

(a) Check that these define a principal S'-bundle with connection.
(b) Compute the resulting Poisson manifold M?(S?, wg: ).

(c) Consider the linear Poisson structure on R3 corresponding to so(3,R),
as in Exercise [[271 Compare a neighborhood of the leaf S? € R? with
MO (S3, wge).

4.12. Consider the following data:

- a symplectic manifold (S, wg),
- a principal G-bundle p : P — S,
- a G-Hamiltonian (Poisson) space (F,7p, ur),
- a principal bundle connection 0 € Q'(P, g).
Let x¢ € F be a zero of the Poisson structure mp. Construct a Poisson struc-

ture in a neighborhood of S ~ (P x {x0})/G in P x¢g F, which generalizes
the linear model from Definition {271

4.13. Show that two points x,y in a Poisson manifold (M, 7) belong to the
same leaf if and only if there exists a smooth path a : [0,1] — T*M with
base path denoted ~ : [0,1] — M such that

V0) =2, ~A(1)=y, and ﬂﬂ(a(t)):i—Z(t), vt e [0,1].

These types of paths will play a crucial role in later chapters.
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Chapter 5

Poisson Transversals

In a Poisson manifold, besides the symplectic geometry along the leaves,
interesting geometric phenomena also occur in directions transverse to the
leaves. We have already seen a glimpse of this in the notion of the isotropy
Lie algebra. In this chapter we initiate the study of the transverse geometry
of the leaves, which we will frequently encounter in the rest of the book.

5.1. Slices and Poisson transversals

Definition 5.1. Let (M, 7) be a Poisson manifold, x € M, and let S
be the symplectic leaf through z. A slice of (M, ) to S at x is any
embedded submanifold X C M containing « and satisfying

(5.1) T.M = T,S © T, X.

Condition (B.1) is equivalent to
(5.2) T,M = 74T M) & T, X.

This equality may fail at points of X arbitrarily close to x simply because
leaves near S may have strictly larger dimension. However, continuity of 7
and (0.2)) imply that for any point y € X sufficiently close to = one still has
that X is transverse to the leaf S’ through y:

T,M = T,S' +T,X.

Hence, a neighborhood of z in X will intersect any nearby leaf S’ in a
submanifold. The intersection may have positive dimension if the dimension
of S’ is larger than that of S.

85
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Our next aim is to discuss the Poisson geometry of slices and how two
different slices to the same symplectic leaf are related. For this, the following
notion will play a fundamental role:

Definition 5.2. Let (M,7) be a Poisson manifold. A Poisson
transversal of (M, 7) is any embedded submanifold X C M with
the property that

(5.3) T,M =T, X + (T,X)*", VyeX,
where the m-orthogonal |, is defined by
(5.4) (TyX)* = 7 (T, X)°).

Poisson transversals also appear in the literature under the name of
“cosymplectic submanifolds” — see Exercise 5.7 for a possible explanation
of this terminology.

In this definition, the “m-orthogonal” is a generalization of the notion
of symplectic orthogonal. Recall that if W C V is a vector subspace of a
symplectic vector space (V,w), then its symplectic orthogonal W is

Whe . ={veV : w,w) =0, Ywe W} = (&)1 (W°),

where W° C V* denotes the annihilator of W.

In the case of a Poisson structure one checks that the m-orthogonal (5.4])
can also be described as

(5.5) (T, X)) = (T, X NT,S)™s C T,S,
where (S,wg) is the symplectic leaf through y. In particular,
(5.6) (T, X)* ) =T,SN T, X.

Hence, the operation 1 is not an involution unless S is open.
On the other hand, from the definition of (7,,X)*~, it follows that

dim (7, X)* < dim(7,X)° = dim M — dim X.

Thus, the Poisson transversal condition (5.3]) is equivalent to its direct sum
version:

(5.7) T,M =T, X ® (T,X)*.

Note that open subsets provide simple examples of Poisson transversals.
Here is a more interesting class of examples:

Exercise 5.3. For a symplectic manifold (M,w), prove that Poisson trans-
versals are the same thing as symplectic submanifolds.
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Exercise 5.4. For a regular Poisson manifold (M, 7) of corank ¢, show that
any Poisson transversal of dimension ¢ is the same as a submanifold that
intersects the leaves transversally.

Note that condition (5.3]) is an open condition: if it is satisfied at y,
then it is satisfied in a neighborhood of y in X. This is the reason why small
enough slices provide examples of Poisson transversals:

Lemma 5.5. If X is a slice of S at x, then a small enough open neighborhood
U C X of x is a Poisson transversal.

Proof. If X is a slice of S at x, then T, X N TS = {0} and so, by (5.5), the
m-orthogonal at x is
(T, X))t = (T, X NT,S) s = T, 8.
Using again that X is a slice at x, we obtain that
T.M =T, X ® TS =T, X ® (T, X)'.
Since this last condition is open, we are done. O

An important property of Poisson transversals is that they naturally
inherit a Poisson structure. A first result in this direction is the following:

Proposition 5.6. Given a Poisson manifold (M, ), an embedded submani-
fold X C M is a Poisson transversal if and only if X intersects each symplec-
tic leaf (S,wg) transversally in a symplectic submanifold of S. In particular,
each (X N S,ws|xns) is a smooth symplectic manifold.

Proof. The condition in the proposition means that, for every symplectic
leaf (S,wg), we have the following:

(i) TyM =T,X +T,5,Vy e SN X.

(ii) wsl|r,xnr,s is nondegenerate for all y € SN X.

Note that (ii) is equivalent to 7S N T, X intersecting its symplectic
orthogonal inside (T}S,wg) in {0} or, using (5.0)), to

(T,X)*NT,SNT,X = {0}.
This combined with (T, X)** C T,S shows that (ii) is equivalent to
(ii") (T,X)* NnT,X = {0}.

It is now clear that if the Poisson transversality condition (5.7) holds,
then (i) and (ii’) hold. Conversely, (i) gives
dim(T, X)) = dim S — dim(T, X N T,S) 2 dim(T, M) — dim(T, X),

which together with (ii’) yield (5.7). So X is a Poisson transversal. O
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Exercise 5.7. Show that X is a Poisson transversal if and only if the pairing
induced by 7 on the conormal bundle

ox : (TX)°* x(TX)* =R, (a,p)—7(a,p)
is nondegenerate. In particular, Poisson transversals have even codimension.
Exercise 5.8. Consider the 3-dimensional Poisson structures from Exam-
ples [£14] .15 and .22l Find Poisson transversals in these Poisson man-

ifolds. Which ones admit closed/compact Poisson transversals? What di-
mensions can these have?

As promised, we now show that Poisson transversals inherit Poisson
structures:

Proposition 5.9. Any Poisson transversal X in a Poisson manifold (M, )
carries a Poisson structure wx, uniquely determined by the condition that
its symplectic leaves are the connected components of the intersections

(XﬂS,wS’an), S e Fr.

Corollary 5.10. If X is a slice of S at x, then a small enough open neigh-
borhood U C X of x has an induced Poisson structure.

Note that any Weinstein splitting chart ([B.I]) at x gives rise to a slice
X = x"}({0} x W) with induced Poisson structure mx corresponding to the
Poisson structure 8 on W. In particular, the Poisson structure on the slice
vanishes around « if and only if x is a regular point.

Proof of Proposition The Poisson transversal condition
Lx
T,M = T,X & (T,X)
gives a dual decomposition:
;M = (T,X)%7)° @ (T,X)°.

The map 775 : Ty M — T, M preserves this decomposition:

(T, X)™)°) € (T, X), 7 ((T,X)°) = (T,X)".
Indeed, the second equality is just the definition of 1, while the first inclu-
sion is the statement
(T, X))t~ C T, X,

which follows from (5.6]).

The dual decomposition also gives an isomorphism Ty X =~ ((T, X Yo,
so we obtain a bivector field mx € X2(X) whose associated bundle map is
the composition

~ #
(5.8) mh: T*X —=> ((TX)*)° T~ TX.
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More explicitly,
mx(&,m) == 7(&,7),

where §N € T;M denotes the unique extension of { € T X vanishing on
(T, X)*.

By Proposition 2.24] for each y € X, the bivector mx|, is encoded in
a symplectic vector space (W, w,) with W, C T, X. Note that from the
definition of wx,

Wy = Tm(r|,) = (T,X)*")'" = T,X NT,S.

Moreover, from formula (2.I5]) it follows also that

wy = wWs|1,(xns)-

In view of Proposition [[.8, the only thing we are left to prove is that wx

is a Poisson bivector. For this, we observe that on the open dense set where

mx is regular the previous argument shows that (i) Im wg( is an integrable

distribution T'F with leaves SNX and (ii) the induced nondegenerate 2-form
wzr on this distribution,

wr(rh (@), 7% (8)) = —mx(a, B),

restricts to each leaf as the symplectic form wg|snx. In particular, wr is
closed. By Theorem [A13] [7x,7x]| = 0 on this open set; hence [rx,7x] =0
on all of X. O

From the proof of the proposition, we obtain the following algebraic
expression for the induced Poisson structure.

Corollary 5.11. The induced Poisson structure wx on a Poisson transver-
sal X in (M, ) is determined by

Fg( T"X - TX, ﬂgf(a) = 7%(a)
where & € TF M is the extension of a that vanishes on (TpX)*~.

Exercise 5.12. Let X be a Poisson transversal of (M, 7). Consider the
decomposition induced by (5.1):

2 2 2
(5.9) NTxM = \TX & (TX @ (TX)') o \(TX)".

Show that with respect to this decomposition

2 2
mlx =mx +ox € ATX & \(TX)",

where 7x is the induced Poisson structure on X and ox is the form from Ex-
ercise 5.7, properly interpreted (use the identification (TX )17 ~ ((T'X)°)*).
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The next exercise gives a direct description of the Poisson bracket in-
duced on a Poisson transversal.

Exercise 5.13. Let (M, ) be a Poisson manifold, let
F=(c1,...,c;): M —RF
be a smooth map with a regular value at 0, and assume that
X={zeM:¢(z)=0,...,c(x) =0} = F10)

is a Poisson transversal in (M, 7). Show that the & x k-matrix of Poisson
brackets c¢;j(x) = {ci,¢;}(x) is invertible for every € X and that the
Poisson bracket {-,-}x on X corresponding to mx is given by the Dirac

bracket . .
= ((1.0) = e (e} o

where f,§ € C°(M) are any extensions of f,g € C*°(X) to M and the ¢/
denote the entries of the inverse of the matrix (c;5).

Notice that, in general, the inclusion (X,7x) < (M, 7) of a Poisson
transversal is not a Poisson map — in other words, a Poisson transversal is
not a Poisson submanifold in the sense of Chapter 8l The following exercise
and example illustrate this difference.

Exercise 5.14. Show that if (S,w) is a symplectic manifold, then for a Pois-
son transversal ¢ : X < S the induced Poisson structure on X corresponds
to the symplectic structure i*w — see Exercise (.3

Example 5.15. Given a Poisson manifold (M, ), two commuting Poisson
vector field X, Y € X(M, r), and a real number A € R, one obtains a Poisson

structure (see Problem 2.3) on M x R? by setting
0 o 0

9
= XA L a v AL a2 Al
M ET AN G YA ST A5 B

One finds that for any zy € R?, the submanifold
M ~ M x {0} C M x R?

is a Poisson transversal in (M x RZ? ), provided A # 0. The induced
Poisson structure on M is

1
W—XX/\YE.’{2(M). e
The following proposition is a first indication that a Poisson transversal
captures the transverse Poisson geometry to the leaves.

Proposition 5.16. Let X be a Poisson transversal in a Poisson manifold
(M, ). Then, at any x € X, the isotropy Lie algebras of (X, 7x) and (M, )
are isomorphic.
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Proof. This follows because a slice Y in (X, 7x) at = will also be a slice in
(M, 7) and the isotropy Lie algebra encodes the linearization of the Poisson
structure on the slice at z. ]

Also related to the transverse geometry, one has the leaf space of the
Poisson manifold (M, ). It is defined as the set of leaves M/F, endowed
with the quotient topology. In general this is a very wild space. Still, given
a Poisson transversal X, Proposition (.9 shows that one has an induced map

X/ Fry = M/ Fr,

which can be used to probe the leaf space. Indeed, X/F;, can be much
simpler and the map has the following properties:

Proposition 5.17. The map X/Fr, — M/Fy is continuous and open. In
particular, if X intersects each leaf at most once, then X/Fr, is homeo-
morphic to an open subspace of M/Fy.

The proof is left to the reader and follows from the following version of
the Weinstein Splitting Theorem around Poisson transversals.

Exercise 5.18. Let X be a Poisson transversal in a Poisson manifold (M, )
of codimension 2s. Show that for any point x € X, there is a Poisson
diffeomorphism

x: (U,m) = (V,7can) X (W, mx),

where U C M is a neighborhood of 2, V C R?® is an open set endowed with
the canonical Poisson structure me,,, and W C X is a neighborhood of x.

5.2. The transverse Poisson structure to a leaf

We saw in the previous section that any small enough slice to a symplectic
leaf is a Poisson transversal, and so it inherits a Poisson structure. We now
establish that any two germs of slices to the same symplectic leaf are Pois-
son diffeomorphic. Therefore, we obtain an important transverse Poisson
invariant associated to the symplectic leaf.

Theorem 5.19. Let (M, ) be a Poisson manifold, let S be a symplectic leaf,
and assume that Xo and X1 are slices to S at xg and x1, respectively. Then
there exist open neighborhoods x; € V; C X;, i € {0,1}, which are Poisson
transversals and which are isomorphic via a Poisson diffeomorphism

Y (Vo,my) = (Vi,myy)  with (o) = 21.

We will present two different approaches to prove this theorem.
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Proof. We will show that there exists a Hamiltonian diffeomorphism (recall
Definition [LT1]) ¢ : M — M, such that ¢(x¢) = x1, and V; := ¢(Vp) C X7,
for some small neighborhood Vj C X of g, which is a Poisson transversal.
Then ¢ restricts to a Poisson diffeomorphism between the induced Poisson
structure:
¢‘Vo : (V077TV0) = (vlvﬂ‘ﬁ)'

First, since xg and x; belong to the same leaf, we find a Hamiltonian dif-
feomorphism ¢ with ¢(z¢) = x1. Thus, by replacing X, by the slice ¢(Xj)
through z;, we may assume that zg = z; = =.

Next, fix a splitting chart (O C R? mean) x (W, mw) centered at .
Clearly, it is enough to prove the theorem assuming that Xy := {0} x W
is one of the slices at z = (0,0). The other slice X1 C M, because it is
transverse to O x {0} at x, it is given around z as the graph of a smooth
function

F:W —R*,  with F(0) = 0.
In other words, after shrinking W, we can assume that
X = {(F(w),w):w e W} cCR* x W.
Note that Xy and X; can be joined by the smooth family of slices at =
(0,0):
X ={(tF(w),w):we W}, tel0,1].

In order to conclude the proof, we construct a smooth family of functions
Hy € C(M), t € [0,1], whose Hamiltonian flow ¢%, = @3’& satisfies
(5.10) S, (@) =2 and ¢, (Vo) C X;, Vie(0,1],
where V) C X is a small neighborhood of z. The second condition will hold
if we require that the vector field Xp, + % on M x [0,1] is tangent to the
submanifold N

X ={(u,t) : ve Xy} C M x[0,1].

It is easy to see that this condition is equivalent to
(5'11) F(’U)) - XHt|it(’w) € Tit(w)Xtv v (’U),t) e W x [07 1]7
where i;(w) = (tF(w),w) is the parameterization of X; and F(w) € R* is
viewed as a constant vector.

As in Lemma [0 after shrinking W we may assume that the slice X

is in fact a Poisson transversal for all ¢ € [0,1]. Then, we have a unique
decomposition:

F(w) = Ty(w) + Ny(w) € Ty () Xt & (T () Xe) -

Since 7t : (T () X1)® = (Tit(w)Xt)L” is an isomorphism, we can write
uniquely
Ny(w) = 7 (Bi(w)),  Be(w) € (T, (u)Xe)°-
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Under the splitting T;(w)(RQ‘S x W) = Tt}(w)RQS x TyW elements in

(T, (w)Xt)° can be written as a — (tF)*(a), with a € ﬂ}(w)RQS ~ R2%,
Thus, we can write
Bi(w) = (ar(w), —(tF)* (ae(w))), ar(w) € R*.
Choose a smooth family of functions H; € C2°(M) such that, around z, it
satisfies
Hi(u,w) = (oy(w),u — tF(w)), (u,w)eR>* xW.

It is easy to see that (dH);,(w) = Br(w), and so Xg,|;,w) = Ne(w); thus
(511) holds. Finally, since #t(0) = (0,0), it follows that N¢(0) = 0; thus
Xp, vanishes at x, and so we also obtain the first condition from (GI0):
o, (@) = . 0

The second proof of Theorem (.19 will be based on a Moser-type theorem
in Poisson geometry. To state this result, we introduce the following natural
equivalence relation for Poisson structures on a manifold.

Definition 5.20. Two Poisson structures my and m; on a manifold
M are said to be gauge equivalent if they have the same leaves and

there is a closed 2-form B € Q?(M) such that for each leaf S the
symplectic forms wg and w}g of myp and 71 are related by

v — iy = 18l|s.

We also say that m; is the B-gauge transform of my and write

m = eBrg.

Since a Poisson structure is uniquely determined by its symplectic fo-
liation, 7 is completely determined by 7o and B. The notation ePmy will
become clear in Section [7.1]

As in the first proof of Theorem [5.19] using Hamiltonian flows, we may
assume that both slices pass through the same point. Then the following
result shows that the induced Poisson structures are gauge equivalent:

Lemma 5.21. Let (M, ) be a Poisson manifold, let S be a symplectic leaf,
and assume that Xo and X1 are slices to S at x. Then, up to a Poisson
diffeomorphism, the germs of Xy and X1 at x are gauge equivalent through
an exact form B = da: there exist neighborhoods V; C X; of x and a
diffeomorphism ¢ : Vo =5 Vi fizing x and such that ¢.my, = ePmy,.

Proof. Consider a splitting chart (R?*, mean) x (W, 7w) centered at .
Clearly, it suffices to prove the result when one of the slices is Xo = {0} x W
and the other slice is given as the graph of a smooth function F : W — R2:

X ={(F(w),w) :w e W} CR* xW, F(0)=0.
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We use the diffeomorphisms ¢ : X7 = W induced by the second projection.
Then it is clear that (¢g)«(7x,) = mw, and we leave it as an exercise to check
that

(1)mx, = eBrw, with B = F*wean. O

The proof of Theorem is now reduced to a statement about gauge
equivalent Poisson structures through an exact 2-form. This is precisely
the context in which the usual Moser argument from symplectic geometry
(Theorem [B.§)) applies. We give here one Poisson version of Moser’s Lemma
and we will see other Poisson versions later.

Theorem 5.22 (Moser’'s Lemma). Let M be a compact manifold, let
{mt}eepp,1) be a smooth path of Poisson structures on M, and assume that

T = eBtWO.
If B, is trivial in cohomology,
B = day,

for a smooth family of 1-forms «, then (M, m) and (M,71) are Poisson
diffeomorphic.

The proof is entirely identical to that of the usual Moser Lemma for
symplectic structures, so it is left as an exercise. The second proof of The-
orem [5.19 can now be completed by applying the obvious local version of
Theorem — for the classical versions in symplectic geometry, see [29].

Definition 5.23. Let (M, ) be a Poisson manifold, and let S be a
symplectic leaf. The Poisson isomorphism class of any germ of a slice
X to S is called the transverse Poisson structure to S.

Example 5.24 (Transverse Poisson structure to a coadjoint orbit). Let
(9, [-,]) be a Lie algebra and consider the linear Poisson structure 74 on g*.
Note that a proper linear subspace is never a Poisson transversal since the
defining condition (5.3) can never hold at the origin 0 € g*.

If we fix { € g*, we can obtain a slice at { as follows. Denote by g¢ the
isotropy Lie algebra at £ for the coadjoint action:

ge:={veg : ady(§) =0}
Notice that the tangent space to the symplectic leaf through &, i.e., the
coadjoint orbit O¢ — see Example — coincides with the annihilator of
ge:
TeO¢ = {ad;(§) - v € g} = (9¢)°-
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Therefore, if ¢ C g is any linear subspace complementary to ge,

g =0 @ c,
then the affine space £ + ¢® C g* is a slice at &.

In particular, an open neighborhood X of £ in the affine space & + ¢° is
a Poisson transversal in (g*, 74), whose germ at £ represents the transverse
Poisson structure to the orbit O¢. Examples show that the induced Poisson
structure mx need not be linear or even linearizable at £. However, we claim
the following:

(i) If the complement c satisfies [g¢, ¢] C ¢, then 7mx is an affine Poisson
structure equivalent to a linear one.

(ii) If the complement c is a Lie subalgebra, [c,c] C ¢, then 7x is at
most quadratic, nonhomogenous, and it may fail to be linearizable.

For (i) we leave it as an exercise to check that the map
¢: X =g N (0= lges

is a Poisson diffeomorphism between (X,7y) and an open neighborhood
around 0 in the linear Poisson manifold (g, mg,). On the other hand, (ii)
follows from an explicit computation using the Dirac bracket from Exercise
513 — see [128].

Exercise 5.25. Let g be the Lie algebra of a compact Lie group G. Show
that for every & € g* there exists a linear subspace ¢ C g such that

g=gc¢®c and [gec] Ce

In particular, the transverse Poisson structure to any coadjoint orbit of a
compact Lie algebra is linearizable.
HINT: g has an inner product (+,-) such that

([u,v],w) + (v, [u,w]) =0, Vu,v,w € g. Ty

5.3. Poisson maps and Poisson transversals

The relevance of Poisson transversals in Poisson geometry derives in part
from the fact that they behave functorially under pullbacks by Poisson maps.

Proposition 5.26. Let ¢ : (M,7) — (N,0) be a Poisson map, and let
Y C N be a Poisson transversal. Then:

(i) ¢ is transverse to Y.
(i) X := ¢~ 1(Y) is a Poisson transversal in M.

(iii) The restriction ¢ : (X, mx) — (Y,0y) is a Poisson map.
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Proof. Let z € X and denote y := ¢(z) € Y. Since ¢ is a Poisson map,
Proposition 2.16] gives

(5.12) 0*(a) = doo(n*(4*(a))), Vo€ T;N.

This, together with the assumption that Y is a Poisson transversal, shows
that ¢ is transverse to Y':

TyN =T,Y + 04(T;N) = T,Y + do¢(ToM).
As a consequence, X is an embedded submanifold of M and
T,X = (d0) " {(T,Y) and (T.X)° = ¢*((T,Y)°).

To show that X is a Poisson transversal, we verify (53]). Let V € T, M,
and decompose d;¢(V) = U + 6*(a), with U € T,,Y and o € (T,)Y)°. Then
¢*(a) € (TpX)°, and by 1), W :=V — 7f(¢*(a)) is mapped by d.¢ to
U. Hence W € T, X and

V= W4 (6" (@) € T X + (1,X)°).
This shows that (5.3]) holds, so X is a Poisson transversal.

For a € T;jY we denote by a its unique extension to Ty N that vanishes
on (T,Y)1?, and we use similar notations for elements in 77 X. Since

ded(TeX)'7) = ded(m* (T2 X)°)) = daop(n* (" (T, Y)°)))
=6 ((T,Y)°) = (T,Y)™,

it follows that ¢*(a) = ¢*(), for @ € T;Y. Using this and the description
of the Poisson structure on a Poisson transversal (5.8]), we find that for any

aeTyY
b (75 (9*(@))) = ded(n(67(a))) = oo (n'(¢"(@))) = 04(@) = 6, (a).
This shows that ¢ restricts to a Poisson map. O

Example 5.27. As another application of Proposition [(£.26] one can obtain
affine Poisson transversals inside a linear Poisson manifold. For this, let
(9,[,]) be a Lie algebra, and let h C g be a Lie subalgebra. Assume that
(h*, ) has an open coadjoint orbit, and let £y € h* be a point in such an
orbit. Then {{y} is a Poisson transversal in h*. By applying the proposition
to the restriction map g* — h*, we obtain that the affine subspace

X:={feg":&ly =&}

is a Poisson transversal in (g*, my).

For example, if g contains a nonabelian Lie subalgebra of dimension 2,

h= Span{u, U}a [U, ’U] =u,
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then g* contains a Poisson transversal of codimension 2,
X:={{eg": &) =1, {(v) =0}

A more interesting example can be obtain as follows. Let g = sl(k+1,R),
and let b be the subalgebra consisting of matrices of the form

ap air ... Qg

0 0 () |

A= ,  ap = —agk.

0 0 0 a9
Then one can easily show that the element £y € h* defined by
fQ(A) = ag
belongs to an open coadjoint orbit of h*. The corresponding affine Poisson
transversal has codimension 2k and is a particular case of a Slodowy slice.

These are special types of Poisson transversals in duals of complex semi-
simple Lie algebra and play an important role in representation theory [73].

Exercise 5.28. For k£ = 2, calculate the induced Poisson structure on the
Poisson tranversal. Ty

Example 5.29. Recall that the moment map p : (S,w) — g* of any Hamil-
tonian G-space is a Poisson map. Hence, for any Poisson transversal X C g*
the moment map p is transverse to X and ,u_l(X ) is a Poisson transversal
in (S,w), i.e., a symplectic submanifold. In particular, if X is a slice to a
coadjoint orbit, then p~1(X) is a symplectic submanifold.

For example, one can take the Poisson transversals (Slodowy slices) dis-
cussed in the previous example to obtain symplectic submanifolds in any
SL(k + 1,R)-Hamiltonian space. T

Problems

5.1. Let X be any submanifold of a Poisson manifold (M, 7). Prove that
(To X))t = (T, X NT,S)tes, Ve X,
where (S,wg) is the symplectic leaf containing z.

5.2. Let (M, ) be a Poisson manifold, and let X C M be a Poisson transver-
sal with induced Poisson structure wx. If f € C°°(M) is a Casimir function
for (M, ), prove that f|x is a Casimir function for (X, 7x).

5.3. Give a proof of Theorem [5.22] by mimicking the argument of the usual
Moser Lemma from symplectic geometry leafwise.
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5.4. Let (M,7) be a Poisson manifold, and let B € Q?(M) be a closed
2-form.

(a) Show that the bundle map I + B® o7t : T*M — T*M is an isomor-
phism if and only if for every leaf (S,wg) € Fr the 2-form wg + Blg is
nondegenerate.

(b) If I+ B°oxt : T*M — T*M is an isomorphism, show that m has a gauge
transform 75 = eP7 by B, given by

71% =nfo(I+ B orf)™L.

5.5. Consider the product of two Poisson manifolds (S,w) x (W, ), where
(S,w) is a symplectic manifold and 7y € X2(W) is a Poisson structure that
vanishes at some point wg. Show the following;:

(a) For any smooth function F': W — S, the submanifold
X ={(F(w),w):weU}CSxW
is a Poisson transversal for some small neighborhood U C W of wy.
(b) The projection
¢p: X —>U, (Flw),w)—w,
yields a Poisson diffeomorphism up to a gauge transformation; i.e.,
pumix = ePmy,  with B = F*w.

5.6. Prove the following converse to Proposition B.26t Let ¢ : (M, 7) —
(N, 0) be a Poisson map, and let Y C N be a submanifold such that ¢ is
transverse to Y. If X := ¢~(Y) is a Poisson transversal, then there is an

open set U containing ¢(X) such that Y N U is a Poisson transversal in
(N, 0).

5.7. Let (g,[-,-]) be a Lie algebra, and let £ € g. Consider an affine slice
§ + ¢° through &, i.e., ¢ C g is a linear subspace such that g = g¢ ® ¢, and
let X C &+ ¢® be a neighborhood of £ which is a Poisson transversal. If ¢
satisfies the condition

l9¢,¢] C e,
show that the translation is a Poisson map
¢ (X,mx) = (¢, o)y 1= (1= E)lge-
5.8. Let X be a Poisson transversal of (M, ).

(a) Show that X is co-orientable, i.e., that the line bundle AP v(X) has a
nowhere vanishing section.
(HINT: The normal bundle v(X) is canonically identified with (T'X)+=.)

(b) Show that if M is orientable, then X is also orientable.

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



Problems 99

5.9. Consider a smooth family {X;}c[o,1 of closed embedded Poisson trans-
versals in (M, 7). Moreover, assume that there exists a smooth family of
proper embeddings

1: X X [0,1]—)M, ($,t)l—>it($),
such that X; = i;(Xo). Consider also the submanifold
X :={(z,t) : x € X;} € M x [0,1].

For each (z,t) € X, since X; is a Poisson transversal, we can write

%it(:vo) = u(z,1) + 7 (a(z,1)),

where x = iy(xg), for unique u(x,t) € T, X; and a(z,t) € (T, Xy)°.
(a) Prove that there exists a smooth function H € C*°(M x [0, 1]) such that
H|lg =0 and dH|g=a.

(b) Prove that the flow of the time-dependent Hamiltonian vector field Xp,,
defined as a map CIJEESH : MY — M, where M%* C M is an open subset,

satisfies ®3° (X, N MPS) C X,
XH
(c) Deduce the following result: if {X;},c(o1] is a smooth family of compact

Poisson transversals in a Poisson manifold (M, ), then there exists a
Hamiltonian diffeomorphism ® € Ham(M, 7) such that ®(Xy) = X;.

(HINT: Look at the proof of Theorem [E191)
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Chapter 6

Symplectic
Realizations

We have seen in previous chapters that Poisson structures can exhibit com-
plex behavior: the symplectic foliation can be complicated, leaves wrapping
around each other or having different dimensions, singular leaves can have
nonabelian isotropy, the symplectic form can vary from leaf to leaf, etc. One
possible way around these difficulties is to exhibit the Poisson manifold as
some kind of “quotient” of a symplectic manifold. In this chapter, we start
discussing such symplectic realizations of Poisson manifolds.

6.1. Definition

Definition 6.1. A symplectic realization of a Poisson manifold
(M, ), denoted
p: (S,w) = (M, ),
consists of
e a symplectic manifold (S,w),
e a surjective submersion p : S — M which is a Poisson map.

Of course, p is a Poisson map from S endowed with the nondegenerate
Poisson structure m,, obtained by inverting w. As in Proposition B.16] this
can be expressed as the equation

(6.1) wt = (du) omh o (dw)* (nh = (W)™

101
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102 6. Symplectic Realizations

or equivalently as the commutativity of the diagram

d
T,8 —~ T, M

o

for all p € S, where z := u(p).

We will show later that any Poisson manifold admits a symplectic real-
ization. Note that given a symplectic realization u : (S,w) — (M, 7) one
can produce more examples of symplectic realizations of the same Poisson
manifold by taking products with other symplectic manifolds (S’,w’): the
projection

(Sx S wew)— (M), (@) pup),
is still a Poisson map, and hence it is also a symplectic realization. This
shows that symplectic realizations are far from unique.

Symplectic realizations can be restricted to Poisson transversals:
Proposition 6.2. If p: (S,w) — (M, ) is a symplectic realization then for

any Poisson transversal X of M, Sx := p~1(X) is a symplectic submanifold
and 1 restricts to a symplectic realization p : (Sx,w|sy) — (X, 7x).

Proof. The proposition is an immediate consequence of the following:

- Poisson transversals of symplectic manifolds are the same as sym-
plectic submanifolds (see Exercise [0.3)),

- Poisson transversals behave functorially with respect to Poisson
maps (see Proposition [5.20]). O

The actual search for explicit realizations is very interesting and by no
means trivial, even in the simplest cases. This will be illustrated in the next
section with several examples. For now, we observe that S cannot be “too
small”:

Lemma 6.3. If (S,w) is a symplectic realization of (M, ), then
dim(S) > 2dim(M) — rank 7, V z € M.

In particular, if m vanishes at some point, then dim(S) > 2dim(M).

Proof. Let p € S, and let = = pu(p). By the Poisson condition (6.1), we

have that 7r§u o (dpp)* maps Ker 7T§c to Kerd,u. Since this map is injective,
we obtain the inequality from the statement

dim(M) — rank 7, = dim(Ker 7)) < dim(Ker d,u) = dim(S) — dim(M). O
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Remark 6.4 (Lie’s function groups). Poisson structures already appeared
in Sophus Lie’s work, in the nineteenth century. Lie was interested in un-
derstanding (pseudo)groups of contact transformations. He worked on the
phase space R?" and reasoned infinitesimally. For him, the analogue of the
group-like property — closed under composition — was then expressed as
an infinitesimal property that made use of the canonical Poisson bracket
on R?". This led Lie to the discovery of his function groups. By these
he meant a collection {¢1, ..., ¢, } of functionally independent smooth func-
tions, depending on (g, p) € R?", with the property that the canonical Pois-
son brackets {¢;, ¢;}can are of type

(6.2) {¢17 ¢j}can = wz’j(¢17 ceey ¢r)7

for some smooth functions w;; depending on r variables. More generally,
one says that a function ¢ = ¢(g, p) belongs to the function group generated
by the collection {¢1,...,¢,} and writes ¢ € F(¢1,...,¢,) if it is of type
f(é1,...,ér). In other words, a function group is a subspace

F C C®(R*™)
with the property that it is closed under the canonical Poisson bracket,

¢, € F = {¢,¢}can € F,

and such that F is functionally generated by r functionally independent
functions ¢1,...,¢,. An immediate remark is that the functions w;; must
be the coefficients of a Poisson bracket on R". Packing things together, a
function group induces a Poisson bracket {-,-},, on R" and we deal with a
submersion

= (¢1,...,¢p) R 5 R
that is a Poisson map. Lie also considered the converse problem of recon-
structing the function group F C C°°(R?") out of w, and this is precisely
the problem of building a symplectic realization. Therefore, in its local ver-
sion but in full generality, the problem of existence of symplectic realizations
goes all the way back to the work of Lie.

6.2. Examples

In view of the submersion theorem, the problem of finding a symplectic
realization takes the following form locally. Given a Poisson structure 7 in
local variables (!, ..., 2™) with brackets,

{xiaxj} - Wij(x)v
one needs to define new brackets,

{xi,ua} = Hi“(x,u), {u“,ub} = go“b(x,u),
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which are smooth functions in (z,u) = (:1:1, ... ,xm, ul,... u"), such that
0 0
II= 6 (x —
; aaﬂ 8373 * Z a i aua * Z PG N G

is nondegenerate and a Poisson structure. We will give several examples
which will reveal the rich geometry behind this problem.

Example 6.5 (Zero Poisson structures). One of the simplest examples is
M = R? with the trivial (zero) Poisson structure

{z,y} =0.
A simple way to obtain a symplectic realization is by adding two variables
(u,v) and by taking the nondegenerate Poisson structure defined by

{z,u} =1, {y,v}=1, {u,v}=0.
We are led to discover the canonical symplectic structure wean on R? as a
symplectic realization together with u(z,y,u,v) = (z,y).
We can slightly modify this example to obtain a symplectic realization
with compact fibers. Namely, we form the quotient of the fibers by Z?2,
1 (R? x T2, w) — (R2,0),
where p(x,y, ¢z, oy) = (x,y) and w = do, A dz + doy A dy.

More generally, if we consider the zero Poisson structure on an arbitrary
manifold M, a symplectic realization is given by the cotangent bundle T* M
endowed with the canonical symplectic structure and the bundle projection:

(6.3) p (T M, wean) — (M,0).
Exercise 6.6. Show that (6.3]) is indeed a Poisson map.

A more interesting story reveals itself when one looks for proper sym-
plectic realizations. As in the case of R?, we modify the above example by
taking a quotient of T M which makes the fibers of u compact. For this,
we consider a lattice on M:

ACT*M.
By this we mean that A = J ¢, Az with the following:

- For each z € M, a discrete subgroup A, of T M of rank m =
dim M. In particular A, ~ Z™. Such a subgroup of a vector space

V' is called a lattice in the vector space V.
- The family {A; } e varies smoothly, in the sense that every z € M
has a neighborhood U on which there exist 1-forms o!,...a™ €
QL(U) such that, for all y € U, ol|,,...a™|, forms a Z-basis of the

abelian group A,.
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Given such a lattice one can form the quotient
Ta :=T*M/A,
which will be a fiber bundle over M with fibers the tori T M/A,.

Exercise 6.7. Prove the following:

(a) A lattice A C T*M induces a flat connection V2 on the vector bun-
dle T* M such that its local flat sections are R-linear combinations
of local sections in A.

(b) The 2-sphere S? does not admit a lattice.
(HiNT: S? is simply connected.)

For a lattice A on M, the induced projection pup : 7o — M is a proper
map. For wean to descend to a 2-form on the bundle 75, one needs another
condition on A:

Proposition 6.8. Consider a lattice A C T*M, and let p : T*M — Ty be
the projection. There exists a 2-form

wa € Q3(Th)

such that p*wpa = wean if and only if any local section of A is a closed 1-form.

Proof. Note that both conditions are local. Therefore, we may restrict to
connected open subsets U C M on which there exist linearly independent
1-forms o', ..., a™ that form a basis for A, for any € U. Then the action

Z™ < T*U — T*U, (k1,....kn) o =a+ kol +-- + kna™,
is free and proper and Tp|y = T*U/Z™.

We have that wean descends to x|y, i.e., there exists wy € Q(Taly)
such that p*wp = wean, if and only if wean is Z™-invariant. Note that

m m
(K1, km) Wean = Wean + Z ki(a')*wean = Wean — Z k;dat.
=1 =1

Thus weap is Z™-invariant if and only if the 1-forms 221 k;a' are closed, for
(k1, ..., k) € Z™. Since these are all section of A|y, the claim follows. [

A lattice A C T*M has the property that all its local sections are closed
if and only if A is locally spanned by closed 1-forms. Such a lattice is called
an integrable lattice. Here are other characterizations of such lattices:

Exercise 6.9. Let A C T*M be a lattice. Denote by V2 the connection on
TM dual to the connection on T*M from Exercise Also denote by AY
the dual lattice on TM:

AN ={XeT,M: a(X)€EZ, Ya € A}
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Show that the following are equivalent:

(a) A is an integrable lattice.

(b) The Lie bracket of any two local sections of A is zero.
(c) VA is torsion-free.

(d) A is a Lagrangian submanifold of (7™M, wean)-

We will see in Section [[2.7] that integrable lattices codify integral affine
structures on a manifold.

Example 6.10 (Constant Poisson structures). Consider the constant Pois-
son structure on R? with structure functions

{z,y} =1, {y,z} =1 {z2}=1
We look for 4-dimensional, constant symplectic realizations. We introduce a
new variable v and extend the previous Poisson brackets by constant ones:

{z,u} =a, {y,u}=0b, {z,u}=c
We only need to ensure nondegeneracy, which holds as long as a4+ b+ ¢ # 0.

More generally, consider a constant Poisson structure on a vector space
V', given by a bivector

2
Ty € /\ V,
interpreted as a constant bivector field on V as in Subsection 2245l Of
course, we may assume that V' = R", but it is instructive to have a coordinate-
free discussion. As in the 3-dimensional case, we look for a constant sym-
plectic realization
p:(V,wp) = (Vymy),
ie., V is a vector space endowed with a nondegenerate 2-form wy; € /\2 ‘7*,

whose inverse is a constant bivector my; € /\2 V. In the case of the zero
bivector 7y = 0, the previous discussion shows that we can take

TV :=Veae V" with wean((v,a),(w,B))=Fw)—a(w),
and p the projection onto the first factor.

For the general case, we can use Proposition my is encoded by the
subspace W := ﬂ%,(V*) and a nondegenerate 2-form wyy € /\2 W* given by
wW(ﬂ's/Oé,ﬂ'%/ﬂ) = —my(a, B).

Hence, if we choose a complement C' to W in V', we have
(V,mv) = (W,wy') x (C,0),
and one obtains the desired symplectic realization as a product:

(‘770‘)\7) = (I/Va WW) X (T*07 Wcan)'
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Hence, V= V& C*, with p the projection onto the first factor. For instance,
in the example we started with, W is the hyperplane of R® given by the
equation = + y + z = 0 and the choice of the constants a, b, ¢ there encoded
the choice of a complement C.

Notice that if we don’t insist on constructing a symplectic realization of
minimal dimension, we can find a natural symplectic realization of double
dimension. Namely, we now consider the symplectic manifold S =V & V*
with symplectic form

w((w, &), (v,m) = (u,m) — (v, §) + 7v (&),
where (u,§), (v,n) € V & V* and the Poisson map p is the projection to V.

Exercise 6.11. Show that one can choose canonical coordinates so that
this symplectic realization becomes

n . . A R
p (RQ”,dei /\qu> = R mv), pep) =d =5 ) mp. T
i=1 J=1

Example 6.12 (LV-type Poisson structures). Let us now turn to the qua-
dratic Poisson structures of LV-type of Example [[.28 We start by looking
in dimension 2 and consider the quadratic Poisson structure on R?:

{z,y} = zy.
Again, a symplectic realization can be found by adding two new variables:
{u,v} =wv, {z,u} =1, A{y,v}=1, {z,v}=—-zv, {y,u}=yu.

This defines a nondegenerate Poisson structure on R* for which the projec-
tion p(x,y,u,v) = (x,y) is Poisson and with corresponding symplectic form
given by

(6.4) w = d(zu) A d(yv) —dz A du — dy A dv.

Exercise 6.13. Show that this Poisson bracket admits the following sym-
metries:

(a) A Poisson automorphism of order 4:
(z,y,u,v) — (—u, —v,x,y).
(b) An anti-Poisson involution:
(z,y,u,v) — (—v, —u, —y, —x).
(c) An anti-Poisson involution:

—I

U —yv TU
,—ue YU —ve™).

z,y,u,v) — (e’ ye
(2,9, u,v) = (xe¥"y
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Exercise 6.14. Check that the map p : R* — R? given by
(@,y,u,v) = (ze’”, ye™™)

is a symplectic realization of {x,y} = —xy, where R?* is equipped with the
symplectic structure (6.4)).

Note that, for each a € R, the Poisson structure

{z,y} = axy

admits a symplectic realization p : R* — R2, (2,9, u,v) — (x,7), with

(6.5) {u,v} =auv, {z,v} =—azv, {y,u} =ayu, {y,v}={x,u} =¢,

for each nonzero value of the parameter ¢ — at ¢ = 0 we obtain a nonsym-
plectic Poisson structure. The corresponding symplectic form is

1
w= 5—2(ad(1:u) Ad(yv) —edz Adu —edy A dv).

Moving now to arbitrary dimension, consider a general LV-type Poisson
structure on R", determined by the skew-symmetric matrix A = (a"):

{2, 27} = a¥zia.

On the open set RY, we can obtain a symplectic realization of any such
quadratic Poisson structure by first making the change of coordinates x* =
' which transforms the bracket into the constant Poisson bracket

e

{z', 27} = a",
and then use the theory for constant Poisson structures. For instance, we
can obtain a symplectic realization of double dimension, as in Exercise [6.11]
— in which case we recover the formulas of Exercise [L3Il We can also

obtain a symplectic realization of minimal dimension p : R?* — RY,, where
2k = 2n —rank A.

If we want a symplectic realization on the whole of R, the minimal di-
mension is 2n. One can find such a realization by duplicating the number of
variables. The projection R?" — R"™, (x,u) + z, is a symplectic realization
if we equip R?" with the nondegenerate Poisson bracket

(6.6) {z',27} = aYa'a?, {u', !} = aVuld,
(2% 0!} = —a 2" (i # §), {z% u'} = 1.

We will see later that this symplectic realization has a deep geometric
relationship with the original Poisson structure.

Exercise 6.15. Check that the bracket (6.6]) satisfies the Jacobi identity
and is nondegenerate. Find the corresponding symplectic form. Ty
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Example 6.16 (Quadratic Poisson structures on R?). We can also use the
discussion in the previous example to treat quadratic — not necessarily of
LV-type — Poisson structures on R2. For example, consider the Poisson
structure

{w,y} = 2"+
The Poisson geometry of this structure is quite different from the one in the

previous example — think about its singular locus! However, one can take
advantage of its algebraic nature using the basic identity

2+ 92 = (x4 y)(z — iy).
This suggests considering the symplectic realization (6.0) and rebaptizing
the coordinates to z1, 22, &1, &2, so that (6.3 becomes
{21,220} = az129, {21,861} =, {22,&1} = a2,

{1,862} = a1, {z1,8} = —an&s, {z0,&1} =€.

The constants a and e are still to be chosen. We would like to add to z
and y new variables u and v to build a symplectic realization. So we now
proceed formally and assume that all the variables involved (x, u, z1,&1, . . .)
are complex. This allows us to postulate the following relations between
them, which we view as a simple complex change of coordinates:

znn=x+4+1y, z=zxz—1y, & =u-+iv, & =u—iv.

If we compute the Poisson brackets involving z,y,u,v using the previous
relations, we see that we should set a = —2i. We obtain

(6.7)
fryh=a? 40 =S4 oy, () = (o + o)
{u,v} = u? 4+ 2, {z,v} = —(yv + zu), {y,v} = —% + (zv — yu).

One can check directly that, indeed, this defines a symplectic realization of
the original Poisson structure.

Such a trick will not work for a general Poisson structure on R?:

{l’, y} = Txy-

If we look for a symplectic realization with projection p : R* — R? and
Poisson bracket,

{x,y} = Ty, {.Z',’U,} = Tzu, {yv u} = Tyu,
{U7U} = Tyw, {xu U} = Tzv, {ya U} = Tyv,
we need m A m # 0. For this, we make the ansatz

(68) Tuv Ty + TgvTyy — TpuTyy = C,
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with ¢ € R a nonzero constant. The corresponding 2-form will be given by

1
w= — (—mypda A dy — mpydu A dv + mypda A du
c
—myudz A dv — mgpdy A du + T dy A do) .
This is a relatively simple formula, e.g., polynomial, if 7 is polynomial. Also,
the Poisson condition amounts to dw = 0; i.e.,

OTuw | Omyy | Oz Oy Oy, OTyy
ou + oy * or 0, Ox + ov + ou
Oty OTyy  OTgy, Oy OTgy  OTgy
+ 2 + =2

ov oy or 0, oy ov ou

=0,

=0.

Hence, starting with a quadratic — or, more generally, polynomial —
function 7.y, one can look for polynomial functions gy, Tzv, Tyu, Tyy, and
T satisfying the algebraic equation (6.8) and then replace them in this
linear system of PDEs. The nature of equation (G.8) is such that it already
gives an indication of the unknown functions.

For example, for the realization of 7, = 22 + y? that we have seen
above, (6.8) becomes

2 2
(l‘ +y )Wuv + Moo Tyu — TauTyo = 1,

and we have found the solutions m,, = u? + v?, Tyu = YU + TU = —Tgy,
Tew = —1 + 20 — yu, and 7y, = 1+ 20 — Yu.
Here are a couple of other examples:

e {x,y} = 22 — y? for which we find the symplectic realization

{zyy =2, {z,u}=1-(w—yu), {y,u}=2u—yo,
{u,v} =u? =%, {x, v} = —zu+ yov, {y,v} =1+ (xv — yu),
with the corresponding symplectic form
w=(u? —v?)dz Ady + (2* — y*)du A dv — (1 + 2v — yu)dz A du
+ (zu — yv)dz A dv + (—zu + yv)dy A du — (1 — zv + yu)dy A do.
e {z,y} = 22 for which we find the symplectic realization
(rub=a%  fmw=l4ee {pul=auto
{u,v} = v, {z,v} =0, {y,v} = =1+ av,
with the corresponding symplectic form
w=—vidz Ady —2?du Adv + (=1 + zv)dz A du
— (zu+yv)dz Adv + (1 + zv)dy A do. T
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6.3. Symplectic realizations of linear Poisson structures

You may have noticed that we left out the case of linear Poisson structures
in the list of examples in the previous section. On the one hand, finding
symplectic realizations of linear Poisson structures will give us fundamental
geometric insight that will eventually lead us to the solution of the general
problem of building symplectic realizations. On the other hand, unlike other
cases, in the linear case we do have a complete solution to this problem. For
both of these reasons, we devote this entire section to this case.

In order to get some intuition, let us consider first the linear Poisson
structure on R? associated with the nonabelian, 2-dimensional Lie algebra

g = aff(1, R):

{SU, y} = Z.
Since the Poisson structure vanishes at the origin, the smallest possible
dimension of a symplectic realization is 4. So we consider the map

(6.9) WiRV SR, (2,y,u,0) o (2,y),

and look for a nondegenerate Poisson bracket on R* for which 1 is a Poisson
map. To find a solution, we make a simple ansatz: the only nonzero struc-
ture functions are {z,y} = = (amust), {y,v} = 1 (as above), and {z,u} = ¢
(a function to be determined). Then one finds that the Jacobi identity is
satisfied if ¢ = e~ and so one obtains the following Poisson bracket on R*:

{x,y} =7, {x,u} =e ", {yav} =1, {{E,’U} = {yau} = {u,v} =0.

A straightforward computation shows that the underlying bivector is non-
degenerate and the corresponding symplectic form is

(6.10) w=¢€"(du Adz+ zdu A dv) + dv A dy.

Observe that the symplectic form on R* = R? x R? can be written as
(6.11) w = —d (201 + yba)
where 0; = e’du, 0y = dv. These form a coframe on R? and satisfy
(6.12) df; = —601 Ny, db2 =0.

Exercise 6.17. Let {01,602} be a coframe on a 2-manifold N that satisfies
the structure equations (6I12). Show that p : R? x N — R? with the
form (G.I1) defines a symplectic realization of the linear Poisson structure
{z,y} ==
Exercise 6.18. Let G be a Lie group with Lie algebra g = aff(1,R). Let
{e!, €%} be a basis of g such that

[e!,e?] = el
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Identify e! and e? with left-invariant vector fields on G' and denote by 6
and 6y the dual left-invariant 1-forms

0i(e?) = &7,
Show that the coframe {6, 62} on G satisfies the structure equations ([6.12).

Let us consider another concrete example of a linear Poisson structure,
before dealing with the general case. Namely, consider the linear Poisson
structure on R3 associated with the Lie algebra su(2) ~ so(3, R):

{a! 2?} =23, {223} =2, {232} =22

Analogous to the previous 2-dimensional example, assume that we can find a
3-dimensional manifold N with a coframe {61, 62,03} satisfying the structure
equations:

(6.13) df, = -0, N3, dby = —03N61, db3=—01 A0s.
Then we have the symplectic manifold
S:=NxR w:=—d(z'0 +2%0 + 203) € Q*(9)

and the projection i : S — R? is easily seen to be a symplectic realization
of the linear Poisson bracket above. The next exercise shows that one can
take N = S3, so obtaining a proper symplectic realization y : S* x R? — R3.

Exercise 6.19. Let N = S? ¢ R* be the 3-sphere u? + v? + 52 +t? = 1.
Consider the following 1-forms on S?:

01 := —vdu + udv + tds — sdt,
0 := —sdu — tdv + uds + vdt,
03 := —tdu + sdv — vds + udt.

Check that this is a coframe satisfying the structure equations (6.13]). More-
over, show that under the identification SU(2) =~ S? this coframe is formed
by left-invariant 1-forms.

The previous two examples show that in the search for a symplectic
realization of (g*, my) one is inevitably led to the problem of integrating the
Lie algebra g to a Lie group G. We have already mentioned that Sophus
Lie’s search for a function group associated to a Poisson structure on R" is
tantamount to the problem of finding a symplectic realization (see Remark
[6.4). Lie was especially interested in the linear case, but because at his time
the abstract concept of Lie group was not available, even that was hard to do
explicitly, as it amounts to integrating a Lie algebra. In modern language,
one needs to find a G-Hamiltonian space

p:(M,w) — g*
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for which the moment map p is a submersion or, equivalently, for which
the infinitesimal action is free — see the correspondence in Example
One can further narrow down the search by looking for Hamiltonian spaces
which are cotangent lifts in the sense of Example [B.17],

w: (TN, wean) — ¢°.

Since we would like the G-action on N to be free and proper, the most
natural choice is N = G with the left action by right translations (see

Example [B.2])):
d:GxG—G, (g,h)—hg L.

In this case one finds the symplectic realization
(6.14) pi (T°Gywean) = (87, 7g),  p(a) =Ly, a€T,G.
Let us try to be more explicit, by avoiding the use of Lie groups, and

experience some of the difficulties that Lie faced. Using left translations, we
obtain the identification

(6.15) [:T°G = Gxg", T,G>aw(g,La),

under which the lifted cotangent action becomes
d:Gx(Gxg)—Gxg', (9 (ha))— (hgil,Ad; a)

and the moment map, i.e., the symplectic realization, becomes the projection

(6.16) Py (G % g", lxwean) — ¢

This agrees with what we saw above, where we tried to enlarge our Poisson
spaces (the space g*) by adding extra variables (the G-term). In order to
explain the formula we found for the symplectic form, we recall the left-
invariant Maurer-Cartan form on the Lie group — see Section [A.T}

g € Q'(G,g), Oc(v)=dL,1(v), veT,G.
Then we can regard g as a 1-form on G x g* as follows:
§G|(g,$) = (&, 0glg o dprg) € T(Z,g)(G X g%).
We have the following:

Lemma 6.20. The 1-form b € QLG x g*) is related to the Liouville 1-form
0, € QYT*G) by

(6.17) 1.(0L) = bg.
Proof. Let o € T/G. From the definitions, we have that

I*(06)]a = (Lj(@), 0clq o dprg odl)
= (Ly(a),dLg1 odp) = aodp = 0L]a,
where p : T*G — G denotes the projection. O
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To write this more explicitly, let {e!, ..., e"} be a basis of g. Then

n
O = a0, € QG x g%,
k=1
where the 6, are the components of the Maurer-Cartan form g = >, 65 ®
ek and the z* are the linear coordinates on g* relative to the fixed basis
— strictly speaking, the pullbacks along the projections G x g* — G and
G x g* — g%, respectively. Therefore, using the Maurer-Cartan equation

(see (A.4)),
dfg + = [9(;, 0c] =0,

we obtain the following explicit formula for the symplectic realization of the
linear Poisson structure:

li(wean) = l(—dfr) = Z dag A OF + Z Tk cfj N
ijk
Actually, the previous discussion relies only on the Maurer-Cartan form
or, more precisely, on the Maurer-Cartan equation. This type of form and

equations can be found in other parts of geometry under the following more
general version:

Definition 6.21. A Maurer-Cartan form on a manifold N with
values in a Lie algebra g is any 1-form 6 € Q!(NV, g) satisfying:

(6.18) dM—Wﬂ_O

We call 6 a strict Maurer-Cartan form if it is a pointwise isomor-
phism.

Note that in (6I8]) we are using the convention that the Lie bracket of
0,m € QY(N,g) is the g-valued 2-form [0, 7] € Q?(N, g) defined by

[0, n)(X,Y) = [0(X),n(Y)] = [0(Y),n(X)],  X,Y € X(N).
The condition that 6 is strict means that 6, : T, N — g is a linear
isomorphism at each x € N. In a basis {e*} of g, we can write
(6.19) 0=0®e +---+0,®e", with 0; € Q'(N),
and then (G.IX) amounts to the explicit set of equations (A4).

Exercise 6.22. Consider an n-dimensional Lie algebra g with basis {e¥}
and an n-dimensional manifold N. For 6 = 3", 0 ® e¥ € QL(N, g) let

g = Zkuk € QYN x g"),
k=1
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where the (z¥) are the coordinates on g* induced by the fixed basis. Show
that

prgs : (N x g, —do) — (g", 1)

is a symplectic realization if and only if 6 is a strict Maurer-Cartan element.

To eliminate completely the reference to the Lie group, one observes
that there is an explicit well-known formula — see, e.g., [61] or [138] —
for the pullback of the Maurer-Cartan form 6g via the exponential map
exp : g — G; namely,

1
(exp*bca) (v) :/ e~ tadvqy,
0

In this formula, the right-hand side is a linear map Lin(g,g). Using the
canonical identification T,g ~ g, we interpret it as a linear map T,g — g.
This leads to a formula for the pullback of 1,(6r) under the map (exp xId) :
g X g — G x g*; namely,

1
(6200 © = (exp xId)*L(6r), O (w,n) = /0 £(et ™) dt.

Hence, we obtain a symplectic realization if we restrict prg. : g X g* — g* to
an open neighborhood of {0} x g* where the exponential map is injective.
This was precisely the type of solutions found by Sophus Lie.

Exercise 6.23. Show that the resulting symplectic form w = —d© on g x g*
can be written in the form

1
(6.21) w = —/ (67")" wean dt
0

where
¢'(v,) = (v,e7"*0¢) = (v, ¢, (€))

is the Hamiltonian isotopy associated with f_, : g* — R, £ — —£(v), and
Wean 18 the canonical symplectic form on 7*g* = g x g*:

Wean((v1, 1), (v, 82)) = (€1, v2) — (§2,v1),
for (vi,&) € 9® g" =~ Ty ¢)(9 X g7).

Remark 6.24. The Maurer-Cartan form g € Q'(G, g) of a Lie group is
not only the basic example but also the universal one: any Maurer-Cartan
form 6 € Q(IV, g) arises, at least locally, as the pullback of f¢ via a smooth
map from N to G. Moreover, when 6 is strict and one fixes an “origin”
e € N, then one can show that a neighborhood of e inherits a local Lie
group structure with Lie algebra g.
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Example 6.25 (Affine Poisson structures). A slight twist of the previous
discussion on linear Poisson structures allows us to treat affine Poisson struc-
tures. Recall from Subsection [2.4.7] that each such structure is associated to
a Lie algebra g together with a 2-cocycle A\. Their symplectic realizations
are related to the notion of weak G-Hamiltonian space: such a space,
like an ordinary Hamiltonian space, has a moment map
p:(S,w) = g*

but one gives up on the condition that p is G-equivariant — and similarly
for the notion of weak g-Hamiltonian space.

At the infinitesimal level, the failure of G-equivariance for a weak Hamil-
tonian space means that the expressions

g@(u):uv — Pup] € COO(S) (U,’U € g)

may be nonzero. However, the moment map condition implies the following:

- The differential of these functions is zero.

- These expressions are antisymmetric in v and v.
Therefore, assuming that .S is connected, we obtain a bilinear map
(6.22) Argxg =R ANu,v) =L, () to — Huol-

We leave it as an exercise to show the following:

(a) \is a 2-cocycle.

(b) p becomes a Poisson map when g* is endowed with the affine Pois-
son structure 7y \ associated to A.

(c) Conversely, given a 2-cocycle A on the Lie algebra g and a Poisson
map g : (S,w) — (g%, 7y x), one has an induced infinitesimal action
of g on S turning it into a weak g-Hamiltonian space.

Returning to the question of finding symplectic realizations for the affine
Poisson structure associated to (g, ), one is faced with the problem of find-
ing weak Hamiltonian G-spaces for which the induced 2-cocycle on g is
precisely A and p : (S,w) — g* is a submersion. For that we can consider
the central extension gy = g @ R associated with A — as in Subsection 2.4.]]
— for which we already know how to construct a symplectic realization:

i (S,0) = oL
It is straightforward to check that the inclusion
(g*v 779,/\) — (Eﬁn WEA)v g = (55 1)a

is a Poisson embedding. So the question is how to “restrict” the known sym-
plectic realization of (g3, 73, ) to obtain a symplectic realization of (g*, g x).
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We will see later in Proposition [8.22]a general procedure for restricting sym-
plectic realizations to submanifolds. Here we describe the outcome in this
concrete situation.

Let H C G » be the connected Lie subgroup integrating the Lie ideal
(6.23) R < gy, ar (0,a).
Assume that H is closed; one can show that this holds if G, is simply

connected. We leave it as an exercise to check the following statements:

(a) The action of
HxGy— Gy, (hg)— gh™,

lifts to a Hamiltonian action of H on T' *ék with moment map
w2 T*G) — R the composition of the moment map i with the
projection g5 — R dual to the inclusion (6.23).

(b) Since H C G » is closed, the symplectic quotient
$ = upt(1)/H
exists, and the restriction fi : uj' (1) — g* x 1 ~ g* is H-invariant,
so it yields a map
w:S —g*.
(c) p: (S, wrea) = (g%, mg,\) is a surjective, Poisson submersion.
In other words, we have obtained the desired symplectic realization as a
symplectic quotient:

e (T*é)\//le wred) — (g*vﬂ-gv\)‘

Exercise 6.26. Using the method just described, construct symplectic re-
alizations for the following affine Poisson structures:

(a) 77:(1+x)%/\8%0nR2.

_ 0 0 o) 0 0 o) 3
(b)w-z%/\8—y+:€a—y/\$+§/\%onﬂ§. Ty

6.4. Libermann’s Theorem and dual pairs

In our effort to understand symplectic realizations, we change the point of
view slightly. Instead of searching for the symplectic manifold (S,w) and
a map u into a given Poisson manifold (M, r), we consider the following
question:

e Given a surjective submersion p : (S,w) — M defined on a sym-
plectic manifold, does there exist a Poisson structure m on M so
that 1 becomes a symplectic realization?
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The answer to this question depends on the distribution that is symplectic
orthogonal to the fibers of u.

Theorem 6.27 (Libermann). Consider a surjective submersion with con-
nected fibers defined on a symplectic manifold:

pe (S w) — M.

Then M admits a Poisson structure m such that p : (S,w) — (M,7) is a
symplectic realization if and only if the w-orthogonal to the fibers of p

(Kerdp)t« ¢ TS

18 an involutive distribution. Moreover, in this case w is unique.

Proof. Formula (6.1]) shows that 7 is unique if it exists. Alternatively, note
that p induces an inclusion

i C°(M) = C(S),

and this being a Poisson map uniquely determines 7, provided it exists. This
also shows that the existence of 7 is equivalent to

Cpas(8) = @~ C™=(S)
being closed under the Poisson bracket corresponding to w:
(6.24) fr9 € Cis(S) = {[, 9} € Cas(9).
Since p has connected fibers, the image of p* can be described as
Cras(S)={feC>®(S) : df(V)=0 VV eI'(Kerdpu)}.
Using that df(V) = w(Xy, V), we obtain the following characterization:
feCR(s) <+« X;eT(Kerdu™).
Hence, the existence of 7, i.e., condition (6.24)), is equivalent to
(6.25) Xy, X, € ['(Kerdy') = Xy = [ Xy, Xy] € I(Kerdpt).
Clearly, involutivity of Kerdpu'« implies this condition. Conversely,

we show that (6.25) implies that [X,Y] € TI'(Kerdut«) for all X,Y €
I'(Ker du*«). For this, we note that, as for any distribution, the map

I'(Kerdpt) x I'(Kerdut«) — I(T'S/ Ker dut+),
(X,Y) — [X,Y] mod Kerdut
is C*°(S)-bilinear, and hence it defines a tensor
Kerdpu x Kerdut~ — T'S/ Ker dut~.

The involutivity of Kerdu« is then equivalent to the vanishing of this
tensor. Therefore, it suffices to show that, for any p € S and any v €

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



6.4. Libermann’s Theorem and dual pairs 119

Kerd,ut«, there exists a smooth function f € C22,(S) such that v = X[,
Note that we have isomorphisms

b *
(Ker dpu)te —— (Ker d,u)° S ThoM -

(p)

Under these isomorphisms, a vector v € (Kerd,u)-+ corresponds to a co-
vector dy, ;g € 1)y, M, for some g € C>®(M). The function f = pu*(g) €
> (S) has the desired properties. O

bas

Exercise 6.28. In Libermann’s Theorem, if one drops the assumption that
the fibers of i are connected, show that the direct implication still holds;
i.e., if ju is a symplectic realization, then (Ker dyu)*« is involutive. Construct
a counterexample for the converse of this statement.

Remark 6.29. Given a symplectic realization p : (S,w) — (M, ), the
proof of Libermann’s Theorem shows that

dp,u ((Ker dp,u)lw) =Im 7Tﬁ(p) :

This means that the distribution generating the symplectic orthogonal foli-
ation on S is mapped to the one generating the symplectic foliations. We
will see in Chapter 02 that, for any leaf L of the symplectic orthogonal fo-
liation, p restricts to a submersion onto an open subset U of a symplectic
leaf: : L — U. In particular, u sends leaves into leaves — see Proposition
112.0]

In Libermann’s Theorem there are two foliations: one corresponding
to Ker dy and one corresponding to the symplectic orthogonal (Ker dgu)t«.
Since

((Ker du)L‘*’)J‘“’ = Ker dy,
one may wonder how symmetric the roles of these foliations are. The first
foliation is given as the fibers of the submersion ;1 — such a foliation is
called simple. In the case when the second foliation is also simple — which
always holds locally — so that

(Kerdp)t = Kerdy/,

where /' : S — M’ is a submersion with connected fibers, Libermann’s
Theorem shows that M’ also has an induced Poisson structure 7’.

Definition 6.30. A dual pair is a pair of symplectic realizations
with symplectic orthogonal fibers:

(5,w)
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The choice of the minus sign in the diagram in this definition is in part
justified by the proposition below.

Exercise 6.31. Show that one has a dual pair

(R27 ﬂ-) (Rza _F)
where (see Example [6.12])
- w is the symplectic form ([6.4]),

- m is the Poisson structure {z,y} = zy,
- H(fL‘, Yy, u, 7}) = (:’U’ y) and ,LL/(JT, Yy, u, /U) = (xeyv7 ye_m)-

NoOTE: 4/ is the composition of i with the Poisson anti-involution from Exer-
cise[6.13 (c¢). This will be clarified later when we study symplectic groupoids.

The relationship between (M, n) and (M’,7") in a dual pair is rather
subtle, but very interesting. The following proposition illustrates that the
transverse geometries to the symplectic foliation of two such Poisson struc-
tures are very closely related.

!

I

Proposition 6.32. Let (M,7)<-— (S, w) (M',—7") be a dual pair.

(i) For any p € S, the isotropy Lie algebras Ker
are isomorphic.

p) and Ker 7r:L o)

(ii) For any p € S, the transverse Poisson structures of (M, ) at p(p)
and of (M', ") at 1/(p) are isomorphic.

(iii) If the fibers of both p and ' are connected, then here is a homeo-
morphism between the leaf spaces M| Fr ~ M'|F,.

Proof. Item (i) follows from item (ii).

To prove item (ii), fix some py € S. To compare the transverse Poisson
structures of the two Poisson manifolds at p(po) and p'(pg), we choose a
submanifold Y C S such that

- T,,Y is complementary to Ker dp,p + Ker dp, 1/,
- Y is isotropic; i.e., wly = 0.

For this, we choose first an isotropic complement V' C T,,.S to the coisotropic
space Kerd,,u + Kerdp, 1/, and a Darboux chart around py, identifying a
neighborhood of py in (S,w) with a neighborhood of 0 in (7, S, wlr, s). Let
Y be the submanifold corresponding to V.
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After shrinking Y we may assume that
(6.26) T,Y + Kerdyp + Kerd,u' =T,5, VpeY,

and that the two submersions restrict to diffeomorphisms
X vy Ltox

with X and X’ small enough slices in our Poisson manifolds. The two
transverse Poisson structures mx and —mxs are then lifted up, via these
diffeomorphisms, to two Poisson structures my and —7j, on Y. We claim
that 7}, = 7y

The claim follows by a linear algebra computation based on Corollary
5111 For this we prove the following description of 7y at any p € Y

(B =w-v (BETY)
where v € Kerd,u, w € Kerd,u' are unique elements such that
w—veTY and (iww)lr,y =B

To see existence of such v and w we proceed as follows. Take a € T;(p)X
such that (uly)*(«a) = B, and let a € T, ;»M be the extension of a vanishing

on (T}, X)*. Let w be such that iyw = p*@. Then w € (Kerdyp)t =

Kerd,u/'. Now, v:i=w — F}ﬁ/(ﬁ) € Ker d,u because

dp(mh(8)) = T (@) = (@) = dyp(w),

where in the last equation we used that p is a Poisson map.

If v' and w’ are a second such pair, then the difference
v—v =w—w €KerdyunKerdyu' N (T,Y)",
where we also used that
iw—ww|T,y = (8= B)|r,y =0.

Taking symplectic orthogonals and using (6.26]), we see that the intersection
of the three spaces is trivial. So v = v/ and w = w'.

We have a similar description for the second leg:
(—m) (B) =o' —w' (BET,Y)

where v € Kerdyu, w' € Kerdyy/ satisfy v —w' € T,Y and (iyw)|r,y = B.
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Writing
w! = o + (m (6)
and using that Y is isotropic, we readily obtain
(tww)|n,y = (ivw)|n,y + (igr )2 (p) @)1y = B

The description of 7r§/ (8) above implies that v = v’ and w = w’, and so

T (8) = w—v=w —v = (1)}(B),
proving the desired statement.
The correspondence in part (iii) is given by
M/Fr= M )Fu, L L < p Y(L)= ()" 1(L).
That this is well-defined follows from Remark[6.29. We leave it to the reader

to check that this is a homeomorphism. O

Remark 6.33. In the proof of item (ii), we have chosen Y to be an isotropic
submanifold. If this is not satisfied, then a similar argument shows that the
Poisson structures on Y are related by a gauge transformation my = e ™,

where B = wly.

Example 6.34. Let u: (S,w) — g* be a G-Hamiltonian space. Recall from
Lemma [[.34] that the orbits of the action and the fibers of u are symplectic
orthogonal. Hence, if the action is proper and free — so p is a submersion
— we obtain a dual pair

(5,)
SN
(1(S), ) (/G ms/c)

We have already encounter versions of properties (i) and (iii) in Proposition
[1.33] and Problem [4.10

For a specific example we apply the previous discussion to Example [[.32]
obtaining

(C\{0},w) ,
e T
,0) (C\{0})/s",7)

where the moment map p : C2\{0} — R is the S'-invariant function

(R

wu(z,w) = —%(zu? — Zw).

Writing z = x 4 1y and w = w + v this function is the determinant

Y

M(%?Ja%@ = U v

)
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hence the fibers of x4 are connected. Since S' is connected, we conclude that
the quotient Poisson structure 7 on (C2\{0})/S! has leaf space homeomor-
phic to R.

The S'-invariant functions on C2\{0} defined in Example [L32

1
(’Z’2 + ]w|2) , 02 =2 (!2!2 — \wlz) , 03 =20+ Zw

g1 = 9

1
2
are related to the moment map by the algebraic relation

4y :a%—ag—ag.

As we saw, they also define a Poisson map
o (C\{0})/S' — R? ~sl(2,R)*.

One then obtains an open set U C (C?\{0})/S! on which o restricts to a
Poisson embedding

o:U —sl(2,R)".
The existence of this isomorphism is not accidental and can be further ex-

plained using dual pairs as follows.

Let G and H be two Lie groups with commuting, proper, and free Hamil-
tonian actions on (S, w), such that the orbits are symplectic orthogonal. For
simplicity we assume that G, H, and the fibers of the moment maps are
connected. Then we obtain a dual pair

p (5:w) P’
/ \
(S/G7 7T) (S/H7 _ﬂ-/)

It follows from the assumptions that the two legs should also describe the
moment maps of the actions; i.e., we obtain a commutative diagram

S//G/ o

(1m (S/H,—") = (1a(S), _ﬂ-g)

Therefore, in this situation the quotient Poisson structures become linear.

Returning to the example above of the S'-action on C?\{0}, there is
indeed a Hamiltonian action of the group SL(2,R), commuting with the
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St-action. Namely, the standard action coming from the inclusion SL(2,R)
C GL(2,C) has as moment map precisely p/ = (01,02,03) : C2\{0} —
s[(2,R)* ~ R3. The action is free and proper on S = {u > 0} C C?\{0} and
the entire discussion can be represented by the following diagram:

SL2,R) (> (S, w) ) st

: x

u(8) = (0,00),  p/(8)={of >0} +03}. e

6.5. Local existence

In this section we discuss Weinstein’s original construction [147] of local
symplectic realizations. In Chapter [[21 we will also give a global version of
this construction, which will provide further insight into the local formulas
obtained in this section.

Let 7 be a Poisson structure on R™ with coordinates = = (z*,...,z").
In order to build a symplectic realization we add new coordinates p =
(p1,-..,pn) which we interpret as dual coordinates on N := (R™)*. As
for linear Poisson structures — see Section — we look for a symplectic
form of the type w = —d© where O is a 1-form on R*® = R” x N which
does not contain dz*’s

n
© =" f'(x,p)dp; € T(R" x N,pryT*N)

i=1
and which makes the projection p : R x N — R" a Poisson map. In
order to find such a 1-form, we again use as inspiration the linear case and
rewrite this last condition as the Maurer-Cartan equation for the infinite-
dimensional Lie algebra

g:=C*[R").

,9);

Then we can view © € QY(NV and the Maurer-Cartan equation for ©

1
Ve + 56,0} =0
is equivalent to the system of partial differential equations
_of af
Op;j Op;

Here we use the notation d¥ to stress that we use the exterior derivative for
forms on N. This is needed since © denotes both for the 1-form on N and
the 1-form on R™ x N.

(6.27) {f*, F}z,p) (z,p) — =—(z,p) (1<i,j<n).
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Exercise 6.35. With the notation from before, prove the following:

(a) The 2-form w = —d© is nondegenerate precisely on the open set U
where the partial Jacobian matrix (%)i i is invertible.

(b) The projection p : (R™ x N, —dO) — (R™, 7) restricts to a Poisson
map on U if and only if © satisfies the Maurer-Cartan equation

©217) on U.

The main problem now is that g = C°°(R") is an infinite-dimensional
Lie algebra and there is no obvious Lie group integrating it. However, as
we mentioned at the end of Section [6.3] in the finite-dimensional case the
pullback of the Maurer-Cartan form via the exponential can be described
completely in terms of the Lie algebra (6.20)). In order to obtain a differential
form on N, we embed N = (R")* — g = C*°(R") in the obvious way:

p= fpi=(,p) € C=(R"),

where (-,-) : R” x (R™)* — R is the canonical pairing. Hence,

(628) adfp _ ngp . COO(RTL) N COO(R”)’ with Xfp = Zpi Wij%.
i,J

Interpreting e ¢ as the adjoint action — see Example [A.5 for the expla-
nation of the sign — formula (6.20) suggests that the 1-form we are looking
for is © € QY (N, g) C QY(R™ x N) given by

1
(620)  Oppp(u,&) = /O (2,20 )t

1
0 0

! tad’
= [ haga= [ (o3, @€t

where qStXf — ¢ '*%, i5 the flow of Xy,
P

If we differentiate this last expression for ©, as we did for the linear case
in Exercise[6.23] we obtain an explicit candidate for a symplectic realization.
In order to simplify the result further, we pullback —d© along (z,p) —
(z, —p), and we obtain the formula in the following result:

Theorem 6.36 (Existence of local symplectic realizations). The 2-form
1
0
is symplectic on an open set containing R™ x {0} and together with the
restriction of the projection

w = / (qﬁt)*wcan dt € Q*(R*™), with ¢'(z,p) = (qbfxfp (x),p),

pe (R w) = (R 7), (z,p)

yields a symplectic realization of (R™, 7).
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Proof. First of all, note that since ¢’ fixes the points (z,0) we can start by
choosing a small enough neighborhood of R™ x {0} where the isotopy ¢' is
defined up to time 1, so the formula for w makes sense. We will work inside
this neighborhood.

The formula for w can be written more explicitly:

1
w(az,p)((u7 6)7 (117 77)) :/0 Wean ((dét)(a:,p) (uv f)v (d¢t)(x,p) (Uv 77)) dt

1
- /O () oy (1), 1) — (A6 gy (0, €))

where ! : R?" — R™, ! (z,p) = gthf (x) is the second component of ¢'.
P
Let us first look at the points with p = 0. We claim that
(6.30) (A o) : R = R, (u,€) =+t (€).

The fact that (u,0) is sent to u is clear since ¢'(z,0) = z. For the image of
(0, &) we look at the partial derivatives of ¥' with respect to the coordinates
pi at (z,0). Using formula ([6.28)) for Xy, we find

d o 9y d,
dt p; lp=0 = oprpmoat? (@.p) =

9
— ()2
Z () Oxd”
J
Since this is independent of ¢ we conclude that

9 .
G| = (),
so (630) holds. It follows that
w(x,O)((u7 6)7 (Uv 77)) = <U, 77> - <’U, £> + Wr(é.v 77)7

showing that w(, o) is nondegenerate for all z.

¢! (z,p)

Xy, (¥ (2, p))

0
Op; 1p=0

Using this, one checks right away that at points (z,0) the differential of
the second projection p : R?® — R™ fits into a commutative diagram

(ngyo))il
T(B,x)RQn - T(O,I)Rzn

(dp)* T ldu

T*R" T,R"

Tz

All that remains is to check the involutivity condition in Libermann’s
Theorem on a neighborhood of R" x {0} for the projection p : (R?",w) — R™.
This is because the previous diagram forces the Poisson structure induced
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on the base to coincide with . Involutivity will follow from the equality of
bundles

(6.31) (Kerdp)t+ = Ker dy?,

which we will prove to hold in a neighborhood of R™ x {0}. For (6.31)) to
hold at a point (x,p) where w is nondegenerate, it suffices to show that

(6.32) w(%p)(((),fo), (uo,m0)) =0, whenever (dw )(xp (ug,mo) = 0.

Let v(t) = ¢'(x,p) be the integral curve of Xy starting at x and consider
the path of endomorphisms of TR" covering ~:

L;: T,y(t)Rn — T,y(t)Rn,
0 0 877” 8
Oz ~ [&ck } sz (%ck &cﬂ

Using the local version of the Poisson condition (L4]), one can show that L
satisfies the equation

d
(6.33) G0 (6) = Liom ) (€) + 7k 0 L), VEe (R

Then (632) follows immediately from the following lemma:
Lemma 6.37. We have
Wap) ((0,&), (w0, m0)) = (u1,&1),
where
(i) w1 is the end point of the path
t > ug = (dY") (4 p) (w0, m0) € TypyR™,

(ii) & is the end point of the solution t — & € T;‘(t)]R" of the initial
value problem

(634 Cé=—Lib & =0

In order to prove this lemma, we start by observing the following:
(a) The path t — wu; satisfies the ODE %ut = Lyus + Wi(t)(no).

(b) ﬁi(t) maps the path t — & to the path t — vy := (d9") (2, (0, o).
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Item (a) follows from an easy direct computation, similar to the proof of
(630). For (b), first apply (a) to the path ¢ — v, obtaining

d
Fr Ly + Wg(t)(fo)-

Since vg = 0 = Wg(o) (€0), to prove (b) it suffices to check that this ODE is
also satisfied by ¢ — Tri( 0 (5}) We leave it to the reader to check that this
is a consequence of the defining equation (B34) for ¢ — & and (6.33).

We can now prove the lemma. Note that the definition of w gives

1
w(m,p)((ov 50)7 (’LL[), 770)) = /0 ((Utu n0> - <ut7 £0>) dt.
On the other hand, using the ODEs that u; and & satisfy, we find

d ~ - -
g (Ut &) = (Leur + mh 1 (0), &) + (us, —Li& + o)
= (7 (00), &) + (w1, &o)

= —(m ) (&), m0) + (us, o)
= (v, mo) — (ug, &o),

where we used the antisymmetry of 7 and item (b) above. Therefore

1 ~ ~
e (0.80) (w0, ) = [ Gl &)t = (un ).

This shows that the lemma holds, and it completes the proof of the local
existence of symplectic realizations. (I

For a general Poison manifold (M, ), the theorem gives a symplectic
realization of dimension 2dim M of any domain of a chart for M. However,
these depend on choices of local coordinates, and it is nontrivial to show
that these local constructions can be glued to obtain a global symplectic
realization of (M, ) — see [37]. We will discuss later in Chapter [[1] an
appropriate notion of connection in Poisson geometry which will allow us to
give a global version of Theorem [6.30, proving the existence of symplectic re-
alizations for any Poisson manifold. In Chapter 2] our quest to understand
the existence of proper — more generally, complete — symplectic realiza-
tions will lead us to discover some nonobvious, important, global properties
of Poisson manifolds.
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Problems

6.1. Let (V,7y) be a constant Poisson structure of corank s. Show that if
X1,...,Xs € V are linearly independent vectors transverse to TFE/(V*), then
the first projection

w:VeoR? -V
is a symplectic realization of (V,my ), where V @ R® is equipped with the
constant bivector

0
ozt

S
TVeRs ‘= Ty + ZX,- A
i=1

6.2. Consider R* equipped with the canonical symplectic structure wean.
Find an explicit map p : R* — R? which gives a symplectic realization of
the linear Poisson structure defined by

{.I,y} =Z.

6.3. Let p: (S,w) — (M, 7) be a symplectic realization. Show that if the
fibers of p are isotropic, then the rank of 7 must be constant.

6.4. Let (S,w) be a symplectic manifold, and let p: S — M be a surjective
submersion. Show that p is a symplectic realization of the zero Poisson
structure on M if and only if the fibers of i are coisotropic submanifolds of
(S,w). Conclude that fibration over M with Lagrangian fibers is the same
as a symplectic realization of the zero Poisson structure on M of smallest
possible dimension.

6.5. Let (M, ) be the Poisson structure associated to the cosymplectic
structure (0, w). Consider

Q= pri;(w) + dp A pris(0) € Q*(M x Sh).
Show that
pry : (M x St,Q) — (M, )
is a symplectic realization.

6.6. Formulate and prove a version of the previous exercise for regular Pois-
son manifolds of codimension larger than 1.

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



130 6. Symplectic Realizations

6.7. Find a map p/ : R* — R? giving a dual pair
(R, w)
(R?, ) (R?, —m)
where the left leg is the symplectic realization (6.7).

6.8. Let G be a Lie group with Lie algebra g. Show that the symplectic
realization (6.14) of (g*, my) fits into the dual pair

(T*Gawcan)
/ X
(g%, mg) (g%, —mg)
where /() == Rya, for a € T, G.

6.9. Let (S,w) be a symplectic manifold, let (M, 7) and (M’,7") be two
Poisson manifolds, and let p: S — M and u' : S — M’ be two surjective
submersions. Show that the following are equivalent:

(a) (M, ) <"— (S,w) “ (M',—7") is a dual pair.

(b) (u, 1) : (S,w) = (M,m) x (M',—7") is a Poisson map and dim M +
dim M’ = dim S.

6.10. Calculate the symplectic realization of an arbitrary constant Poisson
structure on R™ which results from Theorem [6.36]

6.11. Deduce Theorem [5.19 using Proposition [6.32] and Theorem [6.36

6.12. Let G be a Lie group with a free and proper action on a symplectic
manifold (S, w) of dimension dim S = 2dim G. Let 7 be the Poisson struc-
ture on M := S/G for which the projection p : S — M is a symplectic
realization.

(a) Let y € M be a zero of m. Show that L := p~!(y) is a Lagrangian
submanifold of M.

b) Show that there is linear isomorphism map ¢ : T,y M = g that satisfies
Yy
(dzp)*(§) = Pa (4w, V€L,

where a : g — X(.5) denotes the infinitesimal action (in particular, show
that the above is independent of x).
(¢) Show that the map ¢ is a Lie algebra isomorphism, where Ty M is viewed

as the isotropy Lie algebra at y.
(HiNT: Use Exercise 2.171)
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(d) Construct a connected Poisson manifold which at two zeros has noniso-
morphic isotropy Lie algebras. Conclude that this Poisson manifold is
not the quotient of a symplectic manifold of twice its dimension by a
free and proper symplectic action.
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Chapter 7

Dirac Geometry

In Poisson geometry one sometimes has to deal with geometric structures
that cross its boundaries. We have already seen some instances of this
phenomenon.

For example, given a Hamiltonian G-space (M, w, u1), assuming that the
G-action on p~1(0) is free and proper, the symplectic quotient M G =
£~ 1(0)/G has a reduced symplectic form wy satisfying (Theorem [B.19)

Powo = wl,-1(0)-

In this reduction procedure the submanifold (1~1(0), w| u-1(0)) appears nat-
urally, although it is not a symplectic submanifold. For a Hamiltonian
G-space (M, m, i), where 7 is a Poisson structure, the situation is even more
dramatic, since it is not even clear what kind of geometric structure one has
on p~1(0) although the quotient ~1(0)/G still carries a Poisson structure.
The issue is that passing to submanifolds in general takes us out of the
Poisson category.

We have also noticed before that there are some issues with morphisms
in the Poisson category. For example, we have observed that a symplectic
immersion (N,wy) < (M, wyr) is never a Poisson map if dim N < dim M,
although both domain and target are Poisson manifolds. More generally, the
inclusion of a Poisson transversal (N, my) in a Poisson manifold (M, myy) is
not a Poisson map.

All these issues can be overcome by enlarging the Poisson category to
allow for manifolds with presymplectic foliations, i.e., foliations with leafwise
closed 2-forms which may degenerate. Such structures are called Dirac and
will be studied in this chapter.

133
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134 7. Dirac Geometry

7.1. Constant Dirac structures

We know already that it is much more efficient to define a Poisson manifold
via bivector fields rather than as a (singular) foliation with a leafwise sym-
plectic form. Similarly, defining a Dirac manifold as a (singular) foliation
with a leafwise closed 2-form is very cumbersome and there is a much more
efficient procedure to deal with them, as we will see now. The price to pay
is a bit of abstraction.

The main underlying idea behind Dirac geometry is to replace the tan-
gent bundle T'M of a manifold by the so-called generalized tangent bundle

TM :=TM & T*M,

together with its relevant structure. In this section we discuss the linear al-
gebra underlying this construction, which will be applied later to the tangent
space of M at each point.

Fix a real vector space V of dimension m, and consider
V=VeVi={v+a:veV, acV*}
The vector space V has a natural bilinear symmetric 2-form (-, )y given by
(7.1) (v+ a,w+ By = a(w) + B(v).
The objects of interest will be the following subspaces of (V, (-, )y).

Definition 7.1. A Dirac structure on the m-dimensional vector
space V' is an m-dimensional subspace . C V on which (-, -)y vanishes:

(81, SQ)V = 0, VSl, So € L.

We denote by (V') the collection of all such subspaces.

Example 7.2 (Subspaces). Any linear subspace F' C V together with its
annihilator F° C V* give rise to a Dirac structure

Lp:=Fe@&F°CV. T
Our main reason for introducing Dirac structures is that they provide a

common framework for 2-forms and bivectors. The following two examples
illustrate this.

Example 7.3 (2-forms). A 2-form w € A®V* can be interpreted as a skew-
symmetric linear map w” : V. — V*. Then its graph

Ly, ={v+iw:veV}cCV

is a Dirac structure. This gives a way to view 2-forms as Dirac structures
2
AV 2w L, € D(V).
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Lemma 7.4. A Dirac structure L. € D (V') is of type L, for some w € /\2 %
(necessarily unique) if and only if L is transverse to V*.

In fact, letting pry, : V — V denote the projection onto the first factor,
for L € ®(V) one has

L is transverse to V* <— V=L&V~*
— LnV*={0}
— pry(L)=V < prylL: LSV
Hence, composing the inverse of pry |r : L = V with the projection in the

second factor pry.|p : L = V* we obtain a skew-symmetric linear map
WV — V* and we have L = L. T

Example 7.5 (Bivectors). In analogy with the previous example, a bivector
e /\2 V can be interpreted as a linear map 7% : V* — V. Then its graph

L. :={rfa+a:acV*}cCV

is a Dirac structure. This gives a way to view bivectors as Dirac structures
2
AVom—Led(V).

Lemma 7.6. A Dirac structure L. € D(V) is of type Ly for some m € NV
(necessarily unique) if and only if L is transverse to V.

Again, for dimensional reasons, if L € ©(V), one has
L is transverse to V <= V=LV
<~ LnV={0}
< pry«(L)=V*" <= pry.|:L3V"

It follows that the composition 7# := pry, o(pry« |1) ™' : V* — V is a skew-
symmetric linear map and that we have L = L. e

In general, to a Dirac structure . € ©(V') one can associate two inter-
esting subspaces of V', namely:

- The range of L, defined as pry, (L) C V. The range equals V if
and only if L is associated to a 2-form, as in Example [[.3

- The kernel of IL, defined as LNV C V. By Lemma[T.6] the kernel
is trivial if and only if IL is associated to a bivector.
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Exercise 7.7. Show that the range and the kernel of a Dirac structure
L € ©(V) fit into the short exact sequences

pry

0 — (pry (L)) —=L ——pry(L) ——0

prv*

0 LNV L

(LNV)° —=0

As in the case of bivectors — see Proposition 2,241 — there is another
important piece of a Dirac structure:

Proposition 7.8. For any Dirac structure L. € ©(V') one has an induced
2-form on its range, Qf, € /\2 pry (L)*, defined as follows:
(7.2) Qp(v1,v2) == ay(v2) = —aa(vy),
where for v; € pry, (L) one chooses oy € V* so that v; + o, € L.
Moreover, this gives a 1-to-1 correspondence
pairs (F,Q) consisting of
— a subspace F CV, )
— a form Q € /\2F*
where . can be recovered from the pair (F,§2) by
L(F,Q):={v+aecV :veF ap=1i}

{ Dirac structures} PN
Le®(V)

Exercise 7.9. Prove Proposition [T.8]

Another important property of Dirac structures is that they can be
pulled back as well as pushed forward under linear maps. More precisely,
given a linear map A : V; — Vs, the pullback operation on Dirac structures
A D(Va) — D(V1) is defined by

(7.3) Al(Ly) == {v1 + A%(a2) : A(v1) + 0 € Lo},
and the pushforward operation A4, : ®(V;) — ©(V3) is defined by
(7.4) A!(Ll) = {A(Ul) + a9 v + A*(ag) S Ll}.

Remark 7.10. We use the symbol ! to distinguish pullbacks/pushforwards
of Dirac structure from ordinary pullbacks/pushforwards.

Exercise 7.11. Show that these operations take Dirac structures to Dirac
structures.

Finally, one additional important property of Dirac structures concerns
the presence of hidden symmetries, called gauge transformations: each B €
A% V* induces an isometry of (V, (-, -)y):

6Bi=eXP<39b 8>:<B1b ?):V%V, v+ar= vt o+ i,B.

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



7.2. Dirac structures 137

In particular, for any Dirac structure I. € ©(V'), one obtains a new Dirac
structure

eBL:{v—i—a—i—iUB : v—i—aE]L}.

Definition 7.12. The Dirac structure e®L € ®(V) it called the
gauge transform of L with respect to the 2-form B € /\2 V.

Under the correspondence given by Proposition [[.8 if L = L(F,Qr),
then its gauge transform e®L keeps the same vector space F and adds Bl
to QL:

ePL(F,Q) = L(F,Q + Blp).
It follows that Dirac structures admit the following decomposition:

Exercise 7.13. Show that any Dirac structure L. € ©(V) is of the form
(recall Example [7.2))

L = eLp,
for a linear subspace F' C V' and a 2-form (2 € /\2 V.

7.2. Dirac structures

Given a manifold M, we can apply the discussion from the previous section
to its tangent spaces.

First of all, we obtain the generalized tangent bundle of M:
TM :=TM & T"M.
We will write a section of TM as X + «, where X € X(M) and « € QY(M).

Next, formula (7I) defines a fiberwise symmetric bilinear 2-form (-, -)
on TM, which when applied to global sections yields smooth functions.

Finally, when passing to manifolds there is an additional structure,
namely a type of “generalized Lie bracket”,

[,]: T(TM) x T(TM) — I'(TM)

called the Dorfman bracket. This extends the usual Lie bracket of vector
fields and is defined on sections X + o, Y + 8 € I'(TM) by

[X—FOJ,Y—FB] = [X,Y] + Lx B — Ha+ diya.

Proposition 7.14. The Dorfman bracket satisfies the following properties
for all s1,s2,s3 € I'(TM) and all f € C*(M):

(i) The Leibniz-type identity:
[317 f32] = gprTM(sl)(f)SQ + f[317 32]‘
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(ii) It is skew-symmetric up to an exact 1-form:
[s1, s2] + [s2, s1] = d(s1, s2)-
(iii) The Jacobi-type identity:
[s1, [s2, s3]] = [[s1, 52], 53] + [s2, [51, 83]].
(iv) It preserves the metric (-,-):

Z

prTM(81)(827 83) = ([517 82]7 83) + (527 [517 53])'

The Dorfman bracket is not a Lie bracket because it is not skew-
symmetric, and so (I'(TM), [-,-]) is not a Lie algebra. For this reason, the
Jacobi identity holds only in the form (iii). The relations above are precisely
the axioms of a geometric structure called a Courant algebroid — but this
falls outside the scope of this book.

Exercise 7.15. Prove the identities in Proposition [Z.14l

An almost Dirac structure on M is a subbundle I. € TM such that
L, is a Dirac structure on the vector space T, M for each x € M.

Definition 7.16. A Dirac structure on M is an almost Dirac struc-
ture L C TM that is closed under the Dorfman bracket:

[81,82] S F(L), V51,89 € F(L).
A pair (M,L) is called a Dirac manifold.

Remark 7.17. If L is a Dirac structure on M, then (s1,s2) = 0 for all
s1, 82 € I'(L). Therefore, by Proposition [[.14] the Dorfman bracket restricts
to a skew-symmetric bracket on I'(L) yielding the Lie algebra (I'(L), [, ]).

Example 7.18 (Tangent bundle). The tangent bundle . = T'M is a Dirac
structure. The restriction of the Dorfman bracket to I'(L) = X(M) is the

usual Lie bracket of vector fields.

Example 7.19 (Cotangent bundle). The cotangent bundle . = 7% M is also
a Dirac structure. The restriction of the Dorfman bracket to I'(L) = Q' (M)
is the zero bracket on 1-forms.

Besides these two extreme examples, more interesting and relevant ex-
amples are provided by the global versions of Examples [[.2], [[.3, and
(subspaces, 2-forms, and bivectors).

Example 7.20 (Foliations). Following Example [[.2] any distribution D C
T M gives rise to an almost Dirac structure

Lp :=D & D° C TM.
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Notice that Lp is a Dirac structure on M if and only if D is involutive.
By Frobenius’s Theorem, Theorem [C.3], this is equivalent to D = T'F, for a
foliation F on M. Thus foliations are examples of Dirac structures. Ty

Example 7.21 (Closed 2-forms). Following Example [[.3] any differential
2-form w € Q?(M) gives rise to an almost Dirac structure

L,={v+iyw : veTM}.

We claim that L, is a Dirac structure if and only if w is a closed 2-form.
First note that the Dorfman bracket can also be written as

(X 4+ o, Y + 6] =[X,Y]+ ZxB — iyda.

Therefore, for all X,Y € X(M) we have that

(X +ixw, Y +iyw] = [X,Y] + Lxiyw — iydixw
=X, Y]+ (Zxiy — iy Lx)w + iyixdw
= [X,Y] +ixyjw +ivixdw,
where we have used the relations

Y =diy +iyd and ZPxiy —iy Lx = ix,Y]-

We conclude that I'(L,) is closed under the Dorfman bracket if and only if,
for all X,Y € X(M), iyixdw = 0. This is equivalent to dw = 0, as claimed.

Thus, every closed 2-form can be regarded as a Dirac structure on M.
As in the linear case, Dirac structures of this type can be recognized as those
which are transverse to T*M. Using the isomorphism L, ~ T'M induced
by prr;s, one sees that the Lie algebra induced by the Dorfman bracket on
I'(L,,) is isomorphic to (X(M),[-,]). T
Example 7.22 (Bivectors). As in Example [l any bivector field © €
X2(M) gives rise to an almost Dirac structure

= {rfa+a:aeT*M}.

Similar to the previous example, L is a Dirac structure if and only if 7 is a

Poisson bivector. Actually, the computation necessary to check this reveals
the existence of the bracket [-,]r on 1-forms (see (Z.9]))

[T+ a, 78 + 8] = [rfa, 78] + L, 8 — Lriga+ d(a, 7*8)
= [r*a, 7*6] + o B,

and this belongs to I'(IL,) if and only if 7|, 8], = [r%a, 7%3]. By item (b) in
Proposition 2.T1], this condition is equivalent to m being a Poisson structure.
Thus, Poisson bivectors are particular examples of Dirac structures.

As in the linear case, Dirac structures of this type can be recognized
as those which are transverse to TM. Using the isomorphism L, ~ T*M
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induced by pro«,s, one sees that the Lie algebra structure induced by the
Dorfman bracket on I'(LL,) is isomorphic to (QY(M), [-,-]x), a Lie algebra we
have discussed and used in the previous chapters.

Define the Poisson support of a Dirac structure . on M as the open
set where the kernel of L is trivial:

(7.5) Poisson support of L:={z € M : L, NT,M =0}.

The Poisson support is precisely the set of points x € M where L, is the
graph of a bivector ;. By the description of m; from Example [[.5] the re-
sulting bivector field 7w on the Poisson support is smooth. Thus, the previous
example yields:

Corollary 7.23. The restriction of a Dirac structure L to its Poisson sup-
port U is induced by a Poisson structure = € X2(U); i.e., L|y = L.

Exercise 7.24. Given a closed 2-form w € Q?(M), show that the Poisson
support of the associated Dirac structure L, is the open set where w is
nondegenerate.

Example 7.25. Sometimes singular Poisson structures may be turned into
nonsingular objects, provided one uses Dirac structures. For a concrete
example, take M = R3 and consider
10 A 0

T=—-——=A—=.

z0x 0Oy
This is a Poisson structure on R? x (R\{0}) which is not defined at z = 0.
However, interpreting it as a Dirac structure, i.e., looking at its graph

2 —zdy, dz },

L, = Span { 8%/ + zdzx, o

we see that it extends as a Dirac structure L on the entire R3. Note that L
is uniquely determined by 7. The Poisson support of L is R? x (R\{0}) and
the kernel of IL on the plane z = 0 is

o 0
3 _
(LNTRr )(x’yp) = Span { _ﬁy’ E } e

The discussion on vector spaces from the previous section — see Propo-
sition [.8] — suggests associating to any Dirac structure L. on M

(i) a subbundle pry, (L) C TM,
(ii) a 2-form wy, along pry,,(IL), pointwise given by formula (7.2]).
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We say that L is a regular Dirac structure if pry,,(L) has constant rank.
Generalizing Theorem [4.13] for Poisson structures, we now have:

Proposition 7.26. On any manifold M there is a 1-to-1 correspondence

regular Dirac _ | foliations F on M together with a
structures I on M ( <7\ closed foliated 2-form w € O2(F)

The Dirac structure corresponding to the pair (F,w) is
(7.6) L(F,w):={v+a:veTF alrr=iw}.

As in the case of Poisson structures, even when L is not regular, the
singular distribution prpj,(L) is integrable and one can still talk about the
leaves of L. These are immersed connected submanifolds S C M such that

TQ;S = pI‘TM(Lx), Vm € S,

and which are maximal with respect to this property. The details of these
constructions are similar to those from the Poisson case and are left as
exercises — see Problems and [ I3l Next, the induced 2-form along
proas (L), defined pointwise by (7.2]), gives rise to a closed 2-form on each
leaf S of IL
wg € Q2(S )

We call wg the presymplectic form on S and the pairs (S, wg) are called
the presymplectic leaves of the Dirac manifold (M,L). The partition
into leaves and the closed 2-form can now be used to describe the Dirac
structure:

Proposition 7.27. Let {(F,wr)}rer be a partition of M by connected,
immersed submanifolds F C M endowed with closed 2-forms wg. If

L, :=L(T,F,wpy) € O(T,M), xz€FeF,

is an almost Dirac structure, then 1L is a Dirac structure and its presym-
plectic leaves are the given family {(F,wr)}Frer.

In Dirac geometry, there are two types of morphisms according to what
we saw in the linear case — see ([[.3]) and (7.4):

Definition 7.28. Let (M,Ljs) and (N,Ly) be Dirac manifolds. A
smooth map ® : M — N is called

- forward Dirac if
]LN,CD(x) = (dx(I))!(LM,x)7 VzeM,
- backward Dirac if

Lo = (d®) Lyow), V2 € M.
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Poisson and symplectic maps are special cases of Dirac maps:

Example 7.29. If 7, € X2(M) and 7y € X2(N) are Poisson bivectors,
then a map ¢ : (M,L,,,) = (N,L;,) is a forward Dirac map if and only if
® is a Poisson map.

Similarly, if wy € Q2(M) and wy € Q%(N) are closed 2-forms, then
amap ¢ : (M,L,,,) - (N,Ly,) is a backward Dirac map if and only if
wpr = @*(WN).

Exercise 7.30. Show that the inclusion of a symplectic leaf is both a for-

ward and a backward Dirac map @ : (S, Lyg) — (M, Ly).

We will look closer at the two notions of Dirac maps in the next sections.
For now we consider a situation when these two notions come together:
diffeomorphisms between Dirac structures. Although this notion is rather
obvious, it is still useful to spell it out explicitly. First of all, note that any
diffeomorphism ® : M =% N has an associated generalized differential
d®: TM — TN given by

do® = dp® + ((d2®) ") : ToM — Top) N
At the level of sections, d® induces a pullback map
(d®)* : T(TN) = I'(TM),
and we have
(d®)*(X + a) = &*(X) + ®*(a), VX € X(N), a € Q}(N),

where we made use of the usual pullback of vector fields and of differential
forms

P (X)=(d®) o Xo®, &*(a)=(d®)*ocaod.

Since d® also preserves the pairing (-,-) and the Dorfman bracket, it follows
that d® takes Dirac structures to Dirac structures. Two Dirac structures
related in this way are called diffeomorphic Dirac structures.

7.3. Pullbacks of Dirac structures

Recall that ® : (M,Ly;) — (N,Ly) is a backward Dirac map if

Lue = (de®) (Ly ag) = {v+ (de®)*a € T, M : dy®(v) + @ € Ly aa) }
for all z € M. So ® and Ly determine ILj;. The interesting question is:

e Given a smooth map ® : M — N and a Dirac structure . on N,
can one find a Dirac structure on M making ® into a backward
Dirac map?
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Of course, this holds precisely when the family of pointwise pullbacks
(P'L)s = (do®) (La(s)) € D(ToM) (2 € M)

defines a Dirac structure on M. As we will see, the only problem is that ®'L
may fail to be a smooth subbundle of TM, since then being closed under
the Dorfmann bracket will hold.

Example 7.31. When L = L, is induced by a 2-form w € Q%(N), the
pullback ®'L is induced by the pullback 2-form ®*w:

'Ly, = L.
Therefore, ®'L,, is a Dirac structure.

However, for a Poisson bivector field 7 the pullback ®'L, may fail to be
a smooth subbundle of TM. For example, when m = 0 the induced Dirac
structure is just L = T* N and we find that

'L = Kerd® @ (Ker d®)°

which is smooth if and only if ® has constant rank.

Smoothness of the pullback can fail even when ® has constant rank. For
instance, let M = R, N = R? and ®(x) = (z,0), and let L = L, be the
Dirac structure corresponding to the Poisson bivector

T=T— A 2
ox 0Oy
Then we find that
T.R, ifxz#0,
((I)!Lﬂ)x -
TR, ifz=0.

Hence ®'L, is not a smooth subbundle of TM.

On the other hand, as we will see below, it is not difficult to show that
for a submersion ®'L is smooth. Ty

As promised:

Theorem 7.32. Let ® : M — N be a smooth map, and let . be a Dirac
structure on N. If ®'L is a smooth subbundle of TM, then ®'L is a Dirac
structure on M.

This theorem will be proven together with the next one.

It is natural to expect that the pullback Dirac structure ®'L has presym-
plectic leaves the preimages of the presymplectic leaves of L. A standard as-
sumption which ensures that the preimage of a submanifold is a submanifold
is that the map is transverse to the submanifold. Given that presymplectic
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leaves are defined as the integral submanifolds of the singular distribution
pryy (L), the transversality condition becomes
do®(T M) + proy (Lo)) = To@ N, Vo€ M.

Actually, all that is needed for such arguments to work is that the left-hand
side has constant rank — see Theorem

Theorem 7.33. Let ® : M — N be a smooth map, let I be a Dirac structure
on N, and assume that the subspaces

(7.7) da®(T M) + proy (La)) C To@ N  (z € M)

have the same dimension. Then ®'L is a Dirac structure with presymplectic
leaves the connected components of (®71(S), ®*wg), where (S,ws) ranges
over the presymplectic leaves of L.

Notice that, by Theorem [C.T2] in the previous statement there is no
ambiguity on the submanifold structure on ®~!(S) since it is an initial
submanifold of M.

Proof of Theorem [7.33. Note that ®'L C TM is the image by the map
(Id,®*) : TM & ®*(T*N) - TM
of the family of subspaces
K={v+a:d®()+aclyy}t CTMo O (T*N).
On the other hand, K can be identified with the kernel of the bundle map
TM & ®*(L) — &*(T'N) given by
(v,w+ @) € Ty M X Lg(z) — da®(v) —w € Te(z)N.
The hypothesis says that this map has constant rank; hence K is smooth.
Therefore ®'L is smooth also.

Next, notice that the linear pullback operation A' : ®(Va) — D(V}) from
([T3)) takes a constant Dirac structure of type L(F, () associated to (F, Q)
(as in Proposition [Z.8) to the one associated to (A~!(F), A*Q2). Therefore,
if (S,ws) C N is a presymplectic leaf of L, then for all z € ®~1(9)

(P'L)y = L((d®) ! (Tpx)S), *ws) = L(Tx(27(S)), P*ws).

By Proposition [[.27 we deduce that ®'L is indeed a Dirac structure and its
presymplectic foliation consists of the connected components of the presym-
plectic manifolds (®~1(S), ®*wg). O

Proof of Theorem This follows now from two simple remarks. The
first one is that the set U of points in M for which the condition (7)) from
the last theorem is satisfied around the point is dense in M. The second
remark is that, for any almost Dirac structure . on M, to ensure that L
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is closed under the Dorfman bracket it suffices to work over a dense open
subset U C M. Indeed, for s1,s9 € I'(L), the fact that [si, s2] is a section
of L at all points in U clearly implies the same at all points of M. ([

Example 7.34 (Poisson transversals). Let (M, 7)) be a Poisson manifold,
and let X C M be a Poisson transversal with induced Poisson structure mx.
Then the inclusion ¢ : (X,L,, ) < (M,Lz,,) is a backward Dirac map. The
description of the symplectic leaves of mx given in Proposition coincides
with the description of the leaves of the pullback Dirac structure given in

Theorem [7.33] T

Remark 7.35. If ®'L is smooth but condition (Z7) fails, then the rela-
tionship between the presymplectic leaves of L and ®'L is more subtle. For
example, consider the Dirac structure on R? given by

L = Span { %,dy—l—z%,dz — z% }
Its presymplectic leaves are the lines S, = {y = ¢,z = 0}, ¢ € R, and the
two half-spaces S; = {z > 0} and S_ = {z < 0}. The injective immersion
®: R — R3, t > (t,0,t?) intersects Sy and S.. The pullback Dirac structure
exists and is given by ®'. = TR. So it has only one leaf, which is not of the

form ®~1(S).
7.4. Pushforwards of Dirac structures

Recall that a map @ : (M,Lys) — (N,Ly) is a forward Dirac map if
LN,CP(x) = (qu’)l(LMﬂ;) = {qu)(’l}) +a € be(x)N DU+ (dm(I’)*Oé € LM@},

for all x € M. If this holds, note that ILj; determines Ly along the image
of ®. The interesting question here is:

e (liven a surjective submersion ® : M — N and a Dirac structure
L on M, is there a Dirac structure on N making ® into a forward
Dirac map?
Of course, we should consider the pointwise pushforwards
(7.8) (D), = (L @)(Ly) € D(T,N) (y = D(a)).
There are two issues we have to take care of:

- For ®|LL to be well-defined, the subspace (d,®)i(LL;) C T, N should
not depend on the choice of point in the fiber x € ®~1(y). If this
is the case, we say that LL is ®-invariant.

- If L is ®-invariant, we obtain a well-defined “subbundle”
OL C TN,

which, as in the case of pullbacks, may fail to be smooth.
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As in the case of pullbacks, if both issues can be overcome, the pushforward
is a Dirac structure — see Theorem [7.39]

Exercise 7.36. Given a surjective submersion ® : M — N, show that
®(TM)=TN.

In general, because of the ®-invariance condition, it is more complicated
to push forward Dirac structures than to pull them back. We illustrate this
with an example which is the analogue of Example [.31t

Example 7.37. The pullback of Dirac structures induced by 2-forms posed
no problems, as it corresponds to the usual pullback of differential forms.
However, the pushforward does not always work. For example, consider
®:R? - R, ®(x,y) = z, and the Dirac structure induced by

w = xdz A dy.

In this case, the ®-invariance condition is satisfied but ®,IL,, is not smooth.

For the Dirac structure L, induced by a Poisson bivector 7 € X2(M),
the condition that L, is ®-invariant is equivalent to 7 being ®-projectable,
i.e., ®-related to a bivector field ®,m on N. When this holds @, is a Poisson
structure and ®|L; = Ly, . T

Exercise 7.38. Show that Proposition is an example of the pushfor-
ward as well as of the pullback construction for Dirac structures.

The analogues of Theorems[7.32]and [T.33 hold if ®-invariance is assumed.
We leave the proofs as exercises.

Theorem 7.39. Let & : M — N be a surjective submersion, and let L be a
Dirac structure on M that is ®-invariant.

(i) If L is a smooth subbundle, then ®\IL is a Dirac structure on N.
(ii) If Ker(d®) NL has constant rank, then ®L is a Dirac structure.

Remark 7.40. In this section, we always assume that ® is a surjective
submersion. The first part of the theorem also holds without the assumption
that ® is a submersion. This is because it suffices to check that ®L|y is
a Dirac structure, where U is the image of the regular points of ®, which
is dense — by Sard’s Theorem — and open. However, the second part of
the theorem might fail if ® is not a submersion. For example, the smooth
homeomorphism ®(q, p) = (¢3, p) of R? sends the canonical Poisson structure
to a nonsmooth bivector field:

dp " g
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Example 7.41 (Libermann’s Theorem). The discussion in Example [7.37]
implies that the pushforward ®LL,, of a Dirac structure associated to a sym-
plectic form, if it exists, is associated to a Poisson structure. In fact, Liber-
man’s Theorem, Theorem [6.27, can be seen as a special case of Theorem
the hypotheses there — connected fibers and involutivity of the distri-
bution that is symplectic orthogonal to the fibers — guarantee that the Dirac
structure defined by the symplectic form is invariant under the submersion.

e

Example 7.42 (Reduction). We have seen that the quotient M/G of a
symplectic manifold (M, w) by a free and proper symplectic action of a Lie
group G has an induced Poisson structure w. Since the defining property of
7w was that the quotient map p : M — M /G is a Poisson map, we deduce
that the Dirac structure LL,, can be pushed forward to the Dirac structure
L, on M/G.

This construction, as well as a slight generalization, can be obtained
using the previous theorem. Consider a proper and free action of a Lie
group G on M that preserves a closed 2-form w, which is not necessarily
nondegenerate. Denote by « : g — X(M) the infinitesimal action. Note that
w being G-invariant implies that L, is p-invariant and that the condition
from Theorem [Z:39(ii) becomes

KerwnNIme« has constant rank.

If this condition holds, there is an induced Dirac structure pL,, on M/G.
According to ((Z.H), the Poisson support of pilL,, consists of the points where
T(M/G)NplL, = 0, and this is the image under p of the G-invariant subset
consisting of points in M where

Kerw CIme.
We conclude the following:

Corollary 7.43. Given a proper free G-action on M preserving a closed
2-form w € Q?(M) of constant rank, if Kerw C Im @, then there is a unique
Poisson structure M /G such that the projection p : M — M /G is a forward
Dirac map. The resulting Poisson structure is symplectic if and only if

(7.9) Ime N (Im2)t = Kerw.

This corollary can be used to understand symplectic reduction from the
orbit point of view — as in (B.I1)). Starting with a G-Hamiltonian space
(M,w) with moment map p : M — g*, assume that the action is proper
and free. Then we can restrict w to u~!(O¢) obtaining a G-invariant, closed
2-form, of constant rank. Applying Lemma [[.34] one finds that the kernel
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of the restriction is precisely
Kerw|,-1(0,) =T(G - z) NKerd,p C Im <.
Since (7.9) is satisfied, we obtain a symplectic structure on x~1(O¢)/G.

Exercise 7.44. Show that the resulting symplectic structure on p=!(0O¢)/G
is symplectic and coincides with the reduced symplectic form on M /. G.

We can summarize orbit reduction by a commuting diagram of Dirac
manifolds

M

/ \
1 (Of) M/G
/

M) .G

where the inclusions are backward Dirac maps and the projections are for-
ward Dirac maps — see Problem Ty

Example 7.45 (Passing from Dirac to Poisson). Since a Dirac structure L
on M is a Poisson structure if and only if its kernel vanishes, i.e., LNTM = 0,
one can try to “kill” the kernel to obtain a Poisson structure. For that, one
needs two conditions:

(i) The kernel LNTM has constant rank. It follows that the kernel is
an involutive distribution.

(ii) The foliation defined by the kernel is simple; i.e., there is a sur-
jective submersion with connected fibers ® : M — N, such that
Kerdd =LNTM.

We claim that then L can be pushed forward along ® : M — N to a Dirac
structure on N. The condition in Theorem [T.3%(ii) is clearly satisfied, while
the ®-invariance follows by an argument similar to the one in Liberman’s
Theorem. Using that ® is a submersion and using the definition of the
pushforward, we obtain

(PIL)NTN =d®(LNTM) =0.
So ¢L is induced by a Poisson structure m on N.
Exercise 7.46. Show that the resulting map ® : (M,L) — (N,L;) is also
a backward Dirac map. Ty
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7.5. Gauge equivalences

We saw in Section that the generalized differential d® : TM — TM
of a diffeomorphism ® : M — M preserves the canonical pairing (-,-) and
the Dorfman bracket [-,-]. In other words, it is an automorphism of the
generalized tangent bundle. Note that these are the essential properties
which ensure that d® sends Dirac structures to Dirac structures.

To introduce other automorphisms of TM, we extend Definition [Z.12]
from vector spaces to manifolds. We define the gauge transformation
induced by a 2-form B € Q2(M) as the vector bundle isomorphism

B TM - TM, v+a—v+a+i,B.
We leave the proof of the following as an exercise.

Lemma 7.47. The map e : TM — TM preserves the canonical pairing
(+,+). It preserves the Dorfman bracket [-,-] if and only if dB = 0.

Hence, any closed 2-form defines an automorphism of the generalized
tangent bundle. We show now that there are no other symmetries:

Theorem 7.48. Let A : TM — TM be a bundle isomorphism covering a
diffeomorphism ® : M — M and preserving both the canonical pairing (-, )
and the Dorfman bracket [-,-]. Then

A=eBo do,
for some closed 2-form B € Q?(M).

Proof. Let A: TM — TM be as in the statement of the theorem. Then
Ao (d®)™': TM — TM

is also a bundle isomorphism that preserves both the canonical pairing and
the Dorfman bracket but which covers the identity. So one can assume that
® = Idy; and one needs to show that A = e®, for some closed 2-form B.

First we show that

For this, let s1 = X+« and sy = Y 4 be sections of the generalized tangent
bundle TM. For any f € C°°(M), Proposition [T.14(i) and (ii) imply

[fs1,82] = [fls1,82] = Ly (f)s1+ (s1,82)df.
Hence, we find that

A([fs1,82]) = fA([s1, 82]) — Ly (f)A(s1) + (51, 52)A(df),
[A(fs1), A(s2)] = f[A(s1), A(52)] = Lprp,(A(sa)) (F)A(51) + (A(s1), A(s2))d f.
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Since A preserves both the pairing and the bracket, we conclude

(7.11) =2y (f)A(s1)+(s1,52) A(dSf) = =L, (A(s2)) (F)A(s1)+ (51, 52)d .

Choosing s; = X and so =Y so that (s1,s2) =0, we see that
gY(f)A(X) = ZprTM(A(Y))(f)A(X)v

and so we obtain (Z.10).

If we now let s1 = o and sp =Y in (ZI1I), we also obtain
A(df)=df, VfeC®(M).
This relation together with (ZI0) implies that A is of the form
AX+a)=X+a+ N(X),

for some bundle map N : TM — T*M. Using again that A preserves the
canonical pairing, we conclude that N = B’ for a 2-form B € Q?(M). So
we have shown that

AX+a)=eP(X+a)=X+a+ixB.
By Lemma [T47] A preserves the Dorfman bracket iff B is closed. O

Exercise 7.49. Show that the automorphisms of the generalized tangent
bundle TM form a group isomorphic to the semidirect product,

Aut(TM) ~ Diff (M) x Q4 (M),
where Diff (M) acts on the abelian group (2% (M), +) via pullback of forms.

Lemma [7.47 implies that the gauge transform e? : TM — TM associ-
ated to a closed 2-form B maps Dirac structures to Dirac structures.

Definition 7.50. The gauge transform of a Dirac structure L with
respect to a closed 2-form B € Q2 (M) is the Dirac structure

ePL = {v+a+zﬁuB : v—i—ae]L}.

Two Dirac structures IL; and Lo are said to be gauge equivalent if
there exists B € Q2 (M) such that Ly = BL;.

If we think of a Dirac structure L on a manifold M as a (singular)
foliation by presymplectic leaves (S,ws), then its gauge transform e®L has
the same foliation as I but where the presymplectic form on a leaf S has
been transformed to wg + Blg.

Example 7.51 (Gauge transformations of Poisson structures). Definition
5.20] of gauge equivalent Poisson structures is a special instance of the no-
tion of gauge equivalence for Dirac structures: two Poisson structures are
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B-gauge equivalent precisely when the associated Dirac structures are B-
gauge equivalent. Note also that, given a Poisson structure 7, the B-gauge
transform of the Dirac structure L, is

ePL, = {wﬁ(a) +(I+Bomha:ac T"M}.
In general, this Dirac structure is not associated with a Poisson structure.
Its Poisson support (T5]) is the set of points x € M for which the map
(7.12) I+Bort:T*M - T:M

is a linear isomorphism. When the Poisson support is M, then e®L; is the

Dirac structure associated with the Poisson bivector 75 € X2(M) given by
71'% =rfo(I+ B on?)™L.

This justifies the use of the notation e®r for 75. Ty

Example 7.52 (Gauge transformations of symplectic realizations). Given
a symplectic realization p : (S,w) — (M, 7) and a closed 2-form B € Q?(M)
such (I 4+ B’ o 7f) is invertible, observe the following:

(i) w+ p*B € Q2(9) is still a symplectic form.

(ii) p: (S,w+ pu*B) — (M,eBr) is a Poisson map.
Hence, p : (S,w + p*B) — (M, ePr) is a symplectic realization. The follow-
ing exercise gives a concrete example.
Exercise 7.53. Show that the linear Poisson structure on R? given by
{z,y} = = is B-gauge equivalent to the Poisson structure given by

{337 y}B = xe—m’

via the closed 2-form (smooth at x = 0)

le—ex

dx A dy.

Conclude that {-, -} p has a symplectic realization p : R* — R?, (x,y,u, v)
(x,7), where R* is equipped with the symplectic form

1 _ T
wp = ¢ de Ady + €” (du A dx + xdu A dv) + dv A dy.
(HINT: Use a symplectic realization from Section [6.3]) T

Example 7.54 (Coupling construction). The coupling construction in Sec-
tion 4] can be better understood in terms of Dirac structures and their
gauge transformations. There, starting with a principal G-bundle over a
symplectic manifold, p : P — (S,wg), endowed with a connection 1-form
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6 € Q'(P, g), we have constructed a Poisson manifold
(7.13) (M°(P,ws), ")

that sits inside P X g* as an open neighborhood of S >~ P X 0.

Here is the description of the coupling construction in the framework of
Dirac structures:

(i) The connection # € Q'(P,g) can be seen as a 1-form 6 on P x g*
and, together with the symplectic form wg € Q2(9), they yield a
closed, G-invariant 2-form:

Q:=p*ws —df € Q*(P x g*).
The graph of this 2-form can be pushed forward to a Dirac structure
LY := pr(Lq) C T(P x¢ g*).

(ii) The coupling Poisson structure (7.13)) is precisely the Poisson sup-

port (Z5) of L

MG(P, wg) = Poisson support of LY,

Lﬂe - L€|M9(P,ws)'

(iii) If @ is another principal bundle connection, then LY and LY are
gauge equivalent with respect to B = d(9~ —0 ). By Moser’s Lemma
— in the form of Theorem [5.22]— the germ of 7% near S is indepen-
dent of the choice of connection, up to Poisson diffeomorphisms.

In conclusion, the coupling construction, when viewed as a Dirac struc-

ture, makes sense globally on P xg g* and is unique up to exact gauge

transformations. From the Poisson perspective, the Poisson structure n?,

which can be defined only around S, naturally extends as a Dirac structure
LY to the entire P x g g*.

Exercise 7.55. Justify (i) and (ii) above by showing the following:

(a) Ker QN Ime = 0 holds everywhere on P x g*.

(b) The Poisson support of LY is the image under p of the nondegen-
eracy locus of €.

(HINT: Look at Example and Exercise [1.26].) T
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Problems

7.1. Let L € ©(V) be a Dirac structure, and let D C V be a subspace
complementary to the kernel of L

V=(LnV)®D.
Show that the Dirac structure Lp = D @ D° is complementary to L:
V=L&Lp.
7.2. Consider a section s € I'(TM). Show that the operation
ads :=[s,:] : T(TM) — T'(TM)
is a derivation of the Dorfman bracket and the canonical pairing:
ads([s1, s2]) = [ads s1, s2] + [s1, ads s2],

Lorras(s)(51,52) = (ads s1, 52) + (51, ads s2).

Prr

7.3. The Courant bracket is defined as the antisymmetrization of the Dorf-
man bracket, so it is given on sections X + a,Y + g € I'(TM) by

1
[X +a, Y + 5] :=[X, Y]+ x5 — Zra+ sd(iva —ixh).
Show that this bracket is
(a) skew-symmetric: [s1, s2]] = —[s2, s1],

but that it fails to satisfy the other relations in the following controlled way:

(b) failure of the Leibniz rule:

[[517 fSQ]] - f[[sla 32]] + gprTM(sl)(f)SQ - %(817 32)df7

(c) failure to be compatible with the metric:
Lorpar(s1)(52,83) =([51, 52], 83) + (52, [81, 83])
+ %(d(sl, s2),83) + %(sz,d(sl, s3)),
(d) failure to satisfy the Jacobi identity:
[s1, [s2, s30] + [s2, [s3, 5111 + [s3, [s1, 52]]
= —éd((sl, [s2, 3]) + (s2, [83, 51]) + (53, [51, 52])),
for all s1, 2,53 € I'(TM) and all f € C>®(M).
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7.4. Consider the Courant bracket of the previous problem. Show the fol-
lowing:

(a) A maximal isotropic subbundle . C TM is closed under the Courant
bracket if and only if it is closed under the Dorfman bracket.

(b) For a Dirac structure L. C TM, the Courant bracket and the Dorfman
bracket induce the same operation on I'(LL).

7.5. Prove Theorem [7.39]

7.6. Consider a commutative diagram of manifolds

M-_1oN

|

P—l>Q

which is a strong pullback, in the sense that
M ={(a,y) € N x P : k(z) =I(y)}, j=prylus i=prp s,
and k and [ are transverse:
Imd;k + Imdyl = T, Q, Y(z,y) € M.

Consider Dirac structures on these manifolds such that k£ and 7 are backward
Dirac maps and [ is a forward Dirac map. Prove that j is also a forward
Dirac map.

7.7. Prove Lemma [T.47

7.8. Let (My,m) Sl (S,w) 2 (Ms, —m2) be a dual pair. Prove that
the corresponding Dirac structures are related by

:u"l Lr = ewM!Q Lr,.

7.9. Prove the following generalization of Libermann’s Theorem: Consider
a surjective submersion with connected fibers p : S — M and a Dirac
structure I on S. Then M admits a Dirac structure such that p is a forward
Dirac map if and only if the family

z = (dop) (dop)\Ly € TS (2 € S)

defines a Dirac structure on S. Recover Libermann’s Theorem from this
statement.

7.10. Define the flow of a section s = X + o« € I'(TM) as the 1-parameter
family
d == dpl 0 e’ . TD; — TD_4
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where D; C M is the domain of existence of the flow gth : Dy — D_; and

t
By = / (¢5%)*a de € Q1 (Dy).
0
For a section § € I'(TM), we denote the pullback by the flow of s by
(@1)*5 := et (¢! )*5 € T(TDy).
Show the following;:

(a) The flow can also be written as
t
Pl =M odoly, where ;= / (0%°)*a de € QY (D_y).
0

(b) For all t1,t2 € R,
Pl o Pl2 — Pplrittz,

(c) For all § € I'(TM),

d

(@) = ()5,
(d) If (s,s) = 0, for all § € T'(TM),

d

C(@)s =[5, (8)"3]
7.11. Let L be a Dirac structure. Show that the flow of a section s € I'(LL),
defined in the previous problem, preserves L:

t _
7.12. Let (M,L) be a Dirac manifold. Define the rank of L at x € M by
rank(LL,) := dim(pryy, (Ly)).

Prove the following local splitting theorem around x: if rank(L,) = r, then
there are local coordinates (U, z*, ..., 2", y', ..., y*) for M centered at x and
a closed 2-form B € Q2(U) such that
0 < 0
ePL|y = Span { @’Zﬂab(y)a—yb +dy* :1<i<r, 1<a< s},

for certain smooth functions 7% (y) with 7%(0) = 0. In other words,
(U,ePL|y) ~ (V,TV) x (W,Ly),

where dim V' = rank(L,) and 7 vanishes at .

HINT: As in the proof of Theorem 3.2 proceed by induction on r. For r > 1,

take X 4+ a a local section of I with X, # 0. Apply the flow box theorem to

X (or Lemma[3.3), and then find a closed 2-form Bj such that X is a section

of eP1IL. Show that, around x, eP'L splits as (I, TI) x (W,L), where I C R

is an open interval and (W,L’) is a Dirac manifold with rank(L)) = r — 1.
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7.13. Mimicking the proof of Theorem 1] use the previous problem to
prove that a Dirac structure . on a manifold M defines a presymplectic
foliation of M, where the following hold:

(a) The leaf S thorough = € M is the set of points y that can be reached
from x by a composition of flows of vector fields in pry,,(T'(L)):
S = {y:¢§(1o---o¢§<n(aﬁ) X+ oy EF(]L)}.
(b) The leaves integrate the singular distribution prp,,(LL); i.e., the tangent
space of the leaf S through x is T,,S = prpp,(Lg).
(c) The leaf S through x € M carries a presymplectic form given by
wg(v,w) = W) = —a(w), fv,weT,S,
where «a, 8 € T M are any covectors such that v + a,w + 8 € L.
7.14. Let H € Q2(M) be a closed 3-form. “Twist” the Dorfman bracket as
follows:
(X +o,Y+0lg:=[X+aY+p] +ixivH,
for X + o, Y+ 8 € I'(TM). Show that this operation satisfies all the

properties listed in Proposition .14l What are H-twisted Dirac structures?
If H =dB, can you relate H-twisted Dirac structures to ordinary ones?
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Chapter 8

Submanifolds in
Poisson (Geometry

On a Poisson manifold (M, 7) there are several interesting ways in which
the Poisson tensor 7 can interact with a submanifold N C M. Already in
symplectic geometry one encounters symplectic submanifolds, Lagrangian
submanifolds, coisotropic submanifolds, etc. For a Poisson manifold (M, )
the various types of submanifolds N are controlled by the m-orthogonal to
N, which was defined in Definition as

(TN)t~ = 7%((TN)°).

We have encountered so far two types of submanifolds: symplectic leaves,
for which (T'N)*= = {0}, and Poisson transversals, for which Ty M = TN &
(T'N)‘=. We now look at other interesting types of submanifolds.

8.1. Poisson submanifolds

For any symplectic leaf (S,wg) of a Poisson manifold (M, ), Corollary [4.§]
shows that the inclusion i : (S,wg') < (M, 7) is a Poisson map. We set:

Definition 8.1. A Poisson submanifold of a Poisson manifold
(M, ) is a Poisson manifold (N, 7y) together with an injective im-
mersion ¢ : N — M which is a Poisson map.

The nicest case is that of embedded Poisson submanifolds, i.e.,
when N C M is an embedded submanifold and i is the inclusion. In general,
we have immersed Poisson submanifolds : : N — M which we still
identify with their image i(N), so that one can assume that the map i is

157
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158 8. Submanifolds in Poisson Geometry

the inclusion and TN is identified with the subspace d.i(T:N) of Tj) M.
However, one has to keep in mind that, in general, the topology on NN is not
the topology induced from M.

Proposition 8.2. Let (M, m) be a Poisson manifold. Given an immersed
submanifold N < M there is at most one Poisson structure wn on N that
makes (N, ) into a Poisson submanifold. This happens if and only if any
of the following equivalent conditions hold:

(i) Imnh C T,N, for all z € N.
(ii) (TN)*~ =0.
(iii) Every Hamiltonian vector field Xg € X(M) is tangent to N.

When N is an embedded submanifold, these condition are also equivalent to
the following:

(vi) The vanishing ideal of N
I(N):={feC®M): f(x)=0,Vx € N}

is a Lie algebra ideal; i.e., {f, g} € Z(N) whenever f € Z(N) and
g e C™®(M).
In particular, a Poisson submanifold N — M intersects each symplectic

leaf S of (M, m) in an open subset of S. The connected components of the
intersections N NS are the symplectic leaves of (N, mn).

Proof. If i : (N,7y) — (M, n) is a Poisson submanifold, then 7y is i-
related to

dpi(mNg) = T2, V2 €N,

or equivalently,

x?

(8.1) dgiomhy, o (dyi) =7k, VzeN.

Since d,i is injective, this shows that mx is unique. It also shows that (i)
must hold if (N, ) is a Poisson submanifold.

Next, let i : N < M be a submanifold such that Im 7% C dzi(TyN).
We claim that there exists a unique smooth bivector field 7 on N such
that (8I) holds. Since Im7h C d,i(TyN), it is enough to check that for
any o € (T,N)° = Ker(d,i)* we have WE;(O&) = 0. This follows by skew-
symmetry, as for any 8 € T M,

(mh(a), B) = —(a, () = 0.
Uniqueness also implies that (w?vx)* = —7T§V .- The smoothness of my is
automatic.
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Now observe that [1x, 7y]| = 0. In fact, by Proposition2.15the Schouten
brackets of i-related multivector fields are also i-related:
(dzi) ([N, TN ]z) = [7, T]i(2) = 0.

Since 7 is an immersion, the result follows. This shows that if (i) holds, then
N has a unique Poisson structure such that it is a Poisson submanifold.

For the equivalence between (i) and (ii), observe that using
<7Ti(a)7 /8> = —<O[, 71-2:(6»7
with a € (T, N)° and 8 € T M, we obtain that
(TN =7 ((T,N)°) =0 <<= 7i(TM)c T,N.

The equivalence between (i) and (iii) is obvious.

Finally, if N is an embedded submanifold, a vector field X € X(M) is
tangent to N if and only if Zx(f) € Z(N), for any f € Z(N). Hence, in
this case, the equivalence between (iii) and (iv) follows from the relation

{f,9} = —2x,(f). 0

Exercise 8.3. What can one say about the equivalence with (iv) in the
proposition if the submanifold is not embedded?

Exercise 8.4. Prove the claim about the symplectic leaves from the propo-
sition.
(HiNT: Use Theorem [C.12 and Proposition [L8])

Corollary 8.5. If Ni, Ny C (M, 7) are two Poisson submanifolds that in-
tersect cleanly, i.e., N1N Ny is a submanifold with T(N1NNg) = TN1NT Ny,
then N1 N Ny is also a Poisson submanifold.

From Proposition (£.26] one also obtains immediately the following re-
lationship between Poisson submanifolds and Poisson transversals (labeled
PTs in the following diagram).

Corollary 8.6. Consider a Poisson transversal (X, 7x) and a Poisson sub-
manifold (N, mx) in a Poisson manifold (M, n). Then:

(i) N and X intersect transversally.
(i) X NN is a Poisson transversal in (N, 7n).
(iii) X NN is a Poisson submanifold of (X, 7x).

Moreover, the Poisson structures induced on X NN in (ii) and (iii) coincide:

N C Poisson M

A
PT I PT
J Poisson

XANC oy
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Remark 8.7. Notice a simple, but interesting, geometric consequence of the
previous corollary: any Poisson submanifold containing a Poisson transversal
must be an open set.

The following exercise gives another geometric description of Poisson
submanifolds:

Exercise 8.8. Given a Poisson manifold (M,7), show that an immersed
submanifold N < M is a Poisson submanifold if and only if, for any sym-
plectic leaf S of M, SN N is open in S and, for the smooth structure on
S N N induced from S, the inclusion S NN < N is smooth.

(HINT: Use a splitting chart and Proposition B:2])

The exercise also suggests considering the following class of Poisson sub-
manifolds.

Definition 8.9. A Poisson submanifold N C (M, ) is called complete if
it is a union of symplectic leaves.

Exercise 8.10. Show that a submanifold N C (M, 7) is a complete Poisson
submanifold if and only if any integral curve v : [0, 1] — M of a Hamiltonian
vector field that starts in NV stays in N and is smooth as a curve in N.

Example 8.11 (Symplectic leaves). Obviously, any symplectic leaf is a Pois-
son submanifold. By definition, symplectic leaves are precisely the minimal
complete Poisson submanifolds. Ty

Example 8.12 (Zeros). When N = {z} consists of a single point, then N
is a Poisson submanifold if and only if x is a zero of w. In general, any
submanifold contained in the zero-locus of a Poisson bivector is a complete
Poisson submanifold. T

Example 8.13 (Symplectic manifolds). By Proposition R.2(i), the only
Poisson submanifolds of a symplectic manifold are the open subsets. The
complete Poisson submanifolds are the connected components. T

Example 8.14 (Log-symplectic manifolds). For a log-symplectic manifold
(M, ) with singular locus Z, both M\ Z and Z are (generally disconnected)
complete Poisson submanifolds. They are both regular Poisson manifolds,
but note that M = (M\Z) U Z is not a regular Poisson manifold. T

Example 8.15 (Degeneracy submanifolds). Generalizing the previous ex-
amples, given a Poisson manifold (M, 7), one can consider the set of points
where 7 has rank at most 2k:

Zy={ze M : 7kt =0}.

If Z, is an embedded submanifold, then it is a closed, complete Poisson
submanifold. In fact, it is the union of all symplectic leaves of dimension
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at most 2k. Note that the M\Zj are always open Poisson submanifolds.
More generally, if the sets Zj;\Zy are embedded submanifolds, then they
are Poisson submanifolds. e

Example 8.16 (Ideals in Lie algebras). Let g be a Lie algebra and consider
the linear Poisson structure (g*,7y). If h C g is a linear subspace, then
h® C g* is a Poisson submanifold if and only if h C g is a Lie ideal. One way
to see this is by computing the orthogonals appearing in (ii) of Proposition

B2 i.e., for £ € h°,
(Teh®)tme = {ﬁg(u) tu € (g")* vanishing on h°}
(8.2) — {ad}(¢) s ue b} C g
Hence, the Poisson submanifold condition holds if and only if £([h, g]) = 0
for all £ € h°; in other words, § is an ideal in g:

(b, 9] Cb.

Since h° is a union of symplectic leaves, it is a complete Poisson submani-
fold. Moreover, under the canonical isomorphism h° ~ (g/h)*, the induced
Poisson structure on h° coincides the linear Poisson structure 7 y.

Example 8.17 (Level sets of Casimirs). Note that a smooth family of Pois-
son structures {m;};e; on a manifold M is the same thing as a Poisson
structure 7 on M x I for which all the submanifolds M x {t} are Poisson
submanifolds.

A closely related appearance of Poisson submanifolds is as level sets of
a Casimir function C on an arbitrary Poisson manifold (M, r). If r € R is
a regular value of C, it follows that the level set {C = r} is automatically a
complete Poisson submanifold of (M, 7). The Casimir relevant for a family
on M x I is, of course, C(x,t) = t. Ty

Example 8.18 (Affine Poisson structures). Note that any affine Poisson
manifold can be realized as a Poisson submanifold of a linear one. Indeed,
given any 2-cocycle A on a Lie algebra g, the inclusion

(9*77Tg,>\) — (aﬂ/{?ﬂ-ﬁ)\)? §— (57 1)
realizes the affine Poisson structure 7y ) as a complete Poisson submanifold
in the dual of the central extension gy = g ®R. As seen in Subsection 2.4.8],
this is a special case of the previous example. Te

Example 8.19 (LV-type Poisson structures). For a Lotka-Volterra-type
Poisson structure w4 on R™ associated with a skew-symmetric matrix A =
(a*) we find

i ~ i 0
W&(daz):Zajxaﬂ@.
j=1
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It follows that for any integers 1 < i1 < --- < i < n, the subspaces
Vit oip = {(:131,...,3:”) eER": 2" =0, | = 1,...,k}

are complete Poisson submanifolds. The induced Poisson bracket is the LV-
type Poisson structure m; associated with the (n — k) x (n — k) minor M

of A obtained by removing the rows and columns i1, . .., ig.

Example 8.20 (Spheres in the dual of a compact Lie algebra). A Lie algebra
is said to be compact if there exists some compact Lie group G with Lie
algebra g. This can also be characterized by the existence of an inner product
(+,-) which is ad-invariant:

([u,v],w) + (v, [u,w]) =0, Yu,v,w e g.

The induced inner product on g* is invariant under the coadjoint action.
Therefore, each sphere

Sr={¢ecg" : [l =r}, >0,

is a union of coadjoint orbits, i.e., of symplectic leaves for the linear Poisson
structure, and so it is a complete Poisson submanifold. Of course, this fits
in Example BI7 for the Casimir function C(¢) := ||¢||?. Ty

Example 8.21 (Quotients and Hamiltonian actions). Consider a proper
and free Hamiltonian G-space (M, ) with moment map p : M — g*, as in
Section For the quotient Poisson structure (M/G,myc) we show that
the submanifolds

M) ,G:=p1(0)/Gc M/G
are Poisson submanifolds for any coadjoint orbit O C g*.

For any H € C*°(M/G), using that H op is G-invariant and the moment
map condition (L25]), we find

0= a()(Hop) = X, (Hop) = —Xpop(m), Vv eg.

So Xpop is tangent to the p-fibers and in particular to u~1(Q). Therefore,
Xu = psXHop is tangent to M // ,G, and so M J/ ,G C M/G is a Poisson
submanifold. T

For Poisson transversals X C (M, ) we have seen that any symplectic
realization p : (S,w) — (M, ) restricts to a symplectic realization of X.
More generally, we have seen that Poisson transversals behave functorially
with respect to Poisson maps. The situation for Poisson submanifolds is
more subtle. First of all, there is no functoriality: given a Poisson map
® : (My,m) — (Mjy,m) and a Poisson submanifold N C My, it is not
true that ®~1(N) C M is a Poisson submanifold, even if ® is transverse to
N. However, when it comes to symplectic realizations, the following result
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shows that in many cases a symplectic realization of (M, ) can be used to
obtain a realization of a Poisson submanifold N.

Proposition 8.22. Let N be a Poisson submanifold of (M, ), and consider
a symplectic realization
e (S,w) = (M, ).
Setting C := = (N) and we := w|c € Q?(C), we have the following:
(i) The kernel of wc,
Ko :=Kerwe C TC,
defines a regular foliation on C.

(ii) If this foliation is simple, then we descends to a symplectic form
w on the leaf space C = C/K¢, and p descends to a symplectic
realization of the Poisson submanifold (N, 7n):

w:(C,w) = (N, 7).

This proposition will be best understood when discussing coisotropic

submanifolds, and so the proof is deferred until then. See also Proposition
[C. 17
Exercise 8.23. For a Poisson structure of LV-type, consider the natural
symplectic realization of type (6.0]), given in Example Show that for
the Poisson submanifolds V;, . ;, discussed in Example B.I9the construction
above yields a symplectic realization of V;, . ; which is again of the same
type (6.6).
Example 8.24. Consider the Poisson submanifold h° C g* associated to a
Lie ideal h C g — see Example Let G be a connected Lie group with
Lie algebra g. Let H C G be the connected Lie subgroup with Lie algebra
h. Then H is normal; assume it is also closed. This assumption holds, e.g.,
if G is simply connected. Since b is an ideal, ¢ := g/bh is the Lie algebra
of K := G/H. Moreover, under the canonical identification h° ~ €* the
Poisson structure on h° becomes the linear Poisson structure .

We apply the proposition to the canonical symplectic realization (6.10])
pa (TG ~ G X g",wean) — (87, 7q).
Then
C=pg (6) =G x &
and one can show that the kernel of we = wean|c 18 made of the tangent
spaces of the cosets of H in GG. Therefore the resulting foliation is simple,

with leaf space G/H x £ = K x ¢*. The resulting symplectic realization of
(&%, ) is precisely the canonical one corresponding to K

pr  (TYK ~ K X € wean) — (85, ).
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Let us remark that the identification of the symplectic manifolds C/H ~
T*K can also be understood using Hamiltonian reduction

T*(G/H) =~ p(0)/H = T°G | H,
where pup : T*G — b* is the composition of ug with the restriction map

g* — b*. The isomorphism is a particular case of Example [B.21]

Exercise 8.25. Explain the relationship between the assumption that H is
closed and the assumption made in item (ii) of Proposition 822l e

Exercise 8.26. Show that the symplectic realization of an affine Poisson
structure constructed in Example [6.25 can be obtained from Proposition
822 applied to the Poisson submanifold from Example B.I8

In the previous examples Proposition [8.22] could be applied to produce
symplectic realizations. However, this is not always the case.

Example 8.27. For a compact Lie algebra g, consider a sphere S, C g* as
in Example B20l Let G be a compact connected Lie group integrating g.
For the canonical symplectic realization from (G.10]),

p: (TG =G x g%, wean) — (97, 7g),
we have
C = ﬂ_l(ST) — G X ST-

We claim that, in general, the kernel of w ¢ = wean|c does not define a simple
foliation, so Proposition [8.22] does not provide a symplectic realization of S,..

For this, recall from Example [B:21] that the action of G on the right on
itself lifts to a Hamiltonian action on 7*G with moment map p. Under the
identification T*G ~ G x g*, this action is given by

g (h,€) = (hg™ Ady€).
The moment map condition gives
i g (v)Wean = dfby.
The right-hand side is the differential of the map (g, &) — £(v), so we obtain
dpwl|r,ex1es, =0 <= v € Span{vg},

where v¢ € g is the element corresponding to § under the isomorphism g ~ g*
induced by the inner product. Since Kerw ¢ is 1-dimensional, we obtain

Kerwc|ge) = Span{a(ve)|(ge)}-

Next, using that ad;jgf = 0, it follows that the leaf through (g,&) of the
foliation of G x S, defined by Kerw ¢ is

Lge) = {(gexp(tve),§) : t € R}

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



8.2. Poisson-Dirac submanifolds 165

Exercise 8.28. Show the following:
(a) If g = 50(3), the resulting foliation of C' = SO(3) x S§? is simple.
(b) If g = s0(4), the resulting foliation of C' = SO(4) x S is not simple.
(HINT: s0(4) ~ s0(3) @ s0(3)). e

8.2. Poisson-Dirac submanifolds

Poisson submanifolds and Poisson transversals are two types of submanifolds
which naturally inherit Poisson structures. Dirac geometry offers a general
framework to deal with such submanifolds.

Definition 8.29. A Poisson-Dirac submanifold of a Poisson man-
ifold (M, ) is a Poisson manifold (N, 7x) with an injective immersion

it (N,Lny) < (M, Ly)

which is a backward Dirac map.

Note that given a submanifold N of a Poisson manifold (M, 7) there is
at most one Poisson structure on N making the inclusion a Poisson-Dirac
submanifold. On the other hand, the existence of this structure can be
characterized as follows:

Proposition 8.30. An immersed submanifold i : N — M of a Poisson
manifold (M, ) is a Poisson-Dirac submanifold if and only if the following
conditions hold:

(i) ToN N (TN)*= =0, for allz € N.
(ii) The bivector field mn € T(AN*TN) defined at each point by
(8.3) () = (&) (&0 € TIN),
where €,7 € (TuN)17)° are extensions of &, 1, is smooth.
The extensions in item (ii) exist by item (i). Moreover, the proposition
says that (i) and (ii) imply that 7y € X2(N) is automatically a Poisson

structure. On the other hand, the following exercise shows that the smooth-
ness condition (ii) is not automatic.

Exercise 8.31. Consider the regular foliation of C? by complex lines
zo=a, z3=az+b (a,beC).

The leaves are symplectic submanifolds of (C3 ~ RS, w,,). They form the
symplectic foliation of a regular Poisson structure = on M = RS Show
that the 4-dimensional submanifold N = {(z1, 22, 23) : 23 = 0} C M satisfies
condition (i) of Proposition but does not satisfy condition (ii). T
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Proof of Proposition [8.30. The proposition will follow by spelling out
Definition 8291 Consider a submanifold N of a Poisson manifold (M, ).
We claim that for each z € N, the pullback Dirac structure

(i'Lx)z € D(TN)

comes from a bivector my, € A’ TN if and only if condition (i) in the
previous proposition holds. Indeed using the definition of (i!Lﬂ)x we find

(i'Lp)e = {w + E|n,ny € TeN : € € TFM and w = n°}
= {7*€ +€|n,n € ToN : € € TX M such that 7%¢ € T, N}.
Lemma shows that this subspace comes from a bivector if and only if
(i'Ly)e N TeN = {m*¢ : € € TXM with £|,x = 0, 7€ € T,N}
=T,N N (T,N)*~ = {0}.
This proves the claim.

Now if (i) holds, the bivector 7y, € A® T, N inducing (i'Ly), is precisely
the bivector field described by the explicit formula (83]). Theorem [.32)
implies that L., is a Dirac structure, and so my is a Poisson structure. [

Example 8.32 (Poisson submanifolds and transversals). It follows imme-
diately from Proposition that Poisson submanifolds ((7,N)*~ = {0})
and Poisson transversals (T, M = T, N @ (T, N)*~) are particular classes of
Poisson-Dirac submanifolds. For a Poisson transversal we already knew that
the inclusion is a backward Dirac map — see Example[Z.34l On other hand,
for a Poisson submanifold the inclusion is both a forward and a backward
Dirac map.

A Poisson transversal of (M, ) intersects each symplectic leaf trans-
versely. In the following exercise you are asked to show that this property
distinguishes Poisson transversals among all Poisson-Dirac submanifolds.

Exercise 8.33. Show that a Poisson-Dirac submanifold N of (M, ) is a
Poisson transversal iff it is transverse to each symplectic leaf of 7, i.e., iff

T,M =T,N +Imzf, Va&eN. Ty

Example 8.34 (Singletons). Submanifolds consisting of one point are au-
tomatically Poisson-Dirac submanifolds. They are Poisson transversals if
and only if the Poisson structure is nondegenerate at the point and they are
Poisson submanifolds if and only if the Poisson structure vanishes at the

point. Ty

Example 8.35 (Symplectic submanifolds). For a symplectic manifold
(M,w), the Poisson-Dirac submanifolds are precisely the symplectic sub-
manifolds of (M,w), and so they coincide with the Poisson transversals of

(M, w). T
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Example 8.36 (Linear Poisson structures). Let g be a Lie algebra and
consider the linear Poisson structure (g*,my). A sufficient condition for a
linear space h° C g* to be a Poisson-Dirac submanifold can be obtained

from (8.2):

(Teh®) s = {ad(€) s u € b} C g*
Hence, the first condition in Proposition B30 is satisfied if and only if for
every £ € h° and u € b one has

<§7 [uﬁul]> :O,VUIE h — <§7 [U,U]> =0,Vveg.
For example, this holds if h C g admits a complement £ C g such that

(8.4) g=baot [hEcCh

This should be compared with the condition found in Example for h°
to be a Poisson submanifold, namely that h is an ideal in g.

One still needs to check that condition (ii) in Proposition 30 holds.
We claim that the existence of a complement (8.4) is also enough for (ii) to
hold true. In fact, if such complement exists, then (Tgho)L’“g C £°, and so

TEh° = € C ((Teh®) ™).

Hence, given an n € T, 5* h°, if we view it as a constant form in €, we have an
extension 7 € ((Th°)*7)°, and it follows that condition (ii) holds.

We conclude that the existence of a complement (84) is a sufficient
condition for h° C g* to be a Poisson-Dirac submanifold. We leave it as an
exercise to show that the induced Poisson structure is linear.

For a simple concrete example, consider a compact Lie algebra g with
an invariant inner product (-,-). Let € C g be a subalgebra, and let h = £*.
Then the invariance of the inner product gives

([u,v),0") = (u, [v,0]) =0, Vuebh v et

So [h,€] C b holds and we conclude that h° C g* is a Poisson-Dirac sub-
manifold. Via the isomorphism h° ~ €*, the induced Poisson structure is
the linear one corresponding to €. Note that if h is not an ideal, then §° is
neither a Poisson submanifold nor a Poisson transversal. T

Example 8.37. Given a Poisson manifold (N, 7) one can try to embed it
as a Poisson-Dirac submanifold of a simpler (e.g., linear) Poisson manifold.

For instance, consider N = R? with Poisson bracket defined by {z,y} =
22 + y2. One can enlarge it by adding extra coordinates z, w, and ¢ (c
indicating that this coordinate will be a Casimir) and embed it into a linear
Poisson structure in M = R>: relative to the coordinates (z,y, z,w,c) the
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linear Poisson bracket is defined by

{x7y}:07 {JY,Z}:I', {:c,w}:y,
{y.2} =y, {y,w}=-z, {z,w}=¢
{:L‘, C} = {yv c} = {zac} = {wvc} = 0.

We leave it as an exercise to check that the embedding N — M, (z,y) —
(,4,0,0,1) turns N into a Poisson-Dirac submanifold of M and that the

induced Poisson structure is precisely {z,y} = 2% + 3. e

In general, the relationship between the symplectic foliations of a Poisson-
Dirac submanifold and of the ambient Poisson manifold is subtle. This was
already observed in Remark for pullbacks of Dirac structures and the
following example illustrates it in the case of Poisson structures.

Example 8.38. Consider M = R* with coordinates (u,v,z,w) and the
log-symplectic Poisson structure

o 0 0 0
T =Uu-

— 4+ A=
ou  Ov + 0z Ow
The injective immersion
i:R* >R (z,9) — (2%,0,2,y)
gives a Poisson-Dirac submanifold N C M with Poisson bivector field

_9.,9
™= B oy’

The Poisson manifold (N, 7y) is nondegenerate, so it has only one leaf, but
it intersects three different symplectic leaves of (M, ). T

Example 8.39. Consider an LV-type Poisson structure on M = R*:

{z,y} =2y, {z,2}=0, {z,w}=a2w,
{z,y} =2y, {y,w}=0, {z,w}=zw.

We leave it as an exercise to check that the embedding R? < R*, (u,v)
(u,v,u,v) gives a Poisson-Dirac submanifold and that the induced Poisson
structure on R? is again of Lotka-Volterra-type:

{u,v} = uv.

This is neither a Poisson submanifold nor a Poisson transversal. It is in-
structive to compare the resulting symplectic foliations of R? and R*. e
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8.3. Coregular Poisson-Dirac submanifolds

It turns out that among Poisson-Dirac submanifolds there is a particularly
well-behaved class.

Definition 8.40. A coregular Poisson-Dirac submanifold is a
submanifold N of a Poisson manifold (M, 7) such that

(i) TN N (TN)*" = {0},

(ii) TN+~ has constant rank.

Exercise 8.41. If N is a submanifold of a Poisson manifold (M, ) for which
the m-orthogonals (T, N )~ have constant rank, show that (T'N)*~ C Ty M
is a smooth subbundle.

Next we show that these submanifolds are indeed Poisson-Dirac and,
moreover, that unlike general Poisson-Dirac submanifolds, their symplectic
foliation has a simple description.

Proposition 8.42. Let (M, ) be a Poisson manifold, and let N C M be a
submanifold with the property that (T N)*= has constant rank. Then N is a
Poisson-Dirac submanifold if and only if TN N (TN)‘= = 0.

In this case, the symplectic leaves of (N, mn) are the connected compo-
nents of the intersections (N N S,wg|nns), where (S,ws) ranges over the
symplectic leaves of (M, ).

Proof. Applying Theorem [7.33] to the Dirac structure associated with the
Poisson manifold (M, ), we conclude that if T, N + Im b is of constant
dimension, then i'L; is a Dirac structure on N. Since

dim(T, N + Im7f) = dim N + dim(Im 7)) — dim(7, N N Im7%)
= dim N + dim(T,N)*~,

the assumption in the corollary guarantees that i'L, is a Dirac structure.
This Dirac structure is the graph of a Poisson bivector field if and only if
TN N (TN)** = 0, and then Theorem [7.33 gives the description of the
symplectic leaves of (N, my), so the proposition follows. O

Exercise 8.43. Show that the constant rank condition (ii) in Definition

[B.40 does not hold for the Poisson-Dirac submanifolds from Examples
and
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Before we give examples of coregular Poisson-Dirac submanifolds, we
provide some more geometric insight into this special class of submanifolds.

Theorem 8.44. Given an embedded submanifold N of a Poisson manifold
(M, ), the following are equivalent:

(i) N is a coregular Poisson-Dirac submanifold.

(ii) N is a Poisson submanifold inside a Poisson transversal X C M.

Moreover, in this case the germ of X around N is unique up to local Poisson
diffeomorphisms.

Proof. (i) = (ii). Let N be a Poisson-Dirac submanifold of (M, ), and
assume that (TN)*~ has constant rank. Since TN N (TN)+= = {0}, we can
choose a vector subbundle TN C V C T M satisfying
V@ (TN)t* =Ty M.
We claim that V+= = (T'N)*~, so that
VeVt =TyM.

Hence, if we choose a small enough submanifold N C X C M withTyX =V
— which can be done because N is embedded — then X will be a Poisson
transversal in M and N a Poisson submanifold of X, so (ii) follows.

To prove the claim, observe that
(TN)t™)° ={a € T%xM : 7% (a) € TN} D Ker 7| .

So Ker* N V° = {0} and we conclude that V1= := 7#(V°) has dimension
complementary to V: dim V4= = dim(TN)*~. However, since TN C V we
also have V+= C (T'N)*~, so we must have V1= = (TN)17 as claimed.

(ii) = (i). Assume that there exists a Poisson transversal X D N of
(M, ) such that N is a Poisson submanifold of X. In particular, N is a
Poisson-Dirac submanifold. We claim that (T X)** = (T'N)*=, so (I'N)*=
has constant rank.

To prove the claim observe that Ty X O TN so (TnX)** C (TN)*=.
To prove the reverse inclusion we show that ((TyX)17)° c ((TN)+=)°. By
the definition of L, we have

(TN)Y)° = {a € T4M : n*(a) € TN},
(TnX)t™)° ={a e T%xM : 7(a) € Ty X }.
Since X is a Poisson transversal, if 7f(a) € Ty X, then 7f(a) = ﬂg((oc\TNX);
since N is a Poisson submanifold of (X, 7x), we obtain that 7(a) € TN.
This proves that ((TyX)17)° C (TN)+=)°.

The proof of uniqueness of the germ of X around N is left as an exercise
— see Problem B.13] O

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



8.3. Coregular Poisson-Dirac submanifolds 171

Example 8.45. Consider a singleton {x} viewed as a Poisson-Dirac sub-
manifold, as in Example8.34] The Poisson transversal given by the proposi-
tion is precisely a slice to the symplectic leaf through z. Hence, one recovers
slices and the transverse Poisson structure of Theorem Ty

Example 8.46. Poisson submanifolds and Poisson transversals are exam-
ples of coregular Poisson-Dirac submanifolds. The proposition shows that
Poisson submanifolds of Poisson transversals are coregular Poisson-Dirac,
and in fact, they all arise in this way. T

Example 8.47. Let us consider again Example 837, where N = R? is a
Poisson-Dirac submanifold of M = R>. We find that
0 0 o 0 0 0 }

TN)iL = ot T Yo — T+ o
(TN)y001) Span{xax—I—yay ow oz $8y+82

so it has constant rank. Then Theorem 844 gives a Poisson transversal
N C X € M, where N C X becomes a Poisson submanifold. To find
X we follow the proof of Theorem RB44 we look for a vector subbundle
TN CV C TyM satisfying

Ve ® (I'N)i= =T,M, VazeN.

A solution is

o 0 9
dx’ dy’ e
so we can take X D N to be open in the linear subspace z = w = 0. For
example, if we let

Vx:Span{ }, Vz €N,

X ={(z,9,0,0,¢) : z,y,c € R,c > 0},

one checks that it is a Poisson transversal. The resulting Poisson structure
on X is given by
22 + o2

{z,y} = Az el ={y, ¢} =0.

Cc

Each slice ¢ = ¢y is a Poisson submanifold and at ¢ = 1 one recovers V.

Exercise 8.48. Show that Q = {(z,y,z,w,1) : z,y,z,w € R} C M is a
Poisson submanifold and N C @ is a Poisson transversal. Find the induced
Poisson bracket on Q.

(HiNT: Use that (z,y,z,w,c) — ¢ is a Casimir and that (z,y,z,w,1) —
(z,w) can be made into a Poisson map Q — R2.) <

Remark 8.49 (Symplectic realizations). The way that symplectic realiza-
tions interact with Poisson-Dirac submanifolds is subtle. However, in the
case of coregular Poisson-Dirac submanifolds Proposition generalizes
word by word. Actually, the result for Poisson manifolds also implies the one
for coregular Poisson-Dirac submanifolds. This follows using Theorem .44
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to embed a coregular Poisson-Dirac submanifold into a Poisson transversal
as a Poisson submanifold and then applying Proposition

We will not discuss this further here because, similar to the case of
Poisson submanifolds, this result becomes more natural within the general
framework of pre-Poisson manifolds to be discussed in Section

8.4. Coisotropic submanifolds

So far we have discussed various classes of submanifolds, namely symplectic
leaves, Poisson submanifolds, Poisson transversals, Poisson-Dirac subman-
ifolds, all having the important property that they carry induced Poisson
structures. We now move to a different class of submanifolds which play an
important role in reduction.

Definition 8.50. A coisotropic submanifold of a Poisson manifold
(M, ) is any submanifold C' C M satisfying

(TC)*= c TC.

There are two extreme instances of coisotropic submanifolds:

(i) (TC)*= = 0: these are exactly Poisson submanifolds.

(ii) (TC)** = TC NIm~!: these are called Lagrangian submani-
folds.

Example 8.51. For a symplectic manifold, one recovers the classical notion
of coisotropic submanifold. For example, in R?" with the canonical Poisson
structure the submanifold

Cr=1{(g,p) € R*" Pl =Pnry2=-=pp, =0} (1<r<n)
is coisotropic, and it is Lagrangian iff r = n. Ty

Exercise 8.52. Let C' be a submanifold of (M, n) which intersects the
symplectic leaves cleanly. Show that C' is coisotropic if and only if the
intersection C' N S is a coisotropic submanifold of (S,wg) for each leaf S.
Show that a similar result holds if coisotropic is replaced by Lagrangian.

Example 8.53. As in symplectic geometry, codimension-1 submanifolds
of Poisson manifolds are automatically coisotropic. For example, if one
considers the Poisson manifold R? with symplectic foliation by planes z = ¢,
then the parabola z = 32 + 22 will be a coisotropic submanifold for any
foliated symplectic form. Note that the intersection with the leaf z = 0 is
just a single point, hence it is not a coisotropic submanifold of the leaf. T

Example 8.54. Poisson submanifolds are precisely those submanifolds that
are simultaneously coisotropic and Poisson-Dirac. Ty
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The following result lists alternative characterizations of the coisotropic
condition for embedded submanifolds. You should compare them with the
similar characterizations for Poisson submanifolds from Proposition

Proposition 8.55. Let (M, ) be a Poisson manifold. For an embedded
submanifold C C M the following conditions are equivalent:

(i) C is a coisotropic submanifold.
(ii) The set of 1-forms
QE(M) := {a € Q' (M) : alrc =0}
is closed under the Lie bracket |-, .
(iii) The vanishing ideal Z(C') is a Lie subalgebra.
(iv) Xpg is tangent to C for any H € Z(C).

Proof. (i) = (ii). Let a, 8 € QF(M). Recall that

[a, B]w = gﬂ-tl(a) (/8) - zﬂﬁ(ﬁ)(a) - dﬂ-(a7 5)

Since 7(ar) and 7#(3) are tangent to C, the first two terms are in Q& (M).
The third belongs to Q4 (M) because (o, 8)|c = 0.

(ii) = (iii). Let o € QL (M) and g € Z(C). For any 3 € Q' (M),
[a7gﬁ]7r = (Zﬂ—ﬁ(a)g)ﬁ + g[a7ﬁ]7r-
By assumption, the left-hand side is in Q} (M) and, since g € Z(C), so is
the last term on the right-hand side. Thus (Z40)9)8 € Q&(M). Since
B is arbitrary, this implies that £, 9 € Z(C). Letting  := df, with
f € Z(C), we obtain that {f, g} € Z(C).
(iii) = (iv). For H, f € Z(C), we have
Xu(f)(x) ={H, f}(x) =0, VeeC.
Since C is an embedded submanifold, this implies that X is tangent to C.
(iv) = (i). For any f,g € Z(C), we have that
7(def,deg) = X¢(g)(x) =0, VaeC.

Since C' is an embedded submanifold, we have that (7,,C')° is generated by
elements d, f where f € Z(C). We conclude that

m(a, ) =0, Va,Be(TC).
This is equivalent to (TC)‘= C TC. O

Example 8.56. The characterizations from Proposition [8.55] might fail for
nonembedded submanifolds. For example, let M = T3 with the rank 2
Poisson structure = = 8%1 A %, and let N be a line

iR T3, t— (at,bt,t),
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where a,b,1 € R are linearly independent over Q. Then N is a Poisson
transversal, so it is not coisotropic. On the other hand, since N is dense in
T3, the vanishing ideal Z(IV) consists only of the zero function, which is of
course a Lie subalgebra. T

Example 8.57. For the linear Poisson structure in the dual of a Lie algebra
(g, mg) a linear subspace h° C g* is a coisotropic submanifold if and only if
h C g is a Lie subalgebra. This follows from expression (82) for (Th°)>ms
in Example BT6, where we saw that ideals correspond to linear Poisson
submanifolds. T

Example 8.58. Given a Poisson manifold (M, 7) and two commuting Pois-
son vector fields X,Y € X(M,n), we saw in Example E.I5] that for each
A € R\{0} the bivector field

0 0 o 0

defines a Poisson structure on M xR? for which M x {0} is a Poisson transver-
sal. When A = 0, M x {0} becomes a coisotropic submanifold. Therefore,
although Poisson transversals and coisotropic submanifolds are rather far
apart, a small perturbation of m may deform a coisotropic submanifold into
a Poisson transversal. T

Example 8.59. Generalizing the symplectic case, given a Hamiltonian ac-
tion of a Lie group G on a Poisson manifold (M, 7) with moment map
p: M — g* for which 0 € g* is a regular value, the zero level set =1 (0) ¢ M
is a coisotropic submanifold: its m-orthogonal coincides with the span of the
infinitesimal generators of the action and since p is G-equivariant these are
tangent to p~1(0). T

Another important reason to consider coisotropic submanifolds is their
close relationship with Poisson maps:

Theorem 8.60. A smooth map ® : My — My between two Poisson mamni-
folds (My, 1) and (Ma,m2) is a Poisson map if and only if its graph,

Graph(®) = {(z1,®(x1)) : 1 € M1} C My x My,
is a coisotropic submanifold of (My,m1) X (Ma, —72).
Proof. Notice that we have
TGraph(®) = {(v,d®(v)) : v € TM;},
so that
(TGraph(®))° = {((d®)*8, ) : B € T" Ma}.
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Let 7 denote the Poisson structure on (M, m1) X (Ma, —m2). It follows that
(TGraph(®))*~ = ((Teraph(cp))O)
= {(7}((d®)"8), 75(B)) : B € T"My}.
From this it is clear that Graph(®) is coisotropic; i.e.,
(TGraph(®))*™ C TGraph(®)
if and only if
AP o7l o (A®)* B = 75(8), VB €T M,

which means that ® is a Poisson map. U

Recall that, in general, the pullback of a Poisson submanifold by a Pois-
son map transverse to it is not a Poisson submanifold. Since a Poisson

submanifold is an example of a coisotropic submanifold the situation is clar-
ified by the following result.

Proposition 8.61. Let ® : (M,7y) — (N,7mn) be a Poisson map, and
assume that ® is transverse to a submanifold C C N. If C C N is a
coisotropic submanifold, then so is ®1(C) C M. The converse holds when

CCoM).
Proof. Since ® is transverse to C, ®~1(C) C M is a submanifold and for
r € ®1(C0) and y = ®(z),
T,271(C) = (d: @) (T,C), (T2 1(0))° = (de®)"(T,C)°.
Using that ® is a Poisson map, we find that
de@((T:27(C)) o) = do® o (1227 1(O))°
= d,® o7l o (d®)"(T,C)°
= 74 (T.C)° = (T,,C)*v.
Assume that C' C N is coisotropic. Then for all z € ®~1(0)
(T2~ H(C)) € (da®) M ((T,0) ) € (da®) 1T, C) = T® ™ H(C),

where y = ®(x). So ®~1(C) is a coisotropic submanifold.

Conversely, assume that ®~1(C) is a coisotropic submanifold and in
addition that C' C ®(M). Then, for each y € C we find z € ®~(y), and so

(T,0) ™~ = d, (T2 H(C)) ™) € d, (T, 1(C)) C T, C.

So (' is a coisotropic submanifold. O
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Example 8.62. For a proper and free Poisson action of a Lie group G on
a Poisson manifold (M, ), the map p : M — M /G is a Poisson submersion.
Hence, the proposition shows that a G-invariant submanifold C' C M is
coisotropic if and only if C/G C M/G is coisotropic. T

Example 8.63. Since the coadjoint orbit O¢ C g* is a Poisson submani-
fold it is also a coisotropic submanifold. Hence, if £ is a regular value of
the moment map p : (M,7) — g*, for some G-Hamiltonian action, then
,u_l((’)g) C M is a coisotropic submanifold. In particular, this recovers

Example B.50 Ty

As we have mentioned before, in general, a coisotropic submanifold C
does not inherit a Poisson structure from the ambient Poisson manifold
(M, 7). However, the fact that Z(C') C C*°(M) is a Poisson algebra suggests
the existence of some Poisson structure associated with C. For this we
introduce:

Definition 8.64. The characteristic distribution of a coisotropic
submanifold C' of a Poisson manifold (M, ) is

K¢ := (TC)*~ c TC.

Theorem 8.65 (Coisotropic reduction). Let C be a coisotropic submanifold
of (M, ), and assume that K¢ has constant rank. Then:

(i) K¢ defines a regular foliation, called the characteristic foliation.
(ii) If this foliation is simple, then its leaf space C := C' /K¢ carries a
unique Poisson structure m € X%(C) satisfying

p!LE = i!l‘ﬂ'a

where i : C — M 1is the inclusion and p : C — C is the projection.

In the statement of the theorem we have used the language of Dirac
geometry. The condition determining 7w can be given in more detail as
follows:

o (ML)
7
i'Ly = Lo = p'Ly (C,L¢)
T~

(C,Ly)

The intermediate Dirac structure L¢ := i'L, given by

Lo = {(7*a, alre) : o € TAHM vanishing on (T'C)1~}
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has kernel precisely the characteristic distribution
LenNTC = {Wﬂa colre =0} = Ke.
We obtain a Dirac geometric characterization of the constant rank condition:

Lemma 8.66. The characteristic distribution K¢ is of constant rank if and
only if Lo is a smooth Dirac structure on C. In this case, K¢ is involutive.

Proof. If K¢ has constant rank, then it follows from the general criteria
of Theorem [7.33] and a dimension count as in the proof of Proposition R.42]
that Lo is smooth.

For the converse, we observe that K¢ can be seen as both

(i) the intersection of two smooth bundles, namely 7'C' and L,

(ii) the image of a vector bundle map, namely 7 : (T'C)° — TC.

Hence, the rank of K¢ around a point can only decrease by (i) and increase
by (ii), so it must be constant.

In general, the kernel of a Dirac structure is involutive, provided it has
constant rank. O

Proof of Theorem [B.65l From the general discussion on Dirac structures
from Example[7.45] we obtain a Poisson structure 7 on C' such that py(L¢) =
L,. By Exercise [[.40, the map is also backward Dirac: p!]LE =Lco. O

Example 8.67 (Hamiltonian quotients). Theorem [R.65]includes as a special
case the usual symplectic reduction for a Hamiltonian G-space (Theorem
[B.19) and its Poisson geometric generalization. Given a Hamiltonian G-
space (M, ) with moment map p : (M,w) — g*, if the action of G on
p~1(0) is free and proper, then 0 is a regular value of x and, as we saw before,
p~1(0) C M is a coisotropic submanifold. The characteristic distribution at
x € p~1(0) is given by

(Top™H(0) 7 = 7 ((Top™1(0))°) = 7*((dzpt) *(9)) = {Xp,lo ¢ v € g},

so it coincides with the orbit distribution. Hence, in this case, if G is con-
nected, the theorem yields a reduced Poisson structure on the usual Hamil-
tonian quotient:

pHO) /(T H0) T = n™(0)/G = M/ G.
When the action of G on M is proper and free, u~1(0)/G is a Poisson
submanifold of M/G, as discussed in Example R21]

We can combine several of the results in this section to obtain symplectic
realizations of the quotient Poisson structure associated with the coisotropic
submanifold.
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Proposition 8.68. Let i : (S,w) — (M, ) be a symplectic realization, and
let Cpy C M be a coisotropic submanifold, so that Cs := p=*(Cy) C S is a
coisotropic submanifold. Assume the following:

(i) The characteristic distribution K¢,, of Car has constant rank.

(ii) The characteristic foliations Koy = Kerw|cg and K¢,, are simple.

Then Cg := Cs/Kcy is a symplectic manifold, Cy; == Cy/Kc,, is a Pois-
son manifold, and p induces a symplectic realization

P (QS7('—U) — (QMaﬂ)'
Proof. Note that the restriction

p: (Cs,wleg) = (Cwm, Ley,)

is a forward Dirac map. This follows by applying Problem [7.6] to the square

(S, w) —— (M, )

T T

(CSaw|Cs) s (CM?LCM)

Since C's C S is a coisotropic submanifold in a symplectic manifold, it follows
that ¢y has constant rank. The proof of Proposition [§.61] shows that

dx,u(/CcS,x) = /CCM#(QC), VzeCg.

This equation implies that p takes leaves to leaves and then it descends to
a smooth map p : Cg — C);. This map is a submersion because p and
the quotient maps are all submersions. The fact that p is forward Poisson
follows again from Problem applied to the diagram

(CS7W|CS) —M> (CM?LCM)

L

(Cg,w) — (Cpyy ) 0

The coisotropic reduction discussed before required the constant rank
assumption on the characteristic distribution. Lemma [B.66lshowed that, un-
der this condition, a coisotropic submanifold C' of (M, ) carries an induced
Dirac structure Lo. The coisotropic embedding problem addresses the
converse question:

e Which Dirac manifolds (C,L¢) can be embedded coisotropically in
a Poisson manifold (M, m)?
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Example 8.69. The following special instance of this problem is well known
in symplectic geometry: given a manifold C' endowed with a closed 2-form
we € Q%(C) one looks for a symplectic manifold (M,w) together with a
coisotropic embedding ¢ : C — M such that we = i*w. Gotay’s Theorem
[81] states that this is possible if and only if we has constant rank. T

Generalizing Gotay’s Theorem, one has the following coisotropic embed-
ding theorem:

Theorem 8.70 (Cattaneo and Zambon [31]). Let (C,L¢) be a Dirac man-
ifold. There exists a Poisson manifold (M, ) and a coisotropic embedding
i:C < M such that Lo = i'Ly if and only if Lo NTC has constant rank.

Proof. If (M,n) is a Poisson manifold and i : C — M is a coisotropic
embedding such that Lo = i!]LW, then by Lemma [B.66] the bundle Lo N T'C
has constant rank.

Conversely, assume that (C,L¢) is a Dirac manifold such that K¢ =
Lo NTC is of constant rank. Choose a subbundle D C T'C such that
(8.5) TC =Kc @ D.

This gives an embedding of the dual vector bundle j : K, < T*C. Denote
by B = j*wcan the pullback of the canonical symplectic form and define a
Dirac structure on the total space of K, by

L:=¢P pr! Le

where pr : Kf — C' is the bundle projection. Let ¢ : ' — K, be the zero
section. We claim the following:

(i) 'L = Le¢.
(ii) (T.K%) NL, = {0} for all z € i(C).
(iii) If a € (T%(C))° and v + « € L, then v € Ti(C).

Assuming these claims, we can finish the proof by observing that: by (ii)
there is an open neighborhood M C K¢, of the zero section where . = L,
for a Poisson structure 7 € X2(M); by (iii) the zero section i : C < M is a
coisotropic embedding; and by (i) we have i'L, = L.

Now, (i) follows from the straightforward computation
iL=4'(ePpr'Le) = e Bit pr' Lo = 2 (proi)'Le = Lo,
where we used that joi: C — T*C is the zero section, so

i*B = (j 04) wean = 0.
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To prove (ii), we observe that
ve LNTye) Ko <= wv—i,Be€ pr' Lo
<— —iyB=prfaanddpr(v)+aclc.
The decomposition (8] gives
(8.6) Tio)Ke =Ke ©TC =K © Ko @ D,

where D = Ker B and relative to which B is the canonical symplectic form
on the first two factors. Therefore, we obtain

—iy,B=pr*fa = dpr(v)+a€ D+ D".
But by Problem [T we have Lo N (D + D°) = {0}. So we obtain
veLNTye)Ke == wve€Ker(dpr)NKer(B) = v=0,
so (ii) holds.

Finally, to prove (iii), notice that if v+ « € L, then i,B — a = pr* 3, for
some 3 € T*C. Additionally if o € (T'i(C))°, then we must have

iyB(w) = pr* f(w), VweTi(C).
From (B.6]), we conclude that v € D C T'C, so (iii) holds. O

8.5. Example: Fixed point sets

We will now discuss an interesting way to obtain submanifolds of the types
introduced in this chapter as fixed point sets.

Consider an involution 7 : M — M, i.e., a diffeomorphism such that
72 = Id. Each connected component of the fixed point set of 7,
My={ze M :71(z) =z},
is an embedded submanifold, with tangent bundle the fixed point set of dr,
TMy={v e Ty,M:dr(v) =wv}.

Note that the connected components can have distinct dimensions.

If (M, ) is a Poisson manifold, we say that 7 is a Poisson involution
if 7*m = 7 and an anti-Poisson involution if 7*7 = —.

Proposition 8.71. Let (M,n) be a Poisson manifold, and let T : M — M
be a Poisson involution. Then the connected components of the fixed point
set My of T are Poisson-Dirac submanifolds.

On the other hand, if T is an anti-Poisson involution, then the connected
components of My are coisotropic submanifolds.
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Proof. At a fixed point € My, we have (d,7)? = Id. Hence the tangent
space at such a point decomposes into the +1-eigenspaces of d,T,
T,M = (T,M)" @ (T,M)~, (T,M)*:={veT,M:d,7(v) = v},
and T, My = (T,,M)™. Similarly, the cotangent spaces decompose as
TiM = (T:M)Y @ (TEM)~, (T,M)* :={a € T:M : (d;7)*(a) = +a},

and we have Ti My = (TiM)*, (Tp,My)° = (T M)~. Since 7 is a Poisson
map, we have

m}

=d,r o7t o (dy7)* (x € M)
and it follows that
(8.7) T (Ty M)*) C (T M)*.
Therefore,
(o Mo) 't = 7* (T Mo)°) = w*((T; M) ™) C (T M)~

Hence the first condition in Proposition is satisfied. For the second
condition we observe that the projection p™ : T,M — (T,M)T gives a
canonical way of extending ¢ € T My to a covector f =pi (&) € T; M. The
resulting 7y on My given by (83) is then smooth.

On the other hand, if 7 is an anti-Poisson map, we find

(88) (T M)*) C (T.M)F  (z € My).
Hence, in this case we obtain (T, Mo)*™ C (T,M)T = T, My, which is the
condition for My to be coisotropic. O

Corollary 8.72. If 7 : (M,7) — (M,7) is a Poisson involution, then the
fized point set My is a Poisson transversal if and only if

Kernf N (T, M)° = {0}, Vz e M.
Proof. In the previous proof we saw that
(TuMo)*™ € (T,M)~ and #*((TFM)*) C (T.M)*  (z € My).

So My is a Poisson transversal iff (T, Mo)*~ = (T, M)~ or, equivalently, if 7*
restricts to an isomorphism (7, My)° — (T,M )~ (by a dimension count). [

Exercise 8.73. Show that any Poisson structure on a Lie group G for which
the inversion ¢ : G — G is an anti-Poisson map must vanish at the unit.

Exercise 8.74. Show that if 7 : (M, 7) — (M, ) is a Poisson involution,
then the induced Poisson bracket on the fixed point set My is given by

{1 ol = {1, o} |y »

where f; € C*°(M) is any 7T-invariant smooth extension of f; € C*(M).
You need to show that such extensions exist!
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Example 8.75 (Involutions on Lie algebras). Let 7 : g — g be a linear
involution of a Lie algebra g. Decompose g into the +1-eigenspaces of 7:

g=bodp.

Then h is the fixed point set of 7, while p° is the fixed point set of the
transpose 7* : g* — g*.

Now, the transpose 7 : g* — g* is a Poisson involution if and only if 7
is a Lie algebra automorphism, and this is equivalent to

[h,b] Ch, [b,p] Cp, [p,p]CH.

The proposition says that then My = p° C g* is a Poisson-Dirac subman-
ifold, and this matches what we saw in Example Note also that, by
Example[8.16, p° is a Poisson submanifold if and only if [p, p] = 0. Moreover,
p° is a Poisson transversal only when p = 0, and so 7 = Id.

On the other hand, the transpose 7" : g* — g* is an anti-Poisson in-
volution if and only if 7 is a Lie algebra anti-automorphism, and this is
equivalent to

(b,h] Cp, [b,pl ChH, [p,p] Cp.

The proposition says that My = p° is a coisotropic submanifold of g*, and
this matches what we saw in Example [R.57

Example 8.76. Consider the LV-type Poisson structure in R* given in
Example B.390 One checks immediately that the map

T:R4_>R4v (x7yaz7w)'_>(zawax7y)7

is a Poisson involution. The fixed point set is precisely the Poisson-Dirac
submanifold N C R* considered in that example. This is not a Poisson
transversal since it includes a zero of the ambient Poisson structure — or
use the corollary above. We extend the coordinates (u,v) on N to 7-invariant
functions on R*:

T+ z y+w

2 ) 17(937%2’,10): T’

ﬂ(x, Y, z, ’UJ) -

and we compute their Poisson bracket
_ 1 1 -
{u,v} = Z{x—i-z,y—l—w} = Z(:cy—l—a:w—l—zy—kzw) = un.

Therefore, by Exercise 874l the Poisson bracket on N is {u,v} = uv, which
coincides with the one found in Example [8.39
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If we regard an involution as a Zs-action, Proposition B.71] admits the
following generalization:

Proposition 8.77. Consider an action of a compact Lie group G on a
Poisson manifold (M, ) by Poisson diffeomorphisms. Fach connected com-
ponent of the fized point set

MY :={zeM:g-z=uVgecG}
is a Poisson-Dirac submanifold. It is a Poisson transversal if and only if

Ker 7 N (TM%)° = 0.

Proof. Recall that since G is compact, the fixed point set M is a subman-
ifold — possibly with connected components of different dimensions. Its
tangent bundle is the fixed point set of the lifted action of G on T'M:
TMC = (TM)C.
Also, M has a G-invariant Riemannian metric, and if £ denotes the orthog-
onal bundle to TM%, we have a G-invariant decomposition
TyeM =TMC @ E.
We also have the dual decomposition of the cotangent bundles
TiaM = E°@ (TM%)°,

where E° = (T*M)% coincides with fixed point set of the lifted action of G
on T*M. In particular, notice that these decompositions are independent
of the choice of invariant metric.

Now, the G-equivariance of 7f : T*M — TM implies that
(E°) c TMY, #*((TM%)°) C E.

Hence the first condition in Proposition is satisfied. For the second
condition we observe that the projection p : T, M — T, MC gives a canonical
way of extending & € T*M© to a covector §~ :=p*(&) € Ty M. The resulting
Poisson structure on M& given by (83) is then smooth.

Since TyycM = TM® @& E and (TM%)*~ = 7f(TM%)°) C E, we
see that MY is a Poisson transversal if and only if the restriction of 7
to (TM%)° is an isomorphism, which is equivalent to the condition in the
proposition (by dimension count). (]

Exercise 8.78. Show that, under the conditions of the proposition, the
Poisson bracket on the fixed point set M is given by

{f17f2}MG = {f17f2}‘MG )
where f; € C°°(M) is any G-invariant smooth extension of f; € C®(M%).
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NoTE: For a compact Lie group, G-invariant extensions can always be con-
structed by taking any smooth extension f; and then averaging over G:

la) = [ Flae)do
where dg is the normalized Haar measure on G (i.e., [,dg =1).

Example 8.79. For a symplectic action, the previous proposition becomes a
standard result in symplectic geometry that ensures that the fixed point set
of a symplectic action of a compact Lie group is a symplectic submanifold.
So, in this case, the fixed point set is a Poisson transversal. Te

Exercise 8.80. Consider the coadjoint action G xg* — g*. This is a Poisson
action on (g*,my). Find the Poisson structure on the fixed Poisson set.

8.6. Pre-Poisson submanifolds

Definition 8.81. A pre-Poisson submanifold of a Poisson mani-
fold (M, ) is a submanifold P C M with the property that

TP+ (TP)* c TM

is of constant rank.

Note that a Poisson-Dirac submanifold P is a pre-Poisson submanifold
if and only if it is coregular. Hence, Figure B1] illustrates all the different
types of submanifolds of Poisson manifolds that we have introduced:

pre—Poisson submanifolds

coregular Poisson—Dirac

HUETYTE submanifolds
submanifolds PRIV Poisson
symplectic

transversals
leaves

1
1
1
1
1
1
1
1
1
1
1
.
' Poisson
1
1
1
1
1
1
1
1
1
1
1
1

Poisson—-Dirac submanifolds

Figure 8.1. Submanifolds of a Poisson manifold
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Notice that a submanifold is both a Poisson submanifold and a Poisson
transversal if and only if it is an open subset. The tangent overlap between
these two classes in Figure Bl represents this intersection.

Example 8.82 (Symplectic structures). For a symplectic manifold (5, w) a
submanifold P C S is a pre-Poisson submanifold if and only if w|p has con-
stant rank. In symplectic geometry, these are sometimes called presymplectic
submanifolds, which is the origin of the name “pre-Poisson submanifold”. In
this case, the diagram above simplifies considerably, since for a submanifold
of S one has the equivalences

symplectic «~—  Poisson - Poisson-Dirac «——  coregular
submanifold transversal submanifold Poisson-Dirac.

Moreover, the symplectic leaves are the connected components of S, while
the Poisson submanifolds are the open subsets of S. Te

Example 8.83 (Linear Poisson structures). Let (g*, my) be a linear Poisson
manifold. As we saw in Example B.16] for a subspace h° C g* we have

(Teh®) o = {ad;(€) 1 u € b}

So h° C g* is pre-Poisson submanifold if and only if the subspaces

{ad,(§) :ueb}+b°Cyg

have dimension independent of £. Since for £ = 0 this subspace is h°, the
condition becomes

{ad, () :ue b} C b’
or, in other words, that h is a Lie subalgebra of g. As we saw in Example
B57, this is the condition for h° C g* to be a coisotropic submanifold:
h° is coisotropic  «—  h°is pre-Poisson - b C gis Lie
submanifold submanifold subalgebra.
Taking into consideration also Example one has the equivalences

h° is Poisson «——  §h°is coregular ~—— bh C gis Lie
submanifold Poisson-Dirac ideal.

Also, since linear Poisson structures vanish at the origin, h° C g* is a
Poisson transversal only if h = {0}. Finally, in Example R36] we saw that

f C g has a complement € _  h° is Poisson-Dirac VA
such that [h, €] C b submanifold.

For a Poisson manifold (M, 7), it is not hard to see that if a submanifold
is a coisotropic submanifold of a Poisson transversal of M, then it is pre-
Poisson. The following theorem shows that this actually characterizes pre-
Poisson submanifolds and should be compared to Theorem [R.44]
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Theorem 8.84 (Cattaneo and Zambon [31]). For any embedded submani-
fold P of a Poisson manifold (M, ) the following are equivalent:

(i) P is a pre-Poisson submanifold.

(ii) P is a coisotropic submanifold inside some Poisson transversal X .

Moreover, the germ of X around P is unique up to Poisson diffeomorphisms.

Proof. (i) = (ii). If P is a pre-Poisson submanifold, then U := TP +
(TP)*~ is a vector bundle. Consider the surjective map

(8.9) (TP)° — U/TP, o~ 7*(a) mod TP.
The kernel of this map is precisely U°, as can be seen using the relation
((TP)*)° = (s ~H(TP).

Let V. C TpM be a subbundle such that (TP)° = V° @ U°. Passing to the
annihilators, this decomposition is equivalent to the conditions

TpM =V +U and TP=VnNU.
Since the map in (89]) restricted to V° is a bijection, we have that
(8.10) U=TPoVir,
These decompositions yield
TpM =V &V

Choose a small enough submanifold P C X C M with TpX = V. Then
X is a Poisson transversal in M. Moreover, P is a coisotropic submanifold
of X because along P the Poisson structure 7T§( : TpX — TpX coincides
with Fﬁ’(VLﬂ)o, via the identification TpX = V* ~ (V17)°. Hence, passing
to the annihilators in (810) and using that U® is the kernel of the map (89I),
we obtain

T (TP)° N (V+i7)°) = 74 (U°) c TP.

(ii) = (i). Let P C M be a submanifold, and assume there exists a Pois-
son transversal X of (M, ) such that P C X is a coisotropic submanifold
of X. We claim that

TP+ (TP)'" =TP® (TpX)*~,

so TP + (TP)*~ has constant rank; hence P is a pre-Poisson submanifold
of (M, ).
To prove the claim, we first observe that the right-hand side is indeed

a direct sum because P C X and X is a Poisson transversal. Moreover, we
also have (TpX)* C (TP)*~ and so the right-hand side is contained in the
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left-hand side. For the opposite inclusion, we again use (TpX)*= C (TP)*=
and that X is a Poisson transversal to obtain

(TP)*™ = (TpX)*~ @ (TP)** N TpX).
If we now use the condition that P C X is a coisotropic submanifold,
(TP)**NTpX C TP,

we obtain the reverse inclusion.

The proof of uniqueness of the germ of X around P is left as an exercise
— see Problem R.13] O

Many of the results that we have obtained for coisotropic submanifolds
have a direct analog in the setting of pre-Poisson submanifolds. The proofs
can be obtained either by adapting those from the coisotropic case or by ap-
plying those results directly to the submanifold when viewed as a coisotropic
inside a Poisson transversal, as in the previous theorem. For this reason,
the details will be omitted.

First we consider the behavior of pre-Poisson submanifolds under Pois-

SOIl maps.

Proposition 8.85. Let ® : (M,my) — (N,wn) be a Poisson map, and
assume that ® is transverse to a submanifold P C N. If P is a pre-Poisson
submanifold, then so is ®~1(P). The converse holds when P C ®(M).

This proposition generalizes not just the case of coisotropic submani-
folds, but also the one for Poisson transversals — just that in the latter
case, transversality held automatically.

Next, pre-Poisson submanifolds still give rise to Poisson structures by
reduction.

Theorem 8.86 (Pre-Poisson reduction). Let P be a pre-Poisson submani-
fold of (M, 7), and assume that the characteristic distribution

Kp:=TPnN(TP)*~ c TP
has constant rank. Then:

(i) Kp defines a regular foliation.

(i1) If this foliation is simple, then its leaf space P := P/Kp carries a
unique Poisson structure = € X2(P) satisfying

p'Ly = i'Ly,

where © : P — M 1is the inclusion and p : P — P is the projection.
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The proof of this theorem is entirely similar to that of Theorem [8.63]
The Dirac structures can be represented by the diagram

(M, Ly)
7
i'Ly =Lp = p'L, (P,Lp)
BN
(P, Lx)

where the inclusion is backward Dirac and the projection is forward and
backward Dirac.

Finally, we look at the interaction with presymplectic realizations and
reduction.

Proposition 8.87. Let u: (S,w) — (M, ) be a symplectic realization, and
let Pyy C M be a pre-Poisson submanifold, so that Ps := u~'(Py;) C S is a
pre-Poisson submanifold. Assume the following:

(i) The characteristic distribution Kp,, of Py has constant rank.

(ii) The characteristic foliations Kp, = Kerw|p, and Kp,, are simple.

Then Pg := Pg/Kpq is a symplectic manifold, Py, := Py /Kp,, is a Poisson
manifold, and p induces a symplectic realization

o (Bs,w) = (Byy, m)-

This result puts together the constructions of realizations for Poisson
transversals (Proposition [6.2]), Poisson submanifolds (Proposition [R.22), and
coregular Poisson-Dirac submanifolds (Remark B.49]).

Observing that the restriction p : (Ps,w|py) = (Par, Lp,, ) can be viewed
as a “presymplectic realization” of the pre-Poisson submanifold Py, this
construction is described by the following diagram of (pre-)symplectic real-
izations and reductions:

(S,

S, w) —r
/ /
(Ps,w|ps) —= (Pur, Lpy,)

T~

(st &) m (BM, E)

(M, )
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Problems

8.1. Let g be a Lie algebra with a vector space decomposition g = h @ ¢
satisfying [h, €] C b, as in Example Show that the induced Poisson
structure on the Poisson-Dirac manifold h° C g* is linear. If ¢ is Lie algebra,
verify that the resulting linear Poisson structure is isomorphic to (¢*, ).

8.2. Observe that Poisson-Dirac submanifolds of Poisson-Dirac submani-
folds are Poisson-Dirac submanifolds of the ambient manifold. Similarly,
show that the following classes are closed under inclusion:

(a) Poisson submanifolds,

(b) Poisson transversals,

(¢) coregular Poisson-Dirac submanifolds.

8.3. Let ® : (M, mpr) — (N, 7mn) be a Poisson map which is an immersion.

Show that Graph(®) C (M, my) x (N, —7my) is a Lagrangian submanifold
— see the discussion following Definition [8.50

8.4. Let ® : (M, mps) — (N, mn) be a Poisson map which is a surjective sub-
mersion, and let C' C N be a submanifold. If ®~}(C) C M is a Lagrangian
submanifold, show that C' C N is also a Lagrangian submanifold. Give an
example showing that the converse may fail.

8.5. Show that a submanifold of a Poisson manifold (M, ) is a Poisson
submanifold if and only if it is both a coisotropic and a Poisson-Dirac sub-
manifold.

8.6. Let (M, 7) be a Poisson manifold. Show the following:
(a) If N is an immersed Poisson submanifold of (M, ) which is closed as a
subset of M, then N is a complete Poisson submanifold.

(b) If {N;}ier is a partition of (M, 7) into immersed Poisson submanifolds,
then each NV; is a complete Poisson submanifold.

HinT: Use Exercise B8

8.7. Let (M xg*, 1l . ) be the Poisson manifold associated to an infinitesimal
Poisson action « : g — X(M, ) as in Problem 2Tl Consider the slices

Me:=Mx{&CcMxg" (£€g).
(a) Show that My is always a coisotropic submanifold.

(b) Show that M is a Poisson-Dirac submanifold if and only if «(g¢) = 0.

(c) When is M a Poisson transversal?
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8.8. Assume that the action in the previous problem comes from an action
of a connected, compact Lie group G x M — M. Show that

(M x g")% =M% x [g,q]°
and find the Poisson structure on this Poisson-Dirac submanifold.
8.9. Given manifolds M and N a (smooth) relation R : M — N is a
submanifold R € M x N. Given a relation R : M — N, we denote by
R~!: N — M the inverse relation
R™':={(y,x) € Nx M : (z,y) € R}.

IfR: M —- N and S : N — P are relations, the composite relation
SoR: M — P defined by

SoR:={(x,z) € M x P:3dy € N such that (z,y) € R and (y,z2) € S}

may fail to be a submanifold. We say that two relations R : M — N and

S : N — P meet cleanly if Ro S is a submanifold of M x P and for each

(z,y) € R and (y, z) € S we have

T (S o R) =Ty .)S o Tz R.

If (M,mp) and (N, 7my) are Poisson manifolds, a Poisson relation is a

coisotropic submanifold R C (M, mys) X (N, —mn). Show the following:

(a) If R: M — N is a Poisson relation, the inverse R~! : N — M is also a
Poisson relation.

(b) Each coisotropic submanifold C' C (M, 7ys) gives rise to a Poisson rela-
tion R(C) : ({*},0) — (M, 7).

(¢) Amap ®: (M, mp) — (N,7y) is Poisson if and only if Graph(®) is a
Poisson relation.

(d) If R: (M,mp) — (N,mwy) and S : (N,7n) — (P,mp) are Poisson
relations which meet cleanly, then S o R : M — P is a Poisson relation.

8.10. Let (M, mas) be a Poisson manifold. Show that a surjective submersion

®: M — N is a Poisson map for some Poisson structure my € X2(N) if and
only if 1o ® : M — M is a Poisson relation (see Problem B.9).

8.11. Let h C g be a Lie subalgebra. Consider an affine subspace £+§° C g*.

(a) Show that £ + h° C g* is a coisotropic submanifold iff £ € [b, b]°.

(b) Show that £ + h° C g* is always a pre-Poisson submanifold.

(c) Find a Poisson transversal in g* that contains £ + h° as a coisotropic
submanifold.

8.12. Let (P,Lp) be a Dirac manifold. Show that there exists a Poisson

manifold (M, 7) and a pre-Poisson embedding i : P < M with Lp = i'L,

if and only if Lp NT'P has constant rank.
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8.13. Let P be an embedded pre-Poisson submanifold of (M, 7), and denote
U:=TP+ (TP)*~ Cc TpM.

(a) Consider an embedded submanifold P ¢ X C M, and denote V :=

TpX C TpM. Prove that the following are equivalent:
(i) A neighborhood of P in X is a Poisson transversal in which P is a
coisotropic submanifold.
(ii) (TP)°=V°eaqU°.
(HINT: Look at the proof of Theorem [R.841)

(b) Consider two embedded Poisson transversals Xy, X1 C M such that P
is a coisotropic submanifold in both. Show that, after possibly shrink-
ing Xg and Xi, there exists a smooth family of Poisson transversals
{Xt}te[o,l] connecting them and such that P is a coisotropic submani-
fold in each X;.

(HINT: Use a tubular neighborhood adapted to Xy and part (a) to re-
duce to the case when Tp Xy = TpX1.)

(c) Prove the uniqueness assertions of Theorems R44] and B84
(HinT: Use (b) and Problem [5.91)
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Notes and References
for Part 2

The existence of symplectic leaves underlying any Poisson manifold was
first proved by Kirillov [98], possibly inspired by the symplectic structure
on the coadjoint orbits of a Lie algebra. The version discussed in this text is,
essentially, the one given by Weinstein in [147], but for the smooth structure
on the leaves we present a self-contained proof. The linear Poisson structure
on the dual of a Lie algebra goes back to Sophus Lie, as we have already
observed in Part 1, and the symplectic structure on coadjoint orbits was
rediscovered in the 1960s by Kirillov [97], Kostant [103], and Souriau [136].

As one could expect, the study of regular Poisson structures evolved
faster than the study of general Poisson structures. For example, a Moser
stability theorem for regular Poisson structures was obtained by Hector et al.
in [89], while the general case, which will be discussed in Chapter [0, appears
only in the work of Ginzburg and Weinstein [80] and later in [44]. However,
even in the realm of regular Poisson structures one runs quickly into difficult
questions. For example, there is a simple criterion due to Thurston to decide
whether a manifold carries a codimension-1 foliation, but no general criteria
is known for the existence of a Poisson structure of corank 1. As pointed
out in Chapter @ even in the case of spheres, existence is only known for S!
(obvious), S? (the Reeb foliation), and S° (Mitsumatsu [121]).

The notion of transverse Poisson structure appears first in Weinstein’s
paper [147] and since then it has been the subject numerous studies, in
particular for coadjoint orbits (see, e.g., [50] and references therein). In
Weinstein [147], it was wrongly claimed that the transverse Poisson struc-
ture to any coadjoint orbit is linearizable, but a counterexample was given
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by A. B. Givental [148,[149] — which appears as Exercise Poisson
transversals also appeared first in [147], where they were not named. They
are sometimes known as “cosymplectic submanifolds”, but since the notion
of a cosymplectic manifold has a well-established, distinct meaning, the term
Poisson transversal was proposed in [71] and now seems to have universal
acceptance.

As with many other basic notions in Poisson geometry, symplectic real-
izations were introduced by Weinstein in [147], where their local existence
is proven. They were defined and studied independently by Karasev and
Maslov [94,/96] — who called them phase spaces — under the additional
assumption that they admit a Lagrangian section. The proof of local exis-
tence given here is more recent and is a specialization of the global existence
proof given in [48], to be discussed in Chapter [Il Libermann’s Theorem
appeared first in the note [LI08]. Symplectic realizations were extensively
studied by Dazord and his coauthors in connection with noncommutative
integrable systems (see, e.g., [53] and references therein).

Dirac structures were first introduced by T. Courant [38,89] to give a
geometric formalization of Dirac’s theory of constrains in classical mechan-
ical systems. In the last two decades they have been shown to be relevant
to a broad range of topics in mathematics and mathematical physics. For
example, their complex version plays a major role in the generalized com-
plex geometry of Gualtieri and Hitchin [83]. Our brief treatment is aimed
exclusively at those aspects directly relevant to Poisson geometry. More
thorough introductions and references to their applications can be found in
the surveys of Bursztyn [21] and Meinrenken [119].

The notion of a Poisson submanifold appears already in [147], where
its basic properties are established. Coisotropic submanifolds were also in-
troduced by Weinstein in [152], with the express aim of “extending the
lagrangian calculus from symplectic to Poisson manifolds”. The notion of
a Poisson-Dirac submanifold has its origins in the work of Xu [161], who
considered a special case of this notion. General Poisson-Dirac submanifolds
were introduced in [42], where the coregular case is also studied, albeit un-
der the name constant rank. We borrow the term coregular from the recent
work of Brambila, Frejlich, and Martinez-Torres [17]. Poisson involutions
and anti-involutions, along with their fixed point set, were first studied in
[64,/68] in connection with integrable systems, and they were studied fur-
ther by Xu [161]. Pre-Poisson submanifolds were introduced and studied
by Cattaneo and Zambon [31] in their solution of the coisotropic embedding
problem for Poisson manifolds.
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Global Aspects
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We now turn to the study of global properties of Poisson manifolds.
The study of such properties must take into account the presence of three
different ingredients: the symplectic geometry of the leaves, the topology of
the foliation, and the geometry transverse to the leaves. In the next chapters
we will develop a variety of techniques and tools to explore global Poisson
geometry and topology.

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



Chapter 9

Poisson Cohomology

9.1. The cotangent Lie algebroid

Many constructions in classical differential geometry rely on the Lie bracket
of vector fields. This operation makes the space of vector fields a Lie algebra
and, furthermore, it satisfies the Leibniz identity

(X, fY] = fIX, Y]+ Zx ()Y

We have seen that one incarnation of a Poisson structure w on a manifold
M is the Lie bracket from Proposition 211 on the space of 1-forms Q' (M):

[avﬂ]ﬂ = ﬂﬁa(lg) _"gﬂ'uﬂ(a) _d(ﬂ-(aaﬁ))'
Also this Lie bracket satisfies a Leibniz-type identity

[O" fﬁ]ﬂ = f[a7/8]W +$7rﬁa(f)6'

The striking similarities between these two operations beg for a deeper
understanding. This is the starting point of a new view/philosophy on Pois-
son geometry, dual to the classical one, where the tangent bundle is replaced
by the cotangent bundle. The conceptual framework is provided by the the-
ory of Lie algebroids.

Definition 9.1. A Lie algebroid over a manifold M consists of a
vector bundle A — M, a Lie algebra structure [-,-]4 on the space of
sections I'(A), and a vector bundle map p : A — T'M satisfying the
Leibniz identity

[aafB]A = f[avﬂ]A +$p(a)(f)67 Va,B € F(A)a f € COO(M)
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One should think of a Lie algebroid A as “the correct tangent bundle”
for some geometry present on the base manifold M. The map p: A — TM,
called the anchor map, relates this new tangent bundle back to the classical
tangent bundle: its image is made of “the relevant tangent directions”. The
following consequence of the definition makes this connection more precise:

Proposition 9.2. Let (A, [, ]4,p) be a Lie algebroid. Then
p(la, Bla) = [p(a), p(B)], Va,B €T(A).
Proof. Consider the Jacobiator

J(O‘7677> = [[OZHB}A/'Y]A + [[677]147 a]A + H’V?a]A,/B]A-

Using only the Leibniz identity, R-bilinearity, and skew-symetry, we find
that for any «, 8,7 € I'(4) and function f € C*°(M), we have

J(a, B, fv) = FI(a, 8,7) = Ly(a8).4)~[p(a)p(8) (V-

Since [+, -] 4 satisfies Jacobi, the left side is zero, and the result follows. O

Example 9.3 (Tangent bundles). For any manifold M, the tangent bundle
A = TM is a Lie algebroid for the usual Lie bracket of vector fields and
with anchor the identity map. Ty

Example 9.4 (Cotangent bundles of Poisson manifolds). As seen in Propo-
sition 217 for any Poisson manifold (M, ), the cotangent bundle A = T* M
is a Lie algebroid with Lie bracket [-,-]; and anchor i : T*M — TM. <%

Exercise 9.5. Let (T* M, [-, -], p) be a Lie algebroid structure on the cotan-
gent bundle of a manifold M that satisfies the following two properties:

(i) The anchor is skew-symmetric: p = —p*.

(ii) The brackets of any two closed 1-forms is a closed 1-form:
[Qa1(M), Qe (M)] € Qgi(M).

Show that there exists a unique Poisson structure 7 € X2(M) on M such that
this Lie algebroid coincides with the cotangent Lie algebroid (T* M, [-, -], 7).

Example 9.6 (Coisotropic submanifolds). Any coisotropic submanifold C
of (M, ) gives rise to a Lie algebroid structure on the conormal bundle
v*(C) := (TC)°. Indeed, the coisotropic condition implies that 7* gives a
bundle map 7# : v*(C) — T'C and this will be the anchor map. The bracket
on I'(v*(C)) is induced by the Lie bracket [, -]r. We leave the details to the
reader. T

Example 9.7 (Foliations). An involutive distribution D C T'M defines a
Lie algebroid with bundle A = D, anchor the inclusion p : D < T M, and
Lie bracket the usual Lie bracket of vector fields. Note that sections of A
are just vector fields tangent to the corresponding foliation. Ty
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9.1. The cotangent Lie algebroid 199

Example 9.8 (Lie algebras). A Lie algebra g is the same thing as a Lie
algebroid A — M whose base manifold is a singleton: M = {x}. e

Example 9.9 (Action Lie algebroids). A Lie algebra action « : g — X(M)
gives rise to the action Lie algebroid. The vector bundle A — M is the
trivial vector bundle with fiber g, the anchor is given by

p:Mxg—TM, (z,v)— a(v)s,
and the Lie bracket on the space of sections I'(A) ~ C*°(M; g) is defined by

[f,gl(x) = [f(2), 9(2)]g + (Lo (1)) (@) = (La(g(a)) ) (@) e

Example 9.10 (Dirac structures). A Dirac structure L € TM is a Lie
algebroid with Lie bracket the restriction of the Dorfman bracket,

(X +a,Y + 0L :=[X,Y]+ Zxp — diya,
and with anchor the restriction of the projection on T'M,
p(X +a)=X. T

You probably have noticed that in all these examples the base M of the
Lie algebroid (A4, [-,-]4,p) has a (singular) foliation with the property that
it “integrates” the (singular) distribution

ImpCTM.

This is a general fact about Lie algebroids, as we will see in Chapter [I3l
There we will study in more depth Lie algebroids as well as their global
counterparts, called Lie groupoids.

For now, we observe that many of the constructions from classical differ-
ential geometry can be formulated in terms of vector fields and Lie brackets,
and so they have obvious generalizations to Lie algebroids. Examples of
these constructions include the de Rham differential, the Lie derivative, the
covariant derivative, flows, etc.

In the rest of this chapter we will explore the cotangent Lie algebroid
of a Poisson manifold, and we will mention Lie algebroids only in passing.
However, the reader should keep in mind this conceptual framework and
even try to guess how a given construction extends to the general setting
of Lie algebroids. When we come back to Lie algebroids in Chapter [[3] the
reader will be able to check their guess.
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9.2. The Poisson differential and Poisson cohomology

Following the credo that the right “tangent bundle” of a Poisson manifold
is its cotangent Lie algebroid, we mimic the well-known formula for the
de Rham differential:

Definition 9.11. Let (M, 7) be a Poisson manifold. The Poisson
differential is the linear map d, : X¥(M) — X*+1(M) given by

k
(9.1) det(ao, ..., a) = Y (1) Loy (a0, ..., i, .., )
1=0
+ Z H_]Q? OLZ,OZ]]W,Oéo,...,ai,.‘.,aj,‘..,Oék).

0<i<j<k

Exercise 9.12. Show that the Poisson differential d, : X*(M) — X*+1(M)
is given in terms of the Schouten bracket by

d9 = [m, V).
Using this exercise and the properties of the Schouten bracket, we find
d29 =[x, [x,9]] = 2[[x, 7], 9] = 0,

so d is indeed a differential and it has an associated cohomology:

Definition 9.13. The Poisson cohomology of a Poisson manifold
(M, ) is the cohomology of the cochain complex (X°*(M),d):
Ker(d, : X*(M) — Xk+1(M))

m(d, : XF-1(M) — XF(M))

HE(M) =

For the algebraic structure on the Poisson cohomology, we use the basic
properties of the Schouten bracket (see Theorem [2.8]) to find that d, satisfies
the following:

- The graded Leibniz identity with respect to the wedge product: for
all ¥4 € %p(M), Y9 € %q(M),

dﬂ-(’L91 VAN 192) =d 91 ANty + (_1)17191 A d9.

- The graded Leibniz identity with respect to the Schouten bracket:
for all ¥1 € XFFL(M), 95 € XL M),

A [01,92] = [de01, V2] + (—1)*[91, dr9a)].
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These equations imply that the algebraic operations descend to cohomology:

Proposition 9.14. The wedge product and the Schouten bracket on multi-
vector fields induce operations in cohomology:

HP(M) x HY(M) — HETY(M), 91 Ay =01 AV,
HEPY(M) x HEPY(M) — HEPY(M),  [01,02] = [91,92],

where 9 denotes the image of ¥ in cohomology. In particular,

Hy(M) = D HE(M)

becomes both a graded commutative algebra, as well as (up to a degree shift
p =k+1) a graded Lie algebra, and the two operations are related by the
graded Leibniz identity as in (iv) of Theorem 2.8

The similarities between de Rham cohomology and Poisson cohomology
are mostly at a superficial level, as there are many aspects which make these
theories quite different. For example, a general Poisson map ® : (M, my) —
(N, 7n) does not induce an obvious map between the Poisson cohomologies
of M and of N. If we think in terms of “generalized tangent bundles”, i.e.,
the cotangent Lie algebroids, the reason is clear: in general, such a map does
not induce a bundle map T*M — T*N covering ® : M — N. This is one
of the issues that makes computations of Poisson cohomology very hard in
most examples.

9.3. Low degrees

We now look at Poisson cohomology in low degrees, unraveling its geometric
content and exhibiting several interesting cohomology classes. We first note
that, as a consequence of Proposition [0.14]

- HY(M) is a ring and each HEZ(M) is a module over it.
- H:(M) is a Lie algebra and each HZ(M) is a representation of it.
Degree 0. In degree 0, Poisson cohomology is just the space of Casimirs
Hi(M) = {f € C*(M) : {f,g} =0Vg € C*(M)}.
Indeed, for k£ = 0, d,; becomes
dr : X0(M) = C®(M) = X(M), fw[r, f]=—-X;.

The fact that H2(M) is a ring amounts to the remark that the product of
two Casimirs is again a Casimir. Note that, unlike de Rham cohomology,
this space is typically infinite dimensional. Since HF(M) is a module over
HY(M), the higher degree Poisson cohomology groups are typically also
infinite dimensional.
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Degree 1. The degree 1 Poisson cohomology is the Lie algebra

HA(M) = Poisson vector fields ~ X(M, )
i " Hamiltonian vector fields  Xgam(M, )’

This follows immediately from the expression above for the differential in
degree 0, and the fact that in degree 1 the differential is

de: X1(M) = X(M) — X*(M), X = [1,X] = —Zx.

Therefore, H!(M) measures the difference between Poisson vector fields
and Hamiltonian vector fields. The Lie algebra structure on H!(M) is in-
herited from the Lie algebra of Poisson vector fields — recall from Exercise
[LT0 that it has the Hamiltonian vector fields as a Lie algebra ideal. One can
also say that H!(M) is the Lie algebra of infinitesimal outer automorphisms
of (C(M), {,}).

A natural and important degree 1 Poisson cohomology class arises when
looking for volume forms

§ € QUP(M)
which are invariant under all Hamiltonian diffeomorphisms, i.e., that satisfy
ZLxu=0, VfeC?M).

For a symplectic manifold (M, w) such a volume form always exists, namely
the Liouville volume form

= % (2m = dim(M)).

However, a general Poisson manifold (M, ) need not be orientable, and
even if it is orientable, such volume forms do not always exist. Assuming
orientability, we choose a volume form p. If Xy is a Hamiltonian vector
field, then Zx, u is also a top degree form; hence

Lx = Xu(f) 1
for some function X,(f) € C*>(M).

Lemma 9.15. The map f — X, (f) is a derivation of C*°(M); hence it
defines a vector field X,,. Moreover, one has the following:

(i) X, is a Poisson vector field.

(ii) If @’ = +e9pu is some other volume form, then the vector fields X,
and X,, differ by a Hamiltonian vector field: X,y = X, — Xg.

We leave the proof as an exercise. We call the Poisson vector field X,
the modular vector field of (M, ) relative to the volume form p. It
follows from this lemma that the class [X,] € HY(M) is well-defined and
independent of the choice of volume form.
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Definition 9.16. The modular class of an orientable Poisson man-
ifold (M, ) is the Poisson cohomology class

mod(M, ) = [X,] € HL(M).
We say that (M, 7) is unimodular if mod(M, 7) = 0.

Corollary 9.17. A Poisson manifold (M, ) has an invariant volume form
if and only if it is unimodular.

Proof. If u is an invariant volume form, then the definition of the modular
vector field shows that X,, = 0, so mod(M,r) = [X,] = 0. Conversely,
if mod(M,m) = 0, choose some volume form p. Then X, = X, for some
function g, so if we let y/ = €9y, the lemma shows that

Xy =X,—X4=0.

Hence, p/ is an invariant volume form. ]
Example 9.18. For the linear Poisson structure on R? given by

{z,y} ==,
the modular vector field associated with the volume form p = dx A dy is

0
X, =——.
2 8y

This vector field is not Hamiltonian, since it does not vanish along x = 0.
Hence, this Poisson structure is not unimodular. Ty

Exercise 9.19. A Lie algebra g is called unimodular if tr(ad,) = 0 for all
v € g. Show that g is unimodular if and only if its dual g* is a unimodular
Poisson manifold.

Example 9.20. Generalizing Example .18 consider an orientable log-
symplectic Poisson manifold (M?", 1), with nonempty singular locus Z =
(A" 7)~1(0). Fix a volume form p € Q2"(M). Define the smooth function

u = </n\7r,u> € C*(M).

By the defining property of a log-symplectic structure, 0 is a regular value
of w and Z = u~1(0). Taking the derivative of u along a Hamiltonian vector
field Xy in the above equation and using that Zx,m = 0, we obtain

{fou} = </n\w,Xu<f>u> = Xu(f)u.

Therefore, on M\ Z, the modular vector field is Hamiltonian:

X, () =~ fn £} =~ (logul, 1} = ~Xiggfuf():
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This was clear because 7 is nondegenerate on M\Z. Note that the vector
field X, |, has appeared in the proof of Proposition [4.21] where we already
observed that it extends smoothly to Z, although log |u| € C*°(M\Z) does
not extend smoothly to Z = {u = 0}. Since the Poisson structure is non-
degenerate almost everywhere, the Hamiltonian vector field is determined
up to a constant, and since p was arbitrary, we conclude that (M, 7) is not
unimodular unless Z = .

Example 9.21. Let (M, 7) be a 3-dimensional Poisson manifold with a
volume form p. Recall from Subsection 2.4.4] that the Poisson structure is
encoded by the completely integrable 1-form 6 := i;pu. The modular vector
field of (M, ) corresponding to p is given by
1 X, U= de.

So if € is closed, then (M,7) is unimodular. Conversely, if (M, ) is uni-
modular, then we can choose a volume form p such that X,, = 0. The above
equation implies that the completely integrable 1-form corresponding to p
is closed.

Exercise 9.22. Show that a corank 1 Poisson manifold (M, ) is unimodular
if and only if the symplectic foliation is induced by a closed 1-form.
Degree 2. In degree 2 the Poisson differential is the map
dy : X2(M) — X3(M), 0+ [r,9),
so the second Poisson cohomology is the space

9 o {9 € X3(M) : [r,9] = 0}
Hx(M) = {Sxm: X eX(M)}

Example 9.23. The Poisson bivector itself induces a cohomology class

[7] € HZ(M),

called the fundamental class of the Poisson manifold. In the same way that
symplectic structures are rarely exact — they are never exact on compact
manifolds — this class is nonzero in general. One says that (M, ) is an
exact Poisson manifold when [r] = 0. T

Exercise 9.24. Show that any linear Poisson structure is exact.

Next, we relate H2(M) to deformations of the Poisson structure.

Definition 9.25. A deformation of a Poisson structure m on M
is a family {7 }+c; of Poisson bivectors on M, depending smoothly
on t in an interval I containing 0 and such that my = 7.
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The variation of a deformation {m;};er at t = 0 is the bivector field

d
(9.2) 9 = E‘tzom'

Differentiating the Poisson equation [, 7] = 0 at ¢ = 0, one finds
d
0= E‘tzo[m’”t] = 2[r, 9] = 2d,9.

This suggests that one should think of elements ¥ € X2(M) with d 9 = 0
as giving “infinitesimal deformations” of .
We will say that two deformations {m}icr and {m}}ier of the Poisson

structure m are equivalent deformations if there exists a smooth family
{¢'}1er1 of diffeomorphisms of M with ¢ = Id and such that

(9.3) = (6)"(m).
The starting velocity of the family {¢!};cr is the vector field X € X(M),
d
X, = — ().
dt t:0¢ (=)

Differentiating equation (9.3), one finds that the variations 9" and 9 of the
two deformations are in the same cohomology class:

V-9 =Lxm = —d. X.

Therefore, the second Poisson cohomology space can be interpreted as the
space of infinitesimal deformations of 7 modulo equivalence. A more precise
statement is the following;:

Proposition 9.26. The variation at t = 0 (see (O.2)) of any deformation
{mi}ter of (M, 7) defines a cohomology class

[9] € HZ(M)
which depends only of the equivalence class of the deformation.

Example 9.27. Let (M,7) be a Poisson manifold. Then m; := e'm is a
deformation of 7 with variation the fundamental class [7] € H2(M). This
class vanishes if and only if there is vector field X such that Zxm =n. If X
is complete, then its flow gives an equivalence between 7; and the constant
deformation:

elm = (' )*. T

Does any element in H2(M) arise from a deformation? The answer, in
general, is no. The extra structure on the Poisson cohomology, namely the
graded Lie bracket, can be used to describe an obstruction:

Exercise 9.28. Let (M, 7) be a Poisson manifold. Show that if a class
c € H2(M) is induced by a deformation of 7, then [c,c] = 0 € H3(M).
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Remark 9.29 (Moduli space of Poisson structures). One may define the
moduli space M of Poisson structures on a manifold M by considering the
space of all Poisson bivectors on M and identifying two Poisson bivector
fields whenever they are related via some diffeomorphism. A deformation
7 of a Poisson structure 7 induces a curve in the moduli space through the
class [r] € M. Two equivalent deformations define the same curve in M,
and we can think of the second Poisson cohomology of 7 as the (formal)
tangent space to the moduli space at [r]:

TigM = HZ(M).

In general, this is only a formal statement: the space M can be quite patho-
logical and can fail to have even the structure of a Fréchet manifold.

9.4. Shadows of Poisson cohomology

We stress that, in general, finding the Poisson cohomology of a given Poisson
manifold is an almost impossible task, as the available techniques apply
only to particular classes of structures. Still, we can often relate it to other
cohomologies, which are easier to compute, and these provide geometric
insight into Poisson cohomology.

Proposition 9.30. Given a Poisson manifold (M, ), the map

p* : Qk(M) — %k(M% (p*W)(Oél, EER) Olk;) = w(ﬂ-ﬁ(al)v v 77Tﬁ(0[k)),
defines a morphism of complezes p* : (Q¥(M),d) — (X*¥(M),d;) and in-
duces a morphism of graded rings

p*H*(M) — Hy(M).
Before we give the proof let us look at two extreme examples.

Example 9.31 (Symplectic structures). In particular, for nondegenerate
Poisson structures 7 is an isomorphism and so Poisson cohomology is iso-
morphic to the de Rham cohomology. Hence, in the symplectic case, the
geometric interpretations in small degrees give the following:

- HY(M) = H°(M) = R if M is connected; the only Casimir func-
tions are the constant functions.

- HY(M) = H'(M) so the infinitesimal outer Poisson (= symplectic)
automorphisms are the cohomology classes of closed 1-forms.

- H2(M) = H*(M) so infinitesimal deformations of a symplectic
structure are in 1-to-1 correspondence with second cohomology
classes. In this case, infinitesimal deformations are not obstructed:
for n € Q%(M), w + tn is symplectic for small ¢. This is related to

the fact that the induced Lie bracket on cohomology is trivial. Ty
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Example 9.32 (The zero Poisson structure). In general the map from
Proposition 030 p* : H*(M) — H2(M), is far from being an isomorphism.
For the zero Poisson structure (M, x = 0),
Hy (M) = X*(M),

which is always an infinite-dimensional vector space (if dim M > 0). This
contrasts with H¥(M) which is finite dimensional if, for example, M is
compact. Although H¥(M) is infinite dimensional, it is a finitely generated
module over the space of Casimirs H2(M). This is a more typical situation,
although there are examples where even this does not hold. Ty

Proof of Proposition [9.30. Recall the Koszul-type formula for the de
Rham differential, d : Q¥(M) — QF1(M),

k
(9.4) dw(Xo, ..., Xp) = Y _(-1)"Lx, (w(Xo, ..., Xi, ..., Xp))
=0
+ > ()Mw((X, X) Xo, - X X XR)

0<i<y<k

Comparing this formula with the formula for the Poisson differential (O.1I),
and observing that 7f sends the Lie bracket of 1-forms to the Lie bracket of
vector fields, it follows immediately that p* : (Q¥(M),d) — (X¥(M),d,) is
a map of complexes.

On the other hand, p* is induced by the bundle map

k k k
NEm? s NT*M - \TM.
This map clearly preserves the ring structure, so the result follows. O

Formula (@) for the Poisson differential and the proof of Proposition
show that there is an algebroid-theoretic content underlying our discus-
sion. First of all, since (II) makes use only of 7% and [-, ], we see that it
applies to any Lie algebroid. More precisely, for a Lie algebroid (4, [, -] 4, p)
over M, the A-de Rham complex consists of A-forms

A) ::F(/\A*),

together with the A-differential d4 : Q®(A) — Q°**1(A) defined by

k
dAw(S(], ey Sk) = Z(_l)lgp(si)(w(s()a PN ,:S\Z', ey Sk))
=0
+ Z 1) Hw(] ([8i:55] 4,805+ 8is -y 8jy- v, Sk)-
0<i<j<k
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The resulting Lie algebroid cohomology will be denoted H®(A). Some
basic examples follow:

- For A = TM, one recovers ordinary differential forms, the exterior
derivative, and de Rham cohomology.

- For A =T*M the cotangent bundle of a Poisson manifold (M, ),
one obtains multivector fields, the Poisson differential, and Poisson
cohomology.

- For A = TF the tangent bundle of a foliation F, one recovers
foliated forms and foliated cohomology (see Section [C.2)).

- For A = g a Lie algebra, one obtains the Chevalley-Eilenberg dif-
ferential and Lie algebra cohomology (see Section [A.T]).

For many classes of Poisson manifolds one can use similar arguments to
relate Poisson cohomology to other more amenable cohomologies.

Example 9.33 (Linear Poisson structures). The Poisson cohomology of a
linear Poisson structure (g*, 7 = my) can be expressed in terms of Lie algebra
cohomology with coefficients:

Hy(g") = H"(g, C>(g")).
Here C*°(g*) is the infinite-dimensional representation of g induced by the
coadjoint action or, in terms of the Poisson structure,
p:g—al(C™(g")), v~ ZLx,,
where X, is the Hamiltonian vector field of the linear function v : g* — R.

To prove this, observe that a multivector field ¥ € X¥(g*) can be viewed
as an alternating multilinear map

k
cy /\g — C(g"), cy(vi,...,v5) :=9(v1,...,08),

where on the right-hand side we identify an element v € g with a constant
I-form v € Q!(g*). This gives an isomorphism of complexes

(X (@) de) = (\g" @ C=(g),dg), 9 ey,
and the result follows.

The Casimir functions are the space of ad*-invariant functions on g*:
H7(g") = Inv(g").
One has the following:

Theorem 9.34 (Ginzburg and Weinstein). For any compact Lie algebra g,
(9.5) Hy(g") ~ H"(g) ® Inv(g").
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This is proven in [80]. In this case, note that H?(g*) is a finite-dimen-
sional H?(g*)-module — this fails for arbitrary Lie algebras, even semisimple
ones. Actually, the Poisson cohomology is not known for general semisimple
Lie algebras. T

Example 9.35 (Regular Poisson structures). The Poisson cohomology of a
regular Poisson structure can be quite complicated. In order to understand
why, consider first the case of a product (M,n) = (S,w) x (N,0), where
(S,w) is a symplectic manifold. Assuming that S is compact, an argument
similar to the symplectic case (@.31]) implies that

k
(9.6) HY (M)~ HY(S) @ xF9(N).
q=0

In particular, this is a finitely generated module over H?(M) = C*(N).
If one replaces the constant symplectic structure by a family of symplectic
structures {wy }zen on S, the outcome is much more complicated.

For a general regular Poisson manifold (M, ) one can choose a subbun-
dle complementary to the symplectic foliation

TM =TF, & E,
giving a decomposition of the space of multivector fields
P q
xF(M)= @ xPI(M) with XPI(M) = r( NTF:® /\E).
ptg=k
Because 7 € X20(M) the differential d, = [r, —] decomposes as
dr =d(1,0) + d(2,—1)s

with

d(1,0) 1 XPI(M) — XPTHUM),  dgg 1y 0 XPIUM) — XPF2H (M),

By the usual tools of cohomological algebra — the spectral sequence asso-
ciated to a filtration — one obtains (see [1141139,143]):

Theorem 9.36 (Vaisman). For the Poisson cohomology of a reqular Poisson
manifold (M, ) there exists a convergent spectral sequence

By = 17 (F, /q\ v(Fx)) = HEFI(M)

where HP(Fr, NTv(Fyr)) is the foliated cohomology of Fr with coefficients in
the exterior powers of the normal bundle v(Fr) = TM/TF,, endowed with
the Bott connection. T
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Example 9.37 (Log-symplectic structures). For log-symplectic structures
the Poisson cohomology can be found explicitly:

Theorem 9.38 (Marcut and Osorno-Torres). For a log-symplectic manifold
(M, ) with singular locus Z C M, the Poisson cohomology can be expressed
in terms of de Rham cohomology:

(9.7) HFM) ~ HY(M) @ H1(Z).

The proof can be found in [125]. Here we explain how to build this
isomorphism when M orientable.

Consider a tubular neighborhood £ C M of Z in M, and denote by
prg : E — Z the bundle projection. Let p be a volume form on M. As in
Example [9.20] consider the function

U= </n\7r,u> € C™(M).

By modifying p by a positive function, we may assume that |u| = 1 on M\U,
for some open set U with Z C U C U C E. Using the map from Proposition
[@.30, we define the cochain map

(Q*(M)® Q" H2Z),ddd) = (X*(M),d,)
by setting
(9.8) (o, B) = p" (a+dlog |u| Aprg B) = p* (a) + Xy A p™ (prg B),
where, as in Example [0.20) the modular vector field of p is
Xy = —Xioglu| = p"(dlog |u])

and X, Ap*(pry; B) is extended by 0 outside of E. The condition on u ensures
that the extension is smooth. One can show that the map induced by (0.8)
in cohomology does not depend on the choices and is an isomorphism. T

One can also exploit the algebroid-theoretical nature of the cohomology
to achieve functoriality which, as pointed out before, does not work for Pois-
son maps. First of all, a morphism ® : A — B between two Lie algebroids
over the same base M is a bundle map preserving anchors and brackets.
Such a map induces a pullback map between the associated complexes and
therefore also in cohomology:

&* . H*(B) — H*(A).

This is precisely what we did in the proof of Proposition [0.30] for the Lie
algebroid morphism ® = #f : T*M — TM. More generally, the same
argument shows that, for any Lie algebroid (A4, [, ]4, p), one has a map

p* H* (M) — H*(A).

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



9.4. Shadows of Poisson cohomology 211

Functoriality also holds for morphisms of algebroids over different bases.
However, this notion of morphism is more subtle since such a map does not
induce a map at the level of sections. However, note that any vector bundle
map ¢ : A — B induces a pullback map taking B-forms to A-forms.

Definition 9.39. Let (A, [, ]a,pa) and (B, [, ], pB) be Lie alge-
broids. A vector bundle map ® : A — B is called a Lie algebroid
morphism if the pullback along ® commutes with the differentials:

" QF(B) = QF(4), @*dp =d, D"

Exercise 9.40. Show that a vector bundle map ® : A — B covering a
diffeomorphism ¢ : M — N is a Lie algebroid morphism if and only if the
following hold:

(i) @ preserves anchors: ppo® = dgo py.

(ii) @ preserves brackets:

[@+(a), ©(B)]B = Px([ev, Bla),
for all o, 3 € T'(A), where ®,(a) := ®Poaogp !

For example, the inclusion of the isotropy Lie algebra g, of a Poisson
manifold (M, 7) in its cotangent algebroid,

ip : Gz — T M,
is a Lie algebroid map. Hence we obtain a restriction map in cohomology:
(9.9) iv: Hy(M) — H*(gz).

This allows one to pass from the (complicated) Poisson cohomology to
the (simpler) Lie algebra cohomology. Even more, this can be used to find
obstructions for a Poisson cohomology class to arise from a de Rham coho-
mology class:

Exercise 9.41. For k > 0, show that if a Poisson cohomology class ¢ belongs
to the image of the map H¥(M) — H¥(M), then i*(c) = 0 for all z € M.

A more refined but still tractable cohomology, which gives further insight
into Poisson cohomology, is provided by localizing at symplectic leaves as
follows. Let S be a symplectic leaf of a Poisson manifold (M, 7) and consider
the space of k-multivector fields along S,

2
xk (M) = F(/\TSM),
as well as the obvious restriction map

Xk = xE(M), 90— s
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Exercise 9.42. Let (M, m) be a Poisson manifold, and let S C M be a leaf.
Show that there exists a unique differential d. g : X&(M) — x’g“(M ) such
that the restriction is a cochain map (X¥(M),d,) — (Xk(M),d, s).

We will call the cohomology of the complex (X%(M), d, s) the Poisson
cohomology restricted to the symplectic leaf S, and we will denote it by
H ; g(M). While the restriction map passes to cohomology yielding a map
(9.10) HR (M) — H7 o(M),

we would like to emphasize that, unlike Poisson cohomology, H? ¢(M) is
much more tractable. For instance, one can show that the defining 7c0mplex
is an elliptic complex and, therefore, whenever S is compact, H} ¢(M) is
finite dimensional. 7

Remark 9.43. The solution to Exercise should reveal that A := T§M
is itself a Lie algebroid over S, for which the inclusion T¢M — T*M is a
Lie algebroid morphism. The resulting cohomology is precisely H (M) and
the restriction map (O.I0) is another instance of functoriality with respect
to algebroid maps over different bases. What is special about TgM is that
it is a tramsitive Lie algebroid, in the sense that it has a surjective anchor

(9.11) g TEM — TS.

Precisely this property ensures that the associated complex is elliptic.

The surjectivity of (@.I1]) gives, via pullback, an inclusion of complexes
(€%(5),d) = (X5(M), dr5)-
The cohomology of the quotient complex
(X5(M)/Q°(5), dr,s)

will be called the Poisson cohomology relative to S, denoted Hy (M, S).
The short exact sequence of complexes

0—(Q°(9),d) = (X5(M),dr5) = (X5(M)/Q°(S),dr,s) =0

gives rise to a long exact sequence relating the de Rham cohomology of S
and the Poisson cohomologies restricted and relative to S:

s = HYS) — HY (M) — HE(M,S) — H*H(S) — -
The map obtained by compositing H}(M) — Hy (M) — HR(M,S)

allows us to express obstructions for a Poisson cohomology class to arise
from a de Rham cohomology class, a fact that we leave as an exercise.

Exercise 9.44. Show that the image of the map H®*(M) — H(M) is
contained in the kernel of the map HY(M) — HY(M, S).
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The Poisson cohomologies relative to a leaf codify information about the
behavior of a Poisson structure in a neighborhood of the leaf. For example,
one has the following result from [43]:

Theorem 9.45 (Crainic and Fernandes). Let S be a compact symplectic
leaf of (M, ) with HX(M,S) = 0. Then there is a Poisson submanifold
S C N C M, withdimN = dim H}(M,S) + dim S, which is a union of
symplectic leaves diffeomorphic to S.

This result is a special instance of a more general theorem concerning
families of symplectic leaves of Poisson structures “close enough” to w. This
study is beyond the scope of this book, so we refer to [43] for a proof of
Theorem and its generalizations.

9.5. The cohomological obstruction to linearization

There are important constructions in Poisson geometry that are most natu-
rally expressed in the language of Poisson cohomology. In practice, since the
whole Poisson cohomology can be computed only in a few cases, one often
has to use other techniques to show, e.g., that a certain obstruction class in
Poisson cohomology vanishes. In this section we illustrate this by revisiting
the linearization problem, which was discussed at length in Section B.5

A key technical tool in linearization problems is the canonical Euler
vector field F of a vector space V', which is defined as

E, cveT,V (veV),

_ E‘
" dt =0

or, in linear coordinates (z') on V,

E:Z;x Erh

Then the linearity of a Poisson structure m on V can be characterized by
the condition that 7 is exact with primitive the Euler vector field:

m=dE(= —ZLEm).

Clearly, for a linear Poisson structure this holds. The converse, we leave as
an exercise:

Exercise 9.46. Let 7w be a Poisson structure on R™.

(a) Show that the equation 7 = d,F amounts to
n

. ol o
lezzka (i,7=1,...,n).
k=1
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(b) Show that the linear functions are the only smooth functions on
R"™ satisfying f = > _, xk%

(HINT: Calculate $(f(tz)/t).)

In order to apply the previous observation to the linearization problem,
one needs to be able to recognize the Euler vector field without having
a priori the linear coordinates. We say that a vector field X € X(M) on a
manifold M is Euler-like at xq € M if in local coordinates (U, z!,..., 2")
centered at zg one has

Xy = Z:”Zaxi +0(2),
=1

where O(2) is a vector field whose components vanish at xp up to second
order. This condition is independent of the choice of local coordinates.

The following theorem characterizes linearizable Poisson structures:

Theorem 9.47. Let (M, ) be a Poisson manifold with my, = 0. Then m is
linearizable around xq if and only if there exists an open set xg € U C M
and a vector field X € X(U) such that the following hold:

(i) X is a primitive of m in U: 7|y = d.X.

(ii) X is Euler-like around xg.

We already know that (i) and (ii) are necessary conditions for lineariza-
tion. To prove that they are sufficient, we will use the following version of
the Moser deformation argument for Poisson structures:

Theorem 9.48 (Moser’s Lemma for Poisson structures). Let {7 },e(0,1] be
a smooth deformation of Poisson structures on M. Assume that there exists
a time-dependent vector field Y, € X(M), t € [0,1], giving primitives for the

variations:

d

gt = dnYe (E€[0,1)).
Then the flow ¢ of Vi, whenever defined, satisfies

(8% ) m = .
The proof of Moser’s Lemma consists of the usual argument: since
d . L/ d L d
&@ty) T = (d%) (aﬂt + fnm) = (%) (57& — de}> =0,

we must have

(0% ) m = (%) mo = 7.
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Proof of Theorem Using local coordinates, we may assume that
M =R" and zg = 0. Let 7™ denote the linearization of 7 at 0, as discussed
in Example B. 14 Denote by m; : R™ — R"™ the multiplication by ¢ € R; i.e.,
my(z) = tx. Consider the following family of Poisson structures joining

to 7lin:
oy = { tm:f‘(ﬂ% ?f t#0,
FIa ift=0.
Smoothness at ¢t = 0 follows by remarking that the coefficients of 7; are the
smooth functions 7, (z) = 7% (tz). The variation of the family is

d d * * *
S = 4 (e () = mi o + Zpm) = i ([, X — F) = ds, Y,
d

where we used the relation Sm;(w) = m;(ZLpw) and we set
1
(9.12) Y = Smj (X — E).

By assumption Y = X — F vanishes at 0 up to second order, and because
the coefficients of Y; are given in terms of Y by Y/(x) = t%Yi(tx), it follows
that Y; is a smooth time-dependent vector field for ¢ € [0, 1], which satisfies
Y:(0) = 0. Hence, there is a some small neighborhood 0 € V' C U on which
the flow ¢!, : V' — U is defined for all ¢ € [0,1]. By Moser’s Lemma, we
obtain a Poisson embedding

¢y : (V,m™) = (U,m), with ¢3-(0) = 0.
Hence, 7 is linearizable around zg = 0. O

Remark 9.49. A more direct argument to prove Theorem follows by
observing that any Euler-like vector field is in fact the Euler vector field for
some coordinate system — see Exercise This can be achieved by the
same type of Moser argument. Namely, consider the smooth path of vector

fields
[ om0, iAo,
b E, if t =0.
The variation of this path is given by
d 1, 1,
SX0 = T (LX) = g ([F - X, X]) = —[¥;, X,

where Y; = 1m; (X — E). The Moser-type calculation yields %(gbg/)*(Xt) =
0, and so (¢3)*(X) = E. Note that Y; is the same time-dependent vector
field (@.12) from the proof of Theorem

We obtain the following:

Corollary 9.50. A vector field X € X(M) is Euler-like at xo if and only if
there are coordinates centered at xo in which X is the Fuler vector field.
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Next, we extract from Theorem a concrete cohomological obstruc-
tion to linearization. Let (M, w) be a Poisson manifold, and let zy € M,
with 7, = 0. Note that the multivector fields that vanish up to order k > 0
at zg form a subcomplex of the Poisson complex, which will be denoted

(ZF(xo) - X*(M), dn).

Let X € X(M) be a vector field that is Euler-like at zo (e.g., extend the
Euler vector field of a chart).

Exercise 9.51. Show that any Euler-like vector field X at x( satisfies
7 —d. X € T?(zg) - X2(M).

The linearization class of 7 at x( is the cohomology class
A(m, mp) = [r — d X] € H*((Z*(w0) - X*(M),dx)).
The exercise above shows that this class is indeed well-defined. Moreover,
note that if X’ is a second Euler-like vector field at x, then
(1 —ds X) — (1 —ds X') = d,Y, with Y :=X —X €Z?%)- X' (M).
Hence the linearization class is independent of the choice of X.
Theorem has the following reformulation:

Corollary 9.52. Let (M, m) be a Poisson manifold with my, = 0. Then 7
is linearizable around xq if and only if the linearization class of m at xq is
trivial on some open neighborhood xo € U C M:

A(r|y, o) = 0 € H*((Z*(w0) - X°(U), dr)).

With extra assumptions on the isotropy algebra, the result also implies
the following:

Corollary 9.53. Let (M, m) be a Poisson manifold with 5, = 0, and as-
sume that the isotropy Lie algebra g at xy satisfies the conditions

H'(g)=0 and H'(g,g)=0.

Then m is linearizable around xo if and only if © is exact on some open
neighborhood ro € U C M i.e.,

[7|lu] =0 € H2(U).

Proof. If 7 is linearizable, we have seen that 7 is exact around =z, with
primitive the Euler vector field of the coordinates that linearize .

Conversely, assume that 7|y = d, Y, for some Y € X2(U). Let X be an
Euler-like vector field at z¢. By Exercise [0.51] we have that

(9.13) de(Y — X) =7 — do X € T?(20) - X2(U).
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Using the identification from Problem [0.15(b), define
ap =Y — X mod Z'(zp) - X1 (U) € g*.
Using Problem [0.15(b), [@1I3]) implies that
dgap = d-(Y — X) mod I (o) - X*(U) = 0.

Thus [ag] € H'(g) = 0, which implies that ap = 0, and so Y — X € T'(xq) -
XY(U). Then, using again the identification from Problem [0.I5(b), define

a; =Y — X mod Z%(zo) - ¥'(U) € g* @ g,
and as above, (O.I3]) implies that
dgar = d-(Y — X) mod Z*(xo) - X*(U) = 0.

Thus [a1] € H'(g,g) = 0, which implies that a; = dgby, for some b; € g.
Let f € T'(z0) be a smooth function such that

f mod Z?(x0) = by € g.
Then
Y — X + X mod Z%(xp) - X1 (U) = a1 — dghy =0,
and therefore Z :=Y + X is an Euler-like vector field, which satisfies
dr(Z2) = 7lu.

Theorem [0.47] implies that 7 is linearizable around xg. (I

Let us mention that the assumptions on g in the previous corollary hold
for any semisimple Lie algebra — see Whitehead’s Lemma in Section [A]
However, in order to apply Theorem [@.47, or any of its corollaries, one still
needs to solve the cohomological equation. This can be very hard and, in

practice, it is usually done through other means — see, e.g., [44] where
Conn’s Linearization Theorem, Theorem B.I7, is proved by applying this
method.
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Problems

9.1. Calculate directly the Poisson cohomology of the product (S?,wg2) X
(R,0), where wge is the standard area form. Compare your result with the

decomposition ([@.0) from Example [9.35]
9.2. Calculate the Poisson cohomology of (R?, 7 = :Ua% A 8%) directly, using

the definition. Compare your result with what Example [0.37] predicts.
9.3. Find the Poisson cohomology of (su(2)*, gy (2)) using Theorem

9.4. Show that Poisson cohomology satisfies the Mayer-Vietoris property:
given a Poisson manifold (M, ), for any open sets U,V C M there is a long
exact sequence

.- = HYUUV) - HBYUY® HN V) - HFY(UNV) - HMY U UYV) — -

9.5. Let (M, ) be a Poisson manifold, and let p be a volume form on M
with corresponding modular vector field X,,. Prove that

(MxSl,w+XMA%)

is a unimodular Poisson manifold.

9.6. For which skew-symmetric matrices A is the associated LV-type Poisson
structure w4 on R™ unimodular?

9.7. Show that for the linear Poisson structure g* the modular class vanishes
if and only if g* carries a volume form invariant under the coadjoint action.

9.8. Show that if a Poisson manifold (M, ) is unimodular, then all its
isotropy Lie algebras are unimodular — see Exercise Explain this
result using the map (@.9).

9.9. Let (M, 7) be a unimodular Poisson manifold which is nondegenerate
on a dense set. Show that 7 is symplectic.

9.10. Let F be a foliation on M of codimension ¢ and denote the conormal
bundle v*(F) := (T'F)° C T*M. Assume that F is coorientable, i.e., the
line bundle A?v*(F) is trivializable, and fix a nowhere vanishing section
q
e P(/\y*(]-")) C QI(M).
(a) For V € I'(TF), show that
Lyvp=au(V)p,
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for a unique smooth function a,,(V'), and that this assignment defines a
closed foliated 1-form

a, € QYF), with dra, = 0.
(b) Show that the foliated cohomology class
mod(F) = [a,] € H'(F)
is independent of the choice of p. This is the modular class of F.

(c) Show that mod(F) = 0 if and only if A?v*(F) has a nowhere vanishing
section p which is closed as an element in Q9(M).

9.11. Let (M, ) be a regular Poisson manifold.

(a) Show that there exists a ring homomorphism H*(F;) — H2(M) which
makes the following diagram commute:

He (M) " H2(M)

L

H*(Fx)

(b) Show that, when M is orientable, the modular class of the Poisson struc-
ture mod (M, ) is precisely the image of the modular class of the folia-
tion mod(F,) under the map H'(F;) — HL(M). Moreover, show that

mod(F;) =0 <= mod(M,n)=0.

(c) Consider a Poisson structure in S? with underlying foliation the Reeb
foliation — see Example .15l Show that its modular class is nontrivial
and, in particular, that it is not in the image of H'(M) — H(M).

9.12. Let (M, ) be a Poisson manifold. The compactly supported Pois-
son cohomology, denoted Hy .(M), is the cohomology of the complex
(X2(M),dr) of compactly supported multivector fields. Assume that (M, )
is unimodular with invariant volume form p and define a pairing

() XE(M) x XPR(M) SR, (9,7) = / O AT ),
where n = dim M. Show that N
(dr?,7) + (—1)%87 (0, dr7) = 0,
so one obtains a pairing in cohomology: (-,-) : Hff.C(M) x HPF(M) — R.
9.13. Let (M, m) be a Poisson manifold and consider the operator
Op s QN (M) — QFY(M), 0p :=irod—doiy,.

(a) Show that 92 = 0. The homology of the complex (Q°(M),d,) is called
the Poisson homology of (M, 7) and is denoted by HJ (M).
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(b) Show that the Poisson homology space in degree 0 is the abelianization
of the Poisson algebra

_ C=(M)

{200, Cx (D)}

Hj (M) :

(c¢) Let @ : (M, 7)) — (N, mn) be a Poisson map. Show that the pullback
map ®* : (Q°(N),0ry) — (2°(M), Or,,) is a map of complexes
O*0ry = Or,, D*,

and so it induces a map in Poisson homology: ®* : H(N) — HJ (M).

(d) Denote by (-,-) : Q¥(M) x X¥(M) — C>(M) the usual pairing between
differential forms and multivector fields. Show that

(w, dg ) — (Opw, ) = (=1)*Origw
and hence that it yields a pairing
() : HE(M) x Hg (M) — Hg (M).

9.14. Let p be a volume form on a manifold M with dim M = n, so we
obtain an isomorphism:

k n—k
ul’:/\TM—> /\T*M, VIA Aok = (g, Ok —y e, —).

The curl operator relative to p is the unique linear differential operator
D, : XF(M) — X*~1(M) making the following diagram commutative:

(M) — e k()

.| | Jo

%k_l(M) _“> Qn—k—l—l(M)
(a) Show that if y/ = +e9u is another volume form, then
D0 = Dy + [0, gl.

(b) Show that if 7 € X2(M) is a Poisson structure, then the modular vector
field of 7 with respect to p is given by X, = D,m.

(c) Prove the Schouten bracket can be written as the failure of D, satisfying
the Leibniz identity; i.e., for all ¢ € X7(M) and ¥ € X*F(M),

[, 0] = (—1)*Du(¢ A9) — Dyu(¢) A9 — (=1)F¢ A Dy (9).

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



Problems 221

(d) Prove that the following diagram commutes:

o

xF(M) Q k(M)
d,r+XH/\-l l(—l)kaﬁ
b
%k—l-l(M) _“> Qn—k—l(M)

(e) Conclude that the Poisson cohomology and the Poisson homology of a
unimodular Poisson manifold (M, ) are isomorphic:
Hy (M) ~ H_,(M).
9.15. Let (M, n) be a Poisson manifold, let xg € M be a zero of w, and
denote by g the isotropy Lie algebra at xg.

(a) For k > 0, show that the multivector fields that vanish at z up to order
k form a subcomplex of the Poisson complex

(Z* (o) - X*(M), dr).
(b) Show that

TF(zo) - X*(M), dy -
(I’EHExS-rEM%,dﬂ; = (Ao o5 @). ),

where the right-hand side is Lie algebra cohomology with coefficients in
the kth symmetric power of the adjoint representation.

9.16. Let (M, 7) be a Poisson manifold, and let (N,7y) < (M,7) be a
coregular Poisson-Dirac submanifold. Denote
Ay = (TN*")° = {a € T4 M : 7*(a) € TN}.
(a) Show that Ay is a smooth subbundle of T M and a Lie subalgebroid,;
i.e., it has an induced Lie algebroid structure for which the inclusion is
a Lie algebroid morphism
i (AN7 ['7 ‘]ANaP) — (T*Ma ['7 ']ﬂ'a ﬂ-ﬁ)'
Moreover, show that this map is a fiberwise isomorphism precisely when
N is a Poisson submanifold.

(b) Show that the restriction map is a surjective Lie algebroid homomor-
phism

p: (ANv ['7 ']Az\mp) — (T*N7 ['v ']WN>7T§V)7

which is an isomorphism precisely when N is a Poisson transversal.

9.17. Let € Q'(M,g). Show that § is a Maurer-Cartan form — see
Definition [6.2T] — if and only if 8 : TM — g is a Lie algebroid morphism.
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9.18. Let (A4,],]a,p) be a Lie algebroid, and let o € I'(A) be a section.
Assuming that the vector field p(a) € X(M) is complete, prove that there
exists a unique l-parameter family ¢!, : A — A of Lie algebroid automor-

phisms such that for every section 8 € T'(A),
d ¢ 0
* prm— = Id'

dt t:0(¢a) (5) [OQ/BL% ¢a

One calls ¢!, the low of the section .
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Chapter 10

Poisson Homotopy

10.1. Cotangent paths

What is the appropriate notion of path in Poisson geometry? The answer
to this question is another illustration of the credo that the right “tangent
space” of a Poisson manifold is its cotangent Lie algebroid.

Definition 10.1. A cotangent path on a Poisson manifold (M, )
is a smooth path a : I — T*M, defined on some interval I C R,
satisfying

mHa(t)) = %pr oa(t), Vtel,

where pr : T*M — M denotes the projection.

Given a cotangent path a : I — T*M we will denote its base path by
Yo :=proa:I — M.

Here is a first indication that the cotangent paths are the right notion
of paths in Poisson geometry:

Proposition 10.2. Let (M, ) be a Poisson manifold. Two points x,y € M
belong to the same symplectic leaf if and only if there exists a cotangent path
a:[0,1] = T*M with initial point x = v4(0) and end point y = ~,(1).

To prove one direction, note that the integral curves of a Hamiltonian
vector field Xy can be characterized as the curves v : I — M for which
a(t) := dH lv(t) is a cotangent path. The converse follows because, if we

223
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224 10. Poisson Homotopy

consider time-dependent Hamiltonian vector fields, all cotangent paths arise
in this way. This is part of the following lemma, which will also be useful
later on.

Lemma 10.3. Let a : [0,1] — T*M be cotangent path. There exists a
smooth family of functions Hy € C*°(M), t € [0, 1], such that

a(t) = d’ya(t)Hta Vit e [0, 1]

where v, (t) = QSE(H (74(0)) is an integral curve of X, .

Proof. If 7,([0,1]) is contained in the domain of a chart (U, z*), in which
a(t) = Yy ai(t)dz’|,, 1), then one can choose

= Z a;(t)x"
i=1

and extend it to a smooth family of functions all supported in some compact
set 7,([0,1]) c K C U.

Choose an open cover {I,...,I,} of [0,1] by intervals, such that T, is
covered by a chart as above, and choose functions { H? }tefp as above. Then
one can set H; := Zgzl pp(t)HY, where {p1,...,p,} is a partition of unity
on [0, 1] subordinate to the open cover {I1,...,I,}.

Thus we constructed Hy with a(t) = dH|,,4). By using that a is a
cotangent path, we obtain that v, is an integral curve of Xp,:

d
() =7 (a(1) = 7 (dHily, ) = X,y 0)- O

Next, we will study operations with cotangent paths. First, given a
cotangent path a : I — T*M and a smooth map 7 : J — I, the chain rule
shows that we have a new cotangent path given by

(10.1) a’:J = T*M, t—1'(t)a(r(t)).

If 7: J — [ is a smooth increasing bijection, we call a” a reparameteri-
zation of a.

Lemma 10.4. Any cotangent path a : [to,t1] — T*M has a reparameteri-
zation which vanishes at the end points together with all its derivatives.

Proof. Take a smooth increasing bijection 7 : [0, 1] — [to, t1] with 7(") (0) =
7(™(1) =0, for all n > 1. O

Clearly, up to a reparameterization, we may assume that cotangent paths
are parameterized by the interval [0, 1].
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10.2. Cotangent maps 225

Next, we discuss concatenation of cotangent paths a,b : [0,1] — T*M
with the property that their base paths can be concatenated; i.e.,

Ya(0) = (1)

Recall first that for the base paths we have the usual concatenation, which
is the new path 7, oy in M given by

(20, tel0,3],
Yo 0 W(t) == { ::Z(Qt -1), te (%,21]

At the cotangent level, one defines the cotangent concatenation a o b by

[ 2b(2t), t €10,3],
(10.2) aob(t) = { 2a(2t—1), te (%,21]-

As in the case of the standard concatenation, the concatenation may fail to
be smooth. One way around this issue is to allow piecewise smooth cotangent
paths. Instead we will use reparameterizations to flatten our cotangent paths
at the end points. For that, we fix a smooth increasing bijection 7 : [0, 1] —
[0,1] with 7((0) = 7("(1) = 0, for all n. > 1 — as in Lemma [I0.4] — and
we concatenate the T-reparameterizations. We define the reparametrized
concatenation o, by

ao;b(t) :=a" ob"(t).

Finally, given a cotangent path a : [0,1] — T*M, the reversed cotan-
gent path a: [0,1] — T*M is defined by

a(t) := —a(l —t).

10.2. Cotangent maps

The notion of cotangent path generalizes to maps. If X is a manifold, notice
that a bundle map

s — 2o M
| |
b M

induces a pullback map ®* : X¥(M) — QF(X) given by

(<I>*19)x(v1, cee ,’Uk) = 79¢(x) (CI)(’Ul), ey ‘I)(’Uk))
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226 10. Poisson Homotopy

Definition 10.5. Let (M, ) be a Poisson manifold. We say that a
bundle map ® : T> — T*M is a cotangent map if ®* intertwines
the de Rham and the Poisson differentials:

(10.3) do* = &*d,.
We denote by the same symbol ®* the map induced in cohomology
o Hy(M) — H*(X2).

From the Lie algebroid perspective — see Section — a cotangent
map amounts to a Lie algebroid map @ : T> — T*M.

From a more geometric point of view, given a map ¢ : ¥ — M, one has
its “tangent” differential

d¢
Ty ——TM
| :
by M

(which is a Lie algebroid map!) but there is no intrinsic notion of “con-
travariant differential” d*¢ : TS — T*M. This is precisely how one may
think of a cotangent map, namely as a pair consisting of

- a smooth map ¢ : ¥ — M, together with
- the choice of a “contravariant differential” & : T — T*M of ¢,

satisfying additional conditions. The first one is that the contravariant and
the usual differentials must be related by .

Lemma 10.6. Let (M, m) be a Poisson manifold. For any cotangent map
DT — T*M the differential of the base map ¢ : X2 — M satisfies

M

P
/l”u, do = % 0 ®.

TS ——=TM
d¢
Moreover, when ¥ is connected, ¢(X) is contained in a single symplectic leaf.

Proof. The first part is equivalent to (I0.3]) in degree 0. The second part
follows from Proposition [I0.2] O

When ¥ is 1-dimensional (e.g., ¥ = [0, 1] or ¥ = S!) there are no further
restrictions. A cotangent map ® : T1 — T*M takes the form & = adt for
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some path a : I — T*M covering a base path v : I — M:

71 9L 7 pp
| !
I M

Exercise 10.7. Show that a path a : I — T*M is a cotangent path if and
only if adt : TI — T* M is a cotangent map.

When ¥ has dimension > 2 condition (I0.3]) places additional restric-
tions. These will be discussed in Section [[0.4, which includes a detailed
analysis of the 2-dimensional case ¥ = [0, 1] x [0, 1], necessary to understand
cotangent homotopies.

Cotangent maps can be precomposed with the usual smooth maps: given
Q:TY —-T*M and ¢ : X9 — X, then

Pody: TYXg —T*M

is again a cotangent map. Indeed, the map induced on the cochain complexes
is a composition of cochain maps:

{] ¢* [ ] * [ ]
(X2 (M), dr) 5 (2°(2),d) “5 (Q°(%), ).
The reparametrization of cotangent paths is a particular case of this

operation: if a : I — T*M is a cotangent path and 7 : J — [ is a smooth
map, then the reparametrized cotangent map a” : J — T*M satisfies

(adt) o d7T = 7'(t)a(t)dt = a”dt.

Another interesting case is when v is the inclusion of a submanifold:

Definition 10.8. Given a cotangent map ® : 7> — T*M, its re-
striction to a submanifold ¥y C ¥ is the new cotangent map

CI)|EO = (I)|TZO T — T*M.

We also allow X to be a manifold with boundary. In this case, we define
the boundary of a cotangent map ® : 7> — T* M to be the restriction
of ® to 0%. It is the cotangent map

(10.4) 0P := ®|yy : T(OX) — T*M.

Next, we move to cotangent homotopies.
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Definition 10.9. Let (M, 7) be a Poisson manifold, and let ¥ be
a manifold without boundary. Two cotangent maps ®g, ®; : T —
T*M are called cotangent homotopic if there exists a cotangent
map
. T(Xx][0,1]) > T*M
such that
Plynyqoy =P  and  Plyypy = D1

As expected, homotopic maps induce the same map in cohomology:

Proposition 10.10. Let (M,w) be a Poisson manifold. Two cotangent
homotopic maps @y, P1 : TX — T*M induce the same map in cohomology:

(®0)" = (®1)" : HZ (M) — H*(%).

Proof. Let & : T'(X x [0,1]) — T*M be a cotangent homotopy between ®q
and ®1. Also, let ip : ¥ — 3 x [0,1], z — (x,0) and i; : ¥ — ¥ x [0, 1],
x + (x,1), so that we have a diagram

-
'

Hy (M)~ H*(2 x [0,1]) —= H*(%)

%o

where the top composition yields (®1)* : H¥(M) — H*(X) and the bottom
composition yields (®g)* : Hy(M) — H*(X). Since the maps induced by ig
and i1 on cohomology are identical, the result follows. O

10.3. Integration and the contravariant Stokes Theorem

Recall that 1-forms can be integrated along paths. Recall also that, by
the Fundamental Theorem of Calculus and Stokes’s Theorem, one has the
following;:

(i) For an exact 1-form dH, the integral over « : [0,1] — M only
depends on the end points of the path:

/ﬁﬂzmwm—ﬂw@»
;

(ii) For a closed 1-form «, if 79 and ~; are either homologous loops or
homotopic paths, one has

/a:/ a.
Yo 71
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In particular, it follows that the integral along a loop v : S' — M determines
a linear functional in de Rham cohomology:

/WzHl(M)—HR, [a]l—>/ya.

For the analogous statements in Poisson geometry, one should replace
paths by cotangent paths and closed/exact 1-forms by Poisson/Hamiltonian
vector fields.

Definition 10.11. Let (M, ) be a Poisson manifold. The integral
of a vector field X € X(M) along a cotangent patha : I — T*M

is the number
/X - /I<a(t),X%(t)> dt.

The following are immediate consequences of the definitions:

Proposition 10.12. The integral along cotangent paths satisfies the follow-
mg:
(i) It is invariant under reparameterizations: [, X = [ X.
(ii) It is additive relative to concatenation: faloa2 X = f(ll X + fa2 X.
(iii) It changes sign on the reverse path [ X = — [ X.
(iv) On ezact vector fields d,H = —Xp, it depends only on the end

points:

/ e H = H(7a(1)) — H(7(0)).

a

In particular, this proposition shows that the integral along a cotangent
path a whose base path is closed defines a linear functional

CHY M) =R, [X]— [ X.
/ /

What about the invariance of the integral under homotopy of cotangent
paths? It is easy to give examples of Poisson vector fields X € X(M, ) and
of (naive) homotopies of cotangent paths a. : I — T*M, e € [0, 1], for which

/aox¢/alx.

Example 10.13. Consider the regular Poisson structure on R? given by

_9,9
Oz Oy

™
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Let v(t) = (z(t),y(t),0), € € [0, 1], be any ordinary homotopy of smooth
paths, with fixed end points, lying in the plane z = 0. Then we have a
smooth family of cotangent paths a. : [0, 1] — T*R3 over ~., defined by

ae(t) = 9e(t) Azl 1) — 2e(t) Ayl o) + e dzly (o)
If we consider the Poisson vector field X = %, we have
(ac(t), Xy ) = &,
so we find [, X = ¢ and it follows that fao X# [, X Ty

For the correct notion of homotopy of cotangent paths with fixed end
points we should keep in mind that T*M is the correct “tangent space”.
This notion will be introduced in the next section.

Integration can be defined more generally over cotangent maps:

Definition 10.14. Let ® : TY — T*M be a cotangent map into
a Poisson manifold (M,w), where ¥ is a compact, oriented, k-
dimensional manifold. The integral of ¥ € X¥(M) along the
cotangent map & is defined as

/19::/@*19.
@ 2

It should be clear that, in the case of an interval > = I, we recover the
integral along a cotangent path.

Since the integral can be expressed as the composition

o @ XR(M) 2 k(%) REEI

it follows that, if 9% = (), it induces a map in cohomology

fq> : HE(M) 2

HE(Y) N R.
From the homotopy invariance of Proposition I0.10] we deduce:

Corollary 10.15. For any d.-closed multivector field 9 € X*(M) and any
cotangent homotopic maps ®g, ®1 : TS — T*M defined on a compact, ori-
ented, k-dimensional manifold (without boundary) ¥ one has

/ U= .
i) 5]
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We also have a contravariant version of Stokes’s Theorem — recall the
definition (I0.4) for the boundary of a cotangent map:

Theorem 10.16 (Contravariant Stokes’s Theorem). Let & : TS — T*M
be a cotangent map into a Poisson manifold (M, ), where ¥ is a compact,
oriented manifold of dimension k with boundary. For any multivector field

9 € XF1(M) one has
/d,ﬂ? = .
P a®

Proof. Using the definition of the integral, the cotangent map condition,
and Stokes’s Theorem for differential forms, we have

/dﬂfé‘:/@*dﬂﬁ:/d@*ﬁ: Y = V. O
@ ) b ) %

10.4. Cotangent path-homotopy

While Definition of a cotangent map ® is stated in a simple form as the
compatibility between the de Rham and the Poisson differential (I0.3), it
hides quite a lot of information. For example, we already saw in Lemma [10.6]
a first restriction: the compatibility of ® with the differential d¢ of its base
map. When X is 1-dimensional this is the only condition, but we will see now
that for higher dimensions there are more conditions. We will focus mainly
on the case when X has dimension 2 and in particular when X is the square
[0,1] x [0,1]. This already reveals what to expect in higher dimensions, and
it is also the case relevant to understanding cotangent homotopies and the
Poisson homotopy groups.

When ¥ = [0, 1] x [0, 1], with coordinates (¢,¢), we decompose a bundle
map ®: 7Y — T*M as
¢ =Py dt + Pode : T([0,1] x [0,1]) = T*M.

The map ® (hence also ®; and ®3) covers a base map ~ : [0,1] x [0,1] —
T*M. Lemma [10.6] tells us that, for ® to be a cotangent map, we must first
have the following:

- For fixed ¢, the map t — ®;(¢,¢) is a cotangent path covering the
path t — (¢, ¢).

- For fixed ¢, the map € — ®q(t, ) is a cotangent path covering the
path ¢ — ~(t,¢).

As explained before, intuitively one may think of these two maps as
the “contravariant derivatives” of v in the directions ¢ and e, respectively.
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Therefore, one should expect an additional condition relating them, reflect-
ing the usual commutation relation for a map = : [0,1] x [0, 1] — R"

d d (t,e) = dd (t,¢)
dtds " T dea
Note, however, that already in the case where ~ : [0,1] x [0,1] — M takes

values in a manifold M, to write this relation coordinate free requires some
care. One way to state this property for manifolds is by using 1-forms:

e For any smooth map v = v(¢,¢) : [0,1] x [0,1] = M and any 1-form
6 € QY(M) the following equality holds:

s GO(@) - O(F) - (G D)

The next result contains a version of this formula for cotangent maps
and shows that this is precisely the kind of extra condition that is encoded
in the definition of a cotangent map when ¥ has dimension 2:

Proposition 10.17. Let (M,7) be a Poisson manifold, and consider a
bundle map ® = ®;dt + Pade : T([0,1] x [0,1]) — T*M with base map
v:[0,1] x [0,1] = M. Assume that ® is compatible with its base map:

hod = d.
Then the following are equivalent:

(i) @ is a cotangent map.
(ii) For any vector field X € X(M), one has
d d

&<X, D) — &<X,<I>1> = (dX)(®1, ®2).

(iii) For any (t,e)-dependent 1-forms aic, B € Q1 (M) such that

Ut elyte) = L1t e) and  Prelyre = Pa(t,e),

one has

(%ﬁt,s - %O‘t,s)

Proof. (i) < (ii). For any X € X(M), by using (I0.5) for # = &*X we find

v(t€) =~ lowe: Brely ‘W(tvs)'

that

() - (o) 3() -
e (@) L0 D)
= (dr X) (@1, P2) — %(X, Dq) + C%(X,@Q.
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Compeatibility of ® with its base map « can be written as
B*dof = dOf, V[ e (M),

and so (ii) holds if and only if ®*d; = d®* holds in degree 0 and degree 1.
However, since [0, 1] x [0, 1] is 2-dimensional, this holds in all degrees — see
Problem [[0.4]) for a more general fact. This shows (i) < (ii).

(ii) < (iii). Let -+ and B+ be as in the statement of the theorem. The
definition of d, gives

(d X)((I)l,fbg) = (d X)(atsaﬁt,s)"y(t €)
= (gﬂﬂ(at ¢) <X ,Bt 5> - ﬂﬁ(gt <) <X7 at,a> - <X7 [atﬁ? IBtvf]“» "y(t,s)

d d
= <d<X7 /Bt,€>7 d_’ty(tv E)> - <d<X7 at,€>7 d_z(t’ €)> _<X7 [at,év /Bt,€]ﬂ>’»y(t75)

where we used that ® is compatible with dv, so that

d d
o)l = 30 TGl = 2 (1)
On the other hand, we find that
d d d d
SUX @) — (X, 1) = (XA (1 (0) — o (X an)(1(6:).

Therefore, using that ® is compatible with ~, (ii) is equivalent to

i(<X Bre)(v(t.€))) — di(<X are)(1(t:€))

< (X, Bre)s dy ( )> < (X,at7g>,3—2(t,5)>—<X, [te, Brelm) |y(t,e)-

This last relation is equivalent to the identity,

<X, %ﬁt,a - %at,a>

which is clearly equivalent to (iii). O

= —<X, [at,aa Bt,a]W>|7(t,s) )

7(t.e)

Next, we introduce the notion of cotangent path-homotopy. Recall that
a path-homotopy between ordinary paths 9,1 : [0, 1] — M is a homotopy

= (te) [0,1] x [0,1] = M
such that the paths t — ~(¢,¢) all start and end at the same point:

7(t7 0) = ’VO(t)7 7(t7 1) = "Yl(t)v Vit e [07 1]7
7(0,¢) = xo, v(1,e) = x1, Ve €0,1].
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When adapting this notion to the contravariant setting, one needs to take
into account that cotangent maps play the role of a “contravariant deriva-
tive” of their base map:

Definition 10.18. Two cotangent paths ag,a; : [0,1] — T*M in
a Poisson manifold are called cotangent path-homotopic if there
exists a cotangent map ® : 7'([0,1] x [0,1]) — T*M such that

(10.6) 0P(t,0) = ag(t), 00(t, 1) = a1 (t), vt e [0,1],
(10.7) 09(0,e) =0, 09(1,e) =0, Ve €0,1].
We also call & a cotangent path-homotopy.

Explicitly, a cotangent path-homotopy between ag and a; is a cotangent
map

O =Py dt + Pode: T([0,1] x [0,1]) = T*M
with the following properties:
(i) Its base map 7 : [0,1] x [0,1] — M is a path-homotopy.
(ii) For all € € [0,1] one has ®5(0,¢) =0, ®2(1,e) = 0.
(iii) For all t € [0,1] one has ®1(¢,0) = ao(t), ®1(t,1) = ai(t).
Actually, looking back at Definition [[0.8 concerning the restriction of cotan-

gent maps ® : T — T*M to submanifolds, it should be clear how to make
sense of ® being constant along a submanifold ¥y C X:

¢|x, = constant, @|rs, = 0.
Conditions (i) and (ii) simply mean that & is constant on {0} x [0, 1] and
{1} x[0,1].

Lemma 10.19. Cotangent path-homotopy is an equivalence relation.

Proof. For reflexivity we can use the constant cotangent path-homotopy
in the e-direction. For symmetry we can use the reversed cotangent path-
homotopy in the e-direction. For transitivity we can concatenate two cotan-
gent path-homotopies in the e-direction. However, to ensure smoothness,
before we concatenate, we reparameterize the path-homotopies as follows.
Let 7:[0,1] — [0, 1] be a smooth map such that

7(e) =0, for Ogeg%, and 7(e) =1, for %gegl.

Set ¢ := Id x 7 : [0,1] x [0,1] — [0,1] x [0,1]. Given a cotangent path-
homotopy ® : T'([0,1] x [0,1]) — T*M between ag and a1, we replace it by
the new cotangent path-homotopy ® o dy) between ag and a;. (I

The following exercises and examples illustrate how cotangent path-
homotopy can differ from ordinary path-homotopy.
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Exercise 10.20 (Symplectic manifolds). Let (M, 7) be a nondegenerate
Poisson manifold. Show that two cotangent paths ag,a; : [0,1] — T*M are
cotangent path-homotopic if and only if their base paths g, : [0,1] — M
are path-homotopic.

Exercise 10.21 (Zero Poisson structures). Let M be a manifold equipped
with the zero Poisson structure, so a cotangent path a : [0,1] — T*M is
just a path in a cotangent space a : [0, 1] — 7M. Show that two cotangent
paths ag,a;q : [0,1] — 1) M are cotangent path-homotopic if and only if

/Olao(t) dt = /Olal(t) dr.

Example 10.22 (Regular Poisson structures). Assume that M = S x R?
is a regular Poisson manifold with symplectic leaves,

Sy=8x{y} (yeR?,

and denote the symplectic form on S, by w, € Q2(S,). At each (s,y) € M
we have a natural identification

(10.8) TisyyM =TsSy ® T,R? = TsSy & RY.
By using the leafwise symplectic form, we also obtain a decomposition

(10.9) T, )M = TS, & (R7)".

In particular, a cotangent path a : [0, 1] — T*M with base path lying in the
leaf S, can be identified with a pair a(t) = (¥(t), f(t)), where v : [0,1] — S,
is an ordinary path in the leaf S, and f : [0,1] — (R9)*.

Given two cotangent paths ag(t) = (J0(t), fo(t)) and a1(t) = (31 (¢), f1(t))
with the same end points, we claim that they are cotangent homotopic if
and only if there is a path-homotopy ~(¢,€) between ~y and ; such that

(10.10) /Olfl(t)dt—/olfo(t)dt:—/Ol/oldw(%,%,—) de dt,

where w € Q?(M) denotes the unique 2-form with kernel TR? extending the
leafwise forms w,, and we regard

oy 0y
d <_7 a0 R? *7
(G0 a2 ) € B
by using the decomposition (I0.8) and the fact that the pullback of dw to S,

vanishes. This claim will follow from a series of exercises that should help
familiarize the reader with the notion of cotangent homotopy.
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Exercise 10.23. Show that under the identification
QY (M) = X(Fr) ® C(M; (RT)"),
induced by (I0.9), the Lie bracket on 1-forms determined by 7 becomes
(X, F), (Y, @) = ([X, Y], xG — S F + dw(X, Y, —))

where dw(X,Y, —) denotes a function in C*°(M; (R?)*) which at (s,y) € M
takes the value w — (dw)(s ) (X, Y, w).

Exercise 10.24. Assume that one has a bundle map

O = Py (t,e)dt + Py(t,e)de : T([0,1] x [0,1]) = T*M
which is compatible with its base map v : [0,1]x [0, 1] — M; i.e., 7fo® = dv.
Write the components of ® using (I0.9)) in the form

Q(t,e) = (%,f(t,s)), f:00,1] x [0,1] — (R%)*,

0
Da(tye) = (GLa0(te)), 95001 x 0,1] = (R,
and show that ® is a cotangent path-homotopy if and only if

of 99 _ Oy Oy _
{85 ot = —dw(Gr: 32 )

g(0,e) =g(l,e) =0, Veel0,1].
Integrating the equation in the previous exercise w.r.t. ¢, we obtain
1 1
0 oy 0
/ OF 4 — —/ dw(l, 9, —) d,
0 86 0 8t 86
and then, integrating this equation w.r.t. €, we obtain

1 1 1 1
/Of(t,O)dt—/O f(t,l)dt:/o /0 dw(%,%,—) dt de.

So (I0.I0) needs to hold if ap and a; are cotangent path-homotopic.

Conversely, if (I0.10) holds, using Exercise[I0.24lone checks that a cotan-
gent path-homotopy ® = ®4(t,¢) dt + Po(t,e)de = T(]0,1] x [0,1]) — T*M
joining ag to aj is given by

_ (N _ (9
(I)l(tvg) - (Eaf(tag))a ‘I)g(t,é") - (E,g(t,f)),
where f and g are defined by

1 5
f(t,z—:):(1—5)f0(t)—|—5f1(t)+5/0 9(t,5)d5—/0 o(t, 5) do,

t t 1
o9 = [ (hs) = s+ [ [ 0(s.5)dsas
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and we have set

vy 0y
0(t,e) == d (—,—,—) t,e). Ty
(t,e) = dw( 5 52— ) (te)

Finally, we are able to prove that the integral of Poisson vector fields is
invariant under cotangent path-homotopy:

Proposition 10.25. Let (M, 7) be a Poisson manifold. For any Poisson
vector field X € X(M,m) and any two cotangent paths ag,a; : [0,1] — T*M
which are cotangent path-homotopic, one has

/X:/ X.
ag al

Proof. One can use the characterization of cotangent path-homotopy from
(ii) of Proposition [0.17 where the right-hand side vanishes. Integrating
the resulting equation with respect to ¢ and using ®3(0,¢) = 0, ®2(1,¢) =0,
the desired equality follows.

Alternatively, one can use Stokes’s Theorem. Given a cotangent path-
homotopy @ : T'([0,1] x [0,1]) — T*M between ay and aj, the boundary
0® consists of the concatenation of four paths, namely ag, 0z,, @1, and O, .
Hence,

/X—/X+/X+/X+/X—/X—/X.
0P ao (U ai Oz ag a1l

On the other hand, by Stokes’s Theorem,

/X:/dezo. g
o P

10.5. Poisson homotopy and homology groups

Using concatenation (I0.2)) of cotangent paths, we now define the Poisson
homotopy groups in complete analogy with the usual fundamental groups
of manifolds:

Definition 10.26. The Poisson homotopy group of a Poisson
manifold (M, 7) with base point x € M is

cotangent paths covering a closed path at x

(M, 7, z) =

cotangent path-homotopy
with the group operation - induced by
(10.11) [a] - [b] = [aob],

for any cotangent paths a,b : [0,1] — T*M with the property that
a o b is smooth.
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Lemma 10.27. The operation (I0.11)) is well-defined and it gives II(M, 7, x)
the structure of a group.

Proof. To prove that the operation is well-defined we show the following:

(i) For any smooth map 7 : [0, 1] — [0, 1] with 7(0) = 0 and 7(1) = 1,
the reparameterization a” (see (I0.1])) is cotangent path-homotopic
to a.

(ii) There exist cotangent paths a1,b; : [0,1] — T*M cotangent path-
homotopic to a and b, respectively, such that the concatenation
a1 o by is smooth.

(iii) Choosing two other cotangent paths ag, bs : [0, 1] — T*M with the
same properties, a1 o by and aq o by are cotangent path-homotopic.

For the first part, one can obtain a cotangent path-homotopy between
a and a” as the composition

7([0,1] % [0,1]) <% 70, 1] 2% 7%,

where 1 is a path-homotopy between Id and 7; for example,
¥ :[0,1] x [0,1] = [0,1], (t,e) = (1 —e)t +e7(t).

To prove (ii), we choose 7 : [0,1] — [0, 1] which fixes the end points and
all its positive derivatives vanish at the end points. Then the reparameteri-
zations a1 := a” and b; := b” are cotangent path-homotopic to a and b, and
the concatenation a; o by is smooth.

For (iii), since cotangent path-homotopy ~ is an equivalence relation
(Lemma [0.19), we only need to check that if ap ~ a; and by ~ by and if
the concatenations ag o by and ai o by are smooth, then ag o by ~ ay o by.
Consider cotangent path-homotopies ® from ag to a1 and ¥ from by to by,

respectively. Fix a smooth map 7 : [0,1] — [0, 1] which satisfies 7'|[0 L= 0
'3

and T\[g y= 1. Then we have cotangent path-homotopies
37
" :=dod(r xId) and VY7 :=Vod(r xId)
between aj ~ a] and bj ~ b]. Consider the composition
dTod(2t,e), O0<t<l!
T T - » S ) >l =79,
PToWT (1) : { UTod(2t—1e), 2<t<1
[ 277 (20) @1 (7(2t), £)dt + Po(T(2t), €)de, 0<t<i,
T 272t — 1)U (7(2t — 1),e)dt + Uy (T(2t — 1),e)de, <t <1

The properties of T imply that ®7 o U7 (¢,e) = 0, on the strip [3, 3] x [0,1];
in particular, ®” o U7 is smooth. Moreover, ®” o UT gives a cotangent path-
homotopy aj o by ~ af o b]. We still need to show that aj o bj ~ ag o by

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



10.5. Poisson homotopy and homology groups 239

and af o b] ~ ay o by. This follows from (i), because af, o b = (ap o by)? and
ajob] = (a1 0 b1)?, where
1
o QT(2t)7
o(t) '—{ L2t — 1) +1),
This shows that the operation is well-defined. The proof that it defines a
group structure follows similar arguments, and we leave it as an exercise. [

0<t<3,
;<t<1.

Example 10.28 (Symplectic manifolds). Applying Exercise [[0.20] one sees
that for a symplectic manifold (M, ) the Poisson homotopy group II(M, 7, x)
coincides with the usual fundamental group m (M, x).

Example 10.29 (Zero Poisson structures). Applying Exercise [0.21] one
sees that for a manifold M equipped with the zero Poisson structure = = 0,
the Poisson homotopy group II(M, 7, z) coincides with the cotangent space
TrM, viewed as an abelian group with addition.

Example 10.30 (Poisson homotopy group at zeros). Let (M, ) be a Pois-
son structure, and let x € M be a zero of m. We show that the Poisson
homotopy at x depends only on the isotropy Lie algebra

g=Kerm, =T, M,

and we further identify it in terms of g.

First of all, a cotangent path at z is just a map a : [0,1] — g. Secondly,
by Proposition I0.17] a cotangent homotopy between two cotangent paths
at x amounts to a map

O =0y dt + Bode: T([0,1] x [0,1]) — g

satisfying
(10.12) Loy (te) — LPa(t,e) = [@1(t,€), Pa(t, €)]g,
(1013) (I)Q(O,E) = ‘132(1,6) =0.

Of course, (I0.12)) encodes precisely the fact that ® is a Lie algebroid map.
Notice that all conditions are stated solely in terms of the Lie algebra g.
Hence, one obtains a purely Lie theoretical description of the Poisson ho-
motopy group at x:

paths in g

1I(M ~ .
(M, z) g-path-homotopy

Here, by a g-path-homotopy we mean a map ® satisfying (I0.12) and
(I0.I3).

To complete our discussion, recall that any Lie algebra g comes from a
1-connected Lie group, which is unique up to isomorphism. We will denote
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this group by II(g) and we show the following:

Proposition 10.31. Let (M, 7) be a Poisson manifold, let x € M be a zero
of m, and let g be the isotropy Lie algebra at x. The Poisson homotopy group
at x is isomorphic to the 1-connected Lie group with Lie algebra g:

(M, m,x) ~II(g).

Proof. Recall that II(g) can be constructed out of any Lie group G inte-
grating g by passing to its homotopy cover

paths in G starting at e

I(g) ~

The group operation on II(g) comes from pointwise multiplication of paths:
if 1,92 : [0,1] — G are paths starting at e, then g; - g2 : [0, 1] — G is a new
path starting at e. For the proof of the proposition we fix such a Lie group
G and we will use the left invariant Maurer-Cartan form

O : TG — g, Og(v)=dLs1(v), veT,G.

path-homotopy

The bijection between II(M, 7, z) and II(g) follows from the following lemma.
Lemma 10.32. (i) The relation a = 0 o dg gives a 1-to-1 correspondence

smooth paths
9:00,1] >G4 =
with g(0) = e

smooth paths
a:[0,1] — g

(ii) The relation ® = g o dh gives a 1-to-1 correspondence

smooth path-homotopies
h:[0,1] x[0,1]] =G \ .~
with h(0,e) =e

g-path-homotopies
o :T([0,1] x [0,1])) — g

We will provide more geometric insight into these correspondences later
in Example I3.8T] which also contains another proof of this lemma.

Proof of Lemma [10.32l In order to show that the assignment (i) is bijec-
tive, we construct its inverse. Given a : [0,1] — g, the corresponding path
g :[0,1] — G is the solution to the ODE

{%g(t) = (deLgp)a(t),
9(0) = e

In other words, g(t) is the integral curve starting at e of the left-invariant
time-dependent vector field

{Xitepoa,  Xitlg = (deLg)a(t).
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The usual proof that left-invariant vector fields are complete also applies to
time-dependent ones, and we conclude the g(t) exists for all ¢ € [0, 1].

Next, we show that the assignment in (ii) is well-defined. We observe
that 0g is a Lie algebroid map, because it pulls back forms on g to left-
invariant forms on the Lie group G, and this pullback operations intertwines
the Chevalley-FEilenberg differential with the de Rham differential — see
Section [A.D] — or else use Problem Hence ® = 65 o dh is a Lie
algebroid map as well, and so (I0.12)) holds. Since h is a path-homotopy, we
have that 22(0,¢) = 22(1,¢) = 0, and this implies that (I0.13) also holds.

Finally, we construct an inverse to the assignment in (ii). Let & =
®1dt + Pode be a g-path-homotopy. For each € € [0, 1] we apply the inverse
of (i) to each a. := ®1(+,€) to obtain a path g. : [0,1] — G starting e. Let
h:[0,1] x [0,1] = G, h(t,e) = g-(t). Then ®' := 6 o dh is a Lie algebroid
map of the form &' = ®;dt + ®,,de. We claim that ®), = ®,. First note that
both satisfy the equation (I0.12)). In turn, that equation can be viewed as a
family of ODEs in t, for each e, the unknown being ®5. Secondly, both &,
and @), satisfy the initial condition ®2(0,e) = ®4(0,¢) = 0, where the last

equation follows from %(0,6) = 0. In conclusion ¥, = ®5. In particular
®y(1,e) = 0 and, therefore, h is indeed a path-homotopy. O

The lemma establishes a bijection between II(M, 7, z) and II(g) and we
still have to take care of the compatibility with the group multiplication.
This follows in two steps: given two paths g1, g2 : [0,1] — G starting at e
whose derivatives of any order vanish at the end points, one has the following:

i) The path g1 - g9 is homotopic to the “shifted” concatenation:
(i) path g1 - g P

B (2t), t €0, l]’
(910 92)(t) = { ﬁ@t —1Dga(1), te (%,21].

(ii) The map from item (i) of the lemma sends g; o g2 to the concate-
nation aj o ag : [0,1] — g of the g-paths corresponding to g; and
go, respectively.

This completes the proof of the proposition. O

Exercise 10.33. Construct a path-homotopy justifying step (i) above. Te

Determining the Poisson homotopy groups is in general a hard but often
rewarding task: it may reveal some subtle properties of the Poisson mani-
fold. We will see another example in the next section, where we treat the
case of regular Poisson manifolds. Other examples will be discussed in later
chapters. The relationship between the Poisson homotopy groups of a Pois-
son manifold and various types of submanifolds is discussed in the problems
at the end of the chapter.
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Related to the notion of cotangent path-homotopy, one has the notion
of cotangent homology. For that, we call a cotangent loop in a Poisson
manifold (M, ) any cotangent path a : S — T*M defined on the circle.

Definition 10.34. Two cotangent loops ag, a1 : S' — T*M are called
cotangent homologous if there exists a cotangent map & : T —
T*M, defined on a compact oriented surface ¥ whose boundary 0%
consists of two circles, such that, up to a reparametrization,

0P =aqgUas.

Remark 10.35. The definition implies that a cotangent loop ag is homolo-
gous to a constant loop a; = 0, if and only if ag = 0P, where ® : TY — T*M
is a cotangent map from a compact oriented surface ¥ with 9% consisting
of a single circle. This can be proven by standard arguments.

We fix a point e € S' to be the base point of the circle. A cotangent
loop a : S — T*M is said to be based at x € M if its base loop sends
e to z. The notion of cotangent homologous loops leads to the following
definition:

Definition 10.36. The degree 1 Poisson homology group of
(M, ) with base point € M is the group

HE (M, z) = cotangent loops based at x

cotangent homologous
with the group operation characterized by

[a] - [b] = [a ],

for any cotangent loops a and b with the property that aob is smooth.

Remark 10.37. The group in Definition [10.36l should not be confused with
the group from Problem Q.13 which consists of equivalence classes of 1-
forms. The terminology in Problem [0.13] was chosen for historical reasons.

A proof similar to that for the Poisson homotopy group shows that the
operation in Definition [[0.36] is well-defined and is a group product.

As an interesting application of Stokes’s Theorem, we obtain:

Corollary 10.38. For a Poisson manifold (M, ), there is a pairing between
the first Poisson homology group at x and the first Poisson cohomology group

/:Hf(M,x)xH;(M)—HR, ([[a]],[X])l—)/X.
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Since two cotangent loops that are path-homotopic are also cotangent
homologous, we have a surjective homomorphism

H:1I(M,n,z) — HT(M,x), [a]— [a]

which we call the Hurewicz homomorphism.

We also have the following version of the Hurewicz Theorem, which
shows in particular that the Poisson homology group H (M, x) is always
abelian:

Theorem 10.39 (Contreras and Fernandes [36]). Let (M, ) be a Poisson
manifold. The kernel of the Hurewicz homomorphism H : II(M, 7, z) —
HT (M, x) is the commutator subgroup, so we have a group isomorphism

II(M,r,x)
(I(M, 7, z), II(M, w,x))

HT (M, x) ~

Proof. We will work only with cotangent loops a,b that vanish with all
their derivatives at the base point, so that the composition a o b is smooth
— recall Lemma [10.4] and the proof of Lemma

We start by showing that H (M, x) is an abelian group, i.e., that for
any two cotangent loops ai,as : S' — T*M based at € M, a; o ay and
as o a1 are cotangent homologous. This is equivalent to the commutator

1 1

a:S' > T*M, a:= (a1,a2) =aioazoa; oa, ,
being cotangent homologous to the trivial cotangent loop 0.
We identify St ~ (I x I), where I = [0, 1], we let D C int(I x I) be a
closed disk, and we set
¥ = (I x I)\D.

If we let ¢ : 3 — O(I x I) be a retraction of ¥’ to the boundary 9(I x I),
we obtain a cotangent map

& :=qodp:TY — T*M,

defining a cotangent homotopy between a and a’ := &’ |7(op) — see Figure

I0.1

If we now glue the opposite sides of the square (I x I), we obtain a
surface with boundary ¥ and the retraction can be chosen so that ® induces
a cotangent map ® : T — T* M, showing that a is cotangent homologous
to 0.

Since HT (M, x) is an abelian group, an element in the commutator sub-
group (II(M,m,x),II(M,,z)) belongs to the kernel of the Hurewicz ho-
momorphism H : II(M,n,z) — HT(M,z). So we are left to show that,
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Z/

a2

Figure 10.1. The cotangent loops a1 o a2 and a2 o a; are homologous

conversely, if a cotangent loop a : S' — T*M based at z is in the kernel
of H, then a is cotangent path-homotopic to a product of commutators of
cotangent loops.

By Remark[I0.35] there exists a compact, oriented surface ¥ with bound-
ary 0% ~ S! and a cotangent map ® : TY — T*M such that 9® = a. This
equality involves a parametrization ¢ : S' =% 9%, which is based at e € 9%,
the base point that maps to x. Since X is compact, it can be obtained by
gluing the sides of a polygon A with 4g + 1 sides, where g is the genus of
Y. More precisely, there exists a smooth parametrization ¢ : A — X, which
sends the sides of A to

ST vy e e g Yy s T

in this order, where ~;,n; : S! — ¥ are loops based at e. Hence, a; := dody;
and b; := ® odn; are cotangent loops based at x, and ® o di) is a cotangent
path-homotopy between a = ® o dd and the concatenation

alobloal_lObIIO---oagObgoaQ_IObg_l.
This means that
a~ (a1,b1) - (ag, by),
and the result follows. O
As shown in the examples above, the Poisson homotopy/homology

groups can be quite different at distinct points of M. However, the groups
at points in the same leaf are isomorphic.

Corollary 10.40. Let x,y belong to the same symplectic leaf S of (M, ),
and let a : [0,1] — T*M be a cotangent path connecting them.Then there is
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a group isomorphism
co : I(M,7mt,2) = (M, 7,y), [b]+— [aocboa]

which depends only on the path-homotopy class of a.

Moreover, ¢, induces a group isomorphism
ca : Hf (M, z) = HJ (M, y),
which does not depend on a. So all Poisson homology groups over the same

leaf are canonically isomorphic.

We leave the proof as an exercise.

10.6. Variation of symplectic area

We will see now how the Poisson homotopy groups codify geometric infor-
mation about the transverse behavior of a Poisson manifold. For now, we
will consider only regular Poisson manifolds. In later chapters, we will be
able to consider the nonregular case.

As in Example [[0.22] we start with a simple foliation M = S x R? with
symplectic leaves,

Sy=5x{y}, yeR,
and denote the symplectic form on Sy by w, € QQ(Sy). We denote by
w € Q*(M)

the unique extension of the leafwise symplectic structure which vanishes on
the second factor of TM =TS & TRY.

We define a map which measures the transverse variation of the symplec-
tic area of 2-spheres as follows. Consider a 2-sphere o : S — S, mapping
the north pole py to = = (s,y). Denote the normal space at = by

vz (Sy) =T, M /TS, ~RI.
Given a normal vector v € v,(Sy) ~ RY, consider the curve
xy = (s,y) == (s,y +tv), te]0,1],
and consider the family of 2-spheres
011 8* = Sy, or(u) = (o(u),y1)

mapping py to x;. So we have deformed the initial 2-sphere o lying in Sy in
the normal direction v to a family of 2-spheres oy, each lying in a symplectic
leaf Sy,. We can compute the symplectic areas of these 2-spheres and we
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find the following:
Lemma 10.41. The assignment
d
vz(Sy) 2 v E‘t:o /Jt Wy,
only depends on the class [o] € ma(Sy, z) and is a linear function of v.
Proof. Let 0° be a homotopy of 2-spheres in S, (relative to z). For each

t, its deformation o§ : S — S, in the normal direction v gives a homotopy
of 2-spheres in S, (relative to z¢). Since wy, € Q2(Sy,) is closed, it follows

that the integral
I::/ Wy, :/Wertv
of o

is independent of €. Hence, we have a function I = I(tv) independent of ¢
and its derivative at ¢ = 0 is a linear function of v. ]

The lemma shows that the following is well-defined.

Definition 10.42. The variation of symplectic area at = = (s, y)
is the map

i d
A/m : 772(Sy7x) — Vz(Sy)? <A;(J)7’U> = E‘t—O/ Wyt'
= o

Example 10.43. For a linear family of symplectic structures
wy =wo +ylwr oyl wi € Q4(9),

the variation of symplectic area at x = (s,0) is given by

Al mo(So,x) = R, [o] = (/le,...,/Uwq>.

The Poisson homotopy groups can be described using this map:

Theorem 10.44. For the Poisson manifold M = S x R? with symplectic
foliation {(Sy,wy) : y € RY} and for any x = (s,y) € M, there is short ezact
sequence of groups

1 — v3(Sy) /Ny — I(M, 71, z) — m1(Sy,z) — 1

where
Ny = {A,(0) € V3(Sy) : [0] € ma(Sy, ) }.
In particular, if Sy is simply connected, we have IL(M, m, ) ~ vi(Sy)/Na.
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Proof. First, we have the group homomorphism

p: (M, 7, 2) = mi(Sy, x), [a] = [yal,
which to a cotangent homotopy class of a cotangent path a : [0,1] — T*M
associates the homotopy class of its base path v, : [0,1] = S,,.

Next, we observe that since v}(S,) = Ker i, any element o € v (Sy)
defines a constant cotangent path a(t) = a. Hence, we have another group
homomorphism

q:vp(Sy) = (M, m,z), aw—[a].
We leave it as exercise to check that this is a group homomorphism:

Exercise 10.45. For aq,as € Ker ng show that the constant cotangent
paths a1(t) = aq and aa(t) = «ag satisfy [a1]-[ag] = [a], where a(t) = a1 +as.

Next, let us verify that the sequence from the statement is exact:
— Im ¢ C Kerp: This follows from the definition.

— Imp = 71 (Sy, x): This follows because every path in a symplectic leaf
is the base path of some cotangent path.

— Kerp C Img: Let [ag] be in the kernel of p : II(M, 7, x) — m1(Sy, z).
This mean that ag : [0,1] — T*M is a cotangent loop based at & whose base
path is contractible. Denoting the base homotopy by ~(¢,¢), it follows from
Example that there exists a cotangent path-homotopy from ag(t) to
the constant cotangent path a;(t) = o € v}(Sy) ~ (R?)*, where (see (I0.10))

1 1 1 a,y a,y
o= tdt—/ / dw| =, =—,—) dtde
/0 folt) o Jo <8t Oe )

and ao(t) = (%}(t,O), fo(t)), w.r.t. the isomorphism (I0.9]). Hence, we have
that [ag] = [@] is in the image of ¢ : v}(Sy) — II(M, 7, x).

— Ker g = N: Assume that o € 1}(S,) is an element in the kernel of g;
i.e., a ~ 0. By Example T0.22] a cotangent path-homotopy from « to 0,

O = Oy (t,e)dt + Pa(t, €) de,

has components ®q(t,e) = (%—i,f(t,s)), Do(t,e) = (%,g(t,e)), where o is
the base homotopy and

1 1 1 1 o Oo
/Of(t,O)dt—/O f(t,l)dt—/o /0 aw(32. 97 ) drde.

Since f(t,0) = « and f(¢,1) = 0, we conclude that

<a,w>—</1adt,w>—/1/1dw<g—j,g—z,w) dtds—/iwdw.
0 0o Jo

(e

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



248 10. Poisson Homotopy

Since o(t, ) satisfies o(t,0) = o(t,1) = 0(0,¢) = o(1,¢) = z, it defines an
element [o] € ma(Sy, z). It remains to show the following:

Lemma 10.46. If o; : S — Sy, 1s a deformation of o : S? — Sy in the
direction w € v5(Sy) ~ R, then

) d
o= (o)) = 5| [ e

Proof of the lemma. Observe that o; = ¢! o o, where ¢!, is the flow of
the constant vector field (0, w) € T'S & TRY. Hence, we have

i‘ /w —i /U*w
dtle=o J,, " dth=0 Js

_d * o\ *
~ dtli=0 /SQU (0)"w
d

T t:0/0<¢2[})*w

:/wa:/iwdw,

where we used in the first line that w|,, = wy, and in the last line that
iww = 0. This completes the proof of the lemma and, hence, also of the
theorem. O

Example 10.47. Consider the regular Poisson manifold (M = S x R4, 7),
where S = S? x S? and the leafwise symplectic form is given by

wy = y(priwsz + A prjwsz),

where wg2 is a symplectic form on the sphere of area 1 and A is some fixed
nonzero real number. Then 79(S) ~ Z x Z where the generators (1,0) and
(0,1) can be represented by the inclusions S? < S? x S2, s +— (s,pn), and
s+ (pn,s). Also, v3(S,) ~ R. The variation of symplectic area at z € M
is the map (see Example [[0.43))

AQIZXZ—)R, (nl,ng)»—>n1+)\n2.
Hence, at any v € M, N, = Z + M\Z and the Poisson homotopy group is
II(M,7,z) ~R/(Z + \Z).

Depending on whether A is rational or not, this group is either isomorphic to
S' or not (e.g., compare elements of order 2). In the latter case, the group
is a non-Hausdorff topological group — see also Problem [T10.12] Ty
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For a general regular Poisson manifold the situation is similar to the
case discussed above. The details are given in [42] and the main points are
as follows:

- Given a 2-sphere ¢ : S — S in a symplectic leaf S based at 2 and
a normal vector v € v,(5), one can find a smooth deformation of
2-spheres oy : S — Sy in the leaf S; based at some point z; starting
at 09 = o and such that v = %xtltzo.

- As in Lemma [[0.47] the assignment

d
vz(Sy) 2 v E‘tzo /Ut ws,

only depends on the class [o] € m2(S, z) and is linear in v.

Hence, for an arbitrary regular Poisson manifold, one defines the vari-
ation of symplectic area at z to be the group homomorphism

d
Ay imo(S,a) 5 (), (Arlo)o) =g, [ wsi
dtli=0 J,,
where o is any deformation of ¢ in the normal direction v.
The theorem remains valid in this general case mutatis mutandis:

Theorem 10.48. Given a regular Poisson manifold (M, ) and a point
x € M belonging to the symplectic leaf S, there is a short exact sequence

1 — vi(S) /N, — (M, 7, 2) — (S, 2) — 1,
where N is the image of the variation of symplectic area map A,
N = {AL(0) € v3(S) : [o] € ma(S, )}
In particular, if the leaf S is simply connected, then TI(M, w,x) ~ v(S)/Na.

Problems

10.1. Let (A, [, )4, p) be a Lie algebroid. Define a general notion of A-path
and A-path-homotopy between A-paths so that the following hold:

(a) When A = T'M, for an arbitrary manifold M, one recovers the usual
notion of smooth path and smooth path-homotopy.

(b) When A = T*M, for a Poisson manifold (M, 7), one recovers the notion
of cotangent path and cotangent path-homotopy.

10.2. Prove Proposition [10.12]
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10.3. Let (M, ) be an exact Poisson manifold. Show that if S is a compact
symplectic leaf of (M, ) which is not a point, then there is no cotangent
map ¢ : T'S — T*M covering the inclusion S — M.

10.4. Let (M, ) be a Poisson manifold. For a vector bundle map ® : T —
T*M show the following:

(a) If @*d,; = d®* holds on C*°(M) and X'(M), then ® is a cotangent map.
(b) If for any smooth square 1 : [0,1] x [0,1] — ¥ the composition ® o di :
T([0,1] x [0,1]) — T*M is a cotangent map, then ® is a cotangent map.

10.5. Let (M, m) be a Poisson manifold, and let x € M. Show that the
product on II(M, 7, x) defined in (I0.I1)) is indeed a group multiplication.

10.6. Prove Corollary I0.40

10.7. Let (M, ) be a Poisson manifold, and let ® : TS — T*M be a
cotangent map covering a map ¢ : ¥ — M.

(a) Show that for any smooth path ~: [0,1] — ¥ the map

D.(7) :=Po X :[0,1] » T*M
defines a cotangent path with base path ¢o~: I — M.

(b) Prove that if 79,71 : [0,1] — ¥ are path-homotopic, then ®. (o) and
®, (1) are cotangent path-homotopic.

(c) Show that the resulting map
D, : 7'(-1(2756) — H(M77T7 ¢($))
is a group homomorphism.

10.8. Let wge € Q%(S?) be the standard area form. On the manifold M =
S? x §? x R? consider a regular Poisson structure 7 with symplectic leaves

Sy =S x§*x{y}, y=(y1,2) €R?
and foliated symplectic form
Wyrye) = f(y1) priwsz + g(y2) pra wsz,

where f,g € C°(R) are two positive smooth functions. Using Theorem
[[0.44] find the Poisson homotopy groups of (M, ).

10.9. Let (M, ) be a Poisson manifold, and let (P,7p) — (M,7) be a
complete Poisson submanifold. Denote the restriction map on covectors by

p:TpM — T*P.

Show that, for any x € P, there is a surjective homomorphism of Poisson
homotopy groups
ps (M, 7, 2) — (P, 7p, ).
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In particular, conclude that for any symplectic leaf ¢ : S < M though a
point x, we have a surjective group homomorphism

Dx H(M,ﬂ',l’) - 771(S7 :E)a [a] = [’Va]'

10.10. Let (M, m) be a Poisson manifold, and let (X,7x) be a Poisson
transversal. Consider the inclusion map

i T*X < TEM
induced by the decomposition Tx M = TX @ (T'X)*~. Show that, for any
x € X, there is an induced group homomorphism

is (X, 7mx,2) = I[I(M, 7, x).
Assuming now that (M, ) is regular, let S be the symplectic leaf through
x € M, and let X C M be a small enough slice through z. Using Theorem
I0.48], describe the map i, in this case. In particular, show the following:
(a) iy is surjective < 71(S,x) = 0.
(b) i is injective & A/ = 0.
10.11. Let (N,7y) — (M, ) be a coregular Poisson-Dirac submanifold.
Consider the Lie algebroid from Problem
Ay = (TN*")° = {a € T4 M : 7*(a) € TN}.

Making use of Problem [I0.1], define the relative homotopy groups

An-1
(M, N, 7, 2) = ~-loops based at x

~ Apy-path-homotopies’
Denoting by i : Ay — T*M and p : Ay — T*N the inclusion and the
restriction maps, show the following:

(a) ¢ induces a group homomorphism
iy I(M,N,7,2) = II(M,m, x),
which generalizes the map from Problem [I0.10l
(b) p induces a surjective group homomorphism
ps (M, N, 7, z) = II(N, 7N, ),
which generalizes the map from Problem [10.9]
10.12. If (M, ) is a Poisson manifold, the space of cotangent paths in M has
a natural C-topology. We endow the Poisson homotopy group II(M, ,x)
with the quotient topology. Show that this makes II(M, 7, z) into a topolog-
ical group — i.e., the group laws are continuous — and that the connected

component of the identity element is precisely the kernel of the group ho-
momorphism II(M, 7, z) — w1 (S, z), where S is the leaf through x.
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Chapter 11

Contravariant
Geometry and
Connections

11.1. Contravariant connections on vector bundles

Following once again the point of view that in Poisson geometry the correct
tangent bundle is the cotangent Lie algebroid, one is led to the following
notion of connection:

Definition 11.1. Let (M, ) be a Poisson manifold, and let £ — M
be a vector bundle. A contravariant connection on F is an R-
bilinear operation

QM) xT(E) > T(E), (a,s)— Vas,
satisfying the following properties:
Vias = fVas, Val(fs)= fVas+ ZLu,(f)s.

We will call a pair (E, V) a contravariant vector bundle.

Given a local chart (U,z',...,2") where E admits a basis of sections
{e!,...,e"}, a contravariant connection is determined locally by some func-
tions ngl € C*®(U), called the Christoffel symbols

.
(11.1) Vagel =) Theb  (1<i<n, 1<1<r).
k=1

253
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254 11. Contravariant Geometry and Connections

Exercise 11.2. For a contravariant connection V on E, given a section
s € I'(E), show that V,s|, depends only on «af, € T M. Deduce that any
£ € T*M defines a map V¢ : I'(E) — R.

Many of the usual constructions for ordinary connections extend to con-
travariant connections in a more or less straightforward way. For example,
the curvature of a contravariant connection V on E' is the End(E)-valued
bivector field given by

2
Ry € %Q(M; End(E)) = I‘(/\TM ® End(E)>7

Ry(a, B)s == Va(Vgs) = V5(Vas) = V3,5
for all a, 8 € QY(M) and s € I'(E). The connection is said to be flat if its

curvature vanishes identically.

Exercise 11.3. Show that the formula above for the curvature defines in-
deed a section of the vector bundle A\> TM @ End(E).

Example 11.4. Let E — M be a vector bundle with an ordinary connection
V. If the base is a Poisson manifold (M, ), we can produce a contravariant
connection V on E by setting

Vas = ku(a)s.
The curvature tensors R and Ry of V and V are related by

Ry(a, B) = Re(r*(a), 7%(8)).

Although this gives a quick way of producing contravariant connections,
these connections do not play a significant role in Poisson geometry. T

Example 11.5 (Pullback connections). Let ® : T — T* M be a cotangent
map into a Poisson manifold (M, ), covering a map ¢ : ¥ — M. Given a
vector bundle p : E — M with a contravariant connection V, the pullback
vector bundle

¢"E = {(u,x) : p(u) = ¢(2)}

has an induced ordinary connection V = ®*V, uniquely determined by the
condition

Vi(9's) = Vouys (veT,X, s e (E)).

That this is well-defined uses only the first property of contravariant maps:
7t o ® = d¢, Lemma [[0.6l The full condition implies that Re = ®* Ry; i.e.,

Re(v,w) = Ry(®(v),®(w)) (v,w e TpX).

In particular, one can pull back connections along cotangent paths. Ty
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11.1. Contravariant connections on vector bundles 255

Example 11.6. Let (M, ) be a regular Poisson structure and consider the
conormal bundle to the symplectic foliation

V*(Fr) i= (T Fy)° = Ker ¥,

We have a canonical contravariant connection

Vafi= [0, flr, € Q(M), B €TV (Fr)),
called the contravariant Bott connection. The Jacobi identity implies
flatness: Ry = 0. Recall that the usual Bott connection V on v*(F;) is the
partial connection

VxB=%xB, XecX(Fr),Becl (W (Fr).
Using the expression for [, |, one sees that the two are related by

VaB = Vi) b-

Example 11.7. Let (M,7) be a Poisson manifold. The line bundle
AP T*M carries a canonical contravariant connection V. This is defined
on exact 1-forms by

Vdf:u = fol'Lv f GCOO(M)a MGQtop(M)¢
and it is extended to all 1-forms by requiring C°°(M)-linearity. Using that
[df1,dfa]r = d{f1, f2}, we see that this connection is flat:

Ry(dfi,dfo)n = Lx; (Lxp,1) — Lxy, (Lxp ) = LX 4, gy 1= 0. T

Let L — M be a line bundle over a Poisson manifold (M, ) equipped
with a flat contravariant connection V. Assume first that L has a nowhere
vanishing section pu, so L is actually trivial. Then

(11.2) Vai = cula)p,
for some C°-linear map c,, : QY(M) — C>®(M), i.e., a vector field ¢, €
X(M). Since we assume the connection to be flat, we find that
0=VaVpu—=VsVap =V gu

= Va(cu(B) 1) = V(eu(a) p) = culle, Bl

= (Lrt(o)en(9) b = (Lrepyeu(@)) p = cu(lev, Bl

= (drcw) (o, B) p-
We conclude that ¢, is a Poisson vector field: drc, = 0.

Exercise 11.8. If ;/ = 4e9u is another nowhere vanishing section, show
that

Cw = cu — Xgj

i.e., ¢y and ¢, differ by a Hamiltonian vector field.
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It follows that the Poisson cohomology class
c(L, V) := [en] € Hy(M)
does not depend on the choice of p.

When L is not trivializable, we can still define ¢(L, V) as follows. Form
the tensor product L®? = L ® L and equip it with the flat connection
Valit ® €)= Vap @ &+ 1 @ Vak.
Since L®? has a nowhere vanishing section, we can define
(L, V) = [e(L®%, V)] € HY(M).

Exercise 11.9. If L is trivializable, the two definitions of ¢(L, V) agree.

Definition 11.10. Let (M, 7) be a Poisson manifold, and let L — M
be a line bundle with a flat contravariant connection V. The Poisson
cohomology class ¢(L, V) € H1(M) is called the characteristic class
of (L, V).

Example 11.11 (Modular class). We saw in Example [1.7 that, for any
Poisson manifold (M, ), the line bundle A"P T*M carries a canonical flat
connection. Hence, we have a characteristic class

top

c(/\T*M, V) € HA(M),

Exercise 11.12. If M is orientable, show that this class coincides with the
modular class ¢(A\"*P T*M, V) = mod(M, ).

This exercise allows us to define the modular class for any Poisson
manifold (M, 7), orientable or not, as

top

mod(M, ) = c(/\T*M, v). T

11.2. Parallel transport along cotangent paths

Connections are useful for connecting and comparing fibers over different
base points. This is done using parallel transport along paths. As one may
expect, the generalization to contravariant connections requires the use of
cotangent paths.

For this, fix a Poisson manifold (M, 7) and a vector bundle p: E — M
with a contravariant connection V. Consider a cotangent path a : [0,1] —
T*M and a path c: [0,1] — E “above” a, i.e., such that

p(e(t)) =7a(t), Vit el[0,1],
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One can find a time-dependent section s; € I'(F) extending c, i.e., such that
5t(va(t)) = c(t), Vte][0,1].

This allows one to define

d
(11.3) (Dac)(t) = Vst + ast e
Exercise 11.13. Check that expression (IL.3]) is independent of the choice
of time-dependent extension s;. Would D¢ still be well-defined if a was not
a cotangent path?
HiNnT: No!

Definition 11.14. One calls D,c the contravariant derivative of
c along the cotangent path a.

The local expression of the contravariant derivative is

(114)  Daclt) = 3 (St + X T ) ) ),
k=1 1<i<n
1<i<r

where we use the Christoffel symbols (I1.1]), and we write

n T

a(t) =Y ai(t)da’, c(t) =) alt)e

i=1 =1
This follows by using the time-dependent section s;(x) := ¢(t) in (ITL3).

One verifies immediately that the contravariant derivative D satisfies
the following:

(i) Linearity: If ¢i,co : [0,1] — E are paths above a and A\, Ay € R,
then
Dy(Aic1 + Aaca) = M Dger 4+ AaDgeo.
(ii) Leibniz: If ¢:[0,1] — E is a path above a and f € C*°(M), then

Da((f 04a) €) = (f ©Ya) Dac + (% Foru)e

These properties reveal an alternative description of the contravariant
derivative:

Exercise 11.15. Let V = a*V be the pullback connection along the cotan-
gent path a : [0,1] — T*M, as in Example [[T.5l Show that

Ds,c=Vac,
dt

where we identify curves c : [0,1] — E above 7, with sections ¢ € I'(7; E).
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The contravariant derivative gives more geometric insight into the notion
of curvature. For this, consider a cotangent map defined on the square:

@ :T([0,1] x [0,1]) — T*M,
O(t,e) = ®1(t,e) dt + Da(t, €) de,

with base map v : [0,1] x [0,1] — M. Consider now any smooth map
c:[0,1] x [0,1] — E above ~. Then, as explained in Section [[0.4t

- For fixed a ¢ = g9, the map ¢t — ®(t,g9) is a cotangent path
covering the path ¢t — ~(t,&¢). Therefore we have the contravariant
derivative of ¢ in the t-direction, resulting in a new map above ~:

Dayc: [0,1] % [0,1] = E,
(D@lc)(t,éo) = (D<I>1(-,€o)c('v‘50))(t)'

- Similarly, by freezing t, we obtain the contravariant derivative of ¢
in the e-direction, which defines a new map above ~:

Dg,c:[0,1] x [0,1] — E,
(Da,c)(to,€) = (Da, (o, ¢(to, ) (€).
The curvature has the following interpretation:

Proposition 11.16. Given a contravariant vector bundle (E,V) over a
Poisson manifold (M, ), one has

Rv(q)l, (I)Q)C = Dq;chpQC — Dq>2D<I>16,
for any cotangent map ® : T([0,1] x [0,1]) — T*M, covering a base map
v :10,1] x [0,1] = M, and any map c: [0,1] x [0,1] — E above .

Proof. This result can be proven by pulling back the connection via the
map P to a classical connection on v*F and then using that the curvatures
are related via ® — see Example The statement is then reduced to the
similar statement for classical connections, which can be found for example
in [137]. We also give a self-contained proof.

Choose a (t,e)-dependent section st € I'(E) extending c(t, ),

St,E(/y(ta 5)) = C(ta 5)a

and choose (t,¢)-dependent 1-forms oy, Bt € Q' (M) extending ®; and P,

O‘t,E(’Y(t7 5)) = (I)l(t7 5)7 Bt,a(’Y(tv 5)) = (I)Q(tv 5)'
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According to the definition of contravariant derivative (I1.3]), we have

d
belc(tug) - (vat’gst75 + Est,a‘) ’y(t,&‘)7

d
Daclt:2) = (ouste + ooee)

It follows that

d
D‘PlD‘%C(t:E) = (vat,evﬁt,sstﬁ + _vﬁt,sstﬁ +V

dt e de dtde

dStﬁ 4 dQSt,e) ‘
v(t,e)

dSt,e 4 dQSt’e) ‘ '

dt dedt / ly(te)

d
D‘PzD‘ch(t:E) = (vﬁt,ev&t,sstﬁ + £Vat’58t,5 + vﬁt,s

Taking the difference of these two equations, we obtain
Dg,Dg,c(t,e) — Do, Dy, c(t,€)
= (vat,svﬂt,sst,&‘ — V3, Va, . Ste + V%gw,%at’ssm) ’Wye).
Using property (iii) from Proposition [0.17, we obtain the result
Dg,Dg,c(t,e) — Do, Do, c(t,€)
= (Rv(aue; Bre)ste) 0 V(L €) = Ry (@1, P2)c(t,e). O

Let us now turn to parallelism and parallel transport.

Definition 11.17. Let (E, V) be a contravariant vector bundle over
(M, 7). We say that ¢ : [0,1] — E is a parallel curve along a
cotangent path a : [0,1] — T*M if ¢ lies above a and

D,c=0.

Proposition 11.18. Let (E,V) be a contravariant vector bundle over
(M, ). Given a cotangent path a : [0,1] — T*M and a point u € E,, )
there is a unique parallel curve ¢, : [0,1] — E along a, starting at w. More-
over, the end point ¢, (1) of this curve depends linearly on wu.

Proof. This result can be proven by pulling back V via a to a classical
connection on v} E — [0, 1], as in Exercise [T.T5l This reduces the result to
the existence of parallel transport of a classical connection over the interval.
Here we give a self-contained argument.

Assume first that the base path v, belongs to the domain of a coordinate

chart (U, x%) where E admits a basis of sections {e;}. By ([L4)), a parallel
curve c(t) along a(t) with initial condition u is a solution of the system of

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



260 11. Contravariant Geometry and Connections

ODEs
() = —Cicicn TR () ai(t) a(t)  (k=1,...7),
1<I<r
c(0) = u.
Since a(t) and 74(t) are given, this is a linear system of ODEs with time-
dependent coefficients. So, for any u € E, ) a unique solution exists,

which is defined as long as the coefficients are defined, i.e., on [0, 1], and the
solution depends linearly on w.

In general, consider a partition 0 = ¢g < t; such that each segment
Ya([tp, tp+1]) is covered by a chart as above. By the first part, we find
inductively parallel paths ¢, : [tp, tp+1] — E over aly,, ) satisfying the
initial conditions

co(0) =u and cp(tp) = cp-1(tp) (p=1).

The path ¢ : [0,1] — E obtained by gluing the paths ¢, is smooth at the
points 1, ...,t4—1. This holds by local uniqueness around these points. [

In conclusion, any cotangent path a : [0,1] — T*M yields a linear map
Ta - E’ya(O) — E’ya(l)v U +— Cu(l).

The map 7, is called the parallel transport of the contravariant connection
V along the cotangent path a. The uniqueness of parallel paths shows that
T, 1s injective, and so it is a linear isomorphism between the fibers.

Example 11.19. Consider a linear Poisson manifold (g*,7y). Let p: g —
gl(W) be a representation of g. We view g C Q!(g*) by interpreting elements
in g as constant 1-forms. Define a contravariant connection on the trivial
bundle g* x W — g* by requiring that on constant sections it satisfies

Vow = p(v)w.

The fact that p is a representation implies flatness of V.

Since the origin is a zero of 7y, any element v € Tjyg* ~ g defines the
constant cotangent path a,(t) = v and parallel transport gives a map

Tay - W — W.

Exercise 11.20. Show that 7,, = exp(p(v)). T

11.3. Flat contravariant connections

Proposition 11.21. Let (E, V) be a contravariant vector bundle over (M, ).
If V is flat, then any two cotangent paths ap,ay : [0,1] — T*M that are
cotangent path-homotopic induce the same parallel transport: 7,, = Tq, -
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Proof. Let ® : T([0,1] x [0,1]) — T*M be a cotangent path-homotopy
between ag and a; covering « : [0,1] x [0, 1] — M, with components

O(t,e) = ®1(t,e)dt + Po(t,e)de.
Then {®1(,€)}.e[o,1) is a family of cotangent paths joining ag to a1, all start-

ing at v(0,0). Fix u € E, (), and let Tg?(u) denote the parallel transport
of u along ®1(-,€)|j,q- This yields a map covering -y, which we denote

c:[0,1] x [0,1] = B, c(t,e) =75 (u) € By 0,

and which satisfies Dg,c = 0. We claim that c is parallel also along the
cotangent paths {®a(t,-)}e0,1]- At t = 0, since ® is a path-homotopy, we
have that ®2(0,e) = 9®(0,¢) = 0. Since ¢(0,e) = u is constant, by (L3
we obtain

d
Dg,0,y¢ = d_esC(O’ ) =0.
Next, using Proposition and that V is flat, we have
Dcpqu)zC = Rv(@l, (I)Q)C + D¢,2Dq>lc =0.

So Dg,c is parallel along ®;(+, ). Uniqueness of parallel paths yields Dg,c =
0. At t =1, we also have ®y(1,e) = 0®(1,¢) = 0. So, again by (I1.3)),

d
d_EC(L ) = D@2(17.)C =0.
This shows that c(1,¢) = 7g,(1,¢)(u) is constant, proving the result. O

Note that parallel transport is compatible with concatenation of cotan-
gent paths. Therefore, the proposition implies:

Corollary 11.22. Let (E,V) be a flat contravariant vector bundle over
(M, 7). For any base point x € M, parallel transport defines a representation
of the Poisson homotopy group on E,

(M, r,x) = GL(E,), [a]+— 7q.

For line bundles, this map is described explicitly in the following propo-
sition, which relates parallel transport to the characteristic class.

Proposition 11.23. Let (L,V) be a flat contravariant line bundle over
a Poisson manifold (M, 7). Assume there is a nowhere vanishing section
p € I'(L), and let ¢, € X(M) be the corresponding Poisson vector field
([II2). The parallel transport along any cotangent path a : [0,1] — T*M is
given by

Ta(fiy(0)) = €Xp ( - /%) My (1)-

a
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In particular, if 4 is a loop based at x € M, then
(11.5) Ta = €Xp ( - /C(L, V))
a

Proof. A path c: [0,1] — L covering 7, has the form c(t) = g() gy, (1), for
some smooth map ¢ : [0,1] — R. Using (IL3)), we see that ¢ is parallel iff
d
790 = —cula(t) 9(t).

The solution to this ODE is
t
ot) = e (= [ aula(s) ds)g(0)

and this implies the result. O

Remark 11.24. Up to isomorphism, a line bundle L — M is uniquely
determined by its first Stiefel-Whitney class w1 (L) € H'(M,Zs), which can
be defined as follows. If [y] € Hi(M,Z) is represented by a loop v based at
x, then the value (wi(L), [y]) € Zs is either 0 or 1 depending on:

- whether the line bundle v*(L) — S! is trivial or not.

This condition can be expressed geometrically in several, equivalent ways.
For example, it is equivalent to the following;:

- parallel transport along ~ w.r.t. any classical connection is orienta-
tion preserving or reversing, or

- [v] € (M, x) does or does not induce the trivial deck transforma-
tion on the 2 : 1 covering space P(L) — M.

Exercise 11.25. If L is not orientable, show that formula (ITH) giving the
parallel transport along loops needs to be corrected by the factor

(—1)lwr(D)bal)
where [v,] € Hi(M,Z) is the homology class of the base path ,.

We saw in Example that a regular Poisson manifold (M, ) carries
a canonical flat contravariant connection, namely the Bott connection on
the conormal bundle v*(F;) := (T'F;)°. We look at parallel transport for
this connection.

Definition 11.26. Given a cotangent path a : [0,1] — T*M on
a Poisson manifold (M, ) lying in a symplectic leaf S, the parallel
transport map for the contravariant Bott connection

Holg := 74 : V] (0y(S) = v, (1)(5)

is called the linear Poisson holonomy of a.
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Since the Bott connection is flat, the linear Poisson holonomy Hol, de-
pends only on the cotangent path-homotopy class [a]. In fact, more is true:

Exercise 11.27. Show that Hol, depends only on the path-homotopy class
of the base path ~,.

(HINT: Show that v*(S) — S carries an ordinary flat connection V, such
that Hol, coincides with the parallel transport 7, of V along 7,.)

For a regular Poisson manifold (M, ), we also have a canonical isomor-
phism of line bundles

n q
(11.6) it \NT*M =5 NV (Fr), e ot =i

where 2k = rank(r), n = dim(M), q := n — 2k = codim(Fy), and so 7"
is a nowhere zero section of the line bundle /\% TFr. For a volume form
p € Q¥(M) the form pt € T(A?v*(F»)) can be thought of as a transverse
volume form to the foliation F;, hence the notation.

As an application of Proposition [[1.23] we have the following:

Theorem 11.28 (Ginzburg and Golubev [78]). Let (M, w) be a regular
Poisson manifold with volume form p and corresponding modular vector
field X,,. For any cotangent path a : [0,1] — T*M, we have that

det(Hol,) = exp ( - /aXp,)a

where the determinant is relative to the volume forms “ij_a(o) on V;a(o) (Fx)

and 'u'JY_a(l) on Z/:;a(l)(fﬂ). In particular, if v, is a loop,
det(Hol,) = exp ( — /mod(M,w)).

Proof. The Bott connection induces a contravariant, flat connection on
N v*(Fr) via the derivation rule
(11.7) Va(si Ao+ Asq) =Vasi Ao ANSg+ -+ 51 A AVqaSg.

We leave it to the reader to check that the parallel transport along a cotan-
gent path a : [0,1] — T*M in v*(Fy), i.e., the linear Poisson holonomy
Hol,, and the parallel transport 7, in A?v*(F;) are related by

q q q
7o = N\Hola : A\ V2 0)(Fr) = A\ Vi) (Fr)-
Equivalently, if ut is a section of A?v*(F,), we have
(11.8) Ta(i5, () = det(Hol,) - piz; -
Fix a volume form p € Q"(M). As explained in Example[IT.TT], the mod-

ular class mod(M, ) coincides with the characteristic class ¢(\" T*M, V),
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and the representatives associated to p coincide: X, = ¢,. Applying Propo-
sition I1.23] one obtains the following formula for the parallel transport of
the connection on A" T*M:

(11.9) Ta(ly,(0)) = €xp ( - /Xu> " Hyg (1)

We now claim that the isomorphism (I1.6) intertwines the contravariant
connections on A" T*M and A\?v*(F;):

ik Vol =Vainé, YacQ (M), &ecQr(M).
In view of formulas (IT.8)) and (IT.9) the statement will follow. To prove
the claim, note that the definition of the Bott connection gives
Vars = [df, 8]z = Lx,s, YV feC®(M), se (v (Fr)).

By the defining derivation rule (IL7T), the connection on A?v*(F;) also
satisfies Vqy = Zx,. By definition — see Example [T.7 — the same also

holds for the connection on A" T*M. Hence, since Lx fwk = 0, we obtain
that

Iok Vaf&§ = ik fxff = fxf Lok § = Vagigk§.
The claim follows by C'*°(M)-linearity, and this concludes the proof. O

Remark 11.29 (Linear Poisson holonomy for general leaves). How can one
make sense of the contravariant Bott connection and linear holonomy for
a nonregular Poisson manifold? In this case, the conormal bundle is not
a smooth vector bundle. However, we still have the conormal bundle over
each leaf and it still carries a canonical Bott connection. To define it we
need the more general notion of an A-connection for a Lie algebroid A —
see Problem [IT.8

Let (S,wg) be a symplectic leaf of (M, 7). The restriction T¢M — S is
a Lie algebroid for which the inclusion TgM < T™M is a Lie algebroid map
— see Remark Hence, the Lie bracket satisfies the relation

[O[|S7/B|S]T§.M = [a)/B]W|Su VO[,/BEQI(M)
The conormal bundle v*(S) carries a Bott T¢M-connection
L(TM) x D(v*(S)) = L(v*(S)), Vas = [a,s|rzu-

Next, one can define the parallel transport along a cotangent path a : [0, 1] —
T*M with base path 7, contained in S

Hola =Tq - I/f;a(o)(S) — V;a(l)(S).
This defines the linear Poisson holonomy map for a general leaf S. The

Bott TG M-connection is still flat, and then Hol, depends only the cotangent
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path-homotopy class of a. Therefore:

Corollary 11.30. For each point in a Poisson manifold, linear Poisson
holonomy gives a canonical representation on the conormal space to the leaf:

Hol : II(M, m, z) — GL(v;(S)).

However, compared to the case of regular leaves, Hol, will depend on
more than just the path-homotopy class of the base map ~,. This already
becomes clear for linear Poisson structures:

Exercise 11.31. For a linear Poisson structure (g*,my) and the leaf S =
{0}, show that the representation resulting from the corollary is the adjoint
representation of the 1-connected Lie group with Lie algebra g.

(HINT: See Examples and [T.19)

Theorem [I1.2§ also holds for nonregular leaves. Note that for a volume

form p, the formula pg = i pls still defines a nonzero section of A?v*(9).

11.4. Geodesics for contravariant connections

Contravariant connections on the cotangent bundle itself, i.e., on £ = T* M,
play a special and important role. For these we can define torsion:

Definition 11.32. A contravariant connection on a Poisson
manifold (M, ) is a contravariant connection V on the bundle 7% M.
The torsion of V is the T™*M-valued bivector field

Ty € X3(M;T*M), Ty(a,B) = Vab — Vga — [, Bl

Exercise 11.33. Check that Ty is indeed C'°°(M)-bilinear, so that it defines
a section of A*TM @ T*M.

Example 11.34. Consider a linear Poisson manifold (g*, 7). We view
elements of g as constant 1-form in Q!(g*). Define a contravariant connection
by defining it on constant 1-forms as

Vow = 1[v,wlg,

and then extending it by imposing the properties of a connection. Using
skew-symmetry and the Jacobi identity, one sees that

Tg =0, Ry(v,w)z= v, [w,2]g,

So this connection is torsion-free and, in general, nonflat. T
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Similar to the interpretation of curvature in terms of contravariant deriv-
atives from Proposition [[T.16] torsion has the following interpretation:

Proposition 11.35. Let (M, ) be a Poisson manifold and consider a bun-
dle map ® = ®1dt + ®ode : T([0,1] x [0,1]) — T*M with base map
v :[0,1] x [0,1] = M. Assume that ® is compatible with its base map

alod = d-.
Then ® is a cotangent map if and only if it satisfies
1g(®1,P2) = Do, P2 — Do, P,
where V s any contravariant connection.

We leave the proof as an exercise. As in the proof of Proposition [[T.16!
you will have to apply the crucial Proposition T0.17

A contravariant connection V on T*M induces a dual contravariant con-
nection V on T'M by requiring the following derivation rule:

gﬂ(a)<X7/@> = (X, Vaf) + (VaX, B),

for all a, 8 € QY(M) and X € X(M). Similarly, V induces contravariant
connections on all associated tensor bundles such as @"TM, ®'T*M,
SkTM, /\l T*M, etc., defined via similar derivation rules. For example, the
connection on A®T'M is determined by

Va(Xl/\-”/\Xk):(vaXl/\-"/\Xk)—l—--'—i-(Xl/\-”/\van).

In particular, given a contravariant connection V on (M, ) we can write the
(3,0)-tensor V. We leave it as an exercise to show that a Poisson manifold
(M, ) always admits a contravariant connection V for which

Vr =0.

In contrast, note that (M,7) admits an ordinary covariant connection V
with Vo = 0 if and only if 7 has constant rank: in this case, parallel
transport along any path would preserve the bivector field.

Definition 11.36. Let V be a contravariant connection on (M, ).
A geodesic for V is a cotangent path a : I — T* M which is parallel
along itself:

Dga = 0.

In general, geodesics exist only for a short time interval, even if M is
compact. To see this, we write the geodesics equations of a contravariant

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



11.4. Geodesics for contravariant connections 267

connection V on a Poisson manifold (M, ) in local coordinates (U, x%). The
connection determines Christoffel symbols '}/ € C*°(U), via

n
Vagda! =Y TPdad (1<i,j <n).
k=1
Using the local equations of the covariant derivative (II1.4]), one finds
that a(t) = >, a;(t)dz’ with base path v,(t) = (74(t)) is a geodesic if and
only if

%k(t) = _Z1gi,j§n FZJ (Va(t)) ai(t) a’j(t)v
d k .

() =D 1cicn 78 (ya(t)) as(t)

In other words, the geodesics are the integral curves of the vector field
X € X(T*M) given in local coordinates (z°, p;) by

. 0 . d
_ ik N 1 S
(11.10) X= > a*a)p 5k > T () pip; o

1<i,k<n 1<i,j,k<n

We call the vector field X the geodesic spray of the connection V, and we
call its flow the geodesic flow of the connection.

Exercise 11.37. Show that expression (IL.I0) leads to a well-defined vector
field on T* M, independent of the choice of coordinates.
HinT: There is a proof without local coordinate computations.

Exercise 11.38. Give an example of a compact Poisson manifold (M, )
for which geodesics are not defined for all time. What if (M, 7) has compact
symplectic leaves?

(HiNT: The vector field pQB% on R is not complete.)

Two different connections can have the same geodesics, i.e., the same
geodesic spray. Moreover, expression (IT.I0) for the geodesic spray shows
that its local coordinate expression depends only on the symmetric part of
the Christoffel symbols, i.e., on %(I‘;g + Fif) The coordinate independent
version of this statement is the following;:

Proposition 11.39. For a contravariant connection V on (M, ), there is
a unique torsion-free contravariant connection V with the same geodesics.

Proof. Define the torsion-free connection V by setting
~ 1
vaﬁ = VozB - §TV(O‘>B)‘

If we fix local coordinates (x%) for M, one finds that the Christoffel symbols
of the two connections are related by

ot ) '

1 .
ij ij | i
Ty = §<Fk +h + Oxk
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It follows from expression (II.I0) that the two connections have the same
geodesic flows, and hence the same geodesics.

For the uniqueness of the connection, we note that the symmetric part
of the Christoffel symbols I'}/ +T'J" is determined by the geodesic spray and
that being torsion-free determines the antisymmetric part of the Christoffel

symbols T')) — T = %7:’3‘ O

It follows from the previous proposition that a torsion-free contravari-
ant connection V on (M, ) is completely determined by its geodesic spray.
Moreover, we can even characterize the vector fields on T*M that are geo-
desic sprays of torsion-free connections:

Proposition 11.40. Let (M, ) be a Poisson manifold. The geodesic spray
X € X(T*M) of any contravariant connection V on (M, ) satisfies the
following:

(i) depr(Xe) = 7#(€), for all € € T*M,

(ii) (m¢)«X = X, for all t > 0,

where pr : T*M — M denotes the projection and my : T*M — T*M 1is the
scalar multiplication by t € R.

Conversely, any vector field X € X(T*M) satisfying (i) and (ii) is the
spray of a unique torsion-free contravariant connection V on (M, ).

Proof. Using the local expression (IT.I0) for the geodesic spray, one checks
easily that it satisfies properties (i) and (ii).

For the converse, let X € X(T*M) be a vector field, and fix local coor-
dinates (U, %) for M, inducing local coordinates (T*U, (z*, p;)) for T*M. In
these local coordinates, we can write

0 0
X = Zuk(a?,p)@ - ka(x7p)a_pk
k k

for smooth function u*, vy, : T*U — R.

If X satisfies condition (i), then the coefficients u* are given by
uF(,p) =Y 7 (@)ps,
i

where the 7% () are the structure functions of 7 relative to the coordinates
(z"). If X satisfies condition (ii), then the functions vy are quadratic in (p;):

vg(z,p) = szij(ﬁ)pipy

]
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Let V be the contravariant connection on U with Christoffel symbols sz
satisfying the relations

g iy o
I (z) =Y () = W@%
F?(l’) + Fif(az) = v,ij(m) + vil(;v)

The first equation guarantees that V is torsion-free, while the second equa-

tion guarantees that its geodesic spray is X. This shows that the desired
torsion-free connection exists in any local coordinate system.

By Proposition [T.39, two torsion-free contravariant connections with
the same geodesics coincide. Therefore, these local connections agree on
overlaps and hence define a torsion-free connection on M. O

Exercise 11.41. Show that the properties of a spray X from Proposition
1T.40] are equivalent to the following properties of the flow ¢’ of X:
(i) < the flow lines ¢ — ¢’ (§) are cotangent paths.

(ii) < the commutation relation

(11.11) P oms =mgo P (t,s €R).

11.5. Existence of symplectic realizations

We now prove that every Poisson manifold (M, 7) admits a symplectic real-
ization. We use a contravariant connection on (M, ) to give a global version
of the local construction discussed in Section

Given a Poisson structure m on R™, Theorem [6.36] produces a symplectic
realization with projection pr : T*R™ — R restricted to an open neighbor-
hood U C T*R™ = R™ x (R™)* of the zero section and symplectic form

1
= )" Wean dt € Q3(U).
¥ /0 (6")" wean dt € Q2(U)
Here ¢' : R™ x (R")* — R"™ x (R™)* is the map
(11.12) ¢ (2.p) = (&, (2).p),

and X, is the Hamiltonian vector field of the function f,(x) := (z,p). This
map is the flow of a vector field on T*R"™ and satisfies the properties of a
geodesic flow given in Exercise [[1T.41]

Exercise 11.42. Check that the map (II.12) is the geodesic flow of the
following;:

(a) the flat connection defined by
Vyidz? =0,
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(b) the torsion-free contravariant connection on (R™, ) defined by

Vggida? = Z de

This suggests the following generalization of Theorem [6.30]

Theorem 11.43 (Crainic and Marcut [48]). Let X be the geodesic spray
of a contravariant connection on (M, ). There is an open neighborhood
U CT*M of the zero section on which the 2-form

1
w ::/ (% ) *Wean dt
0
is symplectic and p = pr |y : (U,w) — (M, ) is a symplectic realization.

The rest of this section is devoted to the proof of this result. We identify
the zero section of T*M with M. Since a geodesic spray X vanishes along
M — see the local expression (IT.I0) — we can choose a small enough open
neighborhood U C T*M of M where the geodesic flow ¢% : U — T*M is
defined for all ¢ € [0, 1]. Thus, w is defined on such a neighborhood U.

Let us look now at what happens with w along M.
Lemma 11.44. For the canonical decomposition
(11.13) Ty(T"M) =TM & T* M,
we have that
wo, ((u,€), (v,n)) = n(u) = &(v) +7(&,m),
for all (u,§), (v,n) € TuyM @ TrM.

Proof. Under the identification (ILI3]), we have that the scalar multiplica-
tion and the flow satisfy

d
&ms(g) ‘520 = (07 5)7 d(;%((u, O) = (u> O)a
where we used that ¢% |y = Idys. Thus, by (IIII]), we find that

d
de (0,€) = - oms(€)],_,

d S
= &ms o (b)g(f)‘szo

d

— &ms(fﬂszo +depr(tXe) = (mﬁ(f)f)-

This shows that the differential of the flow along M is given by
gl : Ty (T"M) = Ty (T*M), - (u,€) = (u+ t (). ).
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Note that for (u,£), (v,n) € To,(T*M), we have that

Wcan((“a&)a (Uﬂ?)) = 77(“) - 5(”);

therefore, using the above formula for the differential of ¢%, we obtain that

(égf)*wcan((% £), (v, 77)) = Wcan((“ + tﬂﬁ(f)a £),(v+ tﬂﬁ(n), 77))
=n(u) — &{(v) + 2tm (&, ).

Integrating for ¢ € [0, 1], we obtain the formula for w. O

Using also the dual identification Ty, (T*M) = T*M & T M, the formula
from the lemma is equivalent to

S TM ST M = T*M &TM,  (u,) = (=€, u+ 74(E)).
This implies that w is invertible along the zero section, with inverse
(11.14) (W H:T"M&TM - TM & T*M, (n,v)+ (v+7i(n),—n).

This immediately implies that at points of the zero section the differential
of the projection y = pr: T*M — M fits into a commutative diagram:

(wo,)f
15, T*M — Tp, T* M
(dp)* T ldu
T:M T.M
Tz

Since w is nondegenerate along M, by shrinking U, we may assume that
w is a symplectic structure on U. By shrinking U even more, we may assume
that the fibers of y := p|y : U — M are connected. The strategy is to apply
Libermann’s Theorem to obtain a Poisson structure on M for which p is a
symplectic realization. The previous diagram forces the resulting Poisson
structure on the base to coincide with 7, and the proof will be complete.

In order to apply Liberman’s Theorem to u, all we need to show is that
Ker(dp)t> c TU
is an involutive distribution. Involutivity will follow by showing that
(11.15) Ker(du)™* = Ker(dr), where 7= podk : U — M.

In order to prove this equality, we will use some Dirac geometry. Let L,
be the Dirac structure associated to 7, and consider the pullback Dirac
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structure p' Ly on T*M:
1 Ly = {v+ '€ € T(T*M) : da(v) = 7(€) .

Let 07, € Q' (T*M) denote the Liouville 1-form; i.e., 0, ¢ = p*(€). Note that
the first spray condition from Proposition [[T.40 is equivalent to

s:=X+0r ¢ F(M!Lﬂ).

Using Problem [TI0, the section s has a flow ® := d¢’; o e’ where

t
B, = /O (65)°0, de.

By Problem [ZI1], the flow preserves the Dirac structure p'Ly, and so we
have

dok 0 e (1 La)e = (' La)gr ey YV EEU.
Note that Ker(dyu) C p'Ly. Using the definition of 7, we obtain
Ker(dr)e = (doy") (Ker(dp)gy ) © (80%) ((1'Lr)gt ) = € (' La)e,

for all £ € U. Also, when t = 1, we find that
1 1
By = d/ (6501, de :/ (650, de
0 0
1
= —/ (0% ) Wean de = —w.
0
We conclude that

e (Ker(dr)e), Ker(du)e C (4'La)e, VE€U.

Since p'Ly is a Dirac structure, it follows that w(u,v) = 0 for all u €
Ker(dr)¢ and v € Ker(dpu)e. Thus,

Ker(dr)¢ C Ker(dp);» VEeU.

Since these vector spaces have the same dimension, we obtain (IT.15]). This
concludes the proof. O
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Problems

11.1. Let (M, 7) be a Poisson manifold, and let £ — M be a vector bundle.

(a) Given an ordinary connection V on E show that the associated con-
travariant connection Vo := V4, satisfies

(11.16) =0 = V¢=0.
(b) If (M, 7) is a regular Poisson manifold, show that any contravariant
connection satisfying (II.I6]) arises from a usual connection, as in (a).

(c) Show that (b) may fail without the regularity condition.
(HINT: Take M = R%))
(d) Show that if a contravariant connection V satisfies (ILI6), then for each

symplectic leaf i : S < (M, ) there is a unique ordinary connection V
on the pullback bundle i*E — S such that

i*(Vas) = Vo (i*s)  (a € QY(M),s € T(E)).

11.2. Let (M, ) be a Poisson manifold, and let E — M be a vector bundle.
Show that contravariant connections can be glued using partitions of unity:
if {0;}ier is a locally finite partition of unity subordinate to an open cover
{U;}icr and the V(@ are contravariant connections on E lU,, then

V=) o;v¥
iel
1S a contravariant connection on F.

11.3. Show that every Poisson manifold (M, 7) admits a contravariant con-
nection V compatible with , i.e., such that

Var =0, YaeQ'(M).
11.4. Let (M, ) be a Poisson manifold, and let g be a Riemannian metric.

Show that there exists a unique torsion-free contravariant connection on
(M, ) compatible with g, i.e., such that

Vag =0, YVaeQ(M).

11.5. Let (E,V) be a flat contravariant vector bundle over (M, 7). For

any base point z € M, show that F, is a representation of the isotropy Lie

algebra g, := Ker wg

p:gx%g[(Eac)a vaﬁ
(HINT: You should check first that p is well-defined.)
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11.6. Let (M, 7) be a Poisson manifold with a volume form p, and let X,
be the corresponding modular vector field.

(a) For H € C*°(M) and x € M such that the flow line of Xy starting at
x is defined up to t = 1, consider the cotangent path

a:[0,1] = T*M, a(t):=(dH),q, where ~(t):= o, (),

and consider the path of top forms over

top top

c:[0,1] = \NT*M, ct) = (¢%.,)" (1a) € )\ Ty M.

Show that c¢ is parallel along a for the canonical flat contravariant con-
nection on AP T*M from Example IT.7 i.e., Dgc = 0.

(b) For H € C°°(M) such that Xy is complete, prove the following formula
for the Jacobian determinant relative to u of its flow:

1
(@) s =exp ([ 2,010 0k, ) -
(HiNT: Use Proposition [[1.23])

11.7. Let (M, ) be a Poisson manifold. Extend the Lie derivative operator
along a 1-form o € Q'(M) from multivector fields to differential forms (see
Problem 2.I3)) by requiring that

Loy (0, B) = (L, B) + (0, Zuf) (0 € XF(M), B € QF(M)).
Show that .%, is the only linear operator on Q°®(M) that satisfies
Lof = Lrsof.  ZoB =0, B,
ZLo(B1 N B2) = ZLofr N B2 + B1 N LB,
for all f € C°(M), B € QY (M), and By, Ba € Q*(M).

Moreover, for top degree forms, show that the Lie derivative coincides
with the canonical flat contravariant connection on AP 7T*M, introduced
in Example IT.7t

Vot = Lap, € QOP(M).

11.8. Given a Lie algebroid (A — M, [, )4, p) and a vector bundle E — M
one defines an A-connection on E to be an R-bilinear operator

I'A) xT(E) - T(E), (a,s)— Vs,
satisfying
Vias = fVas, Val(fs)= fVas+ ZLya)(f)s
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There are obvious definitions of curvature and torsion (the latter for A-
connections on F = A). Also, an A-path (see Problem [0.]) is a path
a:[0,1] — A with base path v, : [0,1] — M such that
dva
lalt) = 22 (1),

(a) Define parallel transport along A-paths. When A = T*M for a Poisson

manifold (M, 7), or A = TM for any manifold, you should recover the

definitions you already know!

(b) Let (M, ) be a Poisson manifold, let S be a symplectic leaf, and let
(TSM, [, ']T;M,Trti) be the restricted cotangent algebroid. In Remark
[MT.29, we have introduced the following “Bott-type action” of T§M on
the conormal bundle v*(S) = (T7'S)°:

D(TgM) x T(v*(S)) = T (S)), Vas:=la,s]rzm.
Show that this is indeed a flat T'¢ M-connection.

(c) Show that if S is a regular leaf, then the parallel transport for the
connection defined in (b) coincides with linear Poisson holonomy —
therefore extending linear Poisson holonomy to nonregular leaves.

11.9. Let (M, ) be a Poisson manifold, and let V be a contravariant con-
nection on (M, ). Define the exponential map expy : 7*M — M by
expy (@) = pry(¢x (a)),
where X is the geodesic spray of the connection V. Show the following:
(a) expy is defined on a neighborhood of the zero section.

(b) For any x € M, the differential at 0, of the exponential map restricted
to the cotangent space expy |7x s is given by

— 4
do, expy |1xm = .

(c) expy yields a submersion from a neighborhood of 0, in 7T;M onto a
neighborhood of x in the symplectic leaf S containing z.
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Notes and References
for Part 3

Poisson cohomology was introduced by André Lichnerowicz in his seminal
paper [109] and so it is sometimes called Lichnerowicz-Poisson cohomology.
He found Poisson cohomology by looking at local versions of the Chevalley-
Eilenberg complex of the Lie algebra (C*°(M),{,-}), and [109] includes
comparisons of these cohomology groups. Various versions (formal, ana-
lytic, smooth) of Poisson cohomology were used early on in connection with
the linearization problem, although not always in complete explicit form —
see, e.g., [34[35,147]. The first nontrivial computations of Poisson coho-
mology are due to Vaisman [139,141] and Vorobjev and Karasev [143/[144],
who introduced the spectral sequence and the Mayer-Vietoris sequence for
Poisson cohomology, and to Ginzburg and Weinstein [80] who calculated
the Poisson cohomology of duals of compact Poisson-Lie groups and, in par-
ticular, of linear Poisson structures associated to compact Lie algebras. The
techniques developed in [80] influenced many other works and also inspired
our discussion on linearization of Poisson structures in Chapter @ The idea
of using Euler-like vector fields in linearization problems is an old one —
see, e.g., [85] — and was developed into a systematic method recently by
Bursztyn, Lima, and Meinrenken [25]. Note that there are also linearization
results not directly using Poisson cohomology, most notably the results on
the Ginzburg-Weinstein map by Alekseev and Meinrenken [5[7] and the ear-
lier results by Dufour [58] inspired by techniques from dynamical systems.

As we have pointed out, in general, finding the full Poisson cohomol-
ogy ring of a Poisson manifold is a very hard problem, and only very few
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examples have been worked out, mostly in low dimensions — see the mono-
graph by Dufour and Zung [59] for an account. Poisson homology (in the
sense of Problem [0.13) appears in Koszul [104] and Brylinski [19], but even
fewer computations and applications are known. There is also a version of
equivariant Poisson cohomology in the presence of a group action, which was
introduced and studied by Ginzburg [75.[76]. The modular class of a Poisson
manifold was introduced by Koszul in [104] and its geometric interpretation
is due to Weinstein [155] — see also [63]. The much more amenable Poisson
cohomology relative to a symplectic leaf was introduced by Ginzburg and
Lu in [79]. It was also studied by Itskov, Karasev, and Vorobjev [93] and
explored in depth to understand the stability of symplectic leaves in [43].

The fact that a Poisson structure determines a Lie algebroid structure
on its cotangent bundle was first observed by Coste, Dazord, and Weinstein
in [37,A52]. This is the first sign of a deep, far-reaching, relationship be-
tween Poisson manifolds and symplectic groupoids, to be studied in Part
4. The identification between Poisson cohomology and Lie algebroid coho-
mology was pointed out by Huebschmann in [92] and then further explored
by Xu [160] to study the Poisson cohomology of regular Poisson structures.
Many properties of Poisson cohomology where established exploring this
connection — see, e.g., [40,/63]79/157,158].

The notion of cotangent path appeared first in the work of Ginzburg
and Golubev [78] to define the linear holonomy of a symplectic leaf of a
Poisson manifold. However, they lacked the more subtle notion of cotangent
homotopy, which was first introduced in [41,/42] in connection with the
integrability problem for Poisson manifolds, to be studied in Part 4. The
Poisson homotopy groups also appeared first in [42]. Their central role in
understanding global properties of Poisson manifolds became clear in the
last 15 years — see, e.g., [46147,49]. The notion of variation of symplectic
area was independently discovered by Xu in [160] and Alcalde Cuesta and
Hector in [2]. Its relevance for the smoothness of the Poisson homotopy
groups was pointed out early on by Weinstein in [I51] and plays a central
role in [42]. The Poisson homology groups of Chapter [I0] were introduced
in [36]. Chapter [0 includes several new concepts and results such as the
notion of cotangent maps and contravariant Stokes’s Theorem, which we
have included mostly for pedagogical reasons.

Contravariant connections appeared in the form of contravariant deriva-
tives in Vaisman [140] and were used for constructing a prequantization of
a Poisson manifold. Flat contravariant connections (also called representa-
tions) on line bundles and their characteristic classes were studied by Evens,
Lu, and Weinstein in [63]. The holonomy of a flat connection is defined and
studied by Ginzburg and Golubev in [78], where Theorem is stated

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



Notes and References for Part 3 279

and proved. A vector bundle with a flat contravariant connection is called a
Poisson vector bundle by Ginzburg in [77], where he studies the semiring of
isomorphism classes of Poisson vector bundles of a fixed Poisson manifold,
i.e., its Poisson K-theory. A systematic study of contravariant connections,
their torsion and curvature, parallel transport along cotangent paths, etc.,
can be found in [65,/66]. Invariance under cotangent path-homotopy was
studied in [41142]. Contravariant connections show up naturally in different
contexts — such as deformation quantization [20] — and have now became
a basic tool in the study of global properties of Poisson manifolds.

The existence of symplectic realizations for any Poisson manifold ap-
peared in Karasev [94] and Coste, Dazord, and Weinstein [37]. Their proofs
establish first a local uniqueness result and then a gluing argument to ob-
tain a global realization. The simple formula given here has its origin in
the path-space approach to the symplectic groupoid [32,42] and first ap-
peared explicitly in [48], where it was proven using the ideas of contravariant
geometry. The proof presented here, using Dirac geometry, is inspired by
[72].
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Part 4

Symplectic Groupoids
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Since a Poisson bracket makes the algebra of smooth functions into a
Lie algebra, it is natural to wonder if there is a Lie group integrating this
Lie algebra. The theory of infinite-dimensional Lie algebras and Lie groups
poses considerable challenges. However, in our case there is a more sim-
ple, yet extremely profitable, approach: instead of the Poisson bracket on
functions we can consider the associated cotangent Lie algebroid and look
for a finite-dimensional groupoid integrating it. This groupoid turns out to
have a natural symplectic structure. In this last part, we will study how to
construct the symplectic groupoid of a Poisson manifold and we will explore
the consequences of the groupoid point of view.
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Chapter 12

Complete Symplectic
Realizations

Complete symplectic realizations turn out to play a major role since they
provide a bridge between Poisson manifolds and their symplectic groupoids.

Definition 12.1. A symplectic realization p : (S,w) — (M, 7) is
called complete if for any complete Hamiltonian vector field Xg €
X(M) the Hamiltonian vector field X g, € X(S5) is also complete.

It is not difficult to see that, for symplectic realizations, one has

S is compact = is proper = p is complete.

Note that the notion of complete Poisson map makes sense for maps
between any two Poisson manifolds. This generalizes the notion of a com-
plete Poisson submanifold. The implications above, and in fact many of the
results of this chapter, can be adapted to general Poisson maps.

In this chapter, after discussing the infinitesimal action associated to any
symplectic realization, we look at examples of complete symplectic realiza-
tions for several classes of Poisson manifolds. As we look deeper into these
examples, we will slowly unveil the structure of the symplectic groupoid. In-
spired by these examples, we then come back to general complete symplectic
realizations and clarify the connection with the Poisson homotopy groupoid.

283
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12.1. The infinitesimal action

Consider a symplectic realization
w:(S,w) — (M, ).
By Libermann’s Theorem, we have two foliations on S:

e the vertical foliation with tangent distribution Ker dyu,
e the orbit foliation with tangent distribution (Kerdu)*«.

The name orbit foliation is due to the fact that it arises from an “action”

Definition 12.2. The infinitesimal action associated with a sym-
plectic realization p : (S,w) — (M, ) is the bundle map

a "M — TS
defined by requiring
ig(aw =pa, YaeT M.

The infinitesimal action can be thought of as follows:
- pointwise, as a linear map «,, : T:(p)M — TS for each p € 5,
- at the level of sections, as a map « : QY(M) — X(S).

There are several reasons for using the name infinitesimal action. A first
reason is that at the level of sections « is a Lie algebra map. This and the
main properties of « are listed in the following:

Proposition 12.3. Let p : (S,w) — (M,w) be a symplectic realization.
Then @ : QY(M) — X(S) is a Lie algebra map

a ([, Blx) = [e(a), @ (B)], Va,BeQ(M).
Moreover, for each p € S, the action @, has the following properties:
(i) It lifts the map ©*; i.e., the following diagram commutes:
1,8
71 ldu

(p)M I TupyM

T*
n
(i) It is pointwise free; i.e., @y : T:(p)M — T,,S is injective.
(iii) Its image is precisely the orbit foliation: Im(a,) = (Ker dyu)t~.
(iv) Its restriction to the isotropy Lie algebra is a linear isomorphism

ap Bup) — (Kerdpu) N (Ker dpp) .
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Proof. Item (i) follows because  is a Poisson map, and so by the definition
of @, we have a commutative diagram

(wb)—l

T:S T,S
ap 7
(dpll)*T Phd idpﬂ
LM — TuwM

This also shows that «,, factors as the composition of an injective map and
an isomorphism, so it is injective and (ii) follows. For (iii) observe that the
image of @, is given by

Im(e,) = ()~ ((Ker dyp)°) = (Ker dyp)™.

Since g, = Ker Wi(p), the diagram gives @, (g,()) = Kerdpu N Im(ey),
and then (iv) follows from (iii).

To see the « is a Lie algebra homomorphism, one first notes that
a(fa) = (fop)ala), ¥feC=(M),acl(M)

Using this, the Leibniz identity, and (i), the difference «([a, f]) — [@ (@),
«(B)] is C°°(M)-bilinear. So it is enough to check the identity on exact 1-
forms. But for these one has «(df) = X,«(y) and so, if « = df and 8 = dg,
then the equation becomes

X (11,90 = X (1) Xy ()]s
which holds since p is a Poisson map. ([

We will see later how completeness of the symplectic realization can be
seen as completeness of the infinitesimal action — similar to the case of Lie
algebra actions recalled in Appendix [Al An indication of this phenomenon
is provided by the following:

Corollary 12.4. Let p: (S,w) — (M, m) be a complete symplectic realiza-
tion, and let © € M. Then the corresponding infinitesimal action restricts
to a complete action of the isotropy Lie algebra at x on the fiber of u above
x:

@ g — X(u~(2).
In particular, it integrates to a group action of I1(g,) on pu~t(x) where I1(g,)
is the 1-connected Lie group with Lie algebra g,.

Proof. Write v € g, as d,H with H compactly supported. Then /g, :
ge — X(u~'(2)) sends v to Xpop|,~1(z), Which is complete by assumption.

The action integrates to one of the Lie group II(g,) — see Proposition
A3 O
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Property (iii) shows that the leaves of the orbit foliation can be thought
of as the orbits of the infinitesimal action and will therefore be called orbits.
The compatibility with the brackets immediately gives:

Corollary 12.5. The fiberwise inverse of the infinitesimal action induces a
Lie algebroid map

U :Im(e) = (Kerdp)™ — T*M, U(v) = '(v).
Hence, for any orbit O, C S of the action, ¥ restricts to a cotangent map
(12.1) V,:TO, - T"M.

We also deduce that the orbits of the infinitesimal action are related to
the symplectic leaves as follows:

Proposition 12.6. Let p1: (S,w) — (M, ) be a symplectic realization. Let
O, be the orbit of the action through p € S. Then p maps O, to the sym-
plectic leaf S

w(p) through p(p) € M and plo, : Op — S,y is a submersion.
Moreover, we have the following diagram:
(S,w)
i
Op W = MéprMp)'

%

(Su(p)» @5, 0))

Proof. Corollary [[2.5] implies the first part. The second part follows be-
cause the Poisson condition gives

w(e(a), a(B)) = —m(a, ) = ws,, (7 (@), 7(8)). O

12.2. Case study: Linear Poisson structures

We start by looking at general symplectic realizations of a linear Poisson
structure 7y. It was mentioned already in Example that moment maps
for g-Hamiltonian spaces correspond to Poisson maps (S, w) — (g%, m5). We
will now complete that discussion.

Consider a symplectic realization
pe(S,w) = (g%, mg).

The associated infinitesimal action « : Q!(g*) — X(9) restricts to an infin-
itesimal g-action « : g — X(S) by interpreting elements in g as constant
1-forms. We recover the Lie algebra action from Example Notice that
the fact that this is a Lie algebra action follows from Proposition On
the other hand, the moment map condition amounts to the definition of the
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action @ : Q(g*) — X(S) and we have the following:

Proposition 12.7. Let g be a Lie algebra. There is a 1-to-1 correspondence

symplectic realizations infinitesimally free
e (S,w) = (U, mglu) § =y g-Hamiltonian
with U C g* open spaces (S,w)

Moreover, u is a complete realization if and only if the infinitesimal action
of g comes from an action of the 1-connected Lie group G integrating g. In
particular, one obtains a 1-to-1 correspondence

complete symplectic realizations locally free
p:(S,w) = (U, mglu) «= { G-Hamiltonian
with U C g* open G-invariant spaces (S,w)

Proof. For the first 1-to-1 correspondence we already observed that by
Proposition [2.3] a symplectic realization yields a Lie algebra action and
this action is infinitesimally free since <« is injective. The g-equivariance
also follows from (i) in Proposition For the opposite direction, we ob-
serve that the moment map of a g-Hamiltonian action is a submersion iff
the Lie algebra action is infinitesimally free.

Assume now that p : (S,w) — (U, 7mg|r) is a complete realization of an
open G-invariant subset U C g*. Given v € g, the evaluation ev, : g* — R
yields a Hamiltonian vector field X¢y, € X(g*), which coincides with the
coadjoint action ad}, and hence it is a complete vector field. It follows that

a(v) = Xy, = X (evy)

is also complete. Therefore, ¢ : g — X(5) is a complete Lie algebra action,

so it integrates to a locally free G-action of the 1-connected Lie group G —
see Proposition [A.3l

Conversely, if 1 : (S,w) — g* is a locally free Hamiltonian G-space, then
< g — X(9) is injective so the action is infinitesimally free and u is a
submersion. It follows that its image is an open G-invariant subset U C
g*. We show now that the symplectic realization p : (S,w) — (U, mg|y) is
complete. Let H € C*°(U) be a smooth function with complete Hamiltonian
vector field. We show that for any p € S the integral curve of Xy, starting
at p is defined on [0,1]. Let x := u(p) and denote

~(t) :== qSS(H () :[0,1] = U and a(t) :=dyH : [0,1] = T7,a" ~ g.
By Lemma [I0:32] there exists a unique path g : [0, 1] — G such that

%g(t) - dLg(t)(a(t))a g(0) =e.
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We claim that
V(t) = Ad;(t),l(ac).
This follows from the calculation

d * * * .
3 Adyn (V1)) = Adgg ( —adgey lyw + (t>)

dt
= Adsg (= 7kl @(t) + Xnly) = 0.

The result will now follow by showing that the integral curve of Xy, start-
ing at p is given by
3(t) == g(t)~" - p.

Since p is G-equivariant, J(t) covers ~y(t). Its derivative is

Sat =] (o0 gs) ™A
= (0 (alt)

= @50 (dyyH) = Xroply(0)
This concludes the proof. [l

Remark 12.8. Notice that the assumption about freeness of the g-action
is equivalent to the property that p is a submersion. Omitting that assump-
tion, the first part of the proof establishes the 1-to-1 correspondence stated
in Example

As a summary of this case study, keep in mind that any complete sym-
plectic realization of (g*,my) comes with a Lie group action

G O (Sw)

|»

(9", 7q)

12.3. Case study: The zero Poisson structure

We look at an arbitrary manifold M endowed with the zero Poisson structure
m = 0. We already know that it admits the canonical symplectic realization
pr: (T"M,wean) — (M, 0), and we now look at more general ones.

Consider an arbitrary symplectic realization p : (S,w) — (M,0). Items
(iii) and (iv) of Proposition [[2.3]imply that the infinitesimal action satisfies

Im(ep) = (Kerdyu)™ € Kerdppu.

So the fibers of p are coisotropic submanifolds. The converse also holds.
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Proposition 12.9. A symplectic realization u : (S,w) — (M, 0) is the same
thing as a surjective submersion p : (S,w) — M with coisotropic fibers. In
particular, if dim S = 2dim M, u is a symplectic realization if and only if
its fibers are Lagrangian submanifolds.

Proof. We already know that one implication holds. For the other one we
can invoke, e.g., Libermann’s Theorem. ]

For each point € M, the infinitesimal action restricts to a linear map
(12.2) @ :TiM — X(u~t(x)).

Again Proposition [2.3] shows that this map is a Lie algebra action of the
abelian Lie algebra T*M on the fiber p~!(z). Completeness amounts to
integrability of this action.

Proposition 12.10. A symplectic realization p : (S,w) — (M,0) is com-
plete if and only if for each x € M the Lie algebra action ([I12.2]) integrates
to an action of the abelian group (T M,+) on the fiber = (x).

Proof. The symplectic realization is complete if and only if all the vector
fields X, = @ (df), with f € C*(M), are complete. Since these vector
fields are vertical, this is equivalent to the vector fields « (&) € X(u~!(x))
being complete, for all x € M and £ € T)M. By Proposition [A3] this is
equivalent to the Lie algebra actions (IZ2]) integrating to Lie group actions.

O

Example 12.11. For the symplectic realization p : (T*M, wean) — (M, 0),
the associated infinitesimal action is given by

ag(a) = —a (o, €T, M).

The minus sign is due to our convention for the canonical symplectic form:
Wean = —dOr. Therefore, this realization is complete and, by our convention
([AL6)) for differentiating actions, the resulting group action is given by

(TM,+) x T!M = T:M, a-f=a+p. T

Summarizing this case study, note that the actions from the proposition
fit together into a global “action” of the bundle of abelian groups T*M :

™M O (S,w)

N

(M, 0)
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12.4. Case study: Nondegenerate Poisson structures

Next, we consider the other extreme case, when (M, ) is nondegenerate;
hence 7 is obtained by inverting a symplectic form w € Q?(M). Of course,
the identity map Id : M — M is a symplectic realization, and so is any
surjective local diffeomorphism p : S — M with the pullback symplectic
form p*w. These are not necessarily complete, and in fact we have:

Proposition 12.12. If M is a nondegenerate Poisson manifold and p :
S — M is a symplectic realization with dim S = dim M, then

W is complete <= p is a covering map.

This will soon become clear. Note that other symplectic realizations can
be obtained by taking products of (M, w) with another symplectic manifold.

Let us look at the geometry of an arbitrary symplectic realization of a
nondegenerate Poisson structure
(12.3) e (S,w) — (M, ).

By Proposition T23, the image of the action Im(«) = (Kerdu)*« is an
Ehresmann connection for p : S — M, i.e., a complement to the vertical
distribution
(12.4) TS = Kerdu @ (Kerdu)~.

By Libermann’s Theorem, this connection is flat; i.e., (Kerdu)*~ C TS is
an involutive distribution. The infinitesimal action can be reinterpreted as
the horizontal lift with respect to this Ehresmann connection

Hory, : Tyy(yM — TS, Hor, (7%¢) = «(¢).
An Ehresmann connection allows one to lift paths from M to S. Given
v:[0,1] = M

and a point p € u~1(7(0)) there is a unique horizontal path 7? starting at
p and covering v; i.e.,

. )
AP . I — S, such that { %(t)_: Hors () (V(t))’
Vp(o) =D
where, in general, 0 € I C [0,1] is a small interval. The Ehresmann
connection is called complete if for every curve «y : [0,1] — M and any
p € = (y(0)) the horizontal lift 47 is defined on the whole interval [0, 1].
The following is a particular case of Theorem [12.22] which we will see later:

Proposition 12.13. A symplectic realization p : (S,w) — (M,m) of a
nondegenerate Poisson manifold is complete if and only if the Ehresmann
connection (Kerdu)'« is complete.
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For a complete Ehresmann connection, given any path v with v(0) = xg
and v(1) = z; we have a parallel transport map

Tyt (z0) = pT (@), P AP(L).

Smoothness of this map follows from standard results on smooth dependence
on the parameters of solutions of ODEs. This map is actually a diffeomor-
phism because, if 5(t) = v(1 — t) denotes the reverse path, we find

T:YOT’Y:Id/L_I(CEo)? 7'.YO7':y :Idu_l(wl)'

Also, if a smooth path is the concatenation of two paths, parallel transport
is transformed into composition of parallel transports:

Tsoy = T§ O Ty-

Even more, since the connection is flat, it follows that path-homotopic paths
induce the same parallel transport:

Yo ~ V1 — Tvg = Ty -

If you are not familiar with these properties, the proofs are similar to the
ones given in Section [[2.5] for parallel transport along cotangent paths —
however, our discussion there does not depend on these results.

The decomposition (I2.4]) also implies that the two complementary foli-
ations are symplectic; i.e., the fibers of 1 and the orbits of the infinitesimal
action « are symplectic submanifolds. Moreover, the parallel transport is by
symplectomorphisms. Therefore, under mild topological conditions on M,
the geometry of complete symplectic realizations can be made completely
explicit:

Proposition 12.14. Let (M,n) be a nondegenerate, 1-connected Poisson
manifold. Then any complete symplectic realization p : (S,w) — (M, ) is
isomorphic to a product; i.e., there exists a symplectomorphism

O (S,w) = (M,7) x (F,wp)

under which p becomes the projection.

Proof. Fix 29 € M, and set F = u~!(x) and wp := w|p. Define
P:S = MxF, @@p)=(ulp),(P)),

where 7 is any path in M starting at p(p) and ending at xg. Since M is
1-connected, this is well-defined. We leave it as an exercise to check that
this is the desired symplectomorphism. (I

Exercise 12.15. Modify the previous proof to deduce Proposition [2.12]
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To summarize this discussion in a manner similar to the previous two
case studies, we rephrase it as follows. First of all, for any two points
x,y € M, we consider path-homotopy classes of paths starting at x and
ending at y:

T(M, g, ) paths in M from zx to y

path-homotopy
Concatenation of paths induces a group-like multiplication
(M, z,y) x I(M,y,z) = II(M, z,x),
(18], V) = [8] o [7] == [6 0 7].
All these together form the so-called homotopy groupoid of M

paths in M t

path-homotopy s

II(M) :

where the maps s (for “source”) and t (for “target”) give the initial and the
end points of a path:

s: 1(M) = M, [y] = ~(0),
t: (M) — M, [y]—~(1).
The multiplication [d] o [7] is defined only when s([d]) = t([v]).

Now, the previous discussion concerning parallel transport yields an ac-
tion of II(M) on S along the p-fibers. For any x,y € M, one sets

(M, y,z) x p~H(z) = p =), (]p) = Bl p =7 (0),
and these satisfy the following action-like properties:
(i) The class of the constant path ~(t) = = acts as an identity:
] p=p, Vpepu ()
(ii) Whenever [d], [y] € II(M) are composable one has
(6]e ) -p=10]- (] - p)-

In the next chapter we will discuss groupoids in depth and this will be
referred to as an action of I(M) = M on the map p: S — M.

Therefore, summarizing this discussion, any complete symplectic realiza-
tion of a nondegenerate Poisson manifold carries a canonical action of the
homotopy groupoid:

(M) O (S,w)

N

(M, )
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12.5. Completeness
Note that item (i) in Proposition yields the commutative diagram
wWT*M “— TS
|
M — TM

This suggests that one should think of the infinitesimal action as a “hori-
zontal lift” of covectors in M to tangent vectors in S. Pursuing this point
of view, one is led to an operation of “horizontal lift” of cotangent paths.
We formalize this as follows:

Definition 12.16. Let p : (S,w) — (M, ) be a symplectic realiza-
tion. A lift of a cotangent path a : I — T*M to S is any path
e : I — S, such that

d¥a
E(t) = a5, (a(t)), Vtel.

Equivalently, by the definition of the infinitesimal action, the equation
for the lift can be written as
taz,w = (d,p)"a.
dt
Exercise 12.17. Show that a path 4 : I — S is a lift of some (necessarily
unique!) cotangent path a : I — T*M if and only if
dy

” (t) € (Kerdp)t, Vtel.

As for classical Ehresmann connections, we have:

Proposition 12.18. Let p : (S,w) — (M, 7) be a symplectic realization.
Given a cotangent path a : [0,1] — T*M and an initial point p € p~(74(0)),
there exists a unique mazimal lift 3¢ : I — S of a starting at p, which is
defined on some interval 0 € I C [0,1].

Proof. By Lemmal[l0.3] there exists a smooth family of functions { H; };¢[o 1
such that a(t) = dHy|,, ) and 7,4(t) is an integral curve of Xp,; i.e., v,(t) =
P%, (7a(0)). Let 34(t) = d&HOM (p) : I — S be the maximal integral curve
of the time-dependent Hamiltonian vector field Xp,o, starting at p. Since
X 1,0, Projects to Xp,, it follows that p o5y (t) = v4(t). We have that 74 is
a lift of a:
dya
dt

(t) = Xtouls2() = @420 ([AHily, 1) = @500 (alt)).
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These equations, read in a different order, reveal that any lift 5 : J — S
of a is an integral curve of Xp,o,:
dy
7 ) = @50 (alt)) = @s) (dHily, @) = Xaiouls):
So the uniqueness of the maximal lift follows from the corresponding prop-
erty of integral curves of time-dependent vector fields. O

Exercise 12.19. If a : [0, 1] — S is a cotangent path, show that the pullback
bundle 7S — [0, 1] has an induced Ehresman connection and that the lifts of
a can be interpreted as the parallel transport with respect to this connection
— see Exercise for the linear version.

It is hard not to notice the striking similarity between the operations
of lifting of cotangent paths for a symplectic realization, from the previous
proposition, and the lifting of ordinary paths for an Ehresmann connection,
discussed in the last case study. These are indeed instances of a very general
notion of lifting operation for nonlinear connections on Lie algebroids, as we
explain in the following remark.

Remark 12.20 (Nonlinear connections). Let (A, [-,-]4,p) be a Lie alge-
broid, and let p : P — M be a surjective submersion. A nonlinear A-
connection on P is a vector bundle map covering Idp,

hp:p*A=Axy P— TP,

that makes the following diagram commute:
p*A N TP
(12.5) prl ldp
A——=TM
0

Given a nonlinear A-connection hp, let a : [0,1] — A be an A-path with
base path 7, : [0,1] = M — see Problem [[0.1l For a point = € P, ), one
defines the horizontal lift 7 : [0,e) — P to be the unique path over ~,
that satisfies the ODE

dyz ~

{ S0 = ot 520,
Ya (0) = .

One calls hp a complete nonlinear A-connection if the horizontal lifts of

any cotangent path are defined up to time 1. For a complete connection one
defines a parallel transport map between the fibers of p:

Ta - Pwa(o) — P’Y(L(l)’ €T +—r ’7;(1)

For example, if p : P — M is proper, then any nonlinear connection hp is
complete.

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



12.5. Completeness 295

With these notions at hand, one can explain the similarity between the
operations of lifts of paths and cotangent paths. These lifting operations
are obtained by considering the appropriate Lie algebroids:

(i) When A = T'M with p = Id it follows from the diagram (I21)
that a nonlinear connection is completely determined by its image,
which is a distribution complementary to the vertical distribution
Kerdp. So for A = TM, nonlinear connections are the same as
Ehresmann connections.

(ii) When A = T*M is the contangent algebroid of a Poisson manifold
(M, ), we have p = wf. In general, 7 has kernel and a nonlinear
connection

hp:p*T*M — TP
is not anymore determined by its image. In this case, we call hp a
contravariant nonlinear connection.

(iii) Any symplectic realization p : (S,w) — (M, 7) comes with a canon-
ical contravariant nonlinear connection, namely the infinitesimal

action
hs =« :uT*M — TS.
You may also wonder about the name nonlinear connection. This is

explained in the following exercise.

Exercise 12.21. Assume that P = F is a vector bundle p : E — M. Then
note that both vertical arrows in (I2.5) are naturally vector bundles — e.g.,
fiber addition on dp : TE — TM is obtained by differentiating that on
p: E — M. An A-connection hg is called linear if hg is a vector bundle
map for these vector bundle structures. Show the following:

(a) A linear connection hp is always complete.
(b) Parallel transport 7, is a linear isomorphism.

For an A-path a : [0,1] — A and a path c: [0,1] — E above 7, : [0,1] — M
one defines

Daclt) i= Jim = (7 e(t + ) — cft))

where 72" denotes parallel transport along the restriction alj; ;4. Show
that D, is the derivative along A-paths associated to a unique A-connection
V on E — M in the sense of Problem [[T.8 e

Completeness of symplectic realizations can be equivalently character-
ized in terms of the completeness of the corresponding nonlinear connection.

Theorem 12.22. A symplectic realization p : (S,w) — (M, ) is complete
if and only if, for every cotangent path a : [0,1] — T*M and every initial
point p € p~1(74(0)), the maximal lift 7L is defined on [0,1].
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Proof. Assume first that all maximal lifts are defined on [0, 1]. Consider a
function H € C°°(M) with complete Hamiltonian vector field Xz. Then for
each z € M the flow of Xy yields a cotangent path a(t) := d, ) H, where
v(t) = ¢k, (). By the proof of Proposition T2.I8, the lift 54 : [0,1] — S of
a starting at p € pu~1(x) is precisely the integral curve of XHop starting at
p. Since lifts exist, Xpo, is complete. So the realization is complete.

To prove the converse, i.e., that cotangent paths can be lifted, we start
by making a few remarks:

- It is enough to prove existence of lifts for all symplectic realizations
w: (S,w) — M satisfying the (apparently) weaker property

H € C*°(M) compactly supported = X, is complete.

Moreover, if u : S — M satisfies this property, then for any open
U C M the restriction p: u~*(U) — U still satisfies this property.

- It suffices to show that each point in M has a neighborhood U over
which cotangent paths can be lifted. Indeed, given any cotangent
path a : [0,1] — T* M, one can cover the base path 7, with a finite
number of open sets U; where lifts exist, and then the lifts of a over
each U; glue smoothly to a lift of a defined on [0, 1].

Hence, we can replace M by the domain of a splitting chart
U= (L,Tean) X (X,7x), 0€LCR*™ 0e&X CRY,

where mx vanishes at 0. Here L = L x {0} < M is an embedded symplectic
leaf and the splitting allows us to identify the isotropy Lie algebras at all
points of L:

g := Ker W?/,O (yeL).

Restricting the infinitesimal action «, we obtain a Lie algebra action of g
on 1~ %(0), which we denote by the same symbol:

a:g—= X N0), ep():=2p(0,8) (pepu(0),¢<q).

The splitting also gives a flat Ehresmann connection on p~(L) — L,
with horizontal lift defined by
(12.6)

Hor : p*(TL) = Tu~ (L), Hory(mlya) i= @p(a,0) (a € Ty, L).
By Proposition [2.3(i) this is an Ehresmann connection. It is flat because
both mhay QYL) = X(L) and @ : QY(M) — X'(S) preserve the Lie
brackets — see Proposition I2.3]— and so does the map o +— («,0).
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Next, we claim that there exists a trivialization ® of u over an open set
0eV ClL,

V x 1 (0) ———— (V)

prp /
\%4

which has the property that it trivializes the action, i.e., that satisfies for
ally € Vand p € u=H(V)

(12'7) d(y,p)@(ﬂ'ganav a’p(f)) = acb(y,p)(auf) (a € T;L7 §€ g)‘

To see this, fix a convex neighborhood V' C L of 0 € L and foreachy € V
denote by HY the unique linear function HY on (L, Tcan) whose Hamiltonian
flow sends 0 to y. We extend these functions to L x X to be constant in
the second variable. Using a bump function in L x X which equals 1 in a
neighborhood of V' x {0} we make all the HY with compact support. Hence,
keeping the same notation, the vector fields X pvo, are complete and we can
define

(12.8) OV xpmH0) = pmH (L), P(y,p) = Xy, ().

Notice that the integral curves of Xy, cover the integral curves of Xpy so
® fits in the previous commutative diagram. Hence, @ is a diffeomorphism
onto u~ 1 (V) with inverse

©'(q) = ¢y, (), where y:= ().
We still need to show that & satisfies (IZ.7) for any («, &):

- Assume { = 0: By definition (I2.6)) of the flat Ehresmann con-
nection, we have Xpgvo, = Hor Xgv in p~1(V). It follows that
®(V x {p}) is included in a leaf of the corresponding horizontal
foliation. Therefore d(y’p)fb(ﬂgana,()) is horizontal, and by ([I2.8)

this vector projects to Wgana. We conclude that

d(y,p)q)(ﬂ-ganav O) = Hortb(y,p)(ﬂgana) = ﬁ«b(y,p)(aa 0)'

- Assume a = 0: Given £ € g, write £ = dof for some f € C(X).
Extending f to L x X as a constant function in the first variable,
we have {HY, f} =0, for all y € L. Since p is a Poisson map, the
vector fields X gyo, and Xy,, commute. This implies that the flow
of Xpvoyu preserves Xy, = «(df), and so

d(y,p)q)(()’ @p(f)) = d(y,p)q)(ov @p(d()f))
= 2d(y,p) (07 dOf) = @@(y,p)(oa 5)
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This shows that ® has the desired properties. Note that, by assumption,
the action of g on p~1(0) is complete (see Corollary [2.4). Therefore, by
Proposition [A23] it comes from a Lie group action G'x p~1(0) — p=1(0) of a
1-connected Lie group G with Lie algebra g.

We can now show that any cotangent path a : [0,1] — T/ M can be
lifted. We decompose the path according to the splitting

at) = (a(t), ), where wa() = D), €:0,1] g

By Lemma [I0.32] there exists a unique path g : [0, 1] — G such that

d -1
Ll 90 g(s) =£@), 9(0)=e.
We claim that for ¢ € u~1(7,(0)) the lift of a at ¢ is given by
() = ®(1a(t), 9(t) " - p),  where ¢ = (74(0),p).

This follows by a computation. First of all,

d d _ _ _
Co " p= | (0 e (00 ) = g€,
Then, using (I2.7) we obtain that 74 (t) is indeed the lift of a:

d _
Eq)<7a(t)ag(t) L.p) = d‘b('ya(t),g(t)*l-p)q)(ﬂ'%/a(t)aa/g(t)*l-pé(t))

= 2ot (),90) 1) (@(1),£(1))
= 2ot ()90 (a(t)).
Moreover, this shows that the lift is defined for all ¢ € [0, 1]. O

In the literature, complete symplectic realizations are defined in various
ways. We prove now that these different approaches are all equivalent:

Corollary 12.23. For a symplectic realization p : (S,w) — (M, m) the
completeness assumption is equivalent to any of the following conditions:

(1) {Xm, }eeo,1) is complete = { X,oputicpo,1) 95 complete,

(ii) {Xu,}eep,1) is compactly supported = {Xp,ou}telo,1) is complete,
(iii) {ﬂﬁat}te[o,” is complete = {@(au)}iep,1) is complete,
(iv) {Wﬁat}te[(),l] is compactly supported = {a(at)}iep,1) is complete,

where Hy € C*°(M) denotes any smooth family of functions, ap € C*°(M)
denotes any smooth family of 1-forms, and compactly supported time-depend-
ent vector fields are defined as in Section [A3]

Proof. Any compactly supported time-dependent vector field is complete
— see Proposition [A.120 Therefore, (i) = (ii) and (iii) = (iv). By taking

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



12.6. The Poisson homotopy groupoid 299

oy = dHy, we clearly also have that (iii) = (i) and (iv) = (ii). So, we are
left with proving the implications

(i) == completeness = (iii).

Assume that (ii) holds, and we check the equivalent condition for com-
pleteness from Theorem By Lemma [I0.3] for any cotangent path
a : [0,1] — T*M there exists a smooth family of functions {H;}¢cp 1),
all supported in the same compact set, such that a(t) = dHl,, ) and
Ya(t) = ¢, (7(0)). By (ii), Xp,ou is a complete vector field, so its integral
curve 4 (t) = qﬁfXHOH (p) starting at p € pu~1(74(0)) exists for all ¢ € [0, 1].
By the proof of Proposition I2.18], this is precisely the lift of a starting at
p. We obtained completeness.

Assume now that the connection is complete. To check (iii), consider
a time-dependent section oy € Q' (M) such that 7fa; is a complete vector
field. We need to show that for any p € S the integral curve of « (o) starting
at p exists for all ¢ € [0, 1]. The integral curve v(t) of 7fay starting at u(p)

satisfies
d

a’}’(t) = 7Tﬂat|«y(t)-

Therefore, a(t) := ai|,q) @ [0,1] — T*M is a cotangent path. Since the
connection is complete, Theorem implies that a(¢) has a complete lift
AP . [0,1] — S that starts at p. Note that 7/ satisfies

d .
e (1) = a5 (o),

and so it is the integral curve of « () starting at p. Hence, (iii) holds. O

12.6. The Poisson homotopy groupoid

The previous section shows that, given a complete symplectic realization
w: (S,w) = (M, ), any cotangent path a : [0, 1] — 7™M yields an operation
of parallel transport

Tt 1 (7(0)) = 1T (7a(1)), P AL(D).

Next, we show that parallel transport is invariant under cotangent path-
homotopy.

Theorem 12.24. Let p: (S,w) — (M, 7) be a complete symplectic realiza-
tion. Let a,b : [0,1] — T*M be cotangent paths with v,(0) = 1(0) =: z,
and fix p € p~(x). Let O, be the orbit of the infintesimal action through
p. Then a and b are cotangent path-homotopic if and only if their lifts
38, 4¢ +[0,1] = S are path-homotopic inside Op.
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Remark 12.25. The theorem gives a geometric interpretation of cotangent
path-homotopy on a Poisson manifold in terms of ordinary path-homotopy,
once one finds a complete symplectic realization. This raises the important
question of finding complete symplectic realizations — the symplectic real-
izations constructed in Theorem [M1.43] are rarely complete. We will come
back to this problem in the next chapters.

Proof. We assume first that 4" and 7 are path-homotopic inside O, as in
the statement. Fix a path-homotopy H : [0,1] x [0,1] — O,, so that
H(t,0) =42(t), H(t,1)=7F(t), H(0,-) =consty, H(1,-)= const;.
Viewing dH : T'([0,1] x [0, 1]) = T'O,, as a Lie algebroid map and composing
it with the map V¥, : TO, — T*M from (I2.I]), we obtain a cotangent map
O = &y dt + By de : T([0,1] x [0,1]) — T*M.
The boundary conditions in Definition [0.18 hold because, for ¢ € {0,1},

H
H(i,-) = const; — i—e(i,s):() =  $y(i,-) =0

and

H(0) =3t = @1(t,0) = ¥, (32()) = a(),

Ht ) =7 = (t1) =5, (30) = b(0).
Therefore, ® is a cotangent path-homotopy between a and b.

In order to prove the converse, let
b =P dt + Pode

be a cotangent path-homotopy between the cotangent paths a and b, cover-
ing a path-homotopy v : [0,1] x [0,1] — M. For each ¢, s — ®1(s,¢) is a
cotangent path that can be lifted to a path H(-,¢) in O, starting at p. We
get a smooth map
H:[0,1] x [0,1] = O,

sitting above 7 : [0, 1] x [0,1] — M and which, by construction, satisfies

dH

E(te) = @H(t,s)q)l(tve)v H(O)E) =P
and by definition

H(t,0) =45(t) H(t,1)=3(t).

As in the first part, consider the cotangent map @' := ¥,0dH. We know
that ®) = ®;. We claim that ®, = ®9. For this, note that the equation in
Proposition T0.I7(ii) is satisfied both by ® and ®'. Therefore, the difference

D.(t) := ®a(t,e) — Ph(t,¢)
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satisfies for each € and each vector field X the differential equation

d

3 K De(t)) = dn(X)(P1, De(t))-

Writing this for a local basis of vector fields, we obtain that D. satisfies

locally a linear ODE in t. Therefore, if D, vanishes at a point, then it

must vanish around that point. Since the vanishing set is also closed and

D.(0) = ®2(0,e) — ®5(0,¢) = 0 — 0, we must have D, = 0. So &y = P).
Finally, since 0 = ®3(1,¢e) = ®4(1,¢) and U, is a fiberwise isomorphism,

it follows that %H(l,e) = 0. Hence H(1,¢) is constant, showing that H is

a path-homotopy between the lifts 44 and 7. O

Corollary 12.26. Let yi: (S,w) — (M, ) be a complete symplectic realiza-
tion. If a,b:[0,1] — T*M are cotangent path-homotopic, then they induce
the same parallel transport: 7, = 1.

Remark 12.27 (Flat nonlinear connections). When a complete Ehresmann
connection is flat, i.e., its horizontal distribution is involutive, then path-
homotopic paths induce the same parallel transport. The previous corollary
states that a similar fact holds for the infinitesimal action associated with a
complete symplectic realization. As we discussed in Remark [2:200 both of
these are instances of nonlinear connections on a Lie algebroid.

In general, a flat nonlinear A-connection hg : p*A — T'S is a non-
linear connection for which the induced map at the level of sections
hg : F(A) — %(S),

preserves Lie brackets

hs([on, a2]a) = [hs(ar1), hs(az)] (a1, a2 € T'(A)).

A flat nonlinear A-connection is often called an infinitesimal action of
the Lie algebroid A. Generalizing our previous results, parallel transport
for a flat nonlinear connection is invariant under the appropriate notion of
A-path-homotopy — see Problem [I0.11

This suggests proceeding as in the study case of nondegenerate Poisson
structures. To that end, we introduce the Poisson homotopy groupoid

cotangent paths t
& P —.?

cotangent path-homotopy s

II(M, ) =

where the maps s (for “source”) and t (for “target”) give the initial and end
points of the base path:
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and multiplication is defined by concatenation of cotangent paths:
[a] o [b] := [aob] if s([a]) = t([b]).

We conclude the following;:

Proposition 12.28. The Poisson homotopy groupoid II(M, ) acts canon-
ically on any complete symplectic realization p : (S,w) — (M, ):
(M, 7) O (S,w)
[a] -p:=7a(p) if s(la]) = p(p) \ l“
(M, )

It satisfies the following action-like properties:

(i) The constant cotangent path a(t) = 0, acts as an identity:

0] p=p, Vpeu'(a)

(ii) Whenever [a], [b] € II(M, ) are composable one has

12.7. Lagrangian fibrations

A surjective submersion u : (S,w) — M with connected, Lagrangian fibers
is called a regular Lagrangian fibration over M. The basic facts about
regular Lagrangian fibrations can be recast as part of the geometry of com-
plete symplectic realizations of (M,7 = 0). Since we will only consider
submersions, we will omit the word regular.

We have already seen the following facts about Lagrangian fibrations:
(i) Lagrangian fibrations p : (S,w) — M are the same as symplectic

realizations of the zero Poisson structures, with connected fibers
and dim S = 2dim M.

(ii) In particular, any such Lagrangian fibration comes with an infini-
tesimal action @ : p*T*M — T'S and Im @, = Ker d,u.

(iii) Any integrable lattice A C T*M yields a proper Lagrangian fibra-
tion (see Example [6.5))

i (Ta =T*M/A,wp) — M.

We now discuss a general proper Lagrangian fibration u : (S,w) — M.
Since p is complete, by Proposition [[2.10] the infinitesimal action integrates
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to an action of the bundle of abelian groups 7% M on the fibers of pu:
M O (S,w)

1
ll‘ §-pi= ¢@(_g)(p)
(M,0)
In the language of the previous section, this is the action of the Poisson
homotopy groupoid from Proposition [12.2§

Note that the action on each fiber is transitive. This follows because the
fibers are connected and the action is infinitesimally transitive by (ii) above.
Therefore, points in the same fiber ~!(x) share the same isotropy group

Ay ={E €Ty M : ¢y ) = 1d, 10 }-

Since the action is locally free, A, is a discrete subgroup. It is called the
subgroup of periods of the Lagrangian fibration at x.

Proposition 12.29. For any proper Lagrangian fibration p : (S,w) —
(M, 0)
A=) A cT"M
xeM
is an integrable lattice.

Proof. We already know that the action of T*M/A, on u~!(z) is free and
transitive. Since the fiber is compact, it follows that T*M /A, is compact,
and so A is a lattice in T, M.

It remains to prove that A is an integrable lattice, i.e., that it is locally
the span of closed 1-forms. For that we need to show that for every &, € Ay,
there is some neighborhood U of xp and a closed 1-form o € QY(U) such
that ap € Ay, for all x € U. From the definition of A we see that o should
be the solution of the equation

¢;(%) =I1d VzeU, e = &o.

Let U be a neighborhood of xg where one has a local section of u, i.e., a
map s : U — S, such that pos =1d. The equation we want « to satisfy is
equivalent to

(12.9) O (@) =s(x),  VYrelU  am="f.
The left-hand side of this equation defines a map
Fo:T'U = p~ ' (U),  Fs(&) = ¢ e, (s(2)),

which satisfies F5(&y) = s(xg). We claim that Fj is a local diffeomorphism
around &g. This follows because F is a bundle map, it covers the identity,
and fiberwise it is a local diffeomorphism — since the action is infinitesimally
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free. Hence, after shrinking U, there is a unique 1-form o € Q(U) satisfying
(I29). This argument also shows that A is smooth.

Finally, we check that « is closed. Since (;51 =1Id and po gbt@ (@) = M
Ld
0=( @(a)) w—w :/ —((ﬁt@ a))*wdt :/ (qﬁt )*,,2”@ (ayw dt
0
= [ it = [ 6 ata)ar

1 1
= / (o gbt@(a))*da dt = / pwdadt = p*da.
0 0
Since p is a submersion, it follows that da = 0. ]

In conclusion, any proper Lagrangian fibration p : (S,w) — M yields
(i) an integrable lattice A C T*M,
(ii) a torus bundle Tp :=T*M/A,

(iii) a fiberwise free and transitive action

Ta O (S,w)
\ lu €] p = by ()
M

In particular, each fiber of y is diffeomorphic to a torus.

One should also expect the symplectic structures of 75 and S to be
related. In general, a section « of Tp gives a diffeomorphism (ﬁ@( o) S =S
which is not a symplectomorphism. Indeed, it would be too naive to expect
that this action by sections is symplectic, since it ignores the symplectic
structure of Tj. Instead, the action of the torus bundle is symplectic in a
sense that takes into account both symplectic structures:

Proposition 12.30. The action of the torus bundle (Ta,wp) on (S,w) is
symplectic in the sense that on Ty X S one has

(12.10) d*w = priwp + prj w,
where the three maps denote the action and the two projections
A, pro:Ta Xy S — S, pry:Ta Xy S — Ta.

In particular, the Lagrangian sections of Ta act on S by symplectomor-
phisms.

Proof. For simplicity denote T := Tj. For the proof we interpret 7 x; S
as a principal 7-bundle

pry: P:=T xS = 8,
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where 7T acts only the first factor. This action induces an infinitesimal action
@ : Q' (M) = x(P), @(a) = (er(a),0),

where <7 is the infinitesimal action for the torus bundle p7 : (T, wp) — M

— see Example [2.T11 The result will follow by showing the following:

(i) The form
Q= of*w —priwy € Q*(P)
is basic; i.e., Q = prin for some n € Q*(S).
(ii) One has n = w.
For (i), since €2 is closed — similar to the case of principal G-bundles —
one checks that being basic is equivalent to being horizontal:

iz@Q=0, YaecQ'(M).
To check this one observes the following:

- o : P — Sis T-equivariant, so at the infinitesimal level, &, ¢ = «.

- pry: P — T is also T-equivariant and (pr;)«¢ = @7.

By the definition of the infinitesimal action, i, 4w = p*a.

Similarly, for the torus bundle, i, (ywa = pra.
Using these, ones finds that
’ié(a)Q = ﬂ*i@(a)w — pl"T ’L'@T(OC)CUA
=d*p o —pri pra =0,
since p o & = pg o pry. This shows that Q is horizontal, so (i) holds.
To prove (ii), one pulls back € = pr} n along sections of P of the type
O = (@op,idg): S =T xyu S (o€ QYM)),
where @ : M — T denotes the section of 7 induced by «. Observing that
;(_a) = o o 0, and using the definition of wy one obtains
n=ord w— o} prjwa

= ( 2(_04))*“ — (@op) wa

= ( i(—a))*w - (a o M)*Wcan

= (fp(ca) W+ H'da = w.
For the last step we have used the identity at the end of the proof of Propo-
sition for —a. O

Corollary 12.31. Let p : (S,w) — M be a proper Lagrangian fibration.
If it has a global Lagrangian section, then u is isomorphic, as a symplectic
realization, to pr, : (Ta,wa) — M. In particular, this always holds locally.
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Proof. Let s : M — S be a Lagrangian section. Consider the map
D:Th— S, D(A\) =X s(x),

where the subscript z is the base point. We claim that ® is an isomorphism
of Lagrangian fibrations

S

77\ P

D w = wyp A;j%

A

Since ® is built out of a free and proper action, it is a diffeomorphism.
To see that it is a symplectomorphism we pull back (IZ10) along the map
(Id,s o pr,) : TA = Ta Xar S to obtain

Q*w = wp + pr, 5w,
and then we use that s is Lagrangian. O
Remark 12.32 (Integral affine structures). Here we explain that integrable
lattices are the same as integral affine structures. An integral affine atlas on

a manifold M is an atlas for which the transition functions are restrictions
of integral affine transformations, i.e., transformations of type

n
Yl = ZAé-xj 4+, A€ GL(n,7Z), v €R™
j=1

An integral affine structure on M is a maximal integral affine atlas.
Any integral affine structure on M gives an integrable lattice A C T* M,
Ay = {kdzt|, + - + kpda"|, s ks € Z),

where (U, ') is any integral affine chart containing x. Since the transition
functions are integral affine this is independent of the choice of chart.

Conversely, any integrable lattice A is locally spanned by closed 1-forms
A|U = {]{31041 +oF k" k€ Z}.

By shrinking U, we may assume that the forms are exact: o' = dz’. Then
(U,z") is a chart for M with the property that

Ay = {kyda' + -+ + knda" : k; € Z}.

We call such a chart (U, 2%) an integral affine chart for A. The collection
of such charts forms an integral affine atlas. Indeed, if (U, z") and (V,y") are
two integral affine charts, then on the intersection we can write

dy’ = ZA;dxj, dzt = ZB}dyj,
j=1 j=1
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for integer matrices A = (A;) and B = (B;) with AB = BA = I. This
implies that the transition functions are integral affine transformations.

We obtain a 1-to-1 correspondence

integral affine _ integrable lattices
structures on M ( < ACT*M

We saw above that the base M of a proper Lagrangian fibration has a
natural integral affine structure. These special coordinates are called in the
theory of integrable systems action coordinates.

Fix an integral affine chart (U, z%) for M and a local Lagrangian section
s:U — S. One has an induced a chart (T*U/A,x*,6;) for Ty and a local
isomorphism of Lagrangian fibrations

UxT"

n [}
@*w:;dx’/\dei N_%

U

p=H(U)

In the theory of integrable systems one calls the induced coordinates
(z',0;) on S action-angle coordinates.

Exercise 12.33. Show that two action-angle charts on S are related by a
transformation of the form

. oo . LA af
I YL UR
j=1 j=1

with A € GL(n,Z), B= A"! € GL(n,Z), v € R", and f a smooth function.

One can use the previous result to classify proper Lagrangian fibrations
over a fixed manifold, up to isomorphism. For that we need to understand
how to “measure” the failure in having a Lagrangian section. Since these
always exist locally, we start by comparing two local Lagrangian sections:

Lemma 12.34. Let p: (S,w) — M be a proper Lagrangian fibration, and
let s; : Uy — S, i =1,2, be two local Lagrangian sections. For x € U; N Us
set

so(x) = A2(x) - s1(x),  with Aa(z) € Th.

Then A1z is a local Lagrangian section of (T, wp).

Proof. Since the Ty-action is proper and free, A1 is a well-defined smooth
section of Tp. Notice that s = o o (A2, 1), so pulling back (IZI0) by
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()\12, 81) we find
Shw = Nqwp + Sjw.
Since the s; are Lagrangian, we must have AJowp = 0. ]
Let {U;} be an open cover of M such that for each open set there exists

a Lagrangian section of the proper Lagrangian fibration p : (S,w) — M.
The previous lemma then gives Lagrangian sections on double intersections:

)\ij:UiﬂUj—)lﬁ\.

Moreover, by the definition of the A;;, on a triple intersection U; N U; N Uy,
we have

)\ik S, = S = )\jk . Sj = ()\ij + )\jk) + Sq.
Since the action is free, we conclude that on a triple intersection
Aij + /\jk — i = 0.

Therefore, denoting by ELagr the sheaf of Lagrangian sections of the torus
bundle (7x,wa), we introduce:

Definition 12.35. The Lagrangian Chern class of a proper La-
grangian fibration u : (S,w) — M is

Cl(va) = [)‘Z]] € HI(M’ELagr)'

One should show that this class is well-defined, i.e., independent of the
choice of cover, which we leave as an exercise.

By construction, the Lagrangian Chern class expresses the obstruction
for a proper Lagrangian fibration to admit a Lagrangian section. More
importantly, as we mentioned before, we can use it to classify such fibrations
up to isomorphism:

Theorem 12.36 (Duistermaat [60]). For an integrable lattice A C T*M,
the Lagrangian Chern class induces a bijection between

isomorphism classes of proper - 2l
“ { Lagrangian fibrations inducing A ( ’ELagr)

The proof is similar to the standard construction of principal torus bun-
dles out of transition functions. The fact that the transition functions take
values in Lagrangian sections ensures that the result carries a symplectic
structure locally modeled on wy.
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Problems

12.1. Let p: (S,w) — (M, 7) be a proper symplectic realization with ori-
ented fibers. Show that the volume form on M obtained by integration of
the Liouville volume form A'Pw along the fibers of p is invariant under
Hamiltonian flows, so mod(M, ) = 0.

12.2. Consider a free and proper symplectic action of a Lie group G on a
symplectic manifold (S,w). Consider M = S/G with the induced Poisson
structure w. Show that the quotient map p : (S,w) — (M, 7) is a complete
symplectic realization.

12.3. Let H be the Heisenberg Lie group

1 a b
H = 01 ¢ |:abceR
0 0 1

Denote by h the Lie algebra of H, and let A C H be the closed subgroup
formed by matrices with integer entries. Show that one has a proper sym-
plectic realization

s (TH(H/A), wean) — (b7, mp).

Conclude that duals of Lie algebras of noncompact type may have proper
symplectic realizations.
NoOTE: The homogeneous space H/A is an example of a nilmanifold.

12.4. A Poisson map ¢ : (M,my) — (N,7n) is called complete if for
any complete Hamiltonian vector field Xy € X(N), with H € C*°(M), the
Hamiltonian vector field X € X(M) is also complete.

(a) A proper Poisson map ® : (M, 7)) — (N, 7n) is complete.

(b) The image of a complete Poisson map ® : (M, 7ys) — (N, my) is a union
of symplectic leaves.

12.5. Let ® : (M,7y) — (N,7n) be a complete Poisson map. As for
symplectic realizations, we define the infinitesimal action of T*N on M:

@ OT'N = TM, ay(a) =5, ((de®)*(a)), a€Th,N.
Show the following:

(a) Given xg € M and any cotangent path a : [0,1] — T*N starting at
®(xg), there exists a path 7 : [0, 1] — M such that ®(5(t)) = 7,(t) and

1) = aswlal), 3(0) =0
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(b) One has a parallel transport map 7, : ®1(7,(0)) — ®71(7,(1)) and
cotangent path-homotopic paths induce the same parallel transport map.

12.6. Let p : (S,w) — (M, m) be a complete symplectic realization. Let
O C S be the orbit of the infinitesimal action through p € S. Recall that
any path v lying in O is the unique lift of a cotangent path a, in (M, ).
Show that this defines a map

D, : 771(071)) - H(Mvﬂ-vu(p))? h/] = [CL»Y],
which is an injective group homomorphism.
12.7. Let p: (S,w) — (M, ) be a symplectic realization. Show the follow-
ing:
(a) The fibers of p are symplectic submanifolds if and only if (M, ) is a
nondegenerate Poisson manifold.

(b) If (M,7) is a nondegenerate Poisson manifold and the realization is
complete, then parallel transport 7, : u~(y(0)) — p~1(y(1)) along a
path « : [0,1] — M is a symplectomorphism.

12.8. Let (M,wpr) be a connected symplectic manifold. Assume one has a
symplectic action of 71 (M, ) on a symplectic manifold (F,wp). Show that
one obtains a complete symplectic realization

w (M Xﬂl(M,xo) F,pl'}(MOJM +pr}wF) — (Mva)v

where M is the universal covering space of M. Conversely, prove that any
complete symplectic realization of (M, wys) is isomorphic to one of this type.

12.9. Let (0,w) be a cosymplectic structure on M (see Example [4.17)).
(a) Show that pr : (S,Q) — (S',0) is a symplectic realization, where S =
M xS and Q =w+ 0 Adep.

(b) Relate the orbits of the induced infinitesimal action to the Reeb vector
field of (0,w).

(c) Give an example of a symplectic realization with compact total space
for which the orbits of the infinitesimal action are noncompact.

12.10. Let (A,w) be a cosymplectic structure on M, and consider the cor-
responding Poisson structure 7 as in Example[.T7l Considering €2 as in the
previous exercise, show that

pry (M x S, Q) — (M, )
is a complete symplectic realization. Describe the orbits of the resulting

infinitesimal action in terms of the geometry of (0, w).
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12.11. Consider a complete symplectic realization u : (S,w) — (M, m) of
a regular Poisson manifold. Let A’ : mo(S,) — v*(S;) be the variation of
symplectic area map, and denote by N, its image — see Section [10.0]

(a) Show that the infinitesimal action integrates to an action of the group
(" (Sa), +) on p~H ().

(b) Show that the abelian group N acts trivially on = !(x).

(c) Deduce that N, is a discrete subgroup of v*(S;).

12.12. Let p: (S,w) — (M, 7) be a symplectic realization. Show that the
following are equivalent:

(a) The fibers of u are isotropic submanifolds.

(b) (M,m) is regular with rank 7 = 2dim M — dim S.

12.13. Let p : (S,w) — (M,7) be a proper symplectic realization with

connected isotropic fibers, so (M, ) is regular (see the previous problem).
Let

A= {E € vi(Fr) : dpe) = 110y }-
(a) Show that A, is a lattice in v} (Fy).
(b) Show that A := J,cs; Az is locally generated by closed 1-forms whose
restriction to the symplectic leaves vanishes.
(c) If Fr is the foliation by the fibers of a submersion ¢ : M — B, show
that A = ¢*Ag, where Ag C T*B is an integrable lattice.

NOTE: One calls A C v*(F;) a transverse integrable lattice. It defines a
transverse integral affine structure on the foliated manifold (M, Fx).

12.14. Classify up to isomorphism all proper Lagrangian fibrations over a
circle: p1: (S,w) — St.
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Chapter 13

A Crash Course
on Lie Groupoids

In this chapter we give an overview of Lie groupoids. We recommend [45],
123] for more details and proofs.

13.1. Lie groupoids

Definition 13.1. A groupoid consists of a set M (“objects”), a set
G (“arrows”) together with the following structure maps:
(i) source s : G — M and target t : G — M,
(ii) multiplication m : G — G, (g,h) — m(g,h) =: g - h,
defined on the set of composable arrows
G@ :={(g,h) € G x G :s(g) = t(h)}
and which satisfies
- s(g-h) =s(h) and t(g- h) = t(g),
-(g-h)-k=g-(h-k),
(iii) unit map u: M — G, x — u(x) =: 1,, which satisfies
- s(1z) = t(1z) = =,
-9 1) =1eg) - 9=9
(iv) inverse map ¢ : G — G, g — ¢(g) =: g~ !, which satisfies
- s(g7") = t(g) and t(¢g") = s(9),
-9 g =1y and g+ g7 = ly(g).

Sometimes one abbreviates all this by saying that G is a small category,
with space of objects M, for which every arrow as an inverse.

313
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For g € G we write g :  — y to indicate that s(g) = z, t(g) = y and we
also picture it as

g
y<—"2.
We will often represent such a groupoid by the symbols
Gg= M,

and we will say that G is a groupoid over M. We are interested in the
smooth version of groupoids:

Definition 13.2. A Lie groupoid is a groupoid G = M where G
and M are manifolds and

(i) s,t are submersions,
(ii) m, u, and ¢ are smooth maps.

Remark 13.3. Eventually, we will have to consider Lie groupoids with a
non-Hausdorff space of arrows. For now, the reader may safely assume that
all manifolds are Hausdorff. The precise assumptions that we will make
ensure that all the proofs actually also work in the non-Hausdorff setting.
All this will be explained in detail and motivated in Section I3.7

Note that since s and t are submersions, the set of composable arrows
9(2) is a smooth submanifold of G x G, and so it makes sense to ask that
m: G2 — G is smooth.

Exercise 13.4. Show that for a Lie groupoid ¢ = M the multiplication

m is a submersion, the unit u is a closed embedding, and the inverse ¢ is a

diffeomorphism.

Given a (Lie) groupoid G = M one defines the following:
- The s-fiber and the t-fiber above a point = € M:
s (x) = {g € G:s(g) =1},
t7'(2) ={g€G:t(g) =z},
These are submanifolds of G.

- The right translation R, and the left translation L, by an
arrow g : T — -

R, : sfl(y) — sfl(x), Ry(h) :=h-g,
Ly:t7H(z) =t Yy), Lyh):=g-h.

They are diffeomorphisms with inverses Ry,-1 and Lg-1.
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- The isotropy group of G at x € M:
Go =5 (x) Nt} (z) = {g € G:s(g) = t(g) = z}.

The multiplication of G gives rise to a group structure on G,. More-
over, G, is a submanifold of G and becomes a Lie group.

- The orbit of G through x € M:
O, =t(s"'(z))={yeM:3g:2—yinG},
which is an immersed submanifold of M.

The multiplication of G yields a free and proper right action of the
isotropy group on the s-fiber

(13.1) s H(z) x G, = s (), (g,h)—g-h,

and O, is identified with the resulting quotient,

s (2)O G

=)

s7H(2)/Gz —= O

The smooth structure on O, is defined as the unique one that makes t :
sfl(x) — O, into a submersion. With this, O, becomes an immersed
submanifold of M which, in general, fails to be embedded. The orbits form
a partition of M called the orbit foliation of the Lie groupoid G = M.

Exercise 13.5. Show that, for any x,y € M in the same orbit of G, the Lie
groups G, and G, are isomorphic.

There is a natural notion of morphism between groupoids. The smooth
version is as follows:

Definition 13.6. A Lie groupoid morphism from G = M to
‘H = N is a pair of smooth maps commuting with sources and targets
G—2>H
s t)s
M — N

and compatible with multiplications

O(g-h)=(g)- (h), V(g,h)€G?.

It is easy to check how a Lie groupoid morphism interacts with the
various structures present in groupoids. For example, such a morphism
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® : G — H induces the following:
(i) smooth maps between the source fibers s™!(z) — s™!(p(z)) and
between the target fibers t~!(z) — t (¢ (z)),
(ii) a morphism of Lie groups between isotropy Lie groups G, — H (),
(iii) a smooth map between orbits O, — O ).
By a Lie subgroupoid of a Lie groupoid G = M we mean a Lie

groupoid H = N together with a Lie groupoid morphism ¢ : H — G which
is an injective immersion.

Note that groupoids need not have connected space of units or space of
arrows. We will need to make some connectedness assumptions at various
places. As we will see, these are usually assumptions on the t-fibers — or,
equivalently, on the s-fibers since inversion gives a diffeomorphism between
them. An example of this is the following:

Proposition 13.7. Let G = M be a Lie groupoid with connected t-fibers.
Then any open set U C G containing the units generate G; i.e., any g € G
can be factored as a product of elements of U:

g=ui--u, (u€U).

Proof. We will show that for any x € M the set
S ={g et }(z)|g can be written as a product of elements in U}

is both open and closed in t~!(z). By t-connectedness, it is the entire target
fiber and the result follows.

Since left-translations are diffeomorphisms between the fibers, this set is
clearly open in t~!(x). We claim that the complement of S in t~!(z) is also
open. For that let g ¢ S with t(g) = z. Since left-translations and inversion
are diffeomorphisms, the set

gU™t = {gu™" :s(u) = s(g), u € U}
is a neighborhood of g in t~!(z) which does not intersect S: if gu=! € S,
then g = uy ---uy - u € S, contradicting g € S. O
13.2. Lie groupoids: Examples and basic constructions

Example 13.8 (Lie groups). Lie groups are the same thing as Lie groupoids
over a point:

e s
{pt} T
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Example 13.9 (Bundles of Lie groups). Bundles of Lie groups are the same
thing as Lie groupoids where the source and the target coincide:

g

t)s
M T

Example 13.10 (Pair groupoids). For a manifold M, one has its pair

groupoid
M x M arrows:
| |
M y (y,x) .

with source s(y,z) = pry(y,z) = z and t(y,z) = pr;(y,z) = y. This
groupoid has precisely one arrow between any two points, so multiplication
is given by

(z,9) (y,2) = (2,2) ( Zﬁyﬂx>

and the units and inverses are 1, = (x,z) and (z,y)~! = (y,z). Note that
the isotropy groups are trivial and that there is one single orbit.

Example 13.11 (Submersion groupoids). Given a submersion y: M — N,
one has the Lie subgroupoid M x,M = M of the pair groupoid M xM = M
consisting of arrows (y, x) such that u(y) = p(z):

Mo, M arrows: if p(y) = u(x),
pry | | Pry
M y (yvx) T

This groupoid has precisely one arrow between any two points lying in the
same fiber of u. Note that the isotropy groups are still trivial but now the
orbits are the fibers on . When p : M — M is the identity map, the
corresponding submersion groupoid is called the identity groupoid of M and
is often denoted by M = M. T

Example 13.12 (The homotopy groupoid of a manifold). For any manifold
M, we have its homotopy groupoid, mentioned in the previous chapter,

H( M ) arrows:

t)|s &

o L0
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The multiplication is induced by concatenation, where one needs to repa-
rameterize paths in order to ensure smoothness. Note the following:

(i) The orbits are the connected components of M.

(ii) The isotropy group at x is the fundamental group w1 (M, z).
Also, the principal 71 (M, x)-bundle
t:si(z) > M

is the universal cover of M, in one of its standard realizations. The smooth
structure of II(M) will be discussed below. T

Example 13.13 (Action groupoids). Any Lie group action on a manifold
GxM—M, (g,x)— gx
gives rise to the so-called action groupoid G x M = M. It is the groupoid

Gx M arrows:
tWS (9:2)
M gr <——1x

with source map s(g,z) = z, target map t(g,x) = gz, and multiplication

(gh.y)

— —

£ga) (b
(9:2) - () = (ghyy) ( gr'<""—a<"=y)

ghy hy
For this groupoid we have the following:

(i) Each s-fiber is diffeomorphic to G.
(ii) The isotropy group at x is the isotropy group of the action

Gy ={9€G:gx =z}
(iii) The orbit through x coincides with the orbit of the action
O, ={gz:9 € G}. e

Example 13.14 (Flow of a vector field). Any vector field X € X(M) gives
rise to a flow ¢% which is defined on an open D(X) C R x M, so that we
have a smooth map

¢x :D(X) = M, (t,z) ¢k (2).
This gives rise to a Lie groupoid

D(X) arrows:

t S T
W w2
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with source map s(t, z) = z, target map t(¢, z) = ¢’ (x), and multiplication

e,
+ . ; -
(ta) - (s9) =t 5.) [ dla) <2 : S y)
I}
o (y) #% (1)

One finds the following:

(i) The orbits are precisely the images of the integral curves.

(ii) When X is complete, one has D(X) = R x M, ¢x defines an action
of R on M, and we recover the action groupoid R x M. T

Example 13.15 (Gauge groupoid). Any principal G-bundle over M

rOaG

b

M
gives rise to a Lie groupoid Gaugen(P) = M called the gauge groupoid of
P. It is simply the quotient of the pair groupoid P x P = P, modulo the
diagonal action of G:

(¢,p) - 9 := (a9, p9)-

Denoting by [¢,p] € (P x P)/G the class of (q,p), the gauge groupoid
Gaugeg(P) = M is then

(P xP)/G aIrows:
tﬂs pr(q) <= pr(p)

It is a good exercise to write down the multiplication. Also, note the follow-
ing:
(i) Each isotropy group is isomorphic to G (but not canonically!).
(ii) One has a single orbit.
A groupoid G = M is called transitive if it has only one orbit, i.e., if
any two points x,y € M are connected by at least one arrow. Any such
groupoid is actually isomorphic to a gauge groupoid of a principal bundle.

However, to realize such an isomorphism, one has to make a choice of a base
point « € M, as shown by the following exercise.

Exercise 13.16. Let G = M be a transitive groupoid, and let x € M. Prove
that G is isomorphic to Gaugeg,_ (P;), where P, = s™!(z) is the source fiber
viewed as a principal G,-bundle.
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Here is an interesting particular case: let M be the universal covering
space of the manifold M. The action of the fundamental group G = m (M)
on M by deck transformations is a principal action, when we view 71 (M)
as a discrete group

We leave it as an exercise to check that the associated gauge groupoid is
isomorphic to the fundamental groupoid II(M) of M. It follows in particular

that II(M) has a smooth structure so that it becomes a Lie groupoid. T

Example 13.17 (Restrictions). Any set-theoretical (not yet Lie) groupoid
G = M can be restricted to any subset N C M to obtain a groupoid over
N, with space of arrows

GIn:={9€G: s(g), t(g) € N}.

If G is a Lie groupoid and N C M is a submanifold, the restriction
G|y = N, in general, will not be a Lie groupoid: one needs conditions on
N to ensure that G|y is smooth. One instance when this works is when
N = O is an orbit of G. In this case, the resulting restriction G|p is a
transitive groupoid. The corresponding principal bundle is, of course, the
s-fiber above any point x € O. Ty

Example 13.18 (Pullbacks). Restrictions are particular cases of pullbacks
arising from inclusions N < M. In general, one can pull back a groupoid
G = M along any map

p:N— M,

resulting in a groupoid over N:

0'G =N xyGxu Ni={(y,9.2) e NxGxN: p(y) < p(z) },

©'G
tus (y (y,9,7) )
N

In the smooth context, when G is a Lie groupoid and ¢ is a smooth map,
the smoothness of go!g as a submanifold of the product N x G x N is not
ensured. But if this happens, then ¢'G = N is a Lie groupoid, called the
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pullback Lie groupoid, and we have a Lie groupoid morphism
PG —2>g
tus tus (y,9,2) —> g.
N — M
Exercise 13.19. Show that if ¢ is a submersion, then ¢'G C N x G x N

is a submanifold and that, with this smooth structure, it becomes a Lie
groupoid over N. Ty

Example 13.20 (The groupoid of a cover). Another interesting instance
of the pullback construction appears as follows. Let U = {U; : i € I} be a
countable open cover of a manifold M and consider the disjoint union

N:=| | U,
i€l
with the obvious map ¢ : N — M. If G = (M = M) is the identity groupoid

of M, the pullback groupoid ¢'G is called the groupoid of the cover and is
denoted Gy = N:

Gu="L,; UinU; =A{(i,,7):4,5 €,z €U;NU;} /(mj)\
Lic; Ui =A{(,z):iel,xcU;} (i,2) (4, x)

e

Example 13.21 (Tangent Lie groupoid). For any Lie groupoid ¢ = M,
passing to tangent spaces and taking the differentials of all the structure
maps of G, one obtains a new groupoid

TG = TM,

called the tangent groupoid of G.

For instance, when G = G is a Lie group — so M is a point — TG is
again a Lie group which is canonically isomorphic to the semidirect product
G x g associated to the adjoint action of G on g. For general Lie groupoids,
while there is no analogue of adjoint action and representation, T'G may be
seen as a possible replacement.

One can form the direct sum of the tangent groupoid with itself, obtain-
ing a groupoid

2 2
P16 :=1¢ 057G = EPTM :=TM @y TM,
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with source, target, and unit given by

2 2
P ds(u,v) == (ds(u),ds(v)), EDdt(u,v) = (dt(u),dt(v)),

2
@ du(wy, we) := (du(w ), du(ws))

and multiplication defined by

2
@ dm((ug,v1), (ug,v2)) = (dm(uy, uz), dm(vi, ve)).

This construction extends to any number of factors, producing Lie groupoids
P16 = P TM.

There is also a cotangent groupoid T*@, but this notion is a bit more
subtle and it will be discussed after introducing the Lie algebroid of a Lie
groupoid, at the end of Section Ty

Example 13.22 (General linear groupoid). The same way that any finite-
dimensional vector space V gives rise to a Lie group

GL(V):={A:V — V : A = linear isomorphism},
a vector bundle £ — M gives rise to a Lie groupoid over M:

GL(E):={(y,A,z) :xz,y e M, A: E, — E, linear isomorphism}

t} s

M

The reader should be able to figure out easily all the structure maps. When
M is a point and E =V is a vector space we recover the Lie group GL(V).
In general, one has the isotropy groups

GL(E), = GL(E,).

Moreover, GL(E) == M is a transitive groupoid and so it comes from a
principal bundle. In this case there is a canonical choice for the principal
bundle, namely the frame bundle of E:

Fr(E) = {(z,u) : x € M, u:R" — E, linear isomorphism}.

Note that a linear isomorphism u : R™ — E, is the same as a frame, i.e., a
basis (u1,...,uy) in the fiber E,. It is a right principal GL,-bundle, where
A € GL,, acts on frame u by precomposition: uA := uo A.

Exercise 13.23. Show that, indeed, there is an isomorphism of Lie groupoids

GL(E) = Gaugegy,, (Fr(E)). e
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Example 13.24 (Actions of Lie groupoids). Similarly to actions of groups,
one has actions of groupoids and the associated action groupoids. Given a
groupoid G = M, to make sense of an action on a set S we need a map
w:S—-M

along which the action takes place. The action by an arrow g : x — y is
now a map

p @) =N y), pe g,
and the usual axioms of an action must be satisfied:

() Lup) P =0
(i) g-(h-p)=(g-h)-pfor (9,h) € G©.
In order to talk about smoothness of the action of a Lie groupoid G = M

on a smooth map p : S — M we reformulate the definition as follows. We
first form the fiber product

G xu S :={(g,p) €G x5 :8(g) = plp)} G xS

Since s is a submersion, this is a smooth submanifold of G x S. Then we can
define an action of the Lie groupoid § = M on u : S — M, pictured as

GOS8

Y

M

to be a smooth map
Ad:GxyS—S, (9,p) g p,

such that p(g-p) = t(g), and (i) and (ii) hold. Notice that, in particular,
one obtains for each x € M a Lie group action of the isotropy group G, on
the fiber over x:

Go x 1M (@) = ™ (2).

Exercise 13.25. Given an action of a Lie groupoid ¢ = M on a map
S — M define the action groupoid G x S = S. What are its orbits and
its isotropy groups? Check that the restriction of G x S = S to each fiber
p~(x) is isomorphic to the action groupoid G, x u~!(z) = pu~ ().

Remark 13.26. Looking back at the case studies of symplectic realizations

in the previous chapter, one notices the following:

- For a proper Lagrangian fibration p : (S,w) — M, we have an
action of the bundle of Lie groups 7a = M on u: S — M.

- For a complete symplectic realization y : (S,w) — (M, ) of a non-
degenerate Poisson structure, we found an action of the homotopy
groupoid II(M) = M on pu: S — M.
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Also, several of the examples of groupoids we have seen before come with
natural actions:

- For a vector bundle pr : E — M, the groupoid GL(F) = M from
Example [13.22] acts on pr: £ — M.

- The gauge groupoid Gauges(P) of a principal bundle from Exam-
pleI3.15 acts on pr: P — M. e

Example 13.27 (Homotopy and holonomy groupoids of a foliation). Recall
that a foliation F of M is a partition of M into leaves — see Section —
so it can be identified with an equivalence relation

(13.2) Rel(F) € M x M

consisting of the pairs (x,y) where z and y belong to the same leaf. Set
theoretically, this is a subgroupoid of the pair groupoid M x M:

Rel(F) &= M x M

NHS

M

Its orbits are precisely the leaves of F. In general, this is not a Lie sub-
groupoid. However, there are several “desingularizations” obtained by look-
ing at paths in the leaves connecting two points and imposing some equiv-
alence relation on those paths. One can show that any “desingularization”
lies in between the holonomy groupoid (smallest “desingularization”) and
the homotopy groupoid (largest “desingularization”):

II(M,F) —s= G ——> Hol(M,F) - — Rel(F

\u%

Let us start by discussing the homotopy groupoid II(M, F) = M.
It consists of leafwise path-homotopy classes

leafwise paths t u

leafwise path-homotopy ~ s

(M, F) :=
where the source and target maps take the initial and end points of the path:
s (M, F) = M, [y]=~(0),  t:I(M,F) =M []—~(1),

and multiplication is defined, as usually, by concatenation of paths:
lole] =ner] if s(n]) =t
In other words, this groupoid is the union of the homotopy groupoids of

the leaves. To describe the smooth structure of II(M, F), fix a leafwise path
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v : [0,1] — M, with v(0) = zp and (1) = x;. Also, choose two foliation
charts centered at zp and z; (see Section [C.]):
Xi : U; = VX Wi, Xz(fl:z) = (0,0), 1€ {0, 1},

with V; C RP and W; C R? open contractible neighborhoods of the origin.
One obtains, in particular, transversals to the leaf at xy and z1:

To = xp ({0} x W), Ty =i ({0} x Wh).

We need the following lemma which summarizes the construction of the
holonomy of v as a germ of diffeomorphism from (7o, zg) to (71, x1).

Lemma 13.28. After possibly shrinking Ty to a smaller neighborhood of xq,
one can find a smooth map

To x [0,1] = M, (z,t) — ~*(t),

such that v*° = ~ and such that v* : [0,1] — M is a leafwise path with
v*(0) = x and y*(1) € T1. Moreover, the map

(13.3) Hol(y) : Tp —» Th, x+—~"(1),
s a local diffeomorphism around xg, mapping xg to x1.

Exercise 13.29. Prove the previous lemma.

HinT: Cover v by foliation charts, i.e., divide [0,1] into a finite number of
intervals [tg, tgy1], with vy([tk, tx+1]) inside a foliation chart, and then move
along ~ using the information from the foliation chart.

Now, for each (wq,vo,v1) € Wy x Vy x V1, using the previous lemma and
the fact that the V;’s were chosen contractible, we have the following;:

(i) a leafwise path v* with 4*(0) = x(0,wp) and v*(1) = x(0, w1),
(i) a leafwise path joining x~!(vg, wq) and *(0),
(iii) a leafwise path joining 4% (1) and x (v, w1).

Concatenating these three paths we find, for each (wq, vo, v1) € Wy x Vo x V1,
a path homotopy class in II(M, F). This defines a chart in II(M, F) with
codomain Wy x Vo x V3 C R? x RP x RP. A tedious but rather straightfor-
ward argument shows that all these charts cover II(M, F) and are smoothly
compatible. Therefore this defines a smooth structure for II(M, F).

One can show that the germ of the diffeomorphism Hol(y) only depends
on the leafwise homotopy class of v. Also, one says that two leafwise paths
~1 and 72 with the same initial and end points have the same holonomy if
the germs of Hol(~y;1) and Hol(v2) coincide. Then the holonomy groupoid
of (M, F) is defined as

leafwi th t
earwise patns M

Hol(M = —=
ol(M, F) path-holonomy ~ s
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with multiplication induced by concatenation. One can also show that this
is a Lie groupoid. There is an obvious surjective groupoid morphism

II(M,F) — Hol(M, F),
which is a local diffeomorphism. e
Example 13.30 (Poisson homotopy groupoid). Coming back to our main
objects of study, recall that a Poisson manifold (M, 7) gives rise to a groupoid
cotangent paths t

—? |

(M, ) =
( ) cotangent path-homotopy s

where the source and target maps give the initial and end points of a cotan-
gent path:

s: [I(M,7m) - M, [a] — 74(0), t: (M, 7) - M, [a] — 74(1).
Note that for this groupoid:

- The orbits are precisely the symplectic leaves.

- The isotropy groups are the Poisson homotopy groups introduced
in Definition [10.26]

Also, inspired by the example of the fundamental groupoid, one may think
of the principal isotropy bundle t : s7!(2) — S, as the Poisson homotopy
cover of the symplectic leaf S,.

The question now is whether II(M, ) can actually be made into a Lie
groupoid. This turns out to be a delicate and important question, which
will be discussed in the next chapter.

For a complete sympletic realization p : (S,w) — (M, ) we have seen
that parallel transport gives rise to an action of II(M,7) on pu : S — M.
We see now that this is indeed a groupoid action. Denote by F the orbit
foliation of the symplectic realization, and consider its homotopy groupoid
II(S,F) == S. Then the results of Section give an isomorphism of
groupoids

(M, 7) % S — 11(S, F), ([a),p) — [77).

In the next chapter we will be able to add smoothness to this discussion.

13.3. The Lie algebroid of a Lie groupoid

We have already introduced the notion of a Lie algebroid — see Definition
In this section, we construct the Lie algebroid (A, [, ]a, p) associated
to an arbitrary Lie groupoid G = M.

For a Lie group G one can think of its Lie algebra g as the space of
left-invariant vector fields. Similarly, given a Lie groupoid G = M, let us
look for its left-invariant vector fields. The main difference is that, for an
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arrow g : x — y, the left-translation L, is no longer defined on the entire G,
but only on the appropriate t-fibers:

Lyt (2) >t y), hw gh

So, the notion of left-invariance only makes sense for vector fields tangent
to t-fibers.

Definition 13.31. A left-invariant vector field on a Lie groupoid
G is a vector field X € X(G) satisfying the following:

(i) X is tangent to the fibers of t.
(ii) dpLg(Xp) = Xgpn, whenever g and h are composable arrows.

We denote by Xiny (G) the space of left-invariant vector fields on G.

Exercise 13.32. Show that the Lie bracket of left-invariant vector fields is
a left-invariant vector field.

Now observe that given a left-invariant vector field X € Xj,,(G), the
restriction a := X|,(ar) is a section of the vector bundle over M:

Ker(dt),ar) = u* Ker(dt).

Conversely, given a section a of Ker(dt)|,s) we associate to it a left-
invariant vector field by

H S %inv(g)v HL‘] = dLQ(a‘IS(g))'

Exercise 13.33. Show that for any section « of u* Ker(dt) the left-invariant
vector field & is smooth.

It follows that left-invariant vector fields on a Lie groupoid G = M are
in 1-to-1 correspondence with sections of the vector bundle u* Ker(dt).

Definition 13.34. The Lie algebroid of a Lie groupoid G = M
is the vector bundle

A = vu* Ker(dt) — M,
with the anchor map p: A — TM,
pr =di,s: Ay = (Kerdt)|y, — T, M,
and the Lie bracket [-,]4 : I'(A) x I'(A) — I'(A) defined by

a1, a0)a = [&1, &).

Theorem 13.35. (A, [, ]4,p) is a Lie algebroid.
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Proof. We have already noticed that we have a bijection
D(A) & Xine(G), o = &1,

and that the bracket of left-invariant vector fields is a left-invariant vector
field. Therefore, we get a Lie bracket [-,-]4 : T'(A) x T'(A) — I'(A).

It remains to check the Leibniz identity. For this, note that

(Faa) = s*(f) i,

so we deduce that
[0, fag]a = [0, 8"(f) &2)a = s*()[o1, G2]a + L (s*(f)) Gz
Now observe that the vector fields & and p(av) are s-related, so we have
L (s"(f)) =" (Lyan) (f))-
We conclude that

la1, f az]a = flat,ao)a + Ly (faz
so the Leibniz identity holds. O

Given a Lie groupoid G = M we denote by Lie(G) its Lie algebroid.

Definition 13.36. A Lie algebroid A — M is called integrable if
there is some Lie groupoid G = M and a Lie algebroid isomorphism
A ~ Lie(G). In this case, we call G = M an integration of A.

It may be surprising to learn that not every Lie algebroid is integrable.
In the next chapter, integrability will play an important role.

Let G = M be a Lie groupoid with Lie algebroid A — M. We say that
a € I'(A) is a complete section if the vector field p(«) is complete. The
following result will be used in the next chapter:

Proposition 13.37. If o € I'(A) is a complete section of A, then the left-
invariant vector field ‘o € X(G) is complete.

Proof. Notice first that the left-invariant vector field & € X(G) is s-related
to the vector field p(a) € X(M):

ds(@ly) = ds(dLy(aly,,)) = ds(aly,,) = p(a),
where we have used that so L, = s.

Assuming now that o € I'(A4) is a complete section, let g(¢) be an integral
curve & € X(G) defined in an interval (a,b). The integral curve s(g(t)) of
p(a) can be extended to an integral curve ~y(¢) that is defined for all ¢ € R.
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Assuming b < oo, we let i (t) be the the integral curve of ‘& with h(b) = L)
The curve h(t) is defined in some interval (b — 2e,b+ ¢). Now the curve

o (t) ift € (a,b—¢l,
g(t) := { g(b —e)h(b—e)th(t) ifte (b—e b+6)

is an integral curve of &, extending the curve g(t) and defined in (a,b+ 6).
An entirely similar argument also applies for a, so we conclude that integral
curves of & exist for all ¢. O

A Lie groupoid morphism

maps t-fibers to t-fibers, and therefore we can define the bundle map
Lie(G) — > Lie(H)

l (q)*)l‘ = d®|(Kordt)|1z
N

@
Theorem 13.38. Given a Lie groupoid morphism ® : G — H, the map
®, : Lie(G) — Lie(H)

is a Lie algebroid morphism.

Proof. Set A := Lie(G), B := Lie(H), and ¢ := @, : A — B. Recall that ¢
is a Lie algebroid morphism if and only if it commutes with the Lie algebroid
differentials:

(13.4) ¢*dp = dao*.

To check this we observe that algebroid forms Q¥(A) can be identified
with left-invariant forms on the Lie groupoid G. Again, one must be careful
to define left-invariant forms since left-translations are only defined along the
t-fibers. Consider the foliation of G by t-fibers and define a left-invariant
form on G to be a t-foliated form w € QF(Ker dt) such that for every pair of
composable arrows (g, h) € G one has

wgn(dLg(v1),...,dLg(vk)) = wp(v1, ..., vk),

whenever vy,...,v; € Kerdpt. Denoting by Q2 (G) the space of left-
invariant forms, we then have an isomorphism

Q8L (G) =5 Q%(A), w s wli.

mv
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The foliated de Rham differential preserves left-invariant forms and this iso-
morphism intertwines the foliated de Rham differential and the Lie algebroid
differential.

Now, to prove (I3.4]) one observes that a groupoid morphism ® : G — H
pulls back left-invariant forms to left-invariant forms. Under the identifica-
tion between left-invariant forms and Lie algebroid forms, the pullback by ®
corresponds to the pullback by ¢. Hence ¢* intertwines the differentials. [

In general, if ¢ : Lie(G) — Lie(H) is a Lie algebroid morphism and
® : G — H is a Lie groupoid morphism such that ®, = ¢, we say that ®
integrates ¢. Note that already a morphism of Lie algebras ¢ : g — h
does need to integrate to a morphism of Lie groups ® : G — H. However,
integrations of morphisms, if they exist, are unique, provided the target
fibers of the domain are connected.

Given a Lie algebroid A — M a Lie subalgebroid B — N is a Lie
algebroid together with an injective Lie algebroid morphism ¢ : B — A
covering an immersion.

Exercise 13.39. Show that if H = N is a Lie subgroupoid of G = M, then
Lie(#) is a Lie subalgebroid Lie(G).

13.4. Lie algebroids: Examples and basic constructions

In this section we recall the examples of Lie algebroids we have seen before
and we look at new examples. We also relate them to the examples of Lie
groupoids we have already discussed. We will keep an eye on what those
examples tell us about general Lie algebroids.

Example 13.40 (The tangent bundle). A basic example of Lie algebroid is
the tangent bundle of a manifold A = T'M with anchor Id : TM — TM and
the usual Lie bracket of vector fields. For any Lie algebroid (A4, [+, ], p), the
anchor p: A — T'M is a morphism of Lie algebroids.

Exercise 13.41. Show that the pair groupoid M x M = M of Example
and the fundamental groupoid II(M) = M of Example are both
integrations of T'M. Show also that for any Lie groupoid G = M the map
(t,s) : G — M x M is a morphism of Lie groupoids integrating the anchor
p:Lie(G) — TM. T
Example 13.42 (Lie algebras). Recall that a Lie algebra is the same as a
Lie algebroid over a point.

For a general Lie algebroid (A, [-,-] 4, p), one associates a Lie algebra to
each point x € M, called the isotropy Lie algebra of A at x

9:(A) :==Ker(p, : Ay — T M),

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



13.4. Lie algebroids: Examples and basic constructions 331

with Lie algebra structure induced from [-, -] :

Exercise 13.43. Show that there exists a Lie algebra bracket on g, =
g2(A),

['? ']gm 19z X 9z — Oz,
such that, for any «, 8 € I'(4) with a(x), 8(x) € gz, one has

[, fla(z) = [e(z), B(2)]g, -

Notice that the inclusion g,(A) < A is a Lie algebroid morphism. If A
is the Lie algebroid of a Lie groupoid G = M, then g,(A) is the Lie algebra

of the isotropy Lie group G, — G.
Example 13.44 (Bundles of Lie algebras). Bundles of Lie algebras are the
same as Lie algebroids A — M with vanishing anchor map: p = 0.

For any Lie algebroid A one can put together the isotropy Lie algebras
g(A) :=Ker(p) C A.

In general, this is not a bundle of Lie algebras because the dimension of the
isotropy Lie algebras can vary. One calls A a regular Lie algebroid if
this dimension is constant. In this case, g(A) is a bundle of Lie algebras and
one has a short exact sequence of Lie algebroid morphisms

0 —> Ker(p) —= A —2>TM —0. T

Example 13.45 (Vector fields). Given a vector X € X(M), one can define
a Lie algebroid structure on the trivial line bundle Ry, := M xR — M with
anchor,

pxc(m,A) = A X,,
and Lie bracket on I'(Rps) = C*°(M) given by

[f,9lx = fZx(9) — 9ZLx(f).

Conversely, a Lie algebroid structure on the trivial line bundle Ry, de-
fines a vector field X, namely the anchor map applied to the constant func-
tion 1. The Leibniz identity implies that the bracket takes the above form.

Therefore, there is a 1-to-1 correspondence

vector fields . Lie algebroid structures
X € X(M) ( £ \ on the trivial line bundle R,

Exercise 13.46. Given X € X(M), show that its flow groupoid D(X) =
M, as in Example [[3.14] has Lie algebroid (R, [+, /| x, px)- Ty
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Example 13.47 (Action algebroids). A Lie algebra action « : g — X(M)
gives rise to an action Lie algebroid where the vector bundle A — M is
the trivial bundle with fiber g, the anchor is given by

p:Mxg—TM, (z,v)— a(v),
and the Lie bracket on the space of sections I'(A) ~ C°°(M; g) is defined by

L, 9(z) = [f(x), 9(2)]g + (Lo (£2))9) (@) = (ZLe(g(a)) f)(T)-
We will denote this Lie algebroid by g x M — M.
Notice that the Lie algebroid associated with a vector field is a special

case of this construction.

Exercise 13.48. Given an action of a Lie group G on a manifold M with in-
duced infinitesimal action « : g — X(M ), show that the action Lie groupoid
G x M = M from Example[I3.T3] has Lie algebroid the action Lie algebroid
g X M — M. In other words,

Lie(G x M) = Lie(G) x M T
Example 13.49 (Actions of Lie algebroids). An action of a Lie algebroid
A — M onamap u:S — M is defined to be a Lie algebra homomorphism
a :T'(A) = X(5)

which is

(i) C°°(M)-linear:

a(fa) = p*(f)ala) ¥feC=(M), ael(A),
(ii) compatible with the anchor:

du(e(a)y) = pla)y, Vp € S.

Note that the C°°(M)-linearity means that « can also be viewed as a vector
bundle map @ : p*A — TS. When A = g is a Lie algebra, the second
condition is void, and this notion of action reduces to the notion of a Lie
algebra action on a manifold S. In the language of Remark [2.27] a Lie
algebroid action on a surjective submersion is the same as a flat nonlinear
A-connection.

Given a Lie algebroid action @ : u*A — T'S, we can form the action
algebroid A x S generalizing the action algebroid of a Lie algebra action.
The underlying vector bundle is the pullback bundle u*A, the anchor map
is the action itself,

paxs =@ : WA =TS,
while the Lie bracket is defined on pullback sections by

(a), 1w (B)]ans = 1™ ([ar, Bla)
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and then extended to any sections by requiring the Leibniz identity to hold.

If a Lie groupoid G = M acts on a map p : S — M, there is an induced
action of the Lie algebroid A = Lie(G) on p : S — M. It is defined as
follows. For p € S, we set z = u(p), we consider the map

(13.5) Ryt () =S, g—g'-p,
and we take its differential at the unit 1,:
(13.6) ap: Ay = 1,8, ap:=dRp.

Given a Lie algebroid action « : u*A — T'S, by an integration of the
action we mean a Lie groupoid G integrating A, together with an action of
G on p: S — M inducing the infinitesimal action.

Exercise 13.50. Let § = M be a Lie groupoid which acts on a map
u S — M. Show that the action Lie groupoid G x S = S integrates the
action algebroid Lie(G) x S. T

Example 13.51 (General linear Lie algebroid gl(E)). Let E — M be a
vector bundle. One defines a derivation of E to be a linear map

D:T(E)—T(F)
satisfying the Leibniz identity
D(fs)=[fD(s)+Zxp(f)s, VfeCT(M), sel(E),

for some vector field Xp € X(M). This vector field is unique and is called
the symbol of D. Let Der(E) denote the space of derivations. Note the
following;:

(i) The commutator of derivations
[D1, Do) := Dy o Dy — Dy o Dy
is again a derivation, so (Der(E),[-,]) is a Lie algebra.
(ii) The symbol map
p:Der(E) — X(M)
is a Lie algebra map.

This suggests that Der(F) is the space of sections of a Lie algebroid.

Exercise 13.52. Denote by gl(E) the Lie algebroid of the general Lie
groupoid GL(E) = M introduced in Example Show that there is
a linear isomorphism

I'(gl(E)) = Der(F)
which takes the Lie bracket and the anchor of gl(F) into the commutator
bracket and the symbol map on Der(E).
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A derivation D with vanishing symbol Xp = 0 is just a C°°(M)-linear
endomorphism of I'(E), i.e., a section of End(F). On the other hand, if
one chooses a connection V on E — M, a vector field X € X(M) defines
a derivation D := Vx with symbol Xp = X. This shows that the anchor
p: gl(E) — TM is surjective. In conclusion, we have a short exact sequence
of Lie algebroids

p

0 —> End(E) —— gl(E) TM 0,

where End(F) is a bundle of Lie algebras equipped with the fiberwise com-
mutator. Note that a choice of a connection V on E can be interpreted as
a choice of a splitting of this sequence and it yields a noncanonical isomor-
phism of vector bundles

gl(E) ~ End(E) @ TM. <

Example 13.53 (Tangent Lie algebroid). The following construction can
be thought of as applying the tangent functor to Lie algebroids. For a Lie
algebroid p : A — M one obtains a Lie algebroid

dp: TA—>TM,

as we now explain. The vector bundle structure comes from differentiating
the vector bundle structure on A. The anchor is simply

dp: TA—T(TM).
For the Lie bracket one notes that a section o € T'(A) induces two different
types of sections of T'A:
- a linear section da : TM — TA,
- a core section & : TM — TA:
a(vg) i=vg +az) € TyM & Ay ~ Ty, A.

These sections generate over C°°(T'M) all other sections. One defines the
Lie bracket [-,-]74 by setting, for «, 5 € T'(A),

~ ~

[@,Blra =0, [da,Blra= mm [do, dB]ra = d[e, B]a.

Exercise 13.54. Given a Lie groupoid G = M with Lie algebroid A — M,
show that the tangent groupoid TG = TM from Example [3.21] has Lie
algebroid the tangent algebroid TA — T'M. In other words, we have

Lie(TG) = T Lie(G).

One can also look for a cotangent algebroid T*A. This notion is a bit
more subtle and it will be discussed in Section [13.5]
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As in Example [3:2T we can also form the double direct sum @ T A of
the tangent Lie algebroid TA — TM, a Lie algebroid with vector bundle

2 2
@TA = TA@ATA%@TM = TM Oy TM

and with anchor and bracket defined componentwise. To describe them
more precisely, we introduce a special type of sections of T'A. Namely, we
call X € I'rp(T'A) fibered if it covers a section ax € I'(A):

T™ —X~TA
M A
ax

For example a linear section da is fibered over o and a core section & is
fibered over the zero section.

Exercise 13.55. Show that if X,Y € I'pp(TA) are fibered sections, then
sois [X,Y]ra.

A pair X1, Xy € I'ra(TA) defines a section X7 @ Xy € FE|92 TM(@z TA)
if and only if both are fibered and cover the same section ax, = a.x,. Then,
for X;,Y; € I'rar (T A) defining sections X1 @ X2 and Y1 @ Y3 of @2 TA, one
defines

P2 TA(X1 @ X2) = pra(X1) ® pra(Xa),
(X1 & X0, Y1 @ Ya]gyz gy i= [ X1, Vira & [ X2, Yolpa.

We leave it as an exercise to check that this indeed defines a Lie algebroid.

Similarly, one defines the Lie algebroids @* TA over @" TM. Then one
can show that the Lie functor commutes with taking direct sums, so that

k k k
Lie (@ Tg) = P Lie(TG) = @ T Lie(G). T

Example 13.56 (Pullback algebroids). Let (A4, [,]4,p) be a Lie algebroid
over M and let p: .S — M be a smooth map. Consider the fiber product

pA:=Axpy TS ={(a,v) € AX TS : pla) = du(v)}.

In general, this may fail to be a vector bundle over S. However, under some
condition, e.g., if p is transverse to p, this will be a vector subbundle of
A xpy TS — S. Assuming that this is the case, we can define on this vector
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bundle a Lie algebroid structure where the following hold:

- The anchor is the projection on T'S.
- The Lie bracket is defined on sections of u'A of the form (o, X),
with a € T'(A) and X € X(5), by

[(ala Xl)? (062, XQ)]M!A = ([ala CYQ]A, [Xla XQ])
and then is extended to all sections using the Leibniz identity.
The resulting Lie algebroid u'A is called the pullback Lie algebroid of A
by the map p: S — M.

We have already seen an instance of this construction. If p: .S — M is
a surjective submersion, this construction gives the underlying Lie algebroid
of the pullback Dirac structure. However, this fails for general maps p.

Exercise 13.57. Let p: S — M be a submersion. Show that the pullback
Lie groupoid 4'G = S of the groupoid G = M defined in Example I3.18]
has Lie algebroid isomorphic to the pullback Lie algebroid p' Lie(G). Ty

Example 13.58 (Atiyah algebroids). Let pr : P — M be a principal G-
bundle. The lifted action on TP — P is by vector bundle isomorphisms, so
we have the quotient vector bundle

TP/G — M.

Sections of this vector bundle are canonically identified with G-invariant
vector fields X € X(P). Hence, on this vector bundle we have a natural Lie
algebroid structure, where the following hold:

- The anchor is given by the differential of the projection: p := dpr.

- The Lie bracket on sections is just the usual Lie bracket on vector
fields restricted to invariant vector fields.

One calls (TP/G, |-, ], p) the Atiyah algebroid of the principal bundle.
Note the following:
(i) A G-invariant vector field X € X(P) which is in the kernel d pr can

be canonically identified with an equivariant map P — g, where G
acts on g via the adjoint action.

(ii) An equivariant map P — g can be canonically identified with a
section of the adjoint bundle P[g] := P x¢ g.
Therefore, we have a short exact sequence of Lie algebroids

p

0 Plg] TP/G TM 0

where the adjoint bundle is viewed as a bundle of Lie algebras with the Lie
algebra structure on the fibers induced from g.
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Exercise 13.59. Show that the Atiyah Lie algebroid T'P/G is the Lie al-
gebroid of the gauge groupoid Gauges(P) from Example [3.15]

One says that (A, [, |4, p) is a transitive Lie algebroid if the anchor
p is surjective. So a transitive Lie algebroid can be seen as part of a short
exact sequence of Lie algebroids

p

0—> g(A) A TM 0.

This may be thought of as an “abstract Atiyah sequence” because of the
following exercise:

Exercise 13.60. Let G be a Lie groupoid integrating a transitive Lie al-
gebroid A. If the base is connected, show that G is transitive and that A
is isomorphic to the Atiyah Lie algebroid of any of its isotropy principal
G.-bundles t : s71(z) — M.

Example 13.61 (Prequantization algebroids). Let w € Q2(M) be a closed
2-form on a manifold M and consider the vector bundle

A, =TM & R.
Let p: A, — TM be the projection on the first factor and define a bracket
on the sections I'(4,,) = X(M) x C*>°(M) by
(X, 1), (Y, 9)] = (X, Y], Zx(9) — L (f) + w(X,Y)).

This bracket is R-bilinear and skew-symmetric and satisfies the Leibniz iden-
tity. The Jacobi identity is equivalent to w being closed. We call (A, [+, ], p)
the prequantization Lie algebroid of the closed 2-form w.

This is a transitive algebroid with “abstract Atiyah sequence”

p

0 Ry A, TM 0,

where Ry, is the trivial line bundle with zero bracket and zero anchor map.

We define a central Lie algebroid extension of T'M by R, to be any
transitive algebroid A with isotropy Lie algebra bundle Rj; such that the
constant section 1 of Ry; commutes with all other sections of A.

Exercise 13.62. Define the notion of isomorphism of central extensions of
TM by Rjp; and show the following;:

(a) Any central extension A of TM by Ry, is isomorphic to A, for
some closed form w € Q2(M).

(b) Given wy,ws € Q*(M) closed forms, the corresponding central ex-
tensions are isomorphic if and only if w; and ws are cohomologous.
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The name “prequantization algebroid” derives from the so-called pre-
quantization problem:

e Given a closed 2-form w, does it represent the first Chern class of
a complex line bundle? Equivalently, does there exist a principal
St-bundle pr : P — M and a connection 1-form # € Q'(P) such
that df = pr* w?

One calls such a principal S'-bundle a prequantization bundle for w.

Exercise 13.63. Show that if P is a prequantization bundle for w, then the
associated gauge groupoid Gaugeg: (P) is an integration of the Lie algebroid
A,. Hence, if w is prequantizable, then A, must be integrable.

One can show that A, is integrable if and only if the group of spherical
periods of w,

Per(w) := {/yw vy € WQ(M)} C (R, +),

is a discrete subgroup. Using this, it is easy to produce examples of nonin-
tegrable Lie algebroids! Te

Example 13.64 (Foliations). Recall that foliations on a manifold M are in
1-to-1 correspondence with involutive subbundles of T'M, i.e., subalgebroids
of the tangent bundle. So we may say that foliations are the same as Lie
algebroids with injective anchor map.

This explains our search in Example [3.27 for “desingularizations” of
the equivalence relation Rel(F): we were just looking for Lie groupoids G
integrating T'F.

Exercise 13.65. Show that the homotopy groupoid II(M, F) = M and the
holonomy groupoid Hol(M, F) = M from Example [3.27 are both integra-
tions of T'F.

Now observe that for a regular Lie algebroid (A4, [, ], p), since the anchor
preserves Lie brackets, we obtain a foliation F4 of M such that

TFa=1ImpC TM.

One calls F4 the orbit foliation of A and its leaves the orbits of A.

If A is not regular, one can still talk about the orbits of A, which admit
the following descriptions:

- If A comes from a Lie groupoid G == M, the orbits of A coincide with
the connected component of the orbits of G.

- In general, as in the proof of Theorem [4.1] using an algebroid version of
the Weinstein Splitting Theorem — see [59, Thm. 8.5.1] — one constructs
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the maximal integral submanifolds of the singular distribution Imp C T'M.
These are the orbits of A.

- The orbit foliation F4 can be described set theoretically quite easily:
z,y € M are in the same orbit of A if and only if they can be joined by the
base path of an A-path, i.e., if and only if there exists

v:[0,1] - M, with ~7(0) =z, (1) =y,
and a path a : [0,1] — A, sitting above ~, such that

plaf) = T+ € [0,1]).

One can put a smooth structure on these set-theoretical orbits using again
the Lie algebroid version of the Weinstein Splitting Theorem.

- Alternatively, the submodule of vector fields Im p C X(M) defines a
singular foliation and the orbits are obtained by the singular version of the
Frobenius Theorem — see Section Ty

Example 13.66 (Cotangent algebroids). The most important example for
us is, of course, the cotangent bundle (T*M, [-, -] -, 7*) of a Poisson manifold.
The orbits of this Lie algebroid are the symplectic leaves of the Poisson
manifold and the isotropy Lie algebras also coincide.

In the next chapter we will see that, when the Poisson homotopy group-
oid II(M, ) = M is smooth, then its Lie algebroid is isomorphic to the
cotangent algebroid (T*M, [, ., 7).

Note also that the infinitesimal action @ : u*T*M — TS associated to a
symplectic realization p : (S,w) — (M, ) — see Definition [221— can now
be interpreted as a Lie algebroid action of the cotangent algebroid T™M
on p: S — M. Moreover the resulting action Lie algebroid T*M x S is
isomorphic to the orbit foliation

T"M x S = TF.

It is not surprising that this is related to the action of II(M,7) = M on a
complete symplectic realization p : (S,w) — (M, 7) discussed in Example
In the next chapter, when we add smoothness to this discussion,
we will see that the above isomorphism is the infinitesimal version of the
groupoid isomorphism from Example [3.301

13.5. Duals of Lie algebroids

There is yet another very important connection between Poisson geometry
and Lie algebroid theory: the same way one can view Lie algebra structures
as linear Poisson structures, one can view Lie algebroid structures as fiber-
wise linear Poisson structures on a vector bundle. This gives an entirely
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new perspective on the notion of Lie algebroid and also provides a large
list of new, interesting examples of Poisson structures: the duals of all the
examples from the previous section!

In order to define the notion of a fiberwise linear Poisson structures on
a vector bundle pr : F — M we consider the scalar multiplication operation
along the fibers

my: E— E, v~ to.

Note that for t # 0 this is a vector bundle automorphism.

Definition 13.67. A multivector field ¥ € X**(E) on the total
space of a vector bundle £ — M is called fiberwise linear if

(my)s9 = t70, Yt >0.

The space of fiberwise linear multivector fields is denoted by X}, (E).

Exercise 13.68. Show that the subspace X} (E) C X*(FE) is closed under
the Schouten bracket (but not under the wedge product!).

In degree 0, X} (E) = C£2(E) consists of the functions whose restriction
to the fibers are linear. These fiberwise linear functions are precisely the
evaluation functions ev, € C*°(FE) on a section a € I'(E*) of the dual

vector bundle.

In order to see what happens in higher degrees, choose local coordinates
(U,zt,...,2") for M over which E admits a trivializing frame {ey,...,e,}.
This yields local coordinates (2%, £%) on pr=!(U). We leave it as an exercise
to check that ¥ € X*+1(E) is fiberwise linear if and only if it takes the form

, 0 0 0
- 1,a1--a) ...
¥ > W (@) 57 B A-ee A S

1,01 <--<ag
0 0
ai- k41 b .
+ Z ﬁb (:L‘)§ oEm A A 8§ak+1‘

a1<~~-<ak+1,b

In particular, a bivector field 7 € X2(FE) is fiberwise linear if and only if for
any such choice of coordinates it takes the form

_ 1,a 9 0 ab c 9 i
ﬂ—%:ﬂ (w)axiA3§“+a§CFc (x)& 85’1/\8517'

Note that if we think of a vector space as a vector bundle over a point,
then fiberwise linear bivector fields are just linear bivector fields. The follow-
ing exercise gives another characterization of fiberwise linear bivector fields,
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generalizing what happens for a vector spaces:

Exercise 13.69. Show that a bivector field 7 € X2?(E) is fiberwise linear if
and only if the corresponding biderivation {, -} : C*°(E)xC>(E) — C*>(E)
satisfies

{Cin(B), Cin(E)} € G (E),

Finally, we state the main result of this section:

Theorem 13.70. Given a vector bundle pr : A — M, there is a 1-to-1
correspondence

Lie algebroid . fiberwise linear
structures on A ( <\ Poisson structures on A*

Under this correspondence, the Poisson bracket {-,-}a+ corresponding to a
Lie algebroid structure (A, [-,-]a, p) is uniquely determined by the conditions

(13.7) {eva, eV5}A* = ev[a,mA,
where evy, € C(A*) is the evaluation on a € T'(A).
Remark 13.71. The condition (I3.7) has some hidden consequences. Re-

placing 5 by ff3, with f € C°°(M) arbitrary, and using the Leibniz identity
both for {-, -} 4« and for [-, -] 4, one obtains that

(13.8) {eva,pr* flas = pr' (L) (f)) -
Then replacing a by g «, a similar argument implies that
(13.9) {pr* f,pr* g} a~ = 0. e

We can use equations (I3.7), (I3.8), and (I33) to find the expression in
local coordinates for the bivector field 74 in terms of the local Lie algebroid
data. Choosing a chart (U, x!,... ,2™) on M over which A admits a trivial-
izing frame {e1, ..., e, }, the Lie algebroid structure is encoded by structure
functions B, C¢, € C°°(U) defined by

; 0
(13.10) plea) = EZ: By()5 5, leasen] = EC: Cap()ec.
Then on the dual bundle A* we have local coordinates (z!,..., 2™ y1,...,y)
with y,(&) = &(eq). With respect to these coordinates any bivector field on

A* satisfying (I3.7), (I3.8), and (I3.9) must be given by

N ;) . o 0
(13.11) A= %:Ba(:c)a—ya Agm t a%:ccab(x) Ve B
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Exercise 13.72. Show that the structure functions B, C¢, € C*®(U) of a
Lie algebroid satisfy the system of PDEs

0B] i e
> (mge B ) = SR
J

S <B;aac‘;c +Bbaacga +Blaacab) =Y (Ca.Cho+ CoCe + CLCE,)

%

Verify that these equations are also equivalent to the vanishing of the Schou-
ten bracket [m4, 4] = 0, where 74 is given by (I311)).

One can also give a coordinate-free expression for the fiberwise linear
Poisson structure w4, by choosing an auxiliary connection on the vector
bundle A — M.

Exercise 13.73. Let (A, [, ]4,p) be a Lie algebroid, and let V be an ordi-
nary connection on the vector bundle A — M. Let Ty : A® A — A be the
torsion of the associate A-connection

TV(aaﬁ) = Vp(a)ﬁ - Vp(,é’)a - [avﬂ]) Va,B € F(A)
(a) Show that the horizontal spaces of V induce a splitting of T A*:
TLA"=A, @T; M, & € Aj

(b) Show that (I3.11)) is the expression in local coordinates for the
bivector field on A* given by

ma(o1,02) == (p(a1), az) — (p(az), a1) — (Ty (a1, a2), &),

where 0; = a; + o € Ay @ T; M denotes the decomposition of
o; € Tf A* relative to the splitting in (a).

Proof of Theorem Given a Lie algebroid structure (A4, [-, ] 4, p), in
local coordinates as above, we have structure functions B.,C¢, € C*®(U)
defined by (I3.10). In the dual local coordinates on A*, we can define
a fiberwise linear bivector field 74 by (I3.11)). By Exercise [[3.72] this is
a Poisson bivector, and by what we have seen above, it is the unique one
satisfying (I3.7)). By local uniqueness, one obtains a global Poisson bivector.
Alternatively, one can also invoke Exercise to show that (I3.11]) does
not depend on the local coordinates.

Conversely, given a fiberwise linear Poisson structure m4 € X% (A*),
with associated Poisson bracket {-, } A+ we construct a Lie algebroid struc-
ture (A, [, ]a,p). By Exercise the Lie bracket {-,-} 4+ restricts to a
Lie bracket [-,:]4 on CS2(A*) ~ (A), satisfying

lin

(13.12) {eva,evgla =eviag,, Ya,B€T(A).
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Since 74 is fiberwise linear, it follows that the Poisson bracket of a fiberwise
linear function with a fiberwise constant one is fiberwise constant:

{eva,pr* fia- = pr* (X(a, f)), X(a, f) € CF(M).

By applying the Leibniz identity in f, we obtain that X («, f) is a derivation
in f. By replacing a by ga and using that the Poisson bracket of fiberwise
constant functions is zero, it follows that X («, f) is C°°(M)-linear in «.
Therefore there is a bundle map p : A — T'M such that X (a, f) = Z)q)(f)-
As in Remark [I3.71] in (I3:12]) we replace 5 by ff, and we obtain that [, -] 4
satisfies the Leibniz identity with respect to p. (I

Example 13.74. By Exercise [[.I8] for A = T'M, the fiberwise linear Pois-
son structure on T*M is mpy = wok T

can*

Under the correspondence between Lie algebroids (A4, [+, -] 4, p) and fiber-
wise linear Poisson structures (A*, 74) one has the following:

(i) Lie algebroid maps ¢ : A — B covering the identity correspond to
vector bundle maps ¢* : (B*,mp) — (A*, m4) covering the identity
that are Poisson maps.

(ii) Lie ideals I of A — i.e., subbundles I C Kerp such that I'(]) is
an ideal in I'(A) — correspond to vector subbundles I° C (A%, 74)
that are Poisson submanifolds.

Let us look a bit more into the Poisson geometry of (A* 74).

Proposition 13.75. Let (A, [-,-]a, p) be a Lie algebroid. The corresponding
fiberwise linear Poisson structure wa € X% (A*) satisfies the following:

(i) The zero section is a coisotropic submanifold of A*.

(ii) For any orbit O C M of A, the immersion of the cotangent bundle
(T*O, wean) given by

i T7O0 — A", ag— pr(ag)
is a symplectic leaf of A*.

Proof. The map 7 : A* — A*, 7(v) = —v is an anti-Poisson involution;
therefore its fixed point set, i.e., the zero section of A*, is a coisotropic
submanifold — see Proposition 8711

Let O C M be an orbit. It follows easily — for example from the
local expression of m4 — that A*|p is a Poisson submanifold of (A%, m4).
Moreover, the induced Poisson structure on A*|p is the fiberwise linear
Poisson structure 74, corresponding to the restricted Lie algebroid A|o.
By varying the orbit, the collection of such Poisson submanifolds gives a
partition of A*. Therefore, Problem implies that A*|p is a complete
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Poisson submanifold. Thus it suffices to check the result for the transitive
Lie algebroid Alp — O.

By Example[I3.74] wean = W}é, and using that the anchor p : A|lp — TO
is a Lie algebroid morphism, we obtain by property (i) above a Poisson
embedding with closed image

p* . (T*O,wCan) — (A*’(Q’T(A‘O)'

Therefore, by Problem its image is a symplectic leaf. O
Assume now that (A, [-,-]4,p) is an integrable Lie algebroid with inte-

gration G = M. In contrast to the case of duals of Lie algebras, in gen-
eral, there is no “coadjoint action” of G on A* giving the symplectic leaves.
The “coadjoint orbits” should now be defined as the symplectic leaves of
(A*,m4). However, there is still a canonical groupoid that morally encodes
such a coadjoint action. It is called the cotangent Lie groupoid of G,

T*g j A*’
and it is defined as follows:
- For §, € T;G where g : x — y, one defines its source and target by

s(&§g) € A3, s(€g)(aw) = §g(daLy(az)),
t(&y) € Ay, t(Eg)(By) = —&g(dyRy(dye(By)))-

- For ¢, € T;g and 7y, € T;G we define a covector {;®ny, € T(*g h)g(2)
by setting
fg S nh(vga wh) = gg(vg) + nh(wh)'

If £ and ny, are composable, then {; &y, vanishes on Kerd, 5m C
T(g7h)g(2), so there exists a unique &, - n, € T, G such that

§g ® = (dignym)* (& - mn)-

Note that s(&; - 1r) = s(ns) and t(§g - nn) = t(&,)-

- The unit map u : A} — 77§ is the inclusion arising from the
decomposition of TG dual to T,G = T, M & A,.

- The inversion ¢ : T*G — TG is the transpose of the differential of
the inversion of G.

You should check that when A = g is a Lie algebra and G = G is
a Lie group integrating g, this construction yields a groupoid T*G = g¢*
isomorphic to the coadjoint action groupoid G x g* = g*. The analogue of
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this for an arbitrary algebroid can be stated as follows:

Proposition 13.76. For any Lie groupoid G = M with Lie algebroid A, its
cotangent bundle T*G = A* is a Lie groupoid with Lie algebroid isomorphic
to the cotangent Lie algebroid T* A* of the Poisson manifold (A*,m4). In
particular, the symplectic leaves of A* are the connected components of the

orbits of T*G.

This result will follow from the theory of symplectic groupoids, to be
discussed in the next chapter — see Example [14.24]

13.6. The Lie philosophy

The passage from Lie groupoids to Lie algebroids is an instance of the “Lie
philosophy”, much like the passage from Lie groups to Lie algebras. Other
instances are the passage from Lie group actions to infinitesimal Lie algebra
actions, from Lie groupoid morphisms to Lie algebroid morphisms, etc. The
advantage of passing from global to infinitesimal via “differentiation” comes
from the fact that, while the infinitesimal side of the story is more tractable,
very little (sometimes nothing!) is lost by passing to it. Moreover, often
one can go backwards via “integration”, such as integrating vector fields,
constructing parallel transport with respect to connections, recovering a Lie
group from its Lie algebra, etc.

Underlying the Lie philosophy are the three basic “Lie Theorems”, which
we discuss next. The integration part of these theorems requires an assump-
tion, which in the context of Lie groupoids takes the form “l-connected
t-fibers”. By this we mean that the target fibers are connected and simply
connected. This assumption is not too restrictive and the first two of these
theorems state the following:

Theorem 13.77 (Lie I). If A is an integrable Lie algebroid, then A admits
a unique, up to isomorphism, integration G with 1-connected t-fibers.

Theorem 13.78 (Lie II). Let G and H be two Lie groupoid, with Lie al-
gebroids denoted A and B, respectively. If G has 1-connected t-fibers, then
any morphism of Lie algebroids ¢ : A — B integrates to a unique morphism
of Lie groupoids ® : G — H.

These two theorems are not very hard to prove with the methods dis-
cussed so far in this book. However, Lie’s First Theorem requires one to
consider non-Hausdorff Lie groupoids, even for some simple classes of exam-
ples such as bundles of Lie algebras and foliations. Since Lie’s First Theorem
may give rise to non-Hausdorff groupoids, it is helpful to know that Lie’s
Second Theorem continues to hold in the non-Hausdorff setting. See the
detailed discussion in Section [[3.7)
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Lie’s Third Theorem is more delicate and is the hardest one to prove. In
the case of ordinary Lie groups and Lie algebras, it can be stated as follows:

Theorem 13.79 (Lie III for Lie algebras). Any finite-dimensional Lie al-
gebra g is integrable.

As we have already pointed out, a Lie algebroid does not necessarily
integrate to a Lie groupoid, so there is not a straightforward analogue of this
result for Lie algebroids. However, this failure is by now well understood
and there are several equivalent characterization for integrability.

First of all, one can construct a candidate for integrating A, namely the
A-homotopy groupoid
A-paths Sy

II(A) := —
(4) A-path homotopy ¢

which is always defined as a set-theoretical groupoid. Here A-paths and
A-path homtopies are defined as Lie algebroid morphisms, exactly as for co-
tagent paths and cotangent path-homotopies. In constructing this groupoid
one can show the following:

(i) The space of all Cl-paths a : [0,1] — A with C? base path
Ya @ [0,1] = M has a natural structure of Banach manifold. The
subspace P(A) := {A-paths} is a Banach submanifold — still infi-
nite dimensional.

(ii) The equivalence relation ~ defined by “A-path homotopy” gives
a foliation Fgjz on the Banach manifold P(A) by leaves of finite
codimension equal to dim A = rank A 4+ dim M.

(iii) The quotient topology on the leaf space II(A) = P(A)/ ~ of the
foliation Fpij, makes II(A) = M into a topological groupoid with
1-connected target fibers.

The groupoid II(A) is often called the Weinstein groupoid of A. The
question now is if the smooth structure on the Banach manifold P(A) de-
scends to the leaf space II(A) = P(A)/ ~. In fact, one has the following
version of Lie’s Third Theorem for Lie algebroids:

Theorem 13.80 (Crainic and Fernandes [41]). A Lie algebroid A is in-
tegrable if and only if the smooth structure on the Banach manifold P(A)
descends to the leaf space 1I(A) = P(A)/ ~. In this case, II(A) = M is

a Lie groupoid with 1-connected t-fibers and its Lie algebroid is isomorphic
to A.

Again, the correct setting for this theorem is that of non-Hausdorff Lie
groupoids, in the sense explained in Section 3.7 In general, even if A
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is integrable by a Hausdorff Lie groupoid, the Lie groupoid II(A4) may be
non-Hausdorff. This can happen already for a bundle of Lie algebras.

The smoothness of II(A) = M is controlled by the so-called mon-
odromy map, which is a group homomorphism

0r 1 m2(Oy) = (gs) (z € M),

where II(g;) is the 1-connected Lie group integrating the Lie algebra g,.
In [41] necessary and sufficient conditions for the integrability of A are
expressed in terms of the image of this homomorphism. Although these
results are beyond the scope of this book, let us point out some consequences:

- For a Lie algebra g, the monodromy map is trivial, which explains
why Lie III holds.

- For a Poisson manifold (M, 7), we have II(T*M) = II(M, 7). So if
(T*M, [, ], ") is integrable, then II(M, ) = M is a Lie groupoid
with Lie algebroid (T*M, [, |, 7).

- For a regular Poisson manifold, g, = v*(S;) is abelian and the
monodromy map is given by the variation of symplectic areas map

Al mo(Sy) = vE(Sy)

studied in Section [0.6l A necessary condition for (T*M, [, ., 7)
to be integrable is that the image of this map is discrete.

We refer the reader to [41145] for proofs and much more information about
Lie algebroids, Lie groupoids, and the integration problem. In the next
chapter we will discuss the groupoids associated to Poisson manifolds. For
now we illustrate how the Lie philosophy can simplify and bring extra insight
into a problem in Poisson geometry discussed earlier.

Example 13.81. Given a Poisson structure (M, ) with a zero x, with no
smoothness assumption on II(M, 7) = M, we constructed in Example [0.30}
an isomorphism

U Il(g) — (M, T, x),

where g = Ker 7 is the isotropy Lie algebra. Here we give another inter-

pretation of this construction using the Lie philosophy.

We identify II(g) with the universal cover of a fixed Lie group G inte-
grating g, so that II(g) = P(G, e)/ ~, the quotient of the set P(G, e) of paths
in G starting at e modulo path-homotopy. Denoting by P(g) the collection
of all paths in g, the isomorphism ¥ was induced by the map

d

T:P(Goe) = Pla), glt) = alt)i= | g(®)7g(s).
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Here is the extra insight that the Lie philosophy brings. The main
remark is that, while paths in g can be interpreted as algebroid morphism

adt : TI — g (I =10,1)),
paths g € P(G,e) are in 1-to-1 correspondence with groupoid morphisms
g:IxI—aG.

This 1-to-1 correspondence is determined by

g(t,s) = g(t)"'g(s), g(s) = (0, 5).

Of course, given g, differentiating the groupoid morphism g one obtains
precisely the path a = ¥U(g). Hence part (i) of Lemma[I0.32 i.e., the 1-to-1
correspondence V¥, can be seen as an instance of Lie’s Second Theorem.

The situation is completely similar for homotopies, i.e., part (ii) of
Lemma Again, maps h = h(t,e) : I x I — G satistying h(0,0) = e
are in 1-to-1 correspondence with groupoid morphisms defined on the pair
groupoid of the square J =1 x I:

h:JxJ=G, h((t1,€1), (t2, £2)) = h(t1, 1) h(t2, €2).

By differentiation one recovers Lie algebroid maps T'J — g, i.e., maps ®
satisfying (I0.12). The boundary conditions (I0.13)) corresponds to the fact
that h is a path-homotopy. Since J is 1-connected one can appeal again to
Lie’s Second Theorem and one recovers (ii) of Lemma [10.321 e

13.7. The non-Hausdorff setting

In the last part of the book we will allow certain manifolds to be non-
Hausdorff. Recall however that all our manifolds will be assumed to be
second countable. The reasons for these are twofold: on the one hand,
some very natural examples of Lie groupoids are non-Hausdorff and, on the
other hand, both Lie’s First and Third Theorems require one to consider
non-Hausdorff groupoids.

Example 13.82 (Bundles of Lie algebras). The trivial bundle of Lie alge-
bras pr; : R xR — R is integrated by the trivial bundle of groups with fiber
(R,+). Another smooth but non-Hausdorff integration is obtained as the
quotient

7, t<0,

= (R x R)/A A =
g ( X )/7 t {0’ tZO

More interesting examples, which show the need of non-Hausdorff Lie
groupoids, were discovered by Douady and Lazard [55] in their study of
integrations of families of Lie algebras. Consider the family of Lie algebras
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A =R xR3? — R, where the Lie bracket at ¢t € R on the standard generators
e1, ez, and e3 is given by

(13.13) le1,e2] = e3, [ez,e3] =ter, [e3 e1] =ea.

In other words, A — R is a Lie algebroid with zero anchor. In our language,
Douady and Lazard show that G = II(A) — R is a smooth non-Hausdorff
groupoid. In fact, it is a smooth bundle of Lie groups, each fiber being
a l-connected Lie group integrating (R3,[-,-];). They find another bundle
of groups G — R, which is Hausdorff and still integrates A. Finally, they
also find an example which exhibits another phenomenon: a bundle of Lie
algebras B = R x R? — R which does not admit any Hausdorff integration.
The bracket is given explicitly by

(13.14)

le1, ea]s = e3 +n(—t)ea, [ea,e3]y =n(t)er, [es,e1]r = ea — n(—t)es,

where n : R — R is a smooth functions such that n(¢) = 0 for ¢ < 0 and
n(t) > 0 for ¢t > 0. By allowing non-Hausdorff manifolds, Douady and
Lazard show that any bundle of Lie algebras is integrable. T

Example 13.83 (Foliations). Consider the foliation F of M = R3\{0}
by horizontal planes z = ¢ and its homotopy groupoid II(M,F) = M —
recall Example This groupoid is non-Hausdorff: the homotopy class
[v] € II(M,F) of a loop v in the leaf z = 0 around the origin cannot
be separated from the trivial loop starting at the same point. Hence, the
homotopy groupoid is a smooth but non-Hausdorff manifold. On the other
hand, because the foliation is simple, the holonomy groupoid is Hausdorff:
Hol(M,F) ~ M xgr M. As in the case of Lie algebra bundle, there are

foliations which do not admit any Hausdorff integration. T

We begin by discussing some general constructions on possibly non-
Hausdorff manifolds. In full generality, notions that are local in nature can
be introduced in a similar way in the non-Hausdorff setting.

The non-Hausdorff manifolds we consider come naturally with an involu-
tive distribution. We make the assumption that the corresponding foliation
has Hausdorff leaves, and this is the key which allows us to do usual differ-
ential geometry along the leaves.

The notion of a foliation is introduced the same way: as a partition
into connected immersed submanifolds admitting a foliation atlas. On the
other hand, for a constant rank subbundle

DcCTS
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on a possibly non-Hausdorff manifold S, one must consider the local version
of involutivity. We say that D is involutive if, for any open set U C .5,

(X, Y] eI'(UD), VX, Yel(UD).
This condition is imposed because on a non-Hausdorff manifold some germs

of sections might not come from global sections.

The Local Frobenius Theorem, Theorem [C.4] does not require any
changes, but the Global Frobenius Theorem, Theorem [C.3] requires
more care. More precisely:

- The leaves of D are the equivalence classes with respect to the
equivalence relation on S given by x ~ y iff there is a path ~ :
[0,1] — S from x to y which is tangent to D.

- The Local Frobenius Theorem provides the local foliated charts,
and also charts for the leaves.

One obtains:

Proposition 13.84. The leaves of D are connected immersed submanifolds
of S forming a foliation.

Example 13.85. If y: § — M is a submersion with connected fibers, then
D := Ker(du) is involutive and its leaves are precisely the fibers of p. For a
concrete example, consider the plane with a double line, i.e., the product of
the line with two origins with R:

P:=(RUgr« R) x R.
The two projections pr; and pry give rise to two foliations on P:

- JF1 with leaves all copies of R,

- F» with leaves all copies of a line with a double point (R Ug~ R).

e

Notice that in the non-Hausdorff case bump functions can no longer be
used and that there are serious problems with uniqueness of integral curves
and therefore making sense of flows and completeness of vector fields. To
make sense of this, we will use foliations with Hausdorff leaves.

Definition 13.86. Let S be a possibly non-Hausdorff manifold. Given a
foliation F with Hausdorff leaves, a vector field V' € X(F) = I'(T'F) is said
to be complete if, for each leaf L of F, V|1, € X(L) is complete in the usual
sense. We define its flow ¢!, : S — S by using the flow along the leaves

(V)| = 1, -
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Although ¢!, is now defined on each leaf at a time, locally it is still
governed by the usual local existence and uniqueness for ODEs and the
smooth dependence on parameters. Therefore, one still has the following
very useful property:

Lemma 13.87. If F is a foliation with Hausdorff leaves and V' € X(F) is
complete, then (;51{, : S — S is a 1-parameter group of diffeomorphisms.

It is useful to remark that the construction of the homotopy groupoid
IS, 7)= S

carries over to the setting of foliations with Hausdorff leaves on a possibly
non-Hausdorff manifold S. Over each leaf L. C S, one has the homotopy
groupoid of the leaf

(S, F)|, =1(L) = L

One observes that the notion of holonomy and the related Lemma [13.28 do
not use that the ambient manifold is Hausdorff. A careful inspection of the
discussion carried out in Example shows that the smooth structure on
II(S, F), as described there, still has the main properties:

Lemma 13.88. For any foliation F with Hausdorff leaves, the total space
of the homotopy groupoid

(S, F) = S

is a smooth manifold, s and t are submersions, and all other structure maps
are smooth. Moreover, its s- and t-fibers are diffeomorphic to the homotopy
covers of the leaves of F; hence they are Hausdorff.

Example 13.89. The foliation F; on the manifold P from Example [13.85]
has Hausdorff leaves, whereas the foliation F» does not. The homotopy
groupoid of F7 is

II(P,F1) ~ (RUg R) x R x R = (R Ug+ R) x R.

Geometrically, this consists of path-homotopy classes of paths in lines paral-
lel to the double line. Two arrows cannot be separated precisely when both
their start points as well as their end points cannot be separated.

We have already remarked that we need to consider non-Hausdorff group-
oids for Lie’s First and Third Theorems to hold true. Non-Hausdorff group-
oids over a Hausdorff base still have some reasonable properties:

Proposition 13.90. A possibly non-Hausdorff Lie groupoid G = M over a
Hausdorff base has Hausdorff t-fibers.

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



352 13. A Crash Course on Lie Groupoids

We defer the proof for later. Based on this result, we have the following
convention:

Convention 13.91. For a Lie groupoid G = M, we assume the
following:

- The total space G is a possibly non-Hausdorff manifold.

- The base is a Hausdorff manifold.

These conditions imply that the t-fibers are Hausdorff manifolds.

In what follows, we will explain that basically all results of this chapter
continue to hold in the non-Hausdorff setting, with certain simple adapta-
tions. The main reason why the entire theory works the same way as for
Hausdorff Lie groupoids is that most constructions for Lie groupoids are
performed along Hausdorff manifolds, namely along the t- and s-fibers, or
involve flows of vector fields that are tangent to one of these foliations.

For instance, the Lie algebroid of a possibly non-Hausdorff groupoid is
constructed in the same way using left-invariant sections, hence vector fields
along the t-fibers, and the result is a usual Lie algebroid. Since left-invariant
and right-invariant vector fields are tangent to the t- and s-fibers, they
have well-defined flows, which are complete if the corresponding sections are
complete; i.e., Proposition [3.37 holds. The orbits of the Lie groupoid are
still immersed submanifolds, being quotients of the Hausdorff s-fibers by the
action of the Hausdorff isotropy groups. The restriction of the groupoid to
such an orbit becomes a usual Hausdorff Lie groupoid. Also the proof of
Proposition [I3.7] clearly does not use Hausdorflness, and in fact not even
Hausdorffness of the t-fibers.

Finally, let us stress that when we say that a Lie algebroid A — M is
integrable, we mean that there exists a possibly non-Hausdorff Lie groupoid
G = M with Lie algebroid isomorphic A. Moreover, for an integrable Lie
algebroid, II(A) = M is a possibly non-Hausdorff Lie groupoid.

Still, it is a very interesting problem to decide whether an integrable Lie
algebroid A is Hausdorff integrable, i.e., admits a Hausdorff integration
and, in particular, whether II(A) = M is Hausdorff — see [54] and [117]
for first results.

Remark 13.92. A related and equally interesting problem is to decide
whether an integrable Lie algebroid A is Riemannian integrable, i.e.,
whether it admits an integration which carries a Riemannian metric on the
space of arrows. This is equivalent to the existence of a Riemannian metric
on II(A).

The existence of a Riemannian metric on a Lie groupoid G = M is
equivalent to the existence of a splitting of the exact sequence of vector
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bundles
Kerdt — TG — t*T M.

Example [[4.74] gives a Poisson manifold whose cotangent bundle is inte-
grable, but not Riemannian integrable. That example builds on the following
example of a non-Hausdorff Lie groupoid with no Riemannian structure.

Example 13.93. The first bundle of Lie groups from Example[13.82] carries
a Riemannian metric. However, this can be destroyed by a simple modifica-
tion. Consider the quotient

Z, t <0,
G = (RxR)/A, A =<0, t=0,
(1+¢)z, t>0.

To prove that the manifold G does not admit a Riemannian metric, it suf-
fices to show that there exists no vector field on G which projects to %.
Assume such a vector field exists. Since the projection R x R — G is a local
diffeomorphism, we can lift X to a vector field X = % + f(t, ¢ )% which is
invariant under translation by local sections of A. The invariance condition

means that, if o(t) = (¢, s(¢)) is a local section if A, then

ds
FlE+ 5(0) = F(8,6) + 5 (1)
Applying this to s(t) = 1, we obtain for t < 0

ftE+1) = f(£,6).
Applying invariance to s(t) = 1 + ¢, we obtain for ¢t > 0

FtE+1+18) = f(t,6) +1.

By taking the limit £ = 0 in these equalities, we obtain a contradiction.

Later we will use this example to build a Lie algebroid A which is inte-
grable, but none of its integrations admit a Riemannian metric. T

We will also consider actions of a Lie groupoid G = M on non-Hausdorff
manifolds p : S — M. Of course, the associated action groupoid G x § = S
is still a “Lie groupoid”, but it violates our conventions: the base is non-
Hausdorff. Nevertheless, the orbits of the action are still Hausdorff and the
restrictions to these orbits provides a partition of G x S = S into Hausdorff
Lie subgroupoids.

We have already encountered a similar phenomenon in Lemma [I3.88
The homotopy groupoid of a foliation with Hausdorff leaves may fail to be
a Lie groupoid in the sense of Convention [[3.97], because the base manifold
may be non-Hausdorff.
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There are simple criteria to decide when a Lie groupoid is Hausdorft:

Proposition 13.94. For a Lie groupoid G = M, the following are equiva-
lent:

(i) G is Hausdorff.
(i1) The unit section u(M) is closed in G.
(iii) For every x € M, any g € G, can be separated from 1.

Proof. (i) = (ii). Consider a convergent sequence 1, — g. We check that
g is a unit. Since t is continuous, we have

z:=1t(g) =t(lim1,,) = limx,.
Since u: M — G is continuous and G is Hausdorff, we conclude that
1l =u(z) =u(limz,) =liml,, =g.

(ii) = (iii). Assume that g € G, cannot be separated from 1,. Let
U and V be charts centered at 1, and at g, and let B,(1;) and B,(g) be
open balls of radius 1/n in these charts. Since g and 1, cannot be separated
there exists g, € Bn(1y) N By(g) with g, — 1, and g, — g. Then, using
continuity of multiplication and inverse, we find that

Li(gn) = ngn ' = 9(1) " =g.
This contradicts (ii).

(iii) = (i). Let g,h € G, with g # h. If t(g) # t(h), then we choose
nonintersecting opens U, V' C M such that t(g) € U and t(h) € V. The open
sets t~1(U) and t~(V) separate g and h. Similarly, if s(g) # s(h), then g
and h can be separated. So we can assume g, h € G have the same source
and target. If g and h cannot be separated, then we can find a sequence
ky, converging to both g and h. The sequence of units 1lyy,) = knkt
convergees to both gh™! € Gy (g) and to 1g(y), contradicting (iii). O

Proof of Proposition [13.90L Since M is Hausdorff, it suffices to show
that any fiber of the map s : t~!(z) — M is contained in a Hausdorff open
set.

First we show that the isotropy group G, = t~!(x)Ns~!(z) is Hausdorff.
By using translations, it suffices to show that any g € G, with g # 1, can be
separated from 1,. Since G is a manifold, we can find an open set U C G,
such that 1, € U and g ¢ U. Since G, is a topological group, the division
map d : G X G» — Gu, (91,92) — glggl is continuous for the product
topology on G, X G,. Therefore, there exists an open set 1, € O C G, such
that d(O x O) C U. Then O and L,(O) separate 1, and g. Otherwise if
g1 = ggo, with g1, g2 € O, we obtain a contradiction: g = glggl eU.
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Next we observe that s : t~!(z) — M is a constant rank map. For this,
note that for any hi, ho € t71(z) we can find a local bisection

b:0 =G, tob=1Idp, suchthat b(s(h1))=h] hs.
Consider the induced right translation
Ry:s71(0) = s HO'), Ry(h) = hb(s(h)),

where O’ = sob(O). This map sends hy to hg, maps source fibers diffeomor-
phically to source fibers, and preserves target fibers. Thus, s : t~!(x) — M
has constant rank.

By the local normal form theorem for constant rank maps, we obtain
the following:

- All the fibers of s : t71(x) — M are embedded submanifolds of t~!(x).
In particular, G, = t~1(z) Ns~!(x) is a Lie group.

- Any h € t7!(x) has an open neighborhood U C t~!(z) such that
V :=s(U) is an embedded submanifold of M, over which s admits a local
section o : V — U.

Note that s~(V) is open in t~1(z), because
s (V) = U Le(©).
gEgz

Finally, we have a diffeomorphism
ViGex VS sTHV) CtTH @), (9,9) = go(y),

with inverse is given by

vl (h) = (ha(s(h)) ™" s(h)).
In particular, this show that s7*(V) is a Hausdorff open subset of t ~!(x). O

We now turn to symplectic realizations p : (S,w) — (M, ) where S is
not necessarily Hausdorff. In this case, the following still hold:

- Libermann’s Theorem, Theorem [6.27 — though each argument in
the proof has to be replaced by its local version,
- Propositions (.32, T2.3] and 2.6l and Corollary 125

In particular, Proposition [2.3] gives the associated infinitesimal ac-
tion
a: wWT*"M — TS.
Hence, we still have the orbit distribution @ (p*T*M) C T'S and this is an

involutive distribution in the sense discussed above. By Proposition [12.6]
its leaves, i.e., the orbits, are included in preimages of symplectic leaves.
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Definition 13.95. A symplectic realization p : (S,w) — (M, ) is of Haus-
dorff type if for every symplectic leaf L of (M, 7) the preimage u~!(L) is
Hausdorff.

Note that for a symplectic realization of Hausdorff type both the fibers
and the orbits are Hausdorff. This condition allows us to talk about com-
pleteness of Hamiltonian vector fields of type X 5o, — since they are tangent
to orbits — and mimic Definition 2.1l to define completeness of the realiza-
tion. Therefore our convention for symplectic realizations is the following:

Convention 13.96. For a symplectic realization p : (S,w) — (M, 7):
- The total space S may be non-Hausdorff.
- The base is a Hausdorff manifold.
A complete symplectic realization is a Hausdorff-type symplectic
realization for which Xpo, is a complete vector field whenever Xy is
complete.

Under the same assumption of Hausdorff type, the following results re-
main valid without any changes:

- Existence of maximal lifts from Proposition [2.18 and the charac-
terization of completeness from Theorem [12.22]

- Parallel transport is invariant under cotangent path-homotopy:
Theorem [12.24] and Corollary [12.26]

Actually, a closer inspection of the proofs of these results will show that
only the Hausdorffness of the orbits is used. However, our assumption of
Hausdorf type ensures that exactly the same proofs work.

Example 13.97. Non-Hausdorff symplectic realizations can be easily con-
structed by starting with any Hausdorff one p : (S,w) — (M, 7) and taking
the product with another, possibly non-Hausdorff, symplectic manifold Sy.
Of course, this produces examples which are not of Hausdorff type.

Here are some simple examples of non-Hausdorff symplectic realiza-
tions. Start with the plane with the double line from Example [3.85 P =
(R Ug+ R) x R. The projection to R? provides local coordinates (z,y) on
each of the two sheets. Define

S:=PxR% w:=dzAdz+dyAdy.
On S consider the two foliations

0 o o0 0

rr s (2), 17 s (2.2, 2)
F = Span o F Span oy’ 07’ 7
They have Hausdorff leaves and they are symplectic orthogonal to each
other. We end up with two symplectic realizations of Hausdorff type, which
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are in fact complete:

o 0
: R3, — A — T,.7Y) = ]
pr (S w) — ( ¥ A 8y), wz,y, 7,79 = (z,9,7),
ILLL : (S’ w) % (R7 O)’ ML($7 y? f? g) = ':L"

Note that the presence of the double line is also reflected in the topology
of the fibers: for both maps, the fiber above x = 0 has two connected
components, while all the other fibers are connected.

Exercise 13.98. With the same (S,w) as above, show that the symplectic

realization
pe(sw) > (RN D) ey m7) = (0.7.7)
5 oy o) Y, T, » Ty
is not of Hausdorff type. Exhibit a cotangent path for which the parallel
transport map is not well-defined. Ty

Problems

13.1. Describe the groupoid of the flow of a time-dependent vector field X.

13.2. Let R: TM — TM be an endomorphism with vanishing Nijenhuis
torsion; i.e., for all X, Y € X(M) we have

[R(X),R(Y)] = R([R(X),Y]) = R([X, R(Y)]) + R*([X,Y]) = 0.
Show that the bilinear operation on vector fields given by
defines a Lie algebroid structure on A = T'M with anchor p = R.
13.3. Consider the Mébius band M = (S! xR)/Zs, where Zs acts by (6,t)
(0 + 7, —t) and the foliation F of M acts by circles t = +c.

(a) Show that the relation groupoid Rel(F) = M associated with the foli-
ation F is not a Lie subgroupoid of the pair groupoid M x M = M.

(b) Describe the holonomy groupoid Hol(M, F) = M as a smooth manifold
together with its groupoid structure.

13.4. Let G = M be a Lie groupoid with possibly disconnected source/target
fibers and units. Denote by G° C G the union of all the connected compo-
nents of the t-fibers containing the units.

(a) Verify that GY is an open set in G which is invariant under inversion,
so it coincides with the union of all the connected components of the
s-fibers containing the units.
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(b) Show that GY is a Lie subgroupoid of G, so in particular they have the
same Lie algebroid.

(c) Give an example of a Lie groupoid G = M with connected space of
arrows G and connected space of units M, but with disconnected t-
fibers.

One calls GY the t-connected component of the identity of G. Note that by
(c) this does not to coincide with the connected component of the space G
containing the units.

13.5. Let A — M Dbe a Lie algebroid, let N C M be a submanifold, and
consider the “restriction”

Ay :={a€ A:p(a) e TN}.
Prove the following:

(a) If Ay is a vector subbundle of Ay, then it is a subalgebroid of A.

(b) If G = M is an integration of A and the restriction G|y is a Lie sub-
groupoid of G, then (a) holds and Ay is the Lie algebroid of G|y.

13.6. Consider a proper Lagrangian fibration p : (S,w) — M with associ-
ated lattice A and torus bundle 7. Show the following:

(a) Ta is a Lie groupoid with Lie algebroid isomorphic to T*M with zero
anchor and zero Lie bracket.

(b) The action of 7 on S is a Lie groupoid action and the corresponding
infinitesimal action is precisely the infinitesimal action « : p*T*M —
TS associated to the symplectic realization.

13.7. Let G be a Lie group acting on a manifold M and form its action
groupoid G x M = M. Show that an action of G x M = M on a smooth
map u : S — M is the same thing as an action of the Lie group G on S
together with a G-equivariant map p: S — M.

13.8. An action of a Lie groupoid G = M on a vector bundle p : E — M is
called a linear action if the action of each arrow g € G is a linear map

9 Egg) = Egig), u—> gu.
Show that a linear action is the same thing as a Lie groupoid morphism
d:G — GL(E)

covering the identity map. For this reason, a linear action of G is also called
a representation of G.
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13.9. A linear action of a Lie algebroid A on a vector bundle p: £ — M
is an action « : I'(A) — Xy, (E). Show the following:

(a) Linear actions on E can be identified with Lie algebroid morphisms
¢ A — gl(E) covering the identity map.
(b) Linear actions on E can be identified with flat A-connections V on E.

For this reason, a flat A-connection is often called a representation of A.

13.10. Let (M, m) be a Poisson manifold, and let p : E — M be a vector
bundle.

(a) Show that the parallel transport with respect to a flat contravariant
connection V yields an action of II(M, ) on E by linear isomorphisms
of the fibers, i.e., a representation of II(M, ).

(b) Show that flat contravariant connections on E can be interpreted as
algebroid morphisms 7% M — gl(E) covering the identity map, i.e., rep-
resentations of T* M.

(c) What is the relationship between the first two items and Lie’s Theorems?

13.11. Let P be a manifold endowed with a free and proper action of a Lie

group G. Recall that the lifted action of G on TP is Hamiltonian; hence

M :=T*P/G carries a quotient Poisson structure w. Shows that (M, ) is

of type (A*,m4) for some Lie algebroid A.

HinT: Atiyah Lie algebroid.

13.12. Let A be a Lie algebroid, and consider the fiberwise linear Poisson
structure (A*,m4). Show the following:

(a) The symplectic leaves of 74 are all of the form (7*O,wcan) if and only
if the anchor is injective.

(b) 74 is regular if and only if A is a regular Lie algebroid and all isotropy
Lie algebras are abelian.

13.13. Let G = M be a Lie groupoid. Define a bisection of G = M to
be a smooth map b : M — G such that tob=Id andsob: M — M is a
diffeomorphism. Denote by I'(G) the set of bisections. Show the following:

(a) For by, by € I'(G) one has a bisection by x ba € I'(G) defined by
(b1 * b2)(x) :=b1(z) - ba(s 0 b1 (x)).
(b) (T'(G),*) is a group.
(c) For each b € T'(G) the conjugation by b defined by
Uy (g) = b(t(g)) ™" - g - b(s(g))

is a Lie groupoid automorphism. Moreover, ¥ : I'(G) — Aut(G) is a
group antimorphism.
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13.14. Let G = M be a Lie groupoid with Lie algebroid A — M. For a
complete section o € I'(A) — see Proposition [[3.37 — define the bisection
exp(a) : M = G, exp(a)(z) = ok (u(z))

We call exp : T'¢pi(A) — I'(G) the exponential map of G = M. Fix a
complete section o and show the following (see the previous problem for
notation):

(a) We have a group homomorphism
(R,+) = (I'(G), %), t+ exp(ta).
(b) For each t € R, the Lie groupoid automorphism
G =G, O = Yogp(ias
is an integration of the flow of the section ¢! : A — A, defined in

Problem

13.15. Let G be a Lie group with Lie algebra g, and let g € Q'(G, g) be
the Maurer-Cartan form of G. Given a Maurer-Cartan form 6 € Q' (M, g)
— see Definition — on a l-connected manifold M show that there is a
map f: M — G such that

0= f*0q.
Moreover, show that f is unique up to a left-translation by an element of
G. What happens if M is not 1-connected?
HinT: Lie’s Second Theorem and the homotopy groupoid of M.
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Chapter 14

Symplectic Groupoids

In the previous chapter, we have seen that a Lie groupoid has an associated
Lie algebroid. We will now look at groupoids whose associated Lie algebroid
is isomorphic to the cotangent Lie algebroid of a Poisson structure. These
should be thought of as the group-like objects “integrating” Poisson brack-
ets. It turns out that they are characterized by the presence of a symplectic
structure on the space of arrows compatible with the multiplication.

14.1. Symplectic groupoids and Poisson structures

In order to introduce the notion of symplectic groupoid, we first discuss
“compatibility” between a differential form and the groupoid structure.

Let G = M be a Lie groupoid, and first consider a degree 0 form, i.e., a
function f € C°°(G). Then the compatibility condition is the obvious one:
the function must be a homomorphism of groupoids f : (G,:) — (R, +):

flg-h) = f(g)+ f(h) Y(g,h)€g?.

We can interpret this equation as an equality of 0-forms on G2 as follows.
Consider the multiplication map and the projections

m, pry, pry : G? - g.
Then the compatibility equation can be written as
m”f = pr] f +prj f,

and this now makes sense for forms of arbitrary degree.

361
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Definition 14.1. A multiplicative form on a Lie groupoid G is a
differential form w € QF(G) satisfying

m*w = prj w + pryw.

A groupoid may or may not carry many such forms, depending on its
structure.

Exercise 14.2. Show that on a Lie group G:

(a) A 1-form on G is multiplicative if and only if it is bi-invariant.

(b) For k > 2, all multiplicative k-forms on G vanish identically.

The following useful lemma gives some insight into the multiplicativity
condition.

Lemma 14.3. For k > 1, let w € Qk(g) be a multiplicative form. The
restriction of w to the s-fibers (respectively, t-fibers) is a right-invariant
(respectively, left-invariant) foliated form

(ngh)*w|Kerdghs = W|Kernga (dth)*w|Kerdght = W’Kerdht-
Proof. Note that
dgRp(v) = d(gnym(v,04), Vv e Ker(dgs), s(g) =t(h).
Therefore, using multiplicativity of w,
w(ngh(vl), ey ngh(Uk)) = w(vl, PN ,’Uk).

Similarly for the second equation. ([

It is also instructive to realize that multiplicativity may be seen as a
cohomological condition. Namely, we have a map

§: OFG) = QF(GP?), bw:=priw—m*w+ priw,
which is preceded by a similar map
§: Q¥ (M) — QFG), da:=sa—tra

A simple computation shows that § o § = 0. The condition that w € Q¥(G)
is multiplicative now means that w is a cocycle:

dw = 0.
One has the “obvious” cocycles, namely the boundaries
w=06(a)=s"a—t'a (acQ"1(M)).
A form w of this type is called a multiplicatively exact form.

We can now introduce symplectic groupoids. We will use the symbol
3 = M to distinguish symplectic groupoids from arbitrary Lie groupoids.
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Definition 14.4. A symplectic groupoid is a Lie groupoid ¥ = M
together with a multiplicative symplectic form € Q?(2).

Example 14.5. Let (M, w) be a symplectic manifold and consider the pair
groupoid ¥ := M x M = M — see Example [3.10 — with the symplectic
form
Q:=priw—prjw= —bw € (M x M).
This form is clearly multiplicative and symplectic. Hence,
(M x M,Q) =M
is a symplectic groupoid. T

Example 14.6. Let ¥ = T*M be the cotangent bundle of any manifold
M, endowed with the canonical symplectic form Q = wean. Addition on
the fibers makes T*M into a bundle of abelian Lie groups over M, which is
actually a symplectic groupoid:
(T*"M, wean) = M.
The multiplicativity of wean follows from that of the Liouville 1-form ;. For
that, note that the space of composable arrows is ©(2) = T*M & T*M and
then multiplication is given by
m:T"MeT"M —T"M, (a,8)— a+pB.
If (v1,v2) € T(a,p)(T*"M & T*M), then dpr(v1) = dpr(vz) = v € TM, so
Or(dm(vi,v2)) = (o + B)(v)

= a(v) + B(v)

= 0.(dpry(vi,v2)) + OL(d pry(vi, v2)).
Therefore 607, = 0, so 6, is indeed multiplicative.

For any integrable lattice A C T* M, we have seen that wc,, descends to
a symplectic form wy on Ty := T*M /A, which makes
(Ta,wp) = M

into a symplectic groupoid. Multiplicativity of wy follows because the quo-
tient map is a groupoid morphism or, alternatively, by applying Proposition

1230 to S = Tx.

Example 14.7. Let G be a Lie group, and let ¥ = G x g* = g* be the
action groupoid associated with the coadjoint action — see Example
Using the isomorphism [ : T*G ~ G x g* induced by left translation — see
(6I5) — we consider the symplectic form

Q= —lWean = d(1.01) € Q*(G x g*).
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The choice of the minus sign will be clear soon. We claim that € is multi-
plicative, so that

(Gxg"Q)=g
is a symplectic groupoid.

For this we show that 6 := [,(;) € QY(G x g*) is multiplicative. This
form was computed explicitly in (6.17):

0 : T(g,ﬁ)(G X g*) — Ra (Ugﬂ?) = <£7 dLg_l(vg»'
We identify (2 = G x G x g*:
((g,m), (R, €)) < (g,h, &), where n = Adj €.
Then we have
m(gvh7§) = (ghvg)’ prl(g7h 5) (gvAdhf) pr2(g,h,§) = (h,§)>
and it follows that

§,dLgp)-1 (dRpv 4+ dLyw))

m" 00,6 (0, w,m) = (
<§ Ady-1( dL —10) + dLj-1w),

P11 O(g,ne) (v di €, dL, 1v),
Pr 19(g,h,@( W, 1) ) = <§, dLy-1w).
We obtain that 6 is multiplicative, as claimed. T

There is also a more geometric interpretation of the multiplicativity
condition.

Lemma 14.8. A form Q € Q*(X) on a Lie groupoid ¥ = M is multiplica-
tive if and only if the graph of the multiplication,

Graph(m) = {(g,h,g- h) : (g,h) ex } CEXX XX,
is isotropic in (£,Q) x (2,0) x (2, —Q).
Proof. Note that Graph(m) is the image of the immersion
$:2% 5 BxT X8, (g,h) = (pry(g, h), pra(g. h), m(g, h))
and that
¢" (pr1 2+ pry Q — pr3 Q) = priw + pryw — m'w.

Hence, the lemma follows. O

Next we discuss the basic properties of symplectic groupoids.
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Proposition 14.9. A symplectic form Q € Q?(X) on a Lie groupoid ¥ = M
is multiplicative if and only if

Graph(m) C (2,Q) x (£,Q) x (T, —Q)

is a Lagrangian submanifold.

Moreover, any symplectic groupoid (3,2) has the following properties:
(i) The t-fibers and s-fibers are symplectic orthogonal:
(Ker dt)*% = Kerds.
(ii) The unit section u: M < X is a Lagrangian embedding:
(TM)*e =TM.
(iii) The inversion map v : ¥ — X is antisymplectic:
L' =—-qQ.
In particular, dim ¥ = 2dim M.

Proof. If the graph of m is Lagrangian, the previous lemma shows that 2
is multiplicative. Conversely, assume that (3, 2) is a symplectic groupoid.
We will see that dim ¥ = 2dim M, and hence

1
dim(Graph(m)) = 2dim ¥ — dim M = 3dim M = 3 dim(X x 3 x X).

So, again by the lemma, the graph is Lagrangian.
We start by observing that u*(2 = 0. For this, we pull back the multi-
plicativity condition along the map u: M — X3, z — (u(z),u(x)):

0=u"0Q =u"pr] Q —a"m*Q + u* pr; Q
— (pry o) 2 — (m o W)"Q + (pr, o))" 0
=u'Q—u"Q+u"Q =u*Q.
Next, to show that inversion is an antisymplectomorphism, consider
A2 o3 g (g9
and observe that

uot=moA, prjoA=1Id, pryoA=ur.

Pulling back the multiplicativity condition along A and using that u*(2 =
0, we obtain

0=t"u"Q =A"m"Q = A*(pr] Q4 pr; Q) = Q 4 Q.
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Now, recalling that the fixed point set of an antisymplectomorphism is
a coisotropic submanifold, we see that the unit section is both coisotropic
and isotropic. Hence it is Lagrangian and, in particular, we have

dim ¥ = 2dim M.

Finally, we claim that source and target fibers are 2-orthogonal. Since
we already know they have dimension equal to dimM = 1/2dim ¥ it is
enough to check that

Q(v,w) =0, Vv e Kerdgs, w € Kerdgt.
For that we observe the following:

(i) If v € Kerdgs, then

(v,01,,,) € T{ )2(2) and v = dm(v,0;

s(9) 9ls(g) S(g))'

(ii) If w € Kerdyt, then wo := dL 1w € Kerdy,, t satisfies

(0g,wo) € T} )2(2) and w = dm(0g, wo).

9:1s(9)
Therefore, using the multiplicativity of €2, we obtain
Qv,w) = Q(dm(v,Ols(g)),dm(Og,wo))
= Q(d pry (v, Ols(g))7 dpry(0g, wo)) + (d pry(v, Ols(g))7 d pry(0g, wo))
= Q(v,0g) + (01, wo) = 0. O
Finally we explain the connection between symplectic groupoids and
Poisson structures. Recalling Libermann’s Theorem, property (i) in the

previous proposition already shows the existence of a Poisson structure on
the base of a symplectic groupoid.

Theorem 14.10. Let (3,9Q) = M be a symplectic groupoid. There exists a
unique Poisson structure m on M such that the target map is Poisson:

t:(3,Q) — (M,n).
Moreover:

(i) t is a complete symplectic realization.

(i1) The symplectic leaves of (M,n) are the connected components of
the orbits of 2.

(iii) There is a canonical Lie algebroid isomorphism
(14.1) o, Lie(X) = T"M, o~ —u*(inQ).

In particular 78 = po 051, where p is the anchor of Lie(X).
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Proof. We can apply Liberman’s Theorem only locally, because the t-fibers
are not necessarily connected. Therefore we give a direct argument: we show
that t pushes forward the inverse of €2 to a bivector m on M, which is smooth
and Poisson because t is a submersion — see, e.g., Theorem

We claim that, for any g € t~!(z), the bivector 77 induced from the

symplectic form (), via the surjective linear map dgt : 7,3 — T, M does

not depend on g. The bivector 74 is uniquely determined by a subspace

W C T,.M together with a nondegenerate bilinear form wy, on W. Using
the diagram

dgt
T,s —> T, M

(g ") uﬂb ng)ﬂ

and the previous proposition, we find that
W = dgt((Kerdgt)™?) = dyt(Kerdgs).
This is the tangent space to the orbit of X through x, and so it is independent
of g € t7!(z). The diagram also shows that wyy is uniquely determined by
(dt|kerd,s) " ww = QKerd,s-

Also this form is independent of g € t~!(z) since any two such points are re-
lated by a right translation and Qker q,s is invariant under right translations
— see Lemma [T4.3]

We are left to check that o, is a Lie algebroid isomorphism. We will
denote the Lie algebroid of ¥ by (A, [, ]4, p)-

Since Ty M C Ty, 2 is a Lagrangian subspace, it is the kernel of
Tu(I)E — T;M, V= _(in)|TxM'
Since Ty ()X = T M @ Ay, it follows that o, is a linear isomorphism.
Since ¢ : (£,9Q) — (¥,—Q) is a symplectomorphism which switches s
and t, it follows that s : (X, —Q) — (M, ) is a symplectic realization. We
claim that the corresponding infinitesimal action is given by
a: QY M) = X(2), «(o,(a)="%a (aecl(A)).

Since the infinitesimal action preserves Lie brackets and since the bracket
on A comes from the left-invariant vector fields on ¥, this claim implies that
o, preserves Lie brackets, and therefore also anchors, and thus, it is a Lie
algebroid isomorphism.

The claim is equivalent to

(14.2) i = —s"(0,(a)).
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This follows by observing that for any left-invariant vector field & we have
Qq(,v) = Q) (a,dgs(v), Vv e T,
To see that this last identity holds, we set = = s(g) and then write

<ag = d(g,lz)m(oga Oés(g))v v = d(g,lz)m(vv ng(U))
and use multiplicativity of €.
For (i), using inversion, it suffices to show that s : (3,—Q) — (M, )

is a complete symplectic realization. We start with H € C*°(M) such that
Xp € X(M) is complete. By (I4.2)

Xpos = @, where o = ng(dH) eI'(A).

Since p(a) = Xy € X(M) is complete, it follows by the general properties
of left-invariant vector fields — see Proposition [3.37 — that & € X(X) is
a complete vector field; i.e., X gos is complete.

The connected components of the orbits of ¥ and the symplectic leaves
of m give two partitions of M by immersed submanifolds. By the definition
of the orbits, their tangent spaces are given by Im p — see Section [[3.11
Since Im p = Im f o o,,, Proposition [[.§ implies that the symplectic leaves
coincide with the connected components of the orbits of X. O

Exercise 14.11. Find the Poisson structure induced on the base of the
symplectic groupoids given in Examples [4.5] 14.6] and 047

14.2. Examples

In this section, we look at various examples of Poisson manifolds and try to
realize them as the base of a symplectic groupoid. The general integrability
theory behind this procedure will be discussed in the next sections.

It is useful to observe that, given a Poisson manifold (M, ), the search
for a symplectic groupoid (%,Q) = M inducing the given 7 on the base is
part of the search for symplectic realizations of (M, 7): Theorem [[4.T0shows
that the target map of ¥ will give such a symplectic realization — even a
complete one! Although finding a symplectic realization p : (S,w) — (M, )
is typically quite far from finding an actual symplectic groupoid, even when
dim S§' = 2dim M, the examples will show that often “natural” symplectic
realizations of (M, 7) end up being symplectic groupoids. One reason behind
this phenomenon is the following result. The existence part in the theorem
will be proved later.

Theorem 14.12 (Coste, Dazord, and Weinstein [37]). Let p : (S,w) —
(M, m) be a symplectic realization with connected fibers and a Lagrangian
section uw : M — S. Then there exists at most one symplectic groupoid
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structure on (S,w) = M with target map t = p and unit section u = wu.
This exists precisely when the following hold:

(i) The symplectic realization is complete.

(ii) Each leaf of the symplectic orthogonal foliation (Kerdu)« inter-
sects the Lagrangian section in precisely one point.

Proof. Assume that there is a symplectic groupoid structure on (S,w) = M
with target t = g and unit u = u. Then (i) must hold by Theorem [IZ4.10l
Since the t-fibers of S are connected, so are the s-fibers, and since they
are symplectic orthogonal to each other, it follows that the s-fibers are the
leaves of (Kerdyu)t«. Hence (ii) must hold.

Next we show that such a groupoid structure is unique. We already
know that s : S — M is determined uniquely. Next note that w, u, and
i =t determine the Lie algebroid as a vector space is A := u*(Kerdu) and
the corresponding map o, : A = T*M. Therefore, the left-invariant vector
fields are determined by (I4.2):

igw = —s"(0w(a)), VaeTl(4).
Using left-invariance of &, the multiplication satisfies
m(g, 9% (u(s(9)))) = % (9)-

This determines the multiplication around the unit section. Since the s-

fibers are connected, it determines the multiplication everywhere — see
Proposition [3.71
The proof of existence is deferred to Section I14.7 O

The proof above gives a recipe to construct the groupoid structure. For
the source map we have to find the leaves of the symplectic orthogonal
foliation, i.e., the orbit foliation. Each orbit will intersect the section u
at a single point and that defines the source map. The proof also shows
how to find the multiplication, but this method is hard to apply in practice
— however, see Problem for an example where this works. We now
illustrate the use of these techniques.

Example 14.13. Consider the linear Poisson structure on R? given by
{z,y} ==
and the symplectic realization we found in Section [6.3]
pRY SR (z,y,u,v) = (z,y),
with symplectic form — see (G.10):
w=¢€"(du Adzr + zdu A dv) + dv A dy.

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



370 14. Symplectic Groupoids

This is a symplectic realization with connected fibers and it admits the
global Lagrangian section

uw:R?* = RY  u(z,y) = (z,9,0,0).
We proceed to calculate the orbit foliation, which is spanned by

a(dz) = (w™HH(dz) = x% +e”£%, a(dy) = (wH¥(dy) = —xi + .

These vector fields have flows given by
¢t(x7 y? u? U) = (:E? y + mt? (3 + e_vt7 U)? ¢t(l’7 y? u? U) = (e_t$’ y7 u? t + /U)'

Let f : R* — R be a smooth function constant on the orbits of «. Using
t = —wv for the second flow and then t = —u for the first, we obtain that

f(z,y,u,v) = f(xe’,y,u,0) = f(ze’, y — zue’,0,0).
So the orbit foliation coincides with the fibers of the submersion
R* - R?,  (z,y,u,v) — (ze’,y — zue®).

Since p is the simpler map, we choose it to be the source map, and
we choose the last map to be the target map. Since the source map is
anti-Poisson, we are forced to change the sign of the symplectic form on R*:

Q= —w=¢€"(dz Adu+ zdv Adu) + dy A do.

Next, to find the multiplication, consider two composable “arrows”
s,y u' v = t(z,y,u,v) = 2 =ze’,y =y — zue’.
The expression for t(z/,y’, v, v") then yields

r v v+’

/ T —v’ / !
e’ =z’ Y — 2 e’ =y —z(ue”” +u)e’ V.

It follows that the product arrow (x,y,U, V) = (2/,y/,u/,v) - (x,y,u,v) can
be depicted schematically as

(z,y,U,V)
/ . // ) (;/7yl,7u/’vl) - \(ZE,;,’U,,E)
(2'e”,y' —a'u'e”) (=',y") (z,y),
I I
(xe”‘“’,, Y — x(ue_”/ + u’)e”‘“’,) (xe¥,y — zuev)

which suggests taking

U:ue_”/—l—ul, V=v+4+7,
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so there is a natural candidate for a multiplication on R%. Altogether, we
obtain

R4 QN =e"(dz Adu+ zdv A du) +dy A dv,

: S(x7y7u7v) = ($,y),
tus with t(z,y,u,v) = (xe’,y — zuev),

R2 (', ) - (g, u,0) = (2, y, ue™ +u/ v+ ).
One can check directly that this is, indeed, a symplectic groupoid for
which the induced Poisson structure on the base is precisely {z,y} = =.

Note also that, as a groupoid, this is an action groupoid: G = R? is the
group with multiplication

(W) - (u,v) = (ue™ 4+, v+ '),
acting on R? from the left by
u,v) - (r,y) = (xe’, y — zue’).
(u,v) - (2, ) = (

It is easy to check that G integrates the 2-dimensional, nonabelian Lie alge-
bra g and that this action is the coadjoint action of G' on g*, which matches
what we have seen in Example [4.7 Ty

Example 14.14. Consider the symplectic realization of the LV-type Poisson
structure on R?

{z,y} = 2y,
discussed in Example [6.121 As in the previous example, we look for a sym-
plectic groupoid with source

e RY =SR2 (z,y,u,0) = (x,y),
and so we change the sign in the symplectic form:
Q= —d(zu) Ad(yv) + dz Adu + dy A dv.
Then s := p has connected fibers and admits the Lagrangian section
u:R? =R (z,9) — (2,9,0,0).

To find the target map, we can proceed the same way as in the previous
example. We look for functions f : R* — R constant on the orbits of the
action and, hence, constant on the integral curves of the vector fields

0 0 0 0 0 0
QO Hda) = —ay— — — +av—, (U H(dy) = ry— — yu— — —.
Their flows are given by
(bt(xa Yy, u, U) - (JJ, ye—tx, U — t? Uetx)v W(JU; Y, u, U) = (xety’ Y, ue—ty, U= t)v

so if f is constant on the orbits, using ¢t = u for ¢! and then t = ve® for v’
we find that

f("’U7 y7 u? U) = f(x7 ye_uw7 07 /Uemu) = f(xeyv7 ye_xu7 07 0)’
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This gives the expression for the target map

—ZE’U,)

t(x7y7uvv) = (weyvvye )

which appeared in Exercise [6.31]
Next, to find the multiplication, consider two composable “arrows”

s(2',y u' V') = t(x,y,u0) = 2 =xe, Y =ye ™,

and replacing these in t(z', 3/, u’,v"), one finds

Ty —zu,,/ ol _ Yyv,,/
2 eV’ :xey(v-&-e v)’ ye ¥ = ye z(ute u)

Given this information, the product (z,y,U, V) of the two arrows can be
depicted schematically as

(z,y,U,V)

— —
—

/ y/’U/ / —Ilil (xlyylvulvvl) / / (mvy\vurﬁ)
(@'eVV ye ™) ~—— (2\,y) =— (7,9) ,
1 Il

— XUy,

(xey(v—l-e v )7 ye—w(u+ey”u')) (xeyv’ ye—xu)

which suggests taking
U=u+e"d, V=v+e ™.

We find the symplectic groupoid

R4 Q= —d(zu) Ad(yv) + dz A du+ dy A do,
. S(m7y7u7v): (x7y)7
tlls Wlth t (x7 y7 u’ U) = <xeyv7ye_mu)7
R2 (l./? y/? u/7 U/) : (x7 y? u7 v) = (‘T? y? Uu + eyvu/7 v + e_xuU/)7

inducing the Poisson structure {x,y} = zy on the base. Inversion in this
groupoid is the antisymplectic involution of Exercise [6.13c). This groupoid
is no longer an action groupoid.

Exercise 14.15. Consider the Poisson structure on R? given by {z,y} =
axy, with a € R fixed. Show that one has a symplectic groupoid R* = R?
integrating it, with symplectic form

Q2 =dz Adu+dy Adv—ad(zu) Ad(yv),
while the source, target, and multiplication maps are

s(x7 y7 u? v) = (:C? y)7 t(x7 y? u7 U) = (xeayv?yeiaxu)

Y

(xlvylaulav/) ’ (x,y,u, ’U) = (x,y’u + eayvu”v 4 e a%Uy, )

This should be compared with the symplectic realization (6.5]). e
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Example 14.16. Let us consider now the Poisson structure on R? given by
{z,y} =2+,

discussed in Example One can proceed along the same lines as the
previous two examples or, alternatively, exploit the relationship with the
Poisson structure in the previous example, as in Example In any case,
using complex coordinates z = x + iy and n = v — tu, the outcome is the
symplectic groupoid

(C2 S(Zﬂ?) =z,
tus with t(z,n) = 2 - ",
C

with symplectic form

0= %(nﬁdz/\di—zEdn/\dﬁ-i—Zﬁdz/\dn—i—
— zndz Ad — dz Adij+ dz A dn).

This example was first constructed in [3] by using a different method. T

We now move to examples of symplectic groupoids integrating general
classes of Poisson manifolds.

Example 14.17 (Symplectic manifolds). Given a symplectic manifold
(M,w), we saw in Example [[4.5] that the pair groupoid M x M = M is
a symplectic groupoid for the symplectic form

(14.3) Q:=t'w—s'w.

The target map t = pr; : (M xM,Q) — (M, w) is clearly Poisson. Moreover,
the Lie algebroid of M x M is the tangent bundle T'M and the isomorphism
of Theorem MZI0 is just the isomorphism o, = w’ : TM =% T*M.

For a concrete example consider M = R? with the canonical Poisson
structure {p, ¢} = 1. The symplectic groupoid is

R4 Q' =dg1 ANdp1 — dgz A dpa,
tus with S(Ql,pl,%,m) = (QQ,pz),
t (q1ap17q2ap2) = (Q17p1),
R2 (q1,P1,92,P2) - (q2,P2,93,p3) = (q1,P1,G3,P3)-

Actually for any Lie groupoid integrating 7'M the 2-form (I4.3]) is sym-
plectic and multiplicative. In particular, the homotopy groupoid II(M) =
M — see Example [13.12] — is a symplectic groupoid.
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Exercise 14.18. Given a Lie groupoid ¥ = M and a 2-form w € Q%(M),
show that the multiplicative form

Q=t'w-—s"w
is symplectic if and only if ¥ integrates T'M and w is symplectic. T

Example 14.19 (Zero Poisson structure). We saw in Example[I4.6lthat the
cotangent bundle of any manifold M, endowed with the canonical symplectic
form, can be viewed as a symplectic groupoid

(T* M, wean) = M.

We now have pr = s = t, so the induced Poisson structure on the base is
the zero Poisson structure. In this case, the Lie algebroid is T*M and the
isomorphism given by Theorem [[4.10Q] is the identity map. For example, if
M = R?, we find the symplectic groupoid

R4
Q =dx Adu+dy Ado,

tus with s(z,y,u,v) =t (z,y,u,v) = (z,y),
R2 (x,y,u’,v’)-(ﬂs,y,u,v):(:c,y,u—l—u’,v+v’).

We saw in Example [[4.6] that any integrable lattice A C T*M gives a
symplectic groupoid inducing the zero Poisson structure

(Ta,wp) = M.

The following exercise discusses even more general such symplectic groupoids.

Exercise 14.20. Let (3,Q) = M be a symplectic groupoid. Show that the
following are equivalent:

(i) The induced Poisson structure on the base vanishes.
(ii) The anchor of the Lie algebroid of G vanishes.
(iii) ¥ is a bundle of Lie groups.
In this case, if the t-fibers are connected, then (X,2) must be a quotient

of (T*M, wean) modulo a family of discrete subgroups A C T*M which is a
Lagrangian submanifold — but not necessarily a lattice. Te

Example 14.21 (Constant Poisson structures). Consider a constant Pois-
son structure my € /\2 V on a vector space V. As we saw in Example [6.10,
the Poisson manifold (V, 7y ) can be written as the product of a symplectic
manifold (W, ww ) and a Poisson manifold endowed with the zero Poisson
structure (C,0): W = Im W%/ and C' is any complement to W in V. Their
symplectic groupoid can be constructed by noting that, in general, the prod-
uct of two symplectic groupoids (X;, ;) = M; gives a symplectic groupoid

(21 X Eg,pff 0 -l—pl”; Qg) = M7 x M.
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Moreover, the induced Poisson structure on M7 x My is the product of the
two Poisson structures induced by ; on M;. Ty

Example 14.22 (Linear Poisson structures). As we saw in Example [[4.7],
for a Lie group G we have the symplectic groupoid

(T"G ~G xg",Q) = ¢,

where ) = —wcan and the source map is the projection. Since the projection
is an antisymplectic realization of the linear Poisson structure — see Section
— this symplectic groupoid is an integration of (g*, 7).

We have already observe that Example is a particular case of this
construction. For another concrete example, consider the linear Poisson
structure on R3 discussed in Section

{x,y}zz, {y,z}::c, {va}:y‘

This is associated with the Lie algebra s0(3,R) which admits as integrations
the Lie groups SO(3,R) and SU(2). Let us consider SU(2) and identify it
with S? viewed as the quaternions of norm 1:

¢ = (u,v,s,t) — U4 vi+sj+tk.
If we also identify R3 with purely imaginary quaternions via
7= (z,y, z) n—>a:ﬂ-y3+zl§,

one finds the explicit symplectic groupoid

S? x R3 ((U,U,S,t), (xayaz)) = (C?F)
R3 C'F'Cil T = (UCaZhZ)

with the symplectic form 2 = dO, where © corresponds to the Liouville
1-form and is given explicitly by (see also Exercise [6.19)])

O = —(2v +ys + zt)du + (zu — yt + zs)dv
+ (2t + yu — 20)ds + (—zs + yv + zu)dt. Tk

Example 14.23 (LV-type Poisson structures). For the general LV-type
Poisson structure,
{z', 27} = a"x'a?,
we found in Example [6.12] the symplectic realization
pi R =R p(atul) = (2).
The fibers of u are 1-connected, and p admits the Lagrangian section

u:R"” = R™  (z') — (2%,0).
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Generalizing Example [4.14], one obtains a symplectic groupoid R?” = R”
integrating this Poisson structure, with source map s = u, unit section u,
and symplectic form the opposite of (G.6)

n n
Q= Z:dfnZ Adu' — Z §a”d(fczuz) Ad(z?u’).
i=1 ij=1
Applying the same reasoning as in that example, one obtains as target map
t:R*™ SR, (2% ul) — (miezyzlaijﬂ“j)
and as multiplication
@', @) - (2, u') = (2°,u’ + Te 7:1“ijxj“j).

Interesting enough, precisely this symplectic groupoid was also discovered
in [107] in the context of cluster manifolds. T

Example 14.24 (Duals of Lie algebroids). Recall that for any Lie algebroid
(A, [, ] a, p), the dual vector bundle A* is endowed with the fiberwise linear
Poisson structure m4 — see Section The cotangent Lie groupoid

(T*G,Q) = A*

then becomes a symplectic groupoid where 2 = —w¢ay = dfr. This gener-
alizes the previous example, and we leave the proof as an exercise.

Exercise 14.25. Show that the Liouville 1-form 6; € Ql(T*g) is multi-
plicative. Moreover, verify that the induced Poisson structure on the base
is the fiberwise linear Poisson structure 4.

In particular, Theorem [14.10] implies Proposition [13.76l Ty

Example 14.26 (Quotient Poisson structures). Consider a quotient Poisson
manifold (M = S/G, ) of a free and proper Hamiltonian G-space (S,w, u).
Since the moment map p : S — g* is a submersion, we can form the sub-
mersion groupoid (see Example [[3.17])

Sx,85=8.
The 2-form
priw — prjw € Q%(S x,, )

is multiplicative and closed, and its kernel is given by the orbits of the
diagonal action of G on S x,, S. This action leaves invariant the form and
is by groupoid automorphisms. It follows that the quotient

S = (8 %, 8)/G = S/G =M
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is a symplectic groupoid where €2 is the unique form satisfying
(14.4) ¢*Q =prjw — pryw,
where ¢ : S x, § = (S x, §)/G is the quotient map.

For the Poisson structure on M = S/G, we have a commutative diagram

(S Xu 8, priw — pryw) —— (S,w)

l l

(%,9Q) (M, )

where the top row and the vertical arrows are forward Dirac maps. Since all
maps are submersions, the bottom row must also be a forward Dirac map,
i.e., a Poisson map — see Problem Hence, 7 is the Poisson structure
induced on M by this symplectic groupoid.

The Lie algebroid of ¥ is the subalgebroid of the Atiyah algebroid T'S/G
given by the quotient bundle

A= (Kerdu)/G — M.

The isomorphism o, : A — T*M, given by Theorem [[Z.10 can be described
as the composition of two bundle maps

A= (Kerdp)/G —= (Im)°/G —= T*M .

The second map is induced by pullback along the quotient map S — S/G,
and the first map is the one induced on the quotients by

Ker(du) — T7S, v — iyw,
whose image is the annihilator of the image of @ : g x S — T'S.
Exercise 14.27. Apply the above construction to obtain a symplectic

groupoid integrating the linear model of Section A4l

14.3. Integrability of Poisson structures I

The results in the previous section raise the following question:

Integrability Problem: Given a Poisson manifold (M, ), is there
a symplectic groupoid (3, Q) = M inducing 7?

Whenever a solution of the integrability problem exists we say that
(M, ) is an integrable Poisson manifold. A solution (X,(2) is called
a symplectic integration of (M, 7). One should think of it as a “sym-
plectic desingularization” of (M, ). The rest of this chapter is dedicated to
this fundamental problem.
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We already know that if a symplectic integration (X, ) exists, then its
Lie algebroid must be isomorphic to (T*M, [-,]x,7%). So the integrability
problem can be split into two steps:

1) Is there a Lie groupoid ¥ = M with Lie algebroid isomorphic to
T*M?

2) If ¥ = M has Lie algebroid isomorphic to T*M, does ¥ carry a
multiplicative symplectic form 7

We will consider the first step in later sections. For now, we will assume
that the Poisson manifold (M, ) has integrable Lie algebroid T%M and
study if an integration ¥ = M carries a symplectic form 2. In general, the
answer to this question is no, as shown already by examples with the zero
Poisson structure.

Example 14.28. Consider the 3-sphere S? with the zero Poisson structure.
We saw that it has the symplectic integration T*S? ~ S3 x R? — S3, which
is a bundle of Lie groups with addition on the fibers and multiplicative
symplectic form € = wean. The bundle of Lie groups G = S? x T2 — §3
with the usual abelian Lie group structure on T? is also an integration of
the cotangent Lie algebroid T*S?. However, G is not a symplectic groupoid
since S? x T2 does not carry any symplectic form. This follows because every
class ¢ € H%(S? x T?) squares to zero: ¢? = 0. T

By Lie’s First Theorem, given any integration of the cotangent Lie al-
gebroid of a Poisson manifold we can find one that has 1-connected t-fibers.
It turns out that such an integration is always a symplectic integration:

Theorem 14.29 (Mackenzie and Xu [115]). Let (M, x) be a Poisson mani-
fold, let ¥ = M be a Lie groupoid with 1-connected t-fibers, and let o : A —
T*M be a Lie algebroid isomorphism. Then there erists a unique multi-
plicative symplectic form Q € Q2(X) with the property that the Lie algebroid
isomorphism o, given by (I41]) coincides with o.

There are several approaches to proving this theorem, each of them
exhibiting a different facet of Poisson geometry. We will present two proofs,
which will occupy the rest of this section.

First proof of Theorem [14.29. The following result for general 2-forms
on groupoids will play a crucial role.

Proposition 14.30. Let G = M be a Lie groupoid with connected t-fibers.
For a 2-form Q € Q%(G), define the bundle map

0, A—=>T*M, o,(a)=-u"(iQ).
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Then Q) is multiplicative and closed if and only if, for all a« € T'(A),

(CO) igQ=—s"(04(q)),
(C1) iedQ =0,
(C2) u' Q=0.

Moreover, in this case, ) is symplectic if and only if o, is an isomophism.

Proof. Assume that Q € Q2(G) is a closed, multiplicative form. The iden-
tity (C2) was verified in the proof of Proposition using only multi-
plicativity of Q. The identity (CQ) was also shown to hold in the proof of
Theorem — see ([4£2) — using again only multiplicativity of Q.

We now prove the converse. Assuming that the equations in the state-
ment hold, we show that €2 is closed and multiplicative.

- Q is closed: since i4d2 = 0 and d€2 is closed, it follows that d€2 is
s-basic, i.e., that dQ) = s* for some p € Q3(M). But u*Q = 0 implies

pw=u's"py=u"(dQ) = d(u*Q) =0,
showing that dQ2 = s*u = 0.
- Q is multiplicative: we need to check that
60 := pri Q — m*Q + prs Q € Q*(G?)

vanishes identically. We claim that 69 is basic relative to pr; : G& — G.
Observe that the tangent spaces of the fibers are spanned by the vector fields

W ex(@®), Wimi=dLymles) (a€l(4)
where x = s(h) and
Lign : t~(z) = G?,  a (g, ha).

We already know that d(0€2) = 0, so to check that 62 is pr;-basic we only
need to check that i=0€2 = 0, for all a € I'(A). But this follows from

=00 = ic pr; Q — iga:m*Q + it pr5
= -—m"igQ + priigQ = (m* — pr3)so,(a) =0,
since m*s* = prys*. Therefore, §Q = pri 7 for some 7 € Q*(G). Now,
pulling back by the map (Id,uos): G — G, we find that
0=s"u"Q = (Id,uos)"dQ = (Id,uos) pri7 =,

so that 02 = prj 7 = 0.

For the last part, assume that €) is multiplicative and closed. We have
seen the direct implication in Theorem [[4.10l To prove the converse, assume

that o, is an isomorphism. Surjectivity of o, and (CQ) imply that Ker Q C
Kerds. Injectivity of o, and (CO) imply that Ker Q2 N Kerdt = 0. Using
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only multiplicativity of €2, we have seen in the proof of Proposition [14.9that
L*Q = —€Q. Since t o ¢ = s it follows that

Ker Q = KerQ NKerds = de(Ker 2 N Kerdt) = 0. O
Uniqueness: In order to prove uniqueness in Theorem [14.29, and also

for later use, we show that if ) is any multiplicative, closed 2-form, possibly
degenerate, with o, = 0, then ©Q = 0. For this, notice that by (C0) we have

Q= —s"(0,(a)) =0.

Since d2 = 0, it follows that € is basic with respect to the submersion
t : ¥ — M: there exists a closed 2-form 7 € Q2(M) such that

Q=t"r.
Now, the multiplicativity of € gives
0=109Q=pr] Q—m*Q+ pr5Q
(14.5) = pr] t'7 —m*t"7 + pryt T = pry t*r = pry Q
where we used that t om =t o pr;. Hence Q2 = 0.

Existence: Given o : A — T*M as in the statement, we are looking
for a form Q € Q%(X) with o, = o and satisfying (CQ), (CI), and (C2) of
Proposition [[4.300 First we choose €2 satisfying

(C0") i£Q=—s"(0o(a)), Vael(A).

This can done by using a complement to Kerdt in 7. Note that (CQ)
implies that o, = o and therefore also (CO). A simple computation shows
that © can be modified to also satisfy (CIl) and (C2)) as follows:

- If n € Q2(X) satisfies
(14.6) ign =0, ZLgn=1idQ, Vaecl(A),
then ' := Q — 7 satisfies (CQ') and (CT).
- Next Q7 := Q' — t*u*Q satisfies all conditions.

This observation reduces the existence problem to a cohomological prob-
lem: find a 2-form 7 € Q2?(X) satisfying (IZ.6). We will see that this amounts
to a “Poincaré Lemma with parameters”, along the t-fibers. To explain this,
let Ft be the foliation of ¥ by t-fibers and denote by 14 its normal bundle

Vg = TE/Tft

The conormal bundle v; can be canonically identified with the annihilator
of the tangent spaces to the target fibers:

vg = (Kerdt)? Cc T*X.
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Notice that the sections of A2 are the t-horizontal 2-forms in ¥:

2
r(/\y:) = {n e QD) :itn =0, a e (A).

Hence, the first equation in (I4.6) says that the form n we are looking for
is a section of /\2 vy. We now analyse the right-hand side of the second
equation.

Lemma 14.31. For each o € I'(A), the form idQ is t-horizontal, so one
obtains a map

2
o :D(TF) — r(/\ yg‘>, & iedQ.

Proof. Using that  satisfies (CQ’) and the general identity
(14.7) ixiyd = Z'[Xy] + Hix — Lxiy +dixiy,
we obtain that

iging Z[%T = Q4+ .,2”<—z<—Q D%—M—Q + d2<—2<—Q

B]
= —s"o([a, ])—fe(s o(a ))+$+(S a(B)) —dle*J(ﬁ)
——S*U({a,ﬁl)—s 8@ (a))+s ZLp(a)(@(B)) = s*d(a(8)(p(a)))
—s" (o ([a, B]) - (0(6)) 3 (o(@)) +d(e(B)(p(a))))
= —s"(0 ([, B]) = Zrto(a) (0(5)) nam)( (@) +dr(o(a), o(8)))
= —s"(0([a, B]) = [o(), 0(B)]x) =

where we have used that o is a Lie algebrmd homomorphism. This shows
that i4d€2 is t-horizontal. i

In other words, we have a foliated 1-form on F; with coefficients in A\? ;'

2
§n € Ql(]:t;/\ué‘).
The key remark is that equation (I4.6) lives on a version with coefficients
of the foliated de Rham complex (see Section [C.2])

(148) O(FipA2vg) T 0 (Fu N ) o 02 (Fu AP g) ——

with the differential given by the usual Koszul-type formula

k
dzn(ao, ..., o) —Z(— ) Lg n(o, ..., %, ..., a0y
+Z Ditin(&, 850 8o B g ).
1<j
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In particular,

dr, : Q° (.Ft;;\l/{f> — ! (ft;;\uz‘), drn(@) = L.

In conclusion, while 2 gives rise to &g, equation (IZ.6) becomes

2
(14.9) dr,n=~&q, withne QO<.7:t; /\V:)

Note first that &g € Q' (F; A2 ) is dz,-closed. This amounts to
z[gﬁ]dQ = fgz%dQ - fgzgdﬁ,
which follows immediately from the general identity (I4.7).

The proof of the theorem will be completed by showing that
d d
00 (Fu A2vp) 2 0 (Fu Ny ) = 02 (Fis A2 )

is exact. For this we use 1l-connectedness of the t-fibers of X. Note that
A? ¢ is isomorphic to the pullback along t : & — M of A T*M:

2 2

Avi =t NTM.
We see that, given any 6 € Q! (Fy; /\2 vy ) which is dz,-closed, we can restrict
to each fiber t~!(x) obtaining a closed 1-form 6, with values in the vector
space A2 T*M. Hence, we can define 5 € Q°(F; A2 ) on each fiber t~1(z)
to be the 0-form with values in the vector space /\2 T M defined by

g ::/QI,
v

where 7 : [0,1] — t~!(z) is any curve in the fiber joining 1, to g. Since the
t-fiber is 1-connected and the form 6, is closed, this does not depend on the
choice of v. We still need to check that n is smooth. For that it is enough
to show that each gy € ¥ has a neighborhood U for which there exists a
smooth map v : U x [0, 1] — X such that, for all g € U, the path ¢t — ~(g, t)
is contained in the t-fiber of g, it starts at 1¢(4), and it ends at g. This can
be shown by covering a fixed path 7 connecting 1¢(,,) to go by submersion
charts for t.

Second proof of Theorem The departing point of this second
proof is a characterization of multiplicative forms as groupoid morphisms.
To state it we need the tautological k-form 6, € QF(A* T* M) generalizing
the Liouville 1-form: if & € T*M and vy,...,v; € To(A* T*M) it is given
by

(Ok)a(v1, ... vg) == a(dp(vr),...,dp(vg)).
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The forms 6y, like the Liouville 1-form, are characterized by the property
that a*0), = «, for all a € QF(M).

We also need to generalize the bundle map o, : A — T*M from Theorem
410 to higher degree. For a multiplicative form Q € QF(G), define

k—1
0, A— /\ T"M, a— —u*(i).

Finally, we will make use of the Lie groupoid structure on EBk TG =
@ TM from Example [3.2T and of its Lie algebroid @ TA = @FTM
from Example [3.53

Proposition 14.32. For k > 1, a form Q € Q¥(G) is multiplicative if and
only if the map

@ 1¢ —2~ (R, +)
u l (v1y...,0K) = Qv1, ..., vg)
@™ ()

is a Lie groupoid morphism. In this case, the induced Lie algebroid morphism

k
wa = Lie(Q) : HTA - R
corresponds to a k-form on the total space of the bundle A given by

(14.10) wa = —d(o70r_1) — 0%, (0k) € QF(A).

Proof. Using the definition of the multiplication @*dm in @" TG, the
multiplicative condition can be rewritten as

ﬁ(édm(v, W)) —Q(V) + W), Y(V,W)e (éTQ>(2),

which just means that € is a groupoid morphism.
Let us explain the second part for 2-forms. We need to find the map

2 2
Lie@) : PTA R, X dpQ(X), X e (@TA)( .

Sections of T'A are generated by the linear and core sections — see Example
M353 — of the form da and @, for @ € T'(A). It follows that sections of
@2 T A are generated by sections of the following type:

da®da, a®0, 0&a.
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We then find for any o € I'(A) that

A0,y QUE B 0) = (iaQ)(w) = —o, () (w),

d(o,uw) U0 @ @) = = (i) (v) = g ()(v),

Ay, (da ® da) = (dia + iadQ) (v, w)
—(do(a) + o4 (@) (v, w)
and then (IZI0) follows from the definition of the tautological forms. O
We can now turn to the proof. Starting with the Lie algebroid isomor-

phism o : A — T*M, we define a 2-form w4 on the total space of the bundle

A — M by
wa = —d(0"h) = d(0"wean) € Q2(A)‘

We can view w4 as a vector bundle map

@*TA A R

|

O TM — ()

Since 0 : A — T* M is a Lie algebroid morphism it follows that w4 is a
Lie algebroid morphism to the abelian Lie algebra R:

Lemma 14.33. @4 : @?TA — R is a Lie algebroid map.

The proof of this lemma is left for the end of the proof.

Since ¥ = M has 1-connected t-fibers, the groupoid T = T'M also has
1-connected t-fibers, and the same holds for the direct sum @2 T3.. Hence,
by the previous lemma, we can apply Lie’s Second Theorem to obtain a Lie
groupoid morphism

Q: é ¥ — R.
We claim that the map (X,Y) = Q(X,Y) is bilinear and skew-symmetric:
QaV,W) = aQ(V, W),
Qi+ Vo, W) = Q(Vi, W) + Q(Va, W),
QV, W) = -QW, V),

so that, by Proposition [4.32, we have a multiplicative 2-form Q € Q?(X).
The proofs of these conditions are all of the same sort, so we give the details
only for the last one. For that we observe that the map

2 2
11> PTS, (VW)= (W, V),
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is a groupoid morphism whose induced Lie algebroid map is

2 2
L:@PTA—-PTA, L(a.B) = (Ba).

Then —Qo I : @2 T — R is also a groupoid morphism and the induced
Lie algebroid morphism is

(—QOI)* =—wyol, =wjy.

By uniqueness in Lie’s Second Theorem we must have Q = —Q o I, which is
precisely the skew-symmetry. For the other properties one proceeds similarly
replacing I by the Lie groupoid morphisms:

2 2
Prs—-Prs, VW)= @V, W),

éTE — éTZ, Vi, Vo, W) = (V1 + Vo, W).
The Lie groupoid morphism Q differentiates to the Lie algebroid map
w4 = Lie(Q) : @*TA — R. By Proposition T2.32 we have
wa = —0o"dth = —o db; — o, 0s.
The properties of the tautological forms imply that
0 =0g, 040 =0.
This follows from the following exercise:

Exercise 14.34. Consider two vector bundle maps oj_1 : A — /\k_1 M
and op, : A — A\ T*M. If

O'Z_ldek_l + O'ng =0,

show that o,_1 = 0 and o5, = 0.

To show that € is closed, we again apply Proposition to the multi-
plicative 3-form dQ). Viewed as a Lie groupoid morphism d€, since o o =0,
the induced Lie algebroid morphism is 0. Hence, by the uniqueness in Lie’s
Second Theorem, we obtain that d{2 = 0.

Finally, the nondegeneracy follows, as before, from the fact that o = o
is an isomorphism — see the last part of the proof of Proposition So
Q) is a multiplicative symplectic form. Uniqueness follows again from the
uniqueness in Lie’s Second Theorem.

Proof of the Lemma [14.33l We need to check that the pullback map
@a)* : B*(R) — Q*(P*TA) commutes with differentials. In degree 0,
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this is just commutation with anchors, which is obvious. In degree 1, since
the differential in R is 0, this just amounts to

2
(14.11)  @A([X,Y]) = Lx@a(Y) — Bwa(X), VX,V € r(@m).
We only need to check this equation on pairs of sections of the type
da®da, a®0, 0&a.

In the calculations below, we will regard 1-forms and 2-forms on M as
functions on TM and TM @& T M, respectively.

-fFX=a®0and Y = B@ 0, or the other way around, the bracket
vanishes and so does the right-hand side.

-IfX =ad0and Y =06 3 , the bracket still vanishes and the right-hand
side of (IZ.I1)) becomes

ip(@)0 (B) +ippo(a) = m(a(a),0(B)) +m(a(B), o(a)) =0,

where we used that o : A — T*M preserves anchors; i.e., p = 7t o 0.
-If X =da®da andY:BEBO, we find that

—

(X, Y] = [, 8], ®0,
so the left side of (I4.I1]) gives
wa([X,Y]) = pry o([o, f]a) = pralo(@), o(B)]x
where we used that ¢ : A — T* M preserves brackets and we pulled back
a function along pr, : @2 TM — TM. On the other hand, the right-hand
side of (I£I1]) becomes
Lxwa(Y) — Lywa(X) = prs (Lo (B) — iypdo(a))
= 13 (Zpe)0 (8) = L0 (@) + dipg)0 (@)
5 (Lrt(o(a))7(B) = Zat(o(8))0 (@) — dm(o(a),0(B)))
= pr5 ([o(a),0(8)]x)
where we used the definition of the bracket [-, -|,.

— Finally for two sections X = da ® da and Y = df @ dB, we obtain
that the bracket is

[X7 Y] = d[aa B]A D d[Oé, 5]147
so the left-hand side of (I4.I1)) is

wa([X,Y]) = d(ofa, fl4) = d([o (@), o (B)]x)-

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



14.3. Integrability of Poisson structures I 387

For the right side of (I4I1]) we now find

LxwaY)— LHwa(X) = dfp(a)a(ﬁ) — dfp(lg)O'(Oz)
= (L) (B) = Zy(p)0 () — dm(o(a),a(8)))
= d([o(@),(B)]x)

where we used again that o : A — T*M is a Lie algebroid isomorphism. So
the equation holds and this finishes the proof of the lemma. O

Remark 14.35. The previous proof can also be used to obtain an explicit
formula for the symplectic structure from Theorem on Y. To present
the explicit formula, we need a bit of terminology. For any g € ¥ we can find
a smooth path 7 : [0,1] — t71(z), z = t(g), joining v(0) = 1, to y(1) = g.
We associate to v the A-path

a:[0,1] = A, a(t) :=dL,yH-1(5(1)).

We will say that a is an A-path representing g.

Similarly, a tangent vector V' € T3 will be represented by a T'A-path
(a,v). In such a pair, a : [0,1] — A is an A-path representing the base point
geXof Vand

v:[0,1] = TA, teot)eTypA
is obtained as follows. First, we choose a path € — g. with

d
V=— :
de a:OgE
Then each g. can be connected to the unit at x. = t(g.) by a smooth path
Ye : [0,1] — t7!(z) as above, such that (e, t) is smooth. Consider the
corresponding family of A-paths a. : [0,1] — A. Then V is represented by
a = ag together with the variation of this family:

d
’U[O,].]—>TA, ti—)d—€

o Qe (t) S Ta(t) A.

With this terminology, the symplectic structure on X is given by

1
(14.12) Q, (V. W) i= /O (0" wean)a(ey (v(8), w(t)) dt,

where (a,v) and (a,w) are T'A-paths representing V, W € T, 3.

This formula originates from the cotangent path space approach — see
Remark 457l It also follows from the second proof combined with a general
formula for integrating 1-cocycles. Given a Lie algebroid morphism c: B —
R, the corresponding Lie groupoid morphism C' : G — R, where G is a Lie
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groupoid with 1-connected t-fibers, is given by

1
(14.13) Clg) = / c(a(t))dt,
0
where a : [0,1] — B is a B-path representing g, as explained above.
Exercise 14.36. Prove formula (I4.12), by applying (I4.13) to w4 = o*db;.

Remark 14.37. The first proof of Theorem was extracted from the
general machinery developed in [11]. The second proof is due to Bursztyn,
Cabrera, and Ortiz [2223]. It is an improvement of the original proof of
Mackenzie and Xu [115] and is part of a general program of integrating
infinitesimally multiplicative structures, with the case of arbitrary tensors
carried out in [24].

14.4. Symplectic groupoid actions

Definition 14.38. Let (X,2) = M be symplectic groupoid, and let
(S,w) be a symplectic manifold. A left groupoid action of ¥ along
amap p: S — M is called a symplectic groupoid action if it
satisfies

(14.14) A*w = pr] Q + prjw,

where o : ¥ X1 S — S denotes the action and pry : X X S = X
and pry : X X S — S denote the projections.

We also call (S,w) a Hamiltonian (X, Q)-space and p : S — M the
moment map. We define right actions in a similar way.

Example 14.39. For any symplectic groupoid (3,Q) = M, the multipli-
cation, viewed as a left action of ¥ on itself, is a symplectic groupoid action
along t : ¥ — M. T

Example 14.40. Let G be a Lie group, and consider the symplectic groupoid
(G x g*,Q) = g* from Example [[47 Then symplectic groupoid actions of
G x g* are the same as G-Hamiltonian spaces (S,w, ). When G is con-
nected, this follows from Proposition and Problem [13.7]— the general
case is left as an exercise.

Example 14.41. Consider an integrable lattice A C T M, with correspon-
ding symplectic groupoid

(77\, wA) = M.
By Proposition [230, any proper Lagrangian fibration p : (S,w) — M
inducing A is a Hamiltonian Tj-space. Ty
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As suggested by the terminology “Hamiltonian (X, 2)-space”, the idea
behind this notion is based on replacing;:
e duals of Lie algebras by general Poisson manifolds,
e moment maps by Poisson maps,
e Hamiltonian actions by symplectic groupoid actions.
The next proposition supports this philosophy. To state it we recall from

Example [13.49] that a Lie groupoid action of ¥ = M on amap y: S — M
induces a Lie algebroid action « : I'(4) — X(5).

Proposition 14.42. Consider a symplectic groupoid (X,Q) with induced
Poisson structure m on M. For any symplectic groupoid action of (X,)
with moment map p : (S,w) — M, one has the following:

(i) p: (S,w) = (M,7) is a complete Poisson map.

(ii) The induced Lie algebroid action < : T'(A) — X(S) satisfies

,LL* (UQ (Oé)) = ia(a)w'

Notice that p is Y-equivariant by the definition of a groupoid action.
Note also that the moment map condition in (ii) says that the induced
infinitesimal action « is identified via the isomorphism o, : A — T M with
the infinitesimal action Q!(M) — X(S) associated to the Poisson map y —
see Definition

Proof. In this proof we identify M = u(M) C X, and so we write u(x) = z.

For (ii) we have to show that, for any v € 7,5 and any o € A,, where
x = u(p), one has

—Qu (e, dp(v)) = wp(@p(a),v).
As in (I33]), the infinitesimal action is given by differentiating the map
t™(2) > S, g g 'p=9(g)p).
In other words,
@p(a) = d(ac,p)'Q{(dL(O‘)v Op)'
On the other hand, because units act trivially, one also has the identity
v =d ) (dp(v),v), YveT,s.

Inserting these two identities in the multiplicativity equation (I4.14]), we
find

wp(@p(a),v) = Qe (de(a), dp(v)).
Since ¢*Q) = —Q and ¢t o u = u, it follows that

wp(ap(a), U) = _Qr(a7 de dﬂ(v)) = —Qx(OJ, d,u(v)),
i.e., precisely the desired identity.
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For (i) we denote by 7, the inverse of w. We have to show that

=dpont o (dp)*.

This follows because o, is invertible and the commutative diagram

pal
/\

)

;S T,

(dp)*

gives
dpont o(du) oo, =duoa=p=r‘oo,.
The big triangle in the diagram is commutative by part (ii), the bottom

triangle is commutative because o, is a Lie algebroid map, and the right
triangle is commutative because « is an action.

For the completeness of the action, start with H € C°°(M) such that
Xu € X(M) is complete, and we show that X g, is complete. For that we
notice that

XHop = @), where a= agl(dH) eI'(4),

and p(a) = Xy € X(M) is complete. By Proposition [3.37, we know that
o € X(2) is a complete vector field. Next, note that the flow of «(«) is
given by

a(a)( ) qb‘_( ( )) l'p’

because the right-hand side gives integral curves of « («). Therefore « () =
XHoy is complete. O

The previous proposition allows one to carry on with the philosophy that
symplectic groupoid actions provide a general Poisson geometric framework
for moment map theories. For instance, one obtains a generalization of
symplectic reduction as follows.

As in the classical case, to ensure smooth quotients we will consider
groupoid actions of ¥ = M on p: S — M that are free and proper, where

- free: g-p=p=9=1,4),

- proper: (9f,pry) : X X S — S x S is a proper map.
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So let (X, ) be a symplectic groupoid and let p : (S,w) — M be a free and
proper Hamiltonian (X, Q)-space. Then:

(i) For each = € S, each of the spaces
S//m Y= M_1($)/Ex
is smooth and carries a canonical symplectic structure w,, uniquely

determined by the condition that its pullback to = !(z) coincides
with the restriction of w.

(ii) The quotient
N :=5/%
is smooth and carries a unique Poisson structure 7y making the
canonical projection

p:(S,w) = (N, 7N)
into a Poisson submersion.

(iii) The symplectic leaves of (N, my) can be identified with the con-
nected components of the symplectic quotients S/, X.

For instance, this theory allows one to treat certain non-Hamiltonian
symplectic actions of a Lie group on a symplectic manifold as if they where
Hamiltonian actions. This is illustrated in the following example.

Example 14.43 (Cylinder-valued moment maps). Denote by t an abelian
Lie algebra and let A C t be a full rank lattice, so that we have a torus

Ty = t/A.

Consider a symplectic torus action of T on a symplectic manifold (S, w)
with infinitesimal action @ : t — X(S). Fixing a base point py € S, we
introduce the group homomorphism

O :mi(S,po) =t P([y])(v) = /i@(y)w (vet).

Notice that the Tp-action is Hamiltonian if and only if the image of this
homomorphism is trivial. We will obtain a (groupoid) Hamiltonian action
by “killing” this image, so we make the following assumption:

- ®(m(S,po)) C t* is a discrete subgroup.
Then we can introduce the cylinder
C= t*/q)(ﬂ-l(svp[))))

as well as the moment map
w:8S—-0C p— [UH/ia(v)w}
v

where 7 : [0,1] — S is any path with v(0) = pp and (1) = p.
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Exercise 14.44. Show that p : (S,w) — (C,0) is a Poisson map.

Since T*C = C x t and the slices {c} x t are Lagrangian submanifolds for
the canonical symplectic form, we can view A C t as defining an integrable
affine structure on C'. We obtain a symplectic torus bundle over C' with
fiber Ty:

pr: (Ta,wp) — C.

This is a symplectic groupoid and admits a symplectic groupoid action

(77\va) O (S7w)

N

C

where on each fiber u~!(c) one takes the original Ty-action.

The discussion above then shows that one can perform symplectic re-
duction for the cylinder-valued moment map p : S — C. If the action of Ty
on p~!(c) is free one obtains the symplectic quotient

S/ eTh = p " (c)/Ta. T

The following converse of Proposition [[4.42] gives an infinitesimal char-
acterization of the multiplicativity condition (I£.I4]) for symplectic groupoid
actions.

Proposition 14.45. Let (X,Q) = M be a symplectic groupoid with con-
nected t-fibers, and let (S,w) be a symplectic manifold. An action of ¥ on
w: S — M is a symplectic groupoid action if and only if the following
moment map condition holds:

1 (00(0) = ig(w. Vo€ T(A).

Proof. We consider the action groupoid Y =% xS =S and we rewrite
the multiplicativity condition as the vanishing of the closed multiplicative
form on :

Q= pri Q — d*w + priw.

The multiplicativity of prj 2 follows because pr; : ¥ — X is a groupoid
morphism. Since & and pry are the target and source of X, it follows that
—9*w + prjw is even multiplicatively exact.

Note that the t-fibers of 3 are connected, as they can be identified to
those of Y. Therefore we can apply the proof of the uniqueness part in
Theorem [T4.29] which gives that Q = 0 if and only if o, = 0. Note that
nondegeneracy was not used there.
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We show that o = 0. Notice that any element in the Lie algebroid A
of 3 is of the form & = (a, 0,), with a € A
U of ¥ is given by

u(p)- The differential of unit map

du(v) = (dudp(v),v) (v € T,9).

Therefore, using the assumption, we obtain
7o (@) = —(pri @ — "w + pryw ) (@, did(v))
= 0 (a)(dp(v)) + w(—ep(a),v) = 0. O

14.5. HausdorfIness issues

As discussed in Section [[3.7, we also need to consider the context of non-
Hausdorff symplectic groupoids and non-Hausdorff symplectic realizations.
We use the terminology from Section [[3.7] and in particular Conventions
397 and 0396l Additionally, we will also consider symplectic groupoid
actions on possibly non-Hausdorff manifolds u : (S,w) — M — as before,
the base M is always assumed to be Hausdorff.

Example 14.46. Consider M = R3\{0} endowed with the foliation F by
horizontal planes z = ¢. Recall from Example that the homotopy
groupoid II(M, F) = R3\{0} is non-Hausdorff.

We endow each leaf of F with the area form w = dx A dy, obtaining a
regular Poisson structure m on M. It is not difficult to see that the following
is a non-Hausdorff symplectic groupoid integrating (M, m):

¥ :=1I(M,F) x R = R3\{0},
(14.15) N :=t'w—s"w+ (t'dz — s*dz) A dt,
where ¥ is the product of II(M, F) = M with the group (R, +). Actually,
Y, can be identified with the Poisson homotopy groupoid of (M, 7):

Exercise 14.47. Using that t : (X,Q) — (M, m) is a complete symplectic
realization, construct a groupoid isomorphism between II(M, ) and .

On the other hand, the holonomy groupoid can be identified with the
submersion groupoid of pry : M — R:
Hol(M, F) = M xg M = {(p,q) € M x M : pry(p) = prs(q)}.
The same formula (I4.15) makes Hol(M,F) x R = M into a Hausdorff
symplectic Lie groupoid, which still integrates (M, ). Ty

Example 14.48. We can also turn the examples of bundles of Lie algebras of
Douady and Lazard, mentioned in Example [[3.82], into Poisson manifolds.
Consider the associated fiberwise linear Poisson structure (A*,m4). Let
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G — M be a bundle of Lie groups integrating A. By Example [4.24] a
symplectic groupoid integrating w4 is (T%G, Q) = A*.

As discussed in Example [3.82 the bundle of Lie algebras (I3.13) can
be integrated by two bundles of Lie groups, one Hausdorff and one not. So
one obtains two symplectic Lie groupoids, one Hausdorff and one not. The
second one has 1-connected t-fibers and so, as we will see later, it can be
identified with the Poisson homotopy groupoid of (A*,74).

Recall that the second bundle of Lie algebras B — R given in (I314)
does not admit Hausdorff bundles of Lie groups integrating it. This gives
a Poisson manifold (B*,mp) which is integrable but does not admit any
Hausdorff integration, due to the following;:

Exercise 14.49. Let (X,) = B* be a symplectic Lie groupoid with con-
nected t-fibers integrating mp. If Z C B* is the zero section, show that
t~1(Z) is a bundle of Lie groups integrating the bundle of Lie algebras B.

e

In the non-Hausdorff setting, with our conventions, the results discussed
so far in this chapter need to be adjusted as follows:

- The first properties of symplectic groupoids, i.e., Proposition [14.9]
Theorem [T4.10] as well as the uniqueness part of Theorem [I4.29] require no
change at all, and neither does the auxiliary Proposition [14.30]

- The first properties of symplectic groupoid actions from Proposition
hold, except that the completeness in item (i) should be removed.
Indeed, we do not define the notion of completeness of arbitrary Poisson
maps in the non-Hausdorff setting.

- The properties of symplectic groupoid actions from Proposition
also hold. However the proof requires a closer inspection, as we explain now.
In the notation from the proof of Proposition M[4.45] the action groupoid
Y=Y xS = S is over a non-Hausdorff base, and therefore we need
to review the argument. The form Q € Q%(%) is still multiplicative and
closed. The computation there shows that o, = 0. The relation (CQO) from
Proposition is a consequence of multiplicativity and makes no use of
Hausdorffness. Hence € is horizontal for the projection pry : X X § — S
ie., ivfl = 0, for all V€ Kerdpr,. Since Q is closed, Cartan’s formula
implies that £/Q = 0, for all V € I'(Kerdpr,). Note that the fibers of
pry are Hausdorff, and so Q= pry 7 for some 7 € Q2(S). Using again the

multiplicativity argument (I4.3]), one concludes that Q = 0.

- Theorem [14.29 continues to hold in the non-Hausdorff setting. The
second proof works without any modifications. The first proof can be made
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to work also in the non-Hausdorff setting, with the appropriate modifica-
tions. The only issue arises from the use of a splitting of the exact sequence
Kerdt < TG — t*T'M. As explained in Remark and illustrated by
Example [4.74] such a splitting may fail to exist.

From now on, we allow for non-Hausdorff groupoids and non-Hausdorff
symplectic realizations, unless otherwise specified.

14.6. The Poisson homotopy groupoid

Recall that the Poisson homotopy groupoid of a Poisson manifold (M, ) is

cotangent paths

(M, ) : ,

~ cotangent path-homotopy
with multiplication given by concatenation of cotangent paths. From Section
3.6, we know that this is always a topological groupoid with 1-connected
target fibers. Using the results from Section [[4.3] we can now state:

Theorem 14.50. For a Poisson manifold (M, ) the following are equiva-
lent:

(i) The cotangent Lie algebroid (T*M, |-, ], 7%) is integrable.
(ii) There exists a symplectic groupoid integrating (M, ).

(iii) (M,7) admits a complete symplectic realization with connected
fibers.

In this case, the Poisson homotopy groupoid IL(M,7) = M has a smooth
structure and a symplectic form Q such that (IL(M,7),Q) is a symplectic
integration of (M, ).

Remark 14.51. A different characterization for integrability of the Lie
algebroid T* M can be given using the exponential map of a contravariant
connection V on (M, 7). By the results in Section [[T.4] there exists an
open neighborhood U C T*M of the zero section on which the geodesic
flow ¢' : U — T*M of V is defined for all ¢+ € [0,1]. For each ¢ € U,
t > ag(t) == ¢ () is a cotangent path, and we define the ezponential map
of V as
expy : U = II(M, ), expy(§) := [ag].
The items in the previous theorem are also equivalent to — see [42]:

(iv) There exists a neighborhood U C T™ M of the zero section on which
expy Is injective.
One can apply this characterization of integrability to show that the condi-
tion in (iii) that the fibers are connected can be dropped.

The results in [42] provide an even more complete version of the pre-
vious theorem. By applying the general discussion on integrability of Lie
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algebroids from Section [I4.3] we can talk about II(M, 7) being smooth inde-
pendent of the existence of symplectic realizations, namely, with the quotient
smooth structure induced from the Banach manifold of cotangent paths —
as it appears in Theorem When this happens, we know that II(M, )
will be a Lie groupoid with Lie algebroid isomorphic to (T*M,[-, ], 7%).
In particular, the items in the previous theorem are also equivalent to the
following;:

(v) II(M,7) = M is smooth, in the sense that the smooth structure
on the cotangent path space descends.

By looking at the construction in the proof below, one can check that the
smooth structure on II(M,7) = M from the statement of the theorem
coincides with the one coming from the path space construction.

The Poisson homotopy groupoid II(M,7) has a beautiful description
as an infinite-dimensional symplectic quotient, due to Cattaneo and Felder
[32]. The space of all paths in T*M is a symplectic manifold that may be
interpreted as the cotangent bundle T7*P(M) of the manifold of all paths
in M. The space of cotangent paths P(T*M) C T*P(M) is a coisotropic
submanifold. Actually, the Poisson geometry on M gives rise to an infinite-
dimensional Lie algebra g and a g-Hamiltonian action on 7% P(M) with
moment map p : T*P(M) — g* such that

p1(0) = P(T*M).

Furthermore, the orbits of the action of g on this level set, i.e., the space of
cotangent paths, are precisely the cotangent homotopy classes. Therefore,
one obtains the symplectic quotient

(M, 7) = p~(0)/g.

The resulting symplectic form 2 is the one appearing in Theorem [14.50
This also leads to the explicit formula (I4.12]).

Proof of Theorem If (i) holds, then by Lie’s First Theorem, T M
can be integrated by a Lie groupoid with 1-connected target fibers. By
Theorem [14.29] this groupoid can be made into a symplectic groupoid inte-
grating (M, ), so (i) = (ii). Theorem [I4.10 gives the reverse implication
(ii) = (i). Given a symplectic groupoid, the same theorem applied to the
t-connected component of the identity shows that the target map is a com-
plete symplectic realization with connected fibers. Hence, we obtain that
(i) = (iii).

We prove now (iii) = (ii). Consider a complete symplectic realization y :
(S,w) = (M, 7). We will make use of the general construction of homotopy
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groupoids as discussed in Example applied to the orbit foliation F:
(S, F)= S, F=(Kerdu)t~.

Theorem [12.24] implies that the operation of lifting of cotangent paths gives
a bijection

(14.16) T:II(M,m) x S = II(S,F), (lal,p) — [3F],

and, since the lift of the concatenation of two cotangent paths is the con-
catenation of their lifts, this is an isomorphism of groupoids. We will use
the smooth structure on II(S, F) to obtain one on II(M, 7) and, ultimately,
we will make sure that 7 becomes an isomorphism of Lie groupoids.

One of the central players in our argument is the projection from the
homotopy groupoid of (M, F) to the one of (M, ) arising from the previous
bijection:

T1(S, F) —2= TI(M, )

Il || )

S M

We will see that II(M, ) admits a smooth structure — necessarily unique
— such that ® is a submersion. The strategy is to think of ® as a quotient
map and to use the following;:

Lemma 14.52. Given a foliation K on a possibly non-Hausdorff manifold
P, the following are equivalent:

(i) The space of leaves P/K admits a smooth structure such that the
projection pr : P — P/K is a submersion.

(ii) Through each point of P there passes a simple K-transversal; i.e.,
T C P which intersects each leaf transversally and at most once.

In this case P/K becomes a smooth manifold, possibly non-Hausdorff. More-
over, for each transversal T C P as in (ii), pr|r : T — pr(T) is a diffeo-
morphism onto an open set.

Therefore, we take a closer look at the fibers of ® and we show the
following:

- The fibers of ® form a foliation K on II(M, F).
- Through each point of II(M, F) there passes a simple K-transversal.

The first item is more subtle. To prove it, we make use of the symplectic
geometry to describe a distribution, which is involutive and whose integral
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submanifolds are the fibers of ®. This distribution will appear as the char-
acteristic distribution of the multiplicatively exact, closed 2-form

Q = thw — shw € Q2 (II(M, F)).
Both items follow from the following lemma:

Lemma 14.53. With the notation above, we have the following:
(1) The kernel ofﬁ has constant rank, equal to that of Kerdyu.

(2) The fibers of ® are the leaves of the foliation K integrating Ker Q.

(3) If T C S is a simple transversal to Ker du, then sz (T) is a simple
transversal to K.

Proof. To handle the tangent spaces of II(S, F) we make use of the fact
that (tz,sx) : II(S,F) — S x S is an immersion, which holds because the
isotropy groups of II(S,F) are discrete. This allows one to identify the
tangent spaces of II(.S, F) with subspaces of the tangent spaces of S x S:

(14.17) Xg =dg(tr,sr) : TII(M,F) = Ty CT(S x 5).
To describe the subspaces 7, we make use of the linear holonomy action of
II(S, F) on its normal bundle v = v(F) = T'S/F. This associates to each
arrow g : p — ¢ of II(S, F) the linear map

Hol}qin FVp — Vg,

which is induced by the differential of the holonomy Hol,. It follows from
Lemma [I3.28] that this map is well-defined. The same lemma and the dis-
cussion following it imply that

Ty = {(w,v) € T,S x T,S : Holgn(ﬁ) =w},

where ¥ = v mod F € v. We give a more practical description of 7;. Write
g = 7(la],p), where a is a cotangent path. By Lemma [[0.3] there exists a
smooth family of functions {Ht}te[og], all supported in some compact set,
such that a(t) = dHy|,, ). Then the parallel transport along a is given by
the flow of Xpo,; ie.,

(1) = o, (), VP enH(z), where w=u(p).

ol :
We set ¢ := qbXHON. We claim that

Holy"(0) = dpé(v) (v € T,S).
Indeed, the integral curves € — ¢§(Hw (p') are tangent to the leaves of F.

When p’ stays in a small transversal T' to F, the end points of these curves
stay in ¢(T); ie., T — ¢(T), p' — ¢(p') describes the holonomy Hol,.
Therefore, we have that

Ty ={(w,v) € T,8 x T,,S : dpp(v) —w € T, F}.
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We claim that the kernel of Q is mapped via (IZ17) isomorphically to
(14.18) xg(Ker Q) = {(dpp(v),v) : v € Kerdyu}.

Since
Q= x;(priw — priw),
we have that (wi,v1) € xg(Ker Q) if and only if dpo(v1) —wy € Ty F and
wq(w1,w2) = wp(vi,v2), V(wsz,v2) such that dpp(ve) —we € Ty F,

where p = sz(g), ¢ = tr(g). Taking wy = 0 and vy € T),F arbitrary, we
conclude that vy € (TpF)*« = Kerd,u. Denote uy = wy — dpé(v1). Now
letting wo := dp¢(v2) and using that ¢ is a symplectomorphism, we obtain

0 = wq(dpd(v1) + u1, dpg(v2)) — wp(v1, v2) = wq(ur, dpg(v2)).
Since vo was arbitrary and w is nondegenerate, we obtain that u; = 0; i.e.,
wy = dpe(v1). For the converse we have to check that wy(dpp(v1), w2) =
wp(v1,v2) whenever v; € Kerdpp and ug = dpp(ve) — we € T,F. This
follows by a similar computation. This proves (IZI8), and so  has the
desired rank. Since  is also closed, (1) follows.

For (2), notice first that the fiber of ® above a point [a] € II(M, ) is
the image of the map

lo g (2) = (S, F), prer ] (2 =7a(0)).

Since the p-fibers are connected and have the same dimension as the rank
of K, it suffices to prove that each i, is a smooth embedding tangent to K.
The smoothness i, follows from smooth dependence of parameters of ODEs
applied to the ODE defining lifts. On the other hand, since the composition
of i, with the submersion sz : II(S, F) — S is the inclusion p=1(x) < S, i,
is indeed an embedding. To prove that i, : p=1(x) — TI(S, F) is tangent to
Ker ?2, notice that

(tr.87) 0da: pH(x) = S xS, pr (6(p),p).
Finally, to check (3), let T' C S be a simple transversal to Ker du. Then
codims;(7T) = codim 7' = codim K.

For g € s}l (T'), applying x4 to the intersection Ker QNT, gs;_-l (T') we obtain
elements (d¢(v),v) € Ty with v € Kerdp and tangent to T'; hence v = 0,
proving transversality. Finally, that the transversal is simple follows from
(IZT6). This concludes the proof of the lemma. O

Since € is closed and of constant rank and since we have shown that
II(M, ) is the leaf space of the induced characteristic foliation, we obtain the
symplectic form Q on II(M, 7). Since II(S, F) — II(M, F) is a submersion
and a morphism of groupoids, the multiplicativity of Q implies the one of 2.
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Hence (II(M, ), Q) becomes a symplectic groupoid. Using the isomorphism
T I(M,m)x S = II(S, F) from ([I4.16]), as groupoids over S, the definition
of 2 can be rewritten as

Dt atm @ = 7° (¥ — 830) = #*w — pr .

Hence, we obtain a symplectic groupoid action. From Proposition
it follows that p is a Poisson map when M is endowed with the Poisson
structure m; induced from the symplectic groupoid. Since p is a surjective
submersion, we must have m; = . This proves (iii) = (ii) and the rest of
the statement of Theorem O

We state now some direct consequences of the proof above.

Corollary 14.54. Let pu: (S,w) — (M, ) be a complete symplectic realiza-
tion with connected fibers. Then the symplectic groupoid (II(M, ), Q) = M
has the following properties:

(i) The action of (I(M,n),Q) = M on u : (S,w) = M by parallel
transport is a smooth symplectic groupoid action.

(ii) The t-fibers of II(M,m) are diffeomorphic to the universal covers
of the orbits of the infinitesimal action.

Proof. The action of II(M,7) = M on u : S — M by parallel transport
coincides with the composition of the diffeomorphism (I4.16]) with the target
map of II(S, F). Hence it is smooth. Also, by construction, the source fibers
of II(S, F) ~ II(M, w) x S are isomorphic to the universal covers of the leaves
of F. On the other hand, the source fiber of II(M,7) x S over p coincides
with the source fiber of II(M, ) over u(p). O

Corollary 14.55. For any Poisson manifold (M, ), the following are equiv-
alent:
(i) II(M,7) = M is a Hausdorff Lie groupoid.
(ii) (M, ) admits a complete Hausdorff symplectic realization with con-
nected fibers and 1-connected orbits.

(iii) (M, ) admits a complete symplectic realization with connected fibers
and such that the homotopy groupoid of the orbit foliation is Haus-

dorff.

Proof. For (i) = (ii), we use the Poisson homotopy groupoid as the sym-
plectic realization.

For (ii) = (iii), note that by assumption the homotopy groupoid can be
injectively immersed into the pair groupoid: (tz,sx) : II(S,F) — S x S.
Hence it must be Hausdorff.
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The implication (iii) = (i) follows because the fiber product II(M, ) x S
is Hausdorff and S is Hausdorff. This is a general fact: if p: S — M is a
submersion between Hausdorff manifolds and f : X — M is a smooth map

from a possibly non-Hausdorff space such that X x; .S is Hausdorff, then
X is Hausdorff. O

In the proof of the corollary above one can replace the homotopy groupoid
of the orbit foliation by other integrations, provided they satisfy an addi-
tional assumption:

Corollary 14.56. Let y1: (S,w) — (M, ) be a complete symplectic realiza-
tion with connected fibers. Let G = S be a Hausdorff t-connected groupoid
integrating the orbit foliation F. Then there exists a Hausdorff symplectic
groupoid

(19 (M, 7),929) = (M, 7),

together with a symplectic groupoid action on p : (S,w) — M, such that the
resulting action groupoid is isomorphic to G:

(M, ) x S ~G.
Proof. We use notation similar to the proof of Theorem [4.50]
9(M,7) :=G/KerQ9, QY := tow — sgw.

The facts that Q9 is closed and of the same rank as before follow in exactly
the same way. Hence I19(M, ) is defined as a set. We will see that we have
the following commutative diagram:

e

pr

(M, 7) x S —=TI(S, F) g

\ ) l l HYI
I(M, 7) —> 19 (M, m)~ G/ Ker 09
We will apply the same steps as in the proof of Theorem [14.50/ to show that

the smooth structure descends.

By Lie’s Second Theorem and since the t-fibers of G are connected, we
have a canonical projection pr : II(S, ) — G. Similarly, we consider the
replacements of the maps i, for [a] € II(M, )

(14.19) id =proig: p~Hz) = G.
By precisely the same arguments as before, each 9 is an embedding. Fur-

thermore, since pr is a local diffeomorphism, its differential at each point
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sends the kernel of Q from the previous proof isomorphically into the kernel
of Q9. Denote
Lo i=ia(p ().

The above shows that L, is an open subset of a leaf L of Ker §~2g. Next,
note that d,sg sends Ker Qg]g isomorphically to Ker dg4)p, which follows
by the similar property of 2. Therefore, the restriction of sg to L is a local
diffeomorphism to u~'(z). So ¢ is a section of the submersion sg|z : L —
p~Y(z). Therefore, since L is Hausdorff, its image L, must be closed in L.
Hence, L, = L. Finally, we show that sg 1(T) is a simple transversal to
the foliation, for any simple transversal 7' to Ker . Transversality follows
since s}l(T) is a transversal for Ker (2 and pr relates the two transversals.
To show that the transversal is simple, let ¢1,g2 € s}l(T ) N Lg. Then
sg(g1) = sg(g2) = p, so we have g; = i9(p) = go. Therefore, I19 is a smooth

a

manifold and Q9 descends to a symplectic form Q9 on I19(M, 7).

Notice that the source and target maps descend to maps I19 (M, 7) = M,
so that we can still talk about “composable” elements. Note that T19(M, )
is a quotient of II(M, ) modulo the equivalence relation

sg(g1) = sg(g2) =z, tg(g1) = tg(g2),
g1 =2 go < Ly = Ly, = B
o { 9(g1,p) = 79(92,p), Vp € p~'(2)

where g; = [a;]. Note that since the leaves form a partition, the last equality
holds provided it holds for a single p € u~!(z). We deduce that, for each
x € M, one obtains a subgroup of the Poisson homotopy group
Ipy:={kelllM,m);: k=1.}

= {k € II(M, ), : 79(k,p) = 1, for some p € p~(x)}

= {k € (M, ), : 79 (k,p) = 1, Vp € p~ ' ()}.
The fact that this a subgroup follows from the fact that 79 is a groupoid
morphisms and, for the same reason, the groups I'; together form a normal
subgroup of II(M, x): for g : « — y in II(M, ) one has

kel, < gkg '€ |

From this it follows immediately that the multiplication descends.

By construction, the symplectic groupoid action of II(M, ) descends
to a symplectic groupoid action of Hg(M ,m), such that one obtains an iso-
morphism II9(M,7) X S ~ G. The same argument from the proof of the
previous corollary shows that I19(M, ) is Hausdorff. O

Remark 14.57 (Non-Hausdorff integrations). In the proof above, to con-
struct the smooth structure on I19(M, ) we have only used that the leaves
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of the foliation Ker Q9 are Hausdorff manifolds. Therefore, the result re-
mains true for a non-Hausdorff complete symplectic realization under the
assumption

Glu-1(z) is Hausdorff for any symplectic leaf L of (M, ).

The resulting groupoid I19 (M, ) = M may be no longer Hausdorff.

This condition is in fact quite natural, and it holds in particular for
the homotopy groupoid II(S, F) = S. Moreover, assume that p : (S,w) —
(M, ) is a complete symplectic realization with connected fibers, such that
the action of II(M, ) descends to a symplectic groupoid action of a sym-
plectic groupoid (X,Q) = (M, ). Then X arises as in the corollary using
the action groupoid G = ¥ x S, which does satisfy the condition above.

We can also see that the Poisson homotopy groupoid is the largest target
connected symplectic integration of the Poisson manifold.

Proposition 14.58. If (X,Qy) is any symplectic integration of a Poisson
manifold (M, ), there is a morphism of symplectic groupoids

O (II(M,7),Q) — (X,0x).
Moreover:

(i) If ¥ is target connected, then ® is surjective.

(ii) If ¥ is target 1-connected, then ® is an isomorphism.

Proof. Let X% = M be the t-connected component of the identity of
equipped with the restriction of x. This is still a symplectic groupoid
integrating (M, ) and we can apply Corollary tot: X% — M and
the holonomy groupoid of the corresponding orbit foliation, i.e., the fibers
of s : X0 — M. The corollary then gives a symplectic groupoid — easily
seen to be canonically isomorphic to (X°,Qx) = M — together with the
desired morphism of symplectic groupoids

@ : (II(M,7),Q) — (X, Q) C (%,05).

This morphism is onto X° so (i) follows. If ¥ = X° and the t-fibers are
1-connected, it also follows that & is an isomorphism, so (ii) holds true. [

Proof of Theorem [14.12l We are left with proving existence of the group-
oid structure under the assumptions (i) and (ii).

We observe that u(M) is transverse to the orbit foliation and of com-
plementary dimension: since Ker d,u\u( ) and Tu(M) are complementary
vector bundles, so are their symplectic orthogonals, i.e., (Ker du)Lw|u( M)
and Tu(M). Since each orbit intersects u(M) precisely once, it follows that
we have a unique surjective submersion p’' : S — M whose fibers are the
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leaves of the symplectic orthogonal foliation and which has u: M — S as a
section. The map ' will be the source map of the groupoid structure on S.

We now apply Corollary [4.56 to the symplectic realization p : (S, w) —
(M, ) whose orbit foliation is given by the submersion p’ : S — M. The
holonomy groupoid of this foliation is the submersion groupoid

g:SX/J/S:gS.

Corollary gives a symplectic groupoid (¥ := I19(M, ), Q) = (M, )
together with a symplectic groupoid action o on p : S — M whose orbits
are the fibers of p/ : S — M. Moreover, the action gives an isomorphism of
Lie groupoids

U:Ex 8= 8%y S, (9,p) = (4(g,p).p)-
Using the Lagrangian section u : M — S we obtain a map
®:X =S, g d(g,u(s(g)))

Notice that this map makes the following diagram commute:

(2,9) —2= (S,w)

[ ol

(M, ) (M, )

Moreover, ® is a diffeomorphism with inverse

7 (p) = pr 0¥ (p, u(i (p)))-

This allows us to transport the groupoid structure to S.
It remains to show that
d*w = Q.

To see this we use that & is a symplectic groupoid action. We pull back the
multiplicativity equation (I4.14) via

i:Xxpu S, g+ (g,u(s(g))).
Observing that &f o4 = @, pry oi = Id, and pry oi = u o's, we obtain that

O*'w =" w=3i"pr] Q+ " praw = Q + s'uw = Q,

where we used that u : M — S is a Lagrangian section. (I

Finally, we discuss symplectic groupoid actions of (II(M,7),2). As in
Section [[4.4], to simplify the discussion, we only consider actions of II(M, )
on Hausdorff symplectic manifolds p : (S,w) — M.

First, recall that, for any symplectic groupoid action, the moment map
is a complete Poisson map — see Proposition [4.421 Conversely, consider
a complete Poisson map p : (S,w) — (M, ), where (M, ) is an integrable
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Poisson manifold. Just as for complete symplectic realizations, we have an
action of II(M,7) on p: S — M by parallel transport — see Problem
for this more general case. It can be shown that this is a smooth action
integrating the infinitesimal action of 7*M on u : (S,w) — (M, 7). By
Proposition [4.45] this is a symplectic groupoid action

(M, 7),9) O (5,)

We obtain the following result, which generalizes the case studies of
complete symplectic realizations from Chapter

Theorem 14.59. For any integrable Poisson manifold (M, ) and a Haus-
dorff symplectic manifold (S,w), we have a 1-to-1 correspondence

complete Poisson maps | _ | (I(M, ), Q)-Hamiltonian
w: (S,w) — (M, ) — spaces p: (S,w) — M

14.7. Morita equivalence

Symplectic groupoid actions are closely related to the following notion:

Definition 14.60. A Morita equivalence between two Poisson
manifolds (Mj,m1) and (Mj, ) is a pair of complete symplectic re-

alizations
(S,w)
s
(My,m) (Mj, —m2)

whose fibers are symplectic orthogonal to each other and, moreover,
all fibers are 1-connected.

Recall that by our convention, u; (L) and ;' (Le) are Hausdorff sub-
manifolds, for all pairs of symplectic leaves L1 C My and Lo C Ms. In fact,
it follows that the resulting partitions of S into such submanifolds coincide,
and this gives the leaf correspondence from Proposition

By Theorem [14.50], any Poisson manifold that is part of a Morita equiv-
alence has to be integrable. Also, Theorem [I4.59 allows one to integrate
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both legs of a Morita equivalence to symplectic groupoid actions

(II(My,m1), II(Ma, m2),822)

/\

M1,7T1 M277T2

The right leg of the diagram is viewed as a right symplectic groupoid action.
For this, we identify the Poisson homotopy groupoids

H(MQ, 7T2) ~ H(MQ, —7T2), [a] — [—a].

Under this identification, the canonical symplectic form on II(Msy, —m2) be-
comes —So, where 9 is the canonical symplectic form on II(Ma, 7). So
then we obtain a left symplectic groupoid action /5 of (II(Ma, m2), —22) on
w2 : (S,w) — (Mg, —m2). Now we turn & into a right action, by setting

g2(p7g) = d2(9_17p)7

which becomes a right symplectic groupoid action of (II(Ma,ms),{2s) on
9 : (S,w) = (M, ). As for any right symplectic groupoid action the
moment map is anti-Poisson. We leave these remarks as an exercise.

This two actions enjoy the following properties:
(i) po : S — My is a principal (left) II(My, 71)-bundle; i.e., the map
H(Mlyﬂ-l) ><M1S_>S><M2 Sv (gvp)H(g'pap)
is well-defined and is a diffeomorphism.
(ii) Similarly, pq : S — M; is a principal (right) II(Ma, m2)-bundle.
(iii) The two actions commute:
g-(p-h)=1(g-p)-h,
whenever s1(g) = p1(p) and pa(p) = ta(h).

These are the axioms of a symplectic Morita equivalence between
two symplectic groupoids (Ei, Q)= M;,i=1,2:

21,91 22792

/\

M1,7T1 MQ,TI’Q

When restricting to integrable Poisson manifolds, Morita equivalence is
indeed an equivalence relation. Symmetry is obvious, and reflexivity follows
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by viewing the Poisson homotopy groupoid as a self-Morita equivalence

(I1(M, ), )
TN

(M, ) (M, —m)

Transitivity can be obtained by a general procedure of composing symplec-
tic Morita equivalences, applied to the Poisson homotopy groupoids. This
procedure starts with a sequence of symplectic Morita equivalences

CL) (0 (Sw) D) @) (S () ) (33,)

N |

(M, m) (M3, m2) (M3, ms3)

and produces a symplectic Morita equivalence

21,91 S*S/ w*w 23,93
(My, 1) (M3, m3)

where
S*Sl = (S X Moy S/)/Eg

and wxw’ descends from pr} w — pryw’. Smoothness follows from properties
(i) and (ii) above, and property (iii) ensures that the actions of ¥; and X3
on S xpp, S’ also descend.

Example 14.61. Consider a free and proper Hamiltonian G-space (S, w, j1).
Let M := S/G endowed with the quotient Poisson structure 7. Recall from
Example [6.34] that we have the dual pair

p (57W) H
/ \
(A, (1(5). 7

This is a Morita equivalence precisely when the Lie group G and the fibers
of i are 1-connected.

Recall from Example [I4.26] that (M, 7) is integrable by the gauge group-
oid (S x, S)/G = M with symplectic form € given in (I£4). Consider
also the restriction (7"G|, sy, —wWean) = (1(S5),mg). Without the above
assumptions, we still get a symplectic Morita equivalence between these
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symplectic groupoids:

(Sx.9)/G.Q (> (S,w) ) (T*Glugs) wean)

(Ji l ) / \u(sum

Note the change of sign in the right legs when passing from a dual pair to a
symplectic Morita equivalence, as explained after Definition [14.60]

A Morita equivalence between two Poisson manifolds yields an identifi-
cation of their transverse geometry, such as the following;:

- homeomorphic leaf spaces and isomorphic algebras of Casimirs,
- isomorphic Poisson homotopy groups,

- isomorphic first Poisson cohomology groups, identifying their mod-
ular classes,

- equivalent categories of Poisson vector bundles, i.e., vector bundles
endowed with a flat contravariant connection,

- equivalent categories of complete symplectic realizations,
- equivalent categories of (II(M, ), 2)-Hamiltonian spaces,
- isomorphic monodromy groups — see next section.

Some of these properties are contained in the problems at the end of the
chapter, while others are harder to prove.

14.8. Integrability of Poisson structures II

So far we have ignored almost completely the issue of deciding when the
cotangent Lie algebroid of a Poisson manifold integrates to a Lie groupoid.
We now explain in detail the answer to this deep question, but we will not
give complete proofs since they are beyond the scope of this book.

In the previous sections, we have seen that a Poisson manifold is inte-
grable if and only if it admits a complete symplectic realization. However,
this result does not solve the integrability problem: we saw before how dif-
ficult it may be to find complete symplectic realizations even for simple
examples of Poisson structures. Also, there are simple examples of inte-
grable Poisson manifolds which admit symplectic realizations that are not
contained in any complete symplectic realization.

To obtain obstructions to integrability, we look closer at the Poisson

homotopy groups.

Lemma 14.62. If (M, ) is an integrable Poisson manifold, then II(M, 7, x)

is a Lie group with Lie algebra the isotropy Lie algebra Ker Tri.
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Proof. When (M, 7) is an integrable Poisson manifold, the Poisson homo-
topy groupoid is a Lie groupoid integrating T* M. As for any Lie groupoid,
its isotropy group at z is a Lie group with Lie algebra the kernel of the
anchor at x, i.e., the isotropy Lie algebra Ker 7T§;. O

Let (M, 7) be an integrable Poisson manifold, and denote by II(g,) the
1-connected Lie group with Lie algebra g, = Ker W?}. There is a canonical
homomorphism onto the identity component of II(M, 7, z):

Gz : 1(gy) — H(M,ﬂ',:c)o.

The kernel N, of this group homomorphism is a discrete subgroup of the
center Z(I1(g,)) and we have

(14.20) (M, 7, 2)° ~ (gs) /N,
Notice that N, coincides with the the fundamental group of II(M, 7, x).

We can also see the groups N, appearing in a slightly different way. Let
Sz C M be the symplectic leaf containing x. Then the target map yields
the principal II(M, 7, z)-principal bundle:

t:s7Hz) = S,.

Since s~1(x) is 1-connected, the long exact sequence in homotopy gives

Oz
w2 (Sy, ) — m(II(M,7,2)) — 1 — 71 (Sy, ) — mo(II(M, 7, 2)) — 1.
Using that N ~ m(II(M, 7, 2)) and (I4.20), we conclude that there is a
short exact sequence of groups

aac qx

7T2(Sa;7 l’)
and that

H(gx) H(M,?T,CC) - Trl(SCCa‘T) —1

Ny =Iméo,.

So far we have assumed that (M, ) is integrable. Part of this discussion
still makes sense also in the nonintegrable case, which allows us to define
the groups N, in the general case.

Proposition 14.63. For a general Poisson manifold (M, ) and any x €
M, there is a short exact sequence of groups

Ox qx

m2(Sz, ) II(M, 7, x) RN 1 (Sg, ) —= 1

II(g.)
where the following hold:

(1) pg : II(M, 7, z) — m1(Sz, z) sends the class of a cotangent path to
the homotopy class of its base path.

(ii) g : (gy) — (M, 7, z) is induced by the inclusion g, — T*M.
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(iii) Oy : ma(Sz,x) — Il(gy) sends the class of o : [0,1] x [0,1] — S to
the class of a path a : [0, 1] — g, which is cotangent path-homotopic
to 0, via a cotangent path-homotopy covering o.

Proof. Recall from Chapter [[3] that we have the identification

g.-paths
(gs) =

gz-homotopy

Since the inclusion g, < T*M is a Lie algebroid map, each g,-path is
also a cotangent path and each g,-path homotopy is also a cotangent path-
homotopy. Hence, we have a well-defined map

Qe (ge) = (M, 7, 2), [alg, = [a]T=m.

In order to show that the map 0, : m2(Sy, z) — II(g,) is well-defined we
need the following lemma. The proof is inspired by standard constructions
from homotopy theory and will be omitted.

Lemma 14.64. Denoting I = [0, 1], we have:

(i) Let a : I — T*M be a cotangent path with base path g : I — Sy.
Any path-homotopy o : I x I — S, starting at v, can be lifted to a
cotangent path-homotopy ® : T(I x I) — T*M starting at a.

(ii) Two paths ag,a1 : I — g5 are gz-path homotopic if and only if
there is a cotangent path-homotopy ® : T(I x I) — T*M joining
ag to a1 whose base homotopy o : I x I — S, s a trivial class:

0 = [o] € ma(Sz, ).

It is clear from the definitions that Im 9, C Ker ¢g,. To show the opposite
inclusion, let a : I — g, represent an element [a];, € Kerg,. From the
definition of ¢, this means that a is cotangent path-homotopic to 0,. The
corresponding cotangent path-homotopy ® : T'(I x I) — T*M can be used
in the definition of J, to conclude that 0,[c| = [a]q,, where o is the base
path of ®.

It is clear from the definitions that Im ¢, C Ker p,. To show the opposite
inclusion, let [ag] € II(M, 7, x) have contractible base path v : I — S,. We
can choose a path-homotopy o : I x I — S, starting at 79 and ending at
71 (t) = z. By part (i) in the lemma, we can find a cotangent path-homotopy
O :T(I xI) — T*M starting at ag covering o. The end cotangent path
ai : I — T*M of this homotopy is a g,-path. Hence, ¢, ([a1lg,) = [ao]r+m-

Finally, surjectivity of p, follows because any path in the leaf can be
lifted to a cotangent path. O
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Definition 14.65. Let (M, ) be a Poisson manifold. We call
Oy = m2(S, x) — 11(ga)
the monodromy map at x and
N, :=Imd,

the monodromy group at z.

Corollary 14.66. Let (M, ) be a Poisson manifold. For each x € M,
H(M7 T, m)O = H(g$)/'/\[$

In particular, if (M, ) is integrable, then the monodromy groups N, C I1(g,)
must be discrete subgroups, for all x € M.

Proof. With the quotient topologies from the Banach manifold of paths,
the maps g, and p, in the exact sequence in the proposition are continuous.
For these topologies II(g,) is connected and 71 (S, z) is discrete, so that

(M, 7, z)° € Kerp, = Imgq, C I(M,n,z)°. O

We will not discuss how to compute the monodromy groups at arbitrary
points. However, for regular points — which form a dense open set — the
monodromy map can be computed in terms of the variation of symplectic
area of spheres, discussed in Section[I0.6l At a regular point x, the isotropy
Lie algebra is abelian, so 1I(g;) = v}(S;) with group operation addition,
and we have 0 : m2(Sz, ) — v (Sz).

Proposition 14.67. For any regular point = of a Poisson manifold (M, )
the monodromy map O, coincides with the variation of symplectic area map:

Op = ALt mo(Sy, ) — v3(Sy).
Hence, the monodromy group at a regqular point x is given by
N, = {Al(0) € Vi(S) : [o] € m2(Sy, )}

Exercise 14.68. Prove the proposition under the assumption that the fo-
liation is a product around S, i.e., S, x RY.

HINT: If « = A/ (0), build a cotangent path-homotopic between the constant
cotangent paths o and 0, covering o, using the proof of Theorem [10.44

Example 14.69 (The first obstruction to integrability). We saw in Example
[[0.47 that the regular Poisson manifold S? x S? x R, with symplectic leaves

S, =S x$? x {y}, wy = y(wr + Awa),
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where w; = prf(%wsz), has monodromy groups
Ny =ImA =7+ N CR.
Therefore this Poisson manifold is nonintegrable whenever A & Q. T

Although the discreteness of every monodromy group is a necessary con-
dition for integrability, it is not a sufficient condition.

Consider, for example, a regular Poisson manifold (M, ). If (M, ) is
integrable so that II(M,7) = M is a Lie groupoid, then the connected
components of the isotropy groups form a smooth bundle of groups, which
by Corollary takes the form

U H(M,W,$)O =v*(Fr)/ U N.
zeM zeM

For this bundle to be smooth we need more than the discreteness of each
group N, we need these groups to be uniformly discrete. By this we mean
that there exists a neighborhood U C v*(F5) of the zero section such that

UNN; ={0;}, VazeM.

Exercise 14.70. Let £ — M be a vector bundle, and let A C E be a
family of discrete subgroups. Show that if E//A has a smooth structure such
that the projection £ — E/A is a submersion, then there exists an open set
U C E such that UN A, = {0,}, for all x € M.

The next example shows that this can indeed occur.

Example 14.71 (The second obstruction to integrability). Consider the
regular Poisson manifold S? x R with symplectic leaves

1
Sy =S*x{y}, wy, =01+ yg)gwsz.

As in Example [[0.47] one can compute the variation of symplectic area and
obtain the monodromy groups

Ny =2y Z.

The groups are all discrete, but not in a uniform manner. Historically, this
was the first example of a nonintegrable Poisson manifold — see [151]. T

When (M, 7) is not necessarily regular, we can proceed as follows. For
each x € M we consider the exponential map

exp : go — 11(ga),
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so that exp™ (V) C g C T M. Then we define:

Definition 14.72. Let (M, 7) be a Poisson manifold. We say that
its monodromy groups are uniformly discrete if there is a neigh-
borhood U C T*M of the zero section such that

Unexp '(Ng) ={0,}, Vze&M.

The general integrability criterion is the following;:

Theorem 14.73 (Crainic and Fernandes). A Poisson manifold (M, ) is
integrable if and only if the monodromy groups are uniformly discrete.

The proof of this theorem is beyond the scope of this book. We refer
the reader to [41] and [45].

Example 14.74 (Severely non-Hausdorff integration). We build an ex-
ample of an integrable Poisson manifold (M, 7) whose Poisson homotopy
groupoid does not admit a Riemannian metric. This implies also that no
other groupoid integrating 7% M can be Hausdorff.

Consider the regular Poisson structure m on M = S% x §2 x (—1,1) with
symplectic leaves

1 2
Sy =8 xS§* x {y}, wy:i=1+yw+ #wg,

where w; = pr}(;=wsz).

Then (M , ) is not integrable. This follows by computing its monodromy
groups as the variation of symplectic area, and then we obtain

N o) =Z+ (1 +y)Z.
However, 7 is integrable when restricted to the following open subset:
M:=M\C, C:=(S*x{pn} x (=1,0]) U ({pn} x S? x [0,1)).
In other words, for y < 0 we removed the north pole py from the second
sphere, and for y > 0 we removed py from the first sphere. The monodromy
groups of (M, ) are given by
Z, y <0,
Nprpew) = 0 y=0,
(1+y)Z, y>0.
Since every element in N which is not on the zero section is at distance at
least 1 from the zero section, it follows that (M, 7) is an integrable Poisson

manifold. However, since N is not closed, the Poisson homotopy groupoid
is not Hausdorff.
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We claim that II(M,7) = M does not admit a Riemannian metric. If
it does, then so does its pullback along the map
i:(=1,1) = M, i(y) = (ps,ps,Yy),
which we denote
G =7 I(M,7) = (—1,1).

Note that i(—1,1) is a Poisson transversal, which hits every leaf exactly
once. Since the leaves of (M, ) are 1-connected, G is the bundle of groups

7, y < 0,
((=1,1) x R) /A, Ay =10, y =0,

(1+y)Z, y>0.

g

By Example [13.93] G does not admit any Riemannian metric. It is remark-
able that this example appeared already in [1]. Ty

Problems

14.1. Show that on the pair groupoid M x M = M, any multiplicative
form w is of the form w = prin — prjn, for a form n on M.

14.2. Let w be a differential form on a vector bundle £ — M, viewed as
a Lie groupoid £ = M. Show that w is multiplicative if and only if it is
linear, in the sense that

mijw =tw, Yt>0.

14.3. Show that if w € Q%(G) is a multiplicative 2-form on a Lie groupoid
G = M with Lie algebroid A, then

gg(zﬁw) =0, Vo,Bel(A).

14.4. Let (X = M, Q) be a symplectic groupoid and denote by 7 € X2(M)
the Poisson structure induced on the base. A bisection b : M — ¥ — see
Problem [[3.13] — is called Lagrangian if 5*Q2 = 0. Show the following;:

(a) Right translation by a Lagrangian bisection b
Ry: ¥ =%, g~ g-bs(g))
is a symplectomorphism.

(b) For a Lagrangian bisection b, the map sob : M — M is a Poisson
diffeomorphism.

(c) Lagrangian bisections form a subgroup I'(X, Q) of I'(X).
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(d) Determine the group I'(X, 2) for the symplectic pair groupoid of Exam-
ple [4.5 and for the cotangent groupoid of Example [14.6]

14.5. Let (X,Q) = M be a symplectic groupoid. Show that for any com-
plete section o € I'(A), one has

1
0

exp(a)*Q = / (B o) (drg (@) dt,

where the exponential map was defined in Problem [I3.14l Conclude that
exp(«) is a Lagrangian bisection whenever o, () is closed.

14.6. Let ¥ := (S! x R)\{(—1,0)}. Consider the symplectic realization

1
= X —-R, Q= df A dzx.
p=Dpras s 22(1 —sin(f)) + cos() + 1 v

Show the following:

(a) pis a complete symplectic realization.

(b) (£,9) = R is a symplectic groupoid with unit section u source and
target s = t = u, and find the groupoid multiplication explicitly.

HinT: Use the description of the multiplication in terms of the flow of
left /right-invariant vector fields, as in the proof of Theorem [[4.12

14.7. Let (X = M, Q) be a symplectic groupoid, and let 7 € X2(M) be the
induced Poisson structure on the base. Consider

Qp =Q+t*B —s*B,
where B € Q?(M) is a closed 2-form. Show the following:

(a) Qp is closed and multiplicative.

(b) Qp is symplectic if and only if for every symplectic leaf (S, wg) of (M, )
the form wg + B|g is nondegenerate.

(c) (¥ = M,Qp) is a symplectic integration of the gauge transformed Pois-
son structure e®m, whenever defined — compare with Example [[52]

HINT: For (b) see the proof of Proposition [[4.30)

14.8. Consider a Poisson manifold (M, ) of the form M =S x (—1,1) and
with symplectic leaves

Sy =58x{y}, wy=wot+yn (ye(-11)).

Assume that 7 is the curvature 2-form of a principal S'-bundle P — S.
Build a symplectic groupoid integrating (M, ).
HINT: See Section [£4l
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14.9. Let o : ¥ xS — S be a left symplectic groupoid action of (X,Q) =
M on p: (S,w) — M. Show that

d:Sxu¥—S, dpg) =g p)

is a right symplectic groupoid action of (3, —Q) = M on u : (S,w) — M.
Conclude that the moment map of a right symplectic groupoid action is
anti-Poisson.

14.10. For a (possibly disconnected) Lie group G, show that symplectic
groupoid actions of (G x g*, Q) = g* are the same as G-Hamiltonian spaces

(S,w, ).

14.11. Let p: (M,w) — S' be a symplectic fibration, i.e., a surjective sub-
mersion endowed with a closed 2-form w € Q2(M) such that the restriction
to each fiber of p is symplectic. Consider the symplectic manifold

S:=MxS', wg:=priw+p*(d) Adp,

where = popr, : S — St
(a) Show that the action of S' on the second factor of S is Hamiltonian with

S'-valued moment map g (in the sense of Example [Z.43)):

i_ o wg = u*(de).
9p

(b) Find the symplectic quotients S /.Y := u~1(c)/S!, where X is the sym-

plectic groupoid (S' x St,df A dy) = St.

(¢) Construct a symplectic groupoid integrating the quotient Poisson man-
ifold M = S/S!, by adapting the methods from Example to the
case of an S'-valued moment map.

14.12. Let (X,Q) = (M, ) be a symplectic groupoid. Let G be a Lie group
acting by groupoid automorphisms on (X,€2). Assume that the action is
Hamiltonian with moment map

w:X =g
(a) Show that du € Q1(X, g*) is multiplicative.

(b) If ¥ has connected t-fibers, show that one can choose a new moment
map that is a groupoid map

p(g - h) = p(g) + u(h).
(¢) The induced action of G on the base (M, ) is a Poisson action.

(d) The action of G on the base M is proper and free if and only if the
action on 3 is proper and free.
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(e) Assume that the action of G is proper and free and that the moment
map is a groupoid map. Show that the symplectic quotient ¥ /oG
is a symplectic groupoid over M/G integrating the quotient Poisson
structure.

14.13. Consider a Morita equivalence between two Poisson manifolds

n
(M, 1) (M2, —m2)

Show the following;:

(a) We have a homeomorphism between the leaf spaces, such that S; corre-
sponds to Sy iff 7 (S1) = py *(S2).

(b) The algebras of Casimirs of (M;,71) and (Ma, m2) are isomorphic.

(c) If x; and 2 belong to leaves that correspond to each other, then the
Poisson homotopy groups are isomorphic: II(My, w1, z1) ~ II(Ma, 7o, x2).

(d) If x; and x5 belong to leaves that correspond to each other, then the
monodromy groups are isomorphic: Ny, ~ N,,.

14.14. Show that two connected symplectic manifolds are Morita equivalent
if and only if they have isomorphic fundamental groups.

14.15. Let (£,92) = M be a symplectic groupoid with induced Poisson
structure 7. Let (X,mx) be a Poisson transversal in (M, 7). Show the
following;:

(a) Xx = (t,8)7HX x X) = X is a smooth symplectic subgroupoid of &
which induces wx on the base.

(b) If X intersects each symplectic leaf of M, then the symplectic groupoids
(2,Q2) = M and (Xx,9Q|x,) = X are symplectic Morita equivalent
groupoids.

HiNnT: Use Proposition

14.16. On (R*, wean = dz A dy + dg A dp) consider the following symplectic
action of (Z,+):

n-(z,y,q,p) = (x+n,y,2"(q,p)),

where ® is a symplectomorphism of (R?, dg A dp) such that supp(® —Id) =
R?\ B, where B is an open ball. Show the following:

(a) The following is a complete Hausdorff symplectic realization:
0 0
1 (S,w) = (RY, wean)/Z — (sl X B — 5o A a_y)’

627rm'

w(z,y,q,p) = (7, y).
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(b) If F denotes the orbit foliation, show that Hol(S,F) = S is not a
Hausdorff Lie groupoid.

(c) Let K be the foliation on Hol(S,F) =2 S corresponding to the invo-
lutive distribution Ker(t*w — s*w). Can Hol(S,F)/K be made into a
smooth manifold such that the projection Hol(S, F) — Hol(S, F)/K is
a surjective submersion?

HiINT: See the proof of Corollary [4.56

14.17. Let g = s0(3,R). Find f € C*°(g*) for which 7 = f 7y is a Poisson
structure which is not integrable on any neighborhood of 0.
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Notes and References
for Part 4

The notion of complete symplectic realization was first proposed by Karasev
[94,95], who realized that the source/target maps of symplectic groupoids
yield complete symplectic realizations. Karasev considers only symplectic
realizations admitting a Lagrangian section, which he calls “phase spaces”;
when such realizations are complete he calls them “global phase spaces”.
Symplectic realizations were further studied by Coste, Dazord, and Wein-
stein [37], who showed that a local symplectic groupoid is a symplectic
groupoid if and only if the source map is a complete symplectic realization.
In these earlier works, in order to establish a connection between symplectic
realizations and integrability, the realization was always required to admit
a Lagrangian section. It was only after the introduction of cotangent paths
and cotangent homotopy (more generally, A-paths and A-homotopy) in [41]
that the equivalence between the existence of a complete symplectic realiza-
tion and integrability was established in [42].

According to Bryant [18, Appendix], Lie algebroids have their origins in
Elie Cartan’s work on Lie’s pseudogroups. Lie groupoids were introduced in
geometry by Ehresmann [62], in his efforts to formulate a geometric theory
of partial differential equations. In the late 1960s, Pradines had sketched
in a series of short papers published in the Comptes Rendus de I’Académie
des Sciences de Paris [132H134] a Lie theory for Lie algebroids and Lie
groupoids. In particular, Pradines claimed that every Lie algebroid inte-
grates to a global groupoid, but he did not give many details. With the aim
of giving a complete proof of this statement, Mackenzie developed a strategy
in the style of the Cartan and van Est [142] cohomological proof for the case

419
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of Lie algebras and Lie groups. Mackenzie hoped and tried to show for some
time that his cohomological obstruction vanished, during which he learned
that Almeida and Molino [9] had found that the statement is actually false,
while studying transversally parallelizable foliations. Still, Mackenzie’s ob-
struction [113] allowed, in principle, to decide which transitive Lie algebroids
were actually integrable. Meanwhile, various positive results were obtained
for bundles of Lie algebras by Douady and Lazard [55], infinitesimal Lie
algebra actions by Palais [129] and Dazord [52], some classes of Poisson
manifolds by Weinstein [153], etc. It was Poisson geometry which had the
strongest influence in the final solution to the integrability problem: the
first insights into the failure of integrability in this context were obtained by
Weinstein [151], Alcalde-Cuesta, Dazord, and Hector [1,[51188]. Later, the
work of Cattaneo and Felder [32] on Poisson sigma models and the ideas of
Severa [145] on higher structures and homotopy, combined with the path
space approach of Duistermaat and Kolk [61], led to a complete solution by
Crainic and Fernandes [41]. Many references and historical notes about Lie
algebroid and groupoid theory can be found in Mackenzie’s second mono-
graph [114]. The need for non-Hausdorff groupoids was observed already
in the work of Douady and Lazard [55] on the integration of bundles of Lie
algebras and it is well known in foliation theory.

Groupoids were introduced in Poisson geometry in the pioneering works
of Karasev [94] and Weinstein [I151]. Their main motivation was the quan-
tization problem for Poisson manifolds [154]. The quantization program,
still not completed to this day, aimed at quantizing symplectic groupoids
as a means for relating Poisson manifolds to noncommutative algebras — a
similar program was pursued independently by Zakrzewski [162]. A related
but independent major development, which was very influential, was the
proof by Kontsevich of the formality theorem [99], which implies that every
Poisson manifold admits a deformation quantization.

After the work of Coste, Dazord, and Weinstein in [37] on local and
global symplectic groupoids mentioned before, the next major step was the
proof by Mackenzie and Xu [115] that a source 1-connected Lie groupoid
integrating the cotangent algebroid of a Poisson manifold is a symplectic
groupoid. Finally, the obstructions to integrability and their geometric in-
terpretation as variation of symplectic area was achieved in [42]. These
were the start of a long series of works on integrability problems for other
geometric structures.

Symplectic groupoid actions and their Hamiltonian spaces were intro-
duced by Mikami and Weinstein [120] and were further developed by Xu
[158,159]. Xu also defined and studied Morita equivalence in the setting of
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Poisson geometry. The idea that Poisson geometry offers a general frame-
work accommodating various moment theories also appeared in [33], without
the explicit use of Lie groupoids. This philosophy was implemented later
in various settings, such as in the theory of Poisson-Lie groups and their
moment maps of Lu [110] and in the theory of Lie group-valued moment
maps of Alekseev, Malkin, and Meinrenken [6].

Symplectic groupoids have now become one of the most important tools
in the study of global questions in Poisson geometry. We hope that our
introduction will arouse the reader’s interest in learning more about this
beautiful subject.

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



Part 5

Appendices
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In the appendices to follow we collect some basic notions, notation, and
results from Lie theory, symplectic geometry, and foliation theory which are
used throughout the text.
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Appendixz A

Lie Groups

There are many excellent monographs presenting Lie theory from different
points of view. Good references covering most of our needs are the books
by Duistermaat and Kolk [61] — but note that their conventions for Lie
algebras, Lie brackets, and actions differ from ours — and by Helgason [90]
— who uses the same conventions as us.

A.1. Lie groups

Recall that a Lie group is a group G with a compatible smooth manifold
structure, in the sense that the operations of multiplication G x G — G and
taking inverses G — G are smooth maps. The group operation gives rise to
left /right translations

Ly:G— G, x— gz, R,:G— G, x+— zg,

which allow us to move the geometry of G around the identity element
e € G to any other point g € G. On the other hand, the geometry around
e is encoded by the Lie algebra structure on the tangent space T,G. Recall
that a Lie algebra is a vector space g endowed with Lie bracket, i.e., a
map

[’7‘]9 ZQXQ%Q, (’LL,U) = [U7U]ga
which is bilinear and skew-symmetric and satisfies the Jacobi identity
[’LL, ['U,w]g]g + [U> [w7u]9]9 + [’LU, [’LL, U]g]g = 07

for all u,v,w € g.

425
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Given a basis {e*} of a Lie algebra (g, [, ]y) the Lie bracket is encoded
by the corresponding structure constants cg, defined by the relations

[, el]y = Z czjek.
k

The basic examples of Lie algebras are the vector space gl(V) :=
Lin(V, V) of linear endomorphisms of a vector space V endowed with the
commutator bracket [A,B] = Ao B — B o A and the set of vector fields
X(M) on a smooth manifold M endowed with the usual Lie bracket. Of
course, the two examples are related via the interpretation of vector fields
as derivations on the algebra of smooth functions on M and, in particular,
as linear endomorphisms of V' = C*>(M).

Given a Lie group G, recall that its Lie algebra g is defined as follows:

(i) As a vector space, g is the tangent space of G at the identity:
g:=1T.G.

(ii) g is identified with the space of vector fields on G that are invariant
under all left translations:

g X (G), v o, with ?g =dLgy(v).

(iii) Using the last identification, one obtains the bracket operation [-, -
on g from the standard Lie bracket of vector fields; more precisely,

[le:gxg—g
is uniquely characterized by the property

(A1) furoly = [, ).

The vector fields of type v € Xiny(G) are complete and their flows (;5%
commute with all left translations. The exponential map

exp:g— G, exp(v):= gb%(e) € G,
relates g back to G and can be used to express the flow as follows:
¢%(9) = g - exp(tv).

Lie group homomorphisms F' : G — H are group homomorphisms
that are also smooth. Lie algebra homomorphisms f : g — b are linear
maps that preserve the Lie brackets; i.e., f([u,v]q) = [f(u), f(v)]s. As one
may expect, if F'is a Lie group homomorphism, then its differential at the
identity is a Lie algebra homomorphism.
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Lie’s Theorems clarify the precise relationship between Lie groups and
finite-dimensional Lie algebras:

Lie I: If g is the Lie algebra of a Lie group G, then there exists a unique,
up to isomorphism, 1-connected Lie group G with Lie algebra iso-
morphic to g.

Lie II: If G and H are two Lie groups with Lie algebras denoted g and b, re-
spectively, and if G is 1-connected, then any Lie algebra morphism
f g — b comes from a unique morphism of Lie groups F': G — H.

Lie III: Any Lie algebra comes from a Lie group; i.e., it is isomorphic to
the Lie algebra of a Lie group.

All together, one finds that the world of Lie algebras is basically the
same as the one of 1-connected Lie groups.

Analogously to left-invariant vector fields, on any Lie group G one can
talk about left-invariant differential forms, which we denote by Qf,_(G).
These are in a natural 1-to-1 correspondence with alternating forms on the
Lie algebra g:

k
(A.2) N\o* 50 (G), we o, with L, =(dL1)w.

The inverse of this assignment is the evaluation at the identity element.
The fact that left-invariant vector fields are closed under the Lie bracket is
reflected in the fact that left-invariant differential forms form a subcomplex
of the de Rham complex:

(5 (G),d) C (2%(G), d).

Under the identification (A.2)), the exterior derivative corresponds to a dif-

ferential
k+1

k
dg : /\g* — /\ g
This map can be written entirely using the Lie algebra structure:
dgw(,UO? B ’Uk) = Z (_1)i+jw([vi7 Uj]ga Vo, - - - 75757 <o 76j7 R ’Uk)-
0<i<j<k

This formula follows from the usual coordinate-free formula for the exterior
derivative and (AJl). The complex (A°®g*,dg) is called the Chevalley-
Eilenberg complex and its cohomology is called the Lie algebra coho-
mology of g:

Ker (dg AR gt AR g*)
N Im (dg : /\k_1 gt — /\k g*) .

H*(g) :
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Consider a representation of g, i.e., a Lie algebra homomorphism

p:(8:[lg) = (al(V), [ -])-

The Lie algebra cohomology of g with coefficients in (V, p), denoted
by H*(g,V), is the cohomology of the complex (A*g* @V, dg) where

k
dgeo(v0, -y v8) = S (=1 p(03) - (v, -+, iy )
i=0
+ (—1)i+jw([vi,vj]g,vo, e Uiy Uy e, V).
0<i<j<k
Recall the very useful vanishing result:

Theorem A.1 (Whitehead’s Lemma). Let (g,[,]q) be a semisimple Lie
algebra. Then for every finite-dimensional representation (V, p) of g,

HY(g,V)=0 and H?*(g,V)=0.

Finally, recall that the left Maurer-Cartan form of a Lie group G is
the unique left-invariant 1-form on G with values in its Lie algebra g which
at g = e is the identity map. Explicitly, it is given by

(A.3) g € QY(G,g), 0c(v)=dL,1(v), veT,G.

In terms of a basis {e¥} of g, the Maurer-Cartan form has components 6, €
QHG); ie., g =3, 0 ® e*. These satisfy the Maurer-Cartan equations

1 .

(A4) o+ 5 Y b A8 =0,
i3

These equations are often abbreviated to

1
dbg + 5[9@, 0c] = 0.

Similarly, one can define the right Maurer-Cartan form.

A.2. Lie group actions

A left action of a Lie group G on a manifold M is a group homomorphism
d :G— Diff(M), g—dy (dy(x)=g- ),
with the property that (g,z) — ¢ - x is a smooth map from G x M to M.
Given an action of G on M, one can talk about the following:
(i) The isotropy group of the action at = € M:
Gy, ={9g€eG:g -x=uz}.
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(ii) The orbit of the action through x € M:
O, =G-z={g-z:9€G}.

Note that G, is a closed subgroup. In general, one has that any closed
subgroup H of a Lie group G is automatically an embedded submanifold
and that the quotient G/H carries a smooth structure, uniquely determined
by the condition that the quotient map is a submersion — see also Theorem
[A-9 below. Then the natural bijection between the collection of left cosets
of G, and the orbit through =z,

(A.5) G/Gy >0y, g-Gy+—g-u,
endows O, with a smooth structure. As such, it is an immersed submanifold
of M.

Although the group Diff (M) of diffeomorphisms of M is strictly speaking
not a Lie group — at least not in the classical, finite-dimensional sense — it
does behave like one, and the space X(M) of vector fields on M behaves like
its Lie algebra — think of flows of vector fields giving rise to diffeomorphisms.
With this intuition in mind, the infinitesimal counterpart of a Lie group
action is that of a Lie algebra action or infinitesimal action of a Lie
algebra g on manifold M, defined as a Lie algebra morphism « : g — X(M).

A smooth action & of a Lie group G on M induces an infinitesimal
action of its Lie algebra g:

(A.6) a:g—X(M), «(v): exp(—tv) - x.

dt lt=0
Remark A.2. Note that « is —d.&/. The presence of the minus sign in
(A6) comes from the fact that the natural Lie bracket on X(M) coming from
the Lie group Diff(M) is the anticommutator of derivations — as opposed
to our convention.

In order to see that this is the case, embed Diff (M) C GL(C*(M)) by
taking pullbacks
¢(f) = foo .

Note that “taking the inverse” is essential to making this embedding into a
group homorphism. Thinking of Tiq Diff (M) = X(M) and then taking the
differential at the identity of the above embedding yields the embedding of
the algebra of vector fields as derivations of C*°(M):

X(M) < gl(C®(M)), X — —Px.

So for this map to be a Lie algebra homomorphism, one should define the
Lie bracket on X(M) as the anticommutator of derivations.

Given an infinitesimal action « : g — X(M) and assuming that g is the
Lie algebra of a Lie group G, it is natural to wonder whether « is induced
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by an action of G on M. Lie’s Second Theorem suggests that this is the
case if G is 1-connected. However, note that if « is induced by an action
of G on M, then all vector fields «(v) are complete. So this is clearly an
extra condition, which is related to the fact that Diff (M) is not a finite-
dimensional Lie group. With this in mind, one says that « : g — X(M) is
a complete infinitesimal action if all vector fields «(v), with v € g, are
complete. That this condition is also sufficient is a deep result, known as
the Lie-Palais Theorem:

Proposition A.3 (Palais [129]). Given a manifold M and a 1-connected
Lie group G with Lie algebra g, (A6l gives a 1-to-1 correspondence

complete actions | _ Lie group actions
a:g—XM) (7)o : G — Diff(M)

In particular, if M is compact, any infinitesimal action of g comes from an
action of G.

For a complete, elegant, proof see Theorem 20.16 in [106].

For a general infinitesimal action « : g — X(M) one can talk about the
isotropy Lie algebra at x € M

g =Kere, ={veg: «(v),=0}Cag.

If @ comes from an action of G, then g, is the Lie algebra of the isotropy
group G,. Similarly, but in a less obvious way, one can talk about the orbits
of the infinitesimal action — see Proposition below.

Remark A.4 (Right actions). Of course, a completely similar discussion
applies to right actions M x G — M, with one warning however: for the
induced infinitesimal action to be a Lie algebra map, one does not need a
minus sign when differentiating:

(A.7) a:g—>X(M), a);: x - exp(tv).

~ dt li=o

Of course, this is related to the fact that one can pass from right actions to

left ones by defining g - := 2 - g~ 1.

Example A.5 (Adjoint action). One of the most fundamental examples of
actions is the action of G on itself by conjugation,

C:G — Diff(G), (g,z)— gzg™'.
Since e € (G is a fixed point under conjugation, there is an induced action

of G on its Lie algebra g = T.G, called the adjoint action,

Ad: G — GL(g) C Diff(g), Ady(v) = 4

exp(tv)g~ L.
e p(tv)g
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Since Ad is a linear action, it is called the adjoint representation of G.

The associated infinitesimal action of the Lie algebra g on the vector

space ¢,
d

ad:g— x(g)a (adv)w = E =0 Adexp(—tv) w,

is called the adjoint action of g, and it satisfies
(ady)w = —[v, w],
where we use the identification T,,g = g.

Remark A.6. A representation of a Lie group R : G — GL(V) is the
same thing as a linear action & : G x V. — V. At the infinitesimal level,
one obtains the following:

(i) The representation of the Lie algebra g on the vector space V:

d
pg— g[(V), p(U) = &’t:OReXp(tv)'

(ii) The infinitesimal action of the Lie algebra g on the vector space V:
d
a:g—=>XV), a)y:= a‘ Oﬂ(exp(—tv),w).
t=

To explain the relation between the two, recall that a linear vector
field on a vector space V is a vector field which, as a derivation, maps
linear functions to linear functions:

V) ={X eX(V): X(V*) c V*}.

One can identify the Lie algebra gl(V) with the Lie subalgebra X" (V) c
X(V), by setting

gl(V) =~ x"(V), T +— Xy, where X7p(l) = —loT, Yie V*.
The minus sign ensures that this is a Lie algebra isomorphism.

Under this identification, a representation p : g — gl(V') corresponds to
an infinitesimal Lie algebra action by linear vector fields « : g — X""(V). In
the special case of the adjoint action/representation we obtain the following:

(i) The adjoint representation of g on the vector space g:
ad: g — gl(g), ady(w)=[v,w].

(ii) The adjoint action of g on the manifold g:
ad: g — X(g), (ady)w = —[v,w].

Although these formulas differ by a minus sign, we use the same symbol for
both. Since we will be almost exclusively interested in actions this should
not be a source of confusion. Ty
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Example A.7 (Coadjoint action). If one dualizes Ad, then one obtains the
so-called coadjoint action Ad* : G x g* — g*, defined by

(Adg §)(v) = £(Adg-1(v)),
where the presence of the inverse guarantees that this is a left action.

At the infinitesimal level, one obtains the Lie algebra action

* * * d *
ad™ : g— %(g )7 (adv)§ = E =0 Adexp(—tv) £,

called the infinitesimal coadjoint action of g. Using the identification
Teg* = g*, it is given explicitly by
(A.8) (ady)e(w) = &([v, w]).

Note that, as above, we also have the coadjoint representation of the
Lie algebra g on the vector space g*

ad”: g —gl(g"), ad,{(w) = —¢([v,w]).

Of particular importance for us will be the orbits of the coadjoint action,
the so-called coadjoint orbits. By the general theory, the coadjoint orbit
through £ € g*

O:={Ad;{:ge G} Cyg"
is an immersed submanifold of g* and it carries a transitive action of G. At
the infinitesimal level this means that at each £ € O, the infinitesimal action
(A.9) ¢ g — Tgo - g*, V= (ad:j)g
is surjective. In particular, we have
T:O = {(ad})¢ : v € g} C g". <

Exercise A.8. Let & : G x M — M be an action. Show that the induced
infinitesimal action « : g — X(M) satisfies the following G-equivariance:

(A.10) a(Adgv) = (dg)a(v).

Another basic, important result about a group action G x M — M
concerns the smooth structure on the orbit space

M/G:={0; : ©z€ M}.
For that, recall that an action G x M — M is called as follows:
(i) a proper action if the map G x M — M x M, (g,z) — (g - z,x)
is proper (in the sense that preimages of compacts are compacts),

(ii) a free action if for all z € M we have that -2 =2 = g =ce,
i.e., if all isotropy groups G, are trivial,

(iii) a locally free action if for all z € M the isotropy groups G, are
discrete or, equivalently, if all isotropy Lie algebras g, are trivial.
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For a proper action all isotropy groups are compact. However, proper-
ness is more than just the compactness of the G, and it may even happen
that an action is free without being proper.

Theorem A.9. For a free and proper action G x M — M, the quotient
M/G admits a unique smooth structure such that the projection M — M /G
s a submersion.

Next, we discuss the relation between differential forms on M and on
M/G. A form w € Q*(M) is called G-basic if the following hold:
(i) w is G-invariant; i.e., o7 (w) = w.
(ii) w is horizontal; i.e., i, w = 0 for all v € g.
We will denote by Q. ..(M) the space of G-basic forms on M. It is a
subalgebra of the exterior algebra Q*(M).

Proposition A.10. Let G be a Lie group acting freely and properly on M,
and let p: M — M/G be the quotient map. Then pullback by p induces an
isomorphism of algebras

p*Qk(M/G) = Qlé—basic(M) C Qk(M)

In degree 0 this proposition amounts to the identification between smooth
functions on M/G and G-invariant functions on M via pullback

p* i C®(M/G) = C®°(M)% c C°(M).

A.3. Time-dependent vector fields
Recall that the flow ¢f of a vector field X € X(M) is defined by the ODE

d

TP (@) = X (g (), P (z) = .
It satisfies the fundamental property
(A.11) o 0 by = o3
One can think of X + ¢} as the exponential map from the Lie algebra
X(M) to the group Diff (M), at least for complete vector fields. However,
due to the infinite dimensionality of Diff(M), these flows do not generate

enough diffeomorphisms. Therefore, one often needs time-dependent vector
fields. Since this topic is perhaps less familiar, here is a brief outline.

A time-dependent vector field is a smooth family of vector fields
X = {Xi}ter, where I C R is an interval, in the sense that we have a
smooth map

X MxI—>TM, (z,t)— X(z,t):=Xy(x)e T, M.
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The flow <I>t)’<s of a time-dependent vector field X = {X;},c; satisfies:
(i) It depends on the “time variable” ¢ and the “starting time” s.

(ii) It is defined on a neighborhood of M x {(s,s):s€ I} in M xIx 1.

(iii) It consists of local diffeomorphisms <I>§’(S : M — M, determined by

d s s 5,8
@‘bfk (2) = XD (2)), @Y (2) = .

The integral curve of X = {X,},cs starting at time s and initial point x
is the maximal solution of the equation

D) = X0, () =

In other words, () = ®4°(x).

Alternatively, one can promote X = {X;};cs to the (single) time-inde-
pendent vector field X on M x I given by

X(z,t) == X(x,t) + %
The integral curve of X starting at (x, s) is precisely t = (@?S’S(CI:), t+s).
In other words, the flow of X is related to the flow of X by
(ﬁ?((x, s) = (B4 °(x),t + s).
The flow relations (A.I1)) for (th then yield
(A12) O o @Y = Y.

This shows that once we know the flow from a fixed u € I to any t close to
u, then we know the flow ®%* for all s,t around u. For simplicity, assume
that 0 € I and consider the family of local diffeomorphisms of M

0
P = DY .
Then the flow relations (AJ2]) imply that for parameters close to 0
o = ok o (63
When X does not depend on the time, then ¢% is the usual flow and
ts -
DY =o'’

A time-dependent vector field X = {X;}4cs is called complete if its flow
®x is defined on M x I x I. We have the standard result that compactly
supported, time-independent vector fields are complete. However, the naive
extension of this result to time-dependent vector fields X = { X} fails:
it does not suffice that each X; is compactly supported.
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Example A.11. Fix two smooth functions with the following properties:
(i) u:[0,1) — R such that lim;_,; u(t) = oco.
(ii) x : R — [0,1] such that x(0) =1 and supp(x) = [—1, 1].

Then the time-dependent vector field X = {X;},c[0,1) on R, defined by

@) x(@—u)d ifo<t<l,
Xt(“")'_{ o T

has the property that supp(X;) = [u(t) — 1, u(t) + 1], for ¢ < 1 and supp(X;)
= (); in particular, it is compact. However, X is not complete: the integral
curve y(t) = u(t) goes to infinity as t — 1. T

A time-dependent vector field X = {X;}.es is called compactly sup-
ported if
supp(X) N (M x [a,b]) C M x I
is compact for any compact interval [a,b] C I or, in other words, provided
that the projection pr; : supp(X) — I is proper. Using the correspondence
above between time-dependent and time-independent vector fields, one ob-
tains:

Proposition A.12. Any compactly supported time-dependent vector field is
complete.

The following useful proposition already shows how time-dependent vec-
tor fields become relevant for us:

Proposition A.13. Let ¢ : g — X(M) be an infinitesimal action. Given
x,y € M, there exist v1,...,v; € g such that

Y= o) P ()

if and only if there exists a smooth curve v : [0,1] — g such that for the
resulting time-dependent vector field {@(vt) }1ej01), we have

Yy = (ZSla(vt)(x) = @Z?vt)(x).
Moreover, if @ is induced by an action of a connected Lie group G, then these
conditions are also equivalent to x and y belonging to the same G-orbit.
For an infinitesimal action @ : g — X(M), define the orbit of = as
(A13) Oy :={y= (bi(vt)(x) : for some smooth curve v : [0,1] — g}.
One can show that O, C M is an immersed submanifold of dimension:
dim O, = dim g — dim g,.

The orbits form a partition of M by initial submanifolds called the orbit
foliation of the Lie algebra action.
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We will also need to know the effect of the flow of a time-dependent
vector field on a differential form. For that, recall that the Lie derivative
along a time-dependent vector field X = {X;};cs of a differential form n €
Q*(M) is given by

d t+e,t
Lx,n = — L) .
th dE 5:0( X ) 77
We also have Cartan’s magic formula
"%th = dith + iXtdna

which shows that the Lie derivative of a time-dependent vector field X =
{X¢}ier coincides with the t-family of Lie derivatives of each vector field X;.

The following formula is also very useful:

Lemma A.14. Given a time-dependent vector field {X;}ier, 0 € I, with
flow ¢ = <I>t)’<0, and a time-dependent differential form {wi}icr, one has

d . « 7 d
& (¢?X) Wy = ((ﬁ}) (&Wt + fxtwt)-
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Appendixz B

Symplectic Structures

Symplectic structures appear throughout this book: they are examples of
Poisson structures, the leaves of Poisson manifolds carry symplectic forms,
the global objects integrating Poisson manifolds are symplectic, etc. We
collect here some basic results from symplectic geometry. For an elementary
introduction to symplectic geometry see the lectures notes by Cannas da
Silva [29]. A much more advanced and comprehensive text, also going into
symplectic topology, is the monograph by McDuff and Salamon [118].

B.1. Symplectic forms
Recall that a 2-form w € Q?(M) determines a vector bundle map:
(B.1) W TM —TM, X~ ixw.

The rank of w at x € M is, by definition, the dimension of the image of
this map. We call w nondegenerate if rank w, = dim M for all z € M.

Definition B.1. A symplectic manifold is a manifold M together
with a closed, nondegenerate 2-form w € Q?(M).

A symplectic map between two symplectic manifolds (M;,w;) and
(M3, w9) is a smooth map ® : M; — M, that satisfies ®*we = wy.

A symplectic diffeomorphism is also called a symplectomorphism.

The condition that w be nondegenerate ensures that, given H € C*° (M),
there is a unique vector field Xy € X(M), called the Hamiltonian vector
field of H, such that
(B.Z) iXHw =dH.

437
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The set of all such vector fields will be denoted
(B.3) Xtam(M,w) C X(M).

An important property of Hamiltonian vector fields is that their flow pre-
serves w:

Dg/ﬂXHw = d(iXHw) + iXH (dw) = d(dH) —I—iXH(O) =0.

More generally, a symplectic vector field is a vector field X € X(M)
whose flow preserves w. We denote the collection of all such vector fields by

X(M,w) :={X € X(M) : Lxw = 0}.
These two form Lie subalgebras in the Lie algebra of all vector fields:
Xtam(M,w) C X(M,w) C X(M).

Exercise B.2. Show that the Lie bracket of any two symplectic vector fields
X and Y is a Hamiltonian vector field. More precisely, show that

(X, Y] = -X,(x,y)

Of central importance are the integral curves « of Hamiltonian vector
fields Xy, i.e., the solutions of the equation

Y(t) = Xu(v(1).
Given H, a function f € C°°(M) is called a first integral of Xy if f is
constant along the integral curves of X or, equivalently, Zx,, (f) = 0. The
fact that this condition is symmetric in f and H, as well as other properties
of first integrals, is best understood using the resulting bracket.

Definition B.3. Given a symplectic manifold (M,w), the Poisson
bracket of two functions f,g € C°°(M) is defined as

{f.9} = Xs(9).

It is a simple exercise to check that the Poisson bracket is a Lie bracket:
Proposition B.4. On any symplectic manifold (M,w), the induced bracket
{-,}: C%(M) x CF(M) — C*(M)

is a Lie bracket (i.e., it is skew-symmetric and satisfies the Jacobi identity)
and, furthermore, it satisfies the Leibniz identity in each argument:

{f,9h} = g{f . h} +{f.9}h, V[, g,h € CF(M).

Corollary B.5. For a symplectic manifold (M,w) the map C>*°(M) —
Xtam(M,w), f— Xy, is a Lie algebra homomorphism.:

[Xf,Xg]:X{f,g}, Vf,gGCOO(M).
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Any symplectic manifold (M,w) comes with a canonical volume form,
called the Liouville volume form,

wS

pL= (2s = dim M).

The Liouville volume form is invariant under Hamiltonian flows. In partic-
ular, symplectic manifolds are oriented.

Example B.6. The “canonical” example of symplectic manifold is R?® with

linear coordinates (¢',...,¢% p1,...,ps) and symplectic form:
S
(B.4) Wean ‘= Z dq* A dp;.
=1

The induced Poisson bracket on C°°(M) is simply
—~ (0f dg  Of g
9y =2 5054 a7 0m )
Opi 0¢®  9q" Op;
In particular, we find that the Poisson brackets of the coordinates are

For H € C*°(M), the equations for the integral curves of Xy are the
classical equations of Hamilton

' = {H,q'} = &,
pi=1{H,pi} = —gé{

In particular, when H = %Zlep? +Vi(qg',...,q"), one obtains Newton’s
equations for the motion of a particle in a potential V'

G oV
G = o0 (i=1,...,s). T

(B.5)

The first basic fact about symplectic manifolds is that locally they all
look the same:

Theorem B.7 (Darboux’s Theorem). For any symplectic manifold (M,w),
around any point x € M one can find a chart (U,q',...,¢% p1,...,ps) with
respect to which w takes the canonical form (B.4).

Such a chart is called a Darboux chart for w.

Darboux’s Theorem leads to an alternative characterization of symplec-
tic manifolds in terms of a symplectic atlas. A symplectic manifold of di-
mension 2s is a manifold M with an atlas {(U;, ¢;) : i € I} such that the

transition functions ¢; o gb;l are symplectomorphisms between open subsets
of (R?%, wean)-
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Although Darboux’s Theorem shows that a symplectic manifold (M, w)
has no local invariants, besides its dimension, there are global invariants.
One such invariant is the cohomology class of the symplectic form. The
relevance of this class is made clear in the following very useful result:

Theorem B.8 (Moser’s Lemma). Let M be a compact manifold, and let
{wt}iejo] be a smooth path of symplectic structures on M such that the class
[wi] € H?(M) is constant. Then (M,wo) and (M,w1) are symplectomorphic.

We note, however, that there are examples of compact manifolds M with
two symplectic forms w and w’ representing the same cohomology class, but
which are not symplectomorphic. Noncompact examples are even easier to
construct: R? with weay and ' = mdx A dy are not symplectomor-
phic, simply because the second form has a finite volume. On the other
hand, it has been shown by Gromov that R* admits more “exotic” symplec-
tic structures, which are not symplectomorphic to wca, and still have infinite

volume — see [118].

Let us recall some interesting classes of symplectic structures.

Example B.9 (Cotangent bundles). For any manifold M, the cotangent
bundle T*M carries a canonical symplectic form wea,. It can be obtained
by gluing together bits of the canonical one on R?* as follows. Recall that for
each chart (U,q¢',...,q°) on M one has a chart (T*U,q",...,q¢° p1,...,ps)
on T*M by setting

T*U 3 (2,p1daq" + -+ + psdaq®) = (¢ (2), ..., ¢°(x),p1, ..., Ds) € R

Pulling back the canonical symplectic form (B.4) along such a chart, one
obtains a symplectic form on T*U. A direct computation shows that on
overlaps of such charts the two forms coincide. In other words, we obtain a
global canonical symplectic form

Wean € (T M).
One can also give an intrinsic description of wean. Namely,
(B.6) Wean = —dby,,

where 07, € QY (T*M) is the so-called Liouville 1-form, defined as follows.
For a vector v € T¢(T*M), where & € T M, we have that d¢ pr (v) € T, M,
and so we define

01.(v) = € (de pr (v)).
The Liouville form is characterized by the property

o0, =a, YaeQ(M),
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where on the left side we view o as a map o : M — T*M. From this it
follows that the canonical symplectic form wea, € Q2(T*M) is characterized
by the property

0 Wean = —da, Va € QI(M) e

Example B.10 (Coadjoint orbits). Another general class of symplectic
manifolds is that of coadjoint orbits O C g* of a connected Lie group G.
Here we use the notation and the discussion from Example [A.7l. We claim
that there is a canonical symplectic structure

wo € Q*(0).
To describe it at an arbitrary £ € O we use the infinitesimal action (A.9)
g9 = Te0, a(v)e = (ad, e
to represent tangent vectors to O and we define
wo(e(v)e a(w)e) == =& ([v,w]).
The fact that «¢ is surjective with kernel the isotropy Lie algebra
ge = {v € g:ad)(§) =0}

implies that we is well-defined and is a nondegenerate 2-form on O.

To check that we is closed, we pull it up to G via the quotient map
pe: G— O, g|—>Ad;§,
where £ € O is fixed. The resulting 2-form on G
pé(wo) € Q*(G)
is characterized by being left-invariant and the value it takes at the identity:
pe(wo)(v,w) = =&([v,w]), Vov,weg.
The previous equation yields
pilwo) = d€,
where ? € Q@) is the left-invariant extension of £&. This shows that weo
is closed, hence a symplectic form on O. Ty
B.2. Symplectic and Hamiltonian actions

A symplectic action is a smooth action of a Lie group G on a symplectic
manifold (M, w) by symplectomorphisms:

d : G — Diff (M), djw=w, VgeGq.

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



442 B. Symplectic Structures

Exercise B.11. Assume that G acts symplectically on (M,w). Also assume
that the action is free and proper, so that M/G is smooth — see Theorem
— and we can identify C°°(M/G) with the subalgebra of G-invariant
smooth functions C°°(M)& c C*°(M). Show that C*(M)% is closed under
the Poisson bracket {-, -} associated to w and that the resulting operation

{-,}: CF(M/G) x C*(M/G) — C*(M/G)
has the same properties as in Proposition [B.4

The conclusion of the previous exercise is that, although M /G might
not be a symplectic manifold, it still always carries a “Poisson bracket”.

Example B.12. Important examples of symplectic actions are provided by
taking coadjoint orbits O C g* of a connected Lie group G, endowed with
the canonical symplectic structure we from Example[B.10l For example, the
sphere S? with the usual area form is symplectomorphic to a coadjoint orbit
of G = SO(3). More generally, among the coadjoint orbits of G = SU(n+1)
one finds CP" with the so-called Fubini-Study symplectic form. T

The infinitesimal action induced by a symplectic action is by symplec-
tic vector fields. In general, a symplectic infinitesimal action of a Lie
algebra g on a symplectic manifold (M, w) is a Lie algebra homomorphism

a:g— X(M,w).

It is natural to consider actions « that take values in the subalgebra
of Hamiltonian vector fields Xpam(M,w) C X(M,w). Since a Hamiltonian
vector field X i determines the function H only up to a constant, one usually
fixes a linear map p: g — C°°(M), v — u,, which is a lift of the action «:

C>(M)
" lHam a(v) :X/Lv'

g s %Ham(Ma w)

Definition B.13. A g-Hamiltonian space is a symplectic manifold
(M, w) together with a Lie algebra homomorphism

B (gv ['7 ]) - (COO(M)7 {'7 })7 U=y,
where C°°(M) carries the Poisson bracket from Definition [B.:3l The
corresponding infinitesimal g-action is defined by «(v) := X, .
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At the global level one has the notion of a G-Hamiltonian space.

Definition B.14. A G-Hamiltonian space is a symplectic manifold
(M,w) with a symplectic action of G and a linear map, called the
moment map,

(B.7) pig—CP(M), v py,
which is G-equivariant and satisfies
(B.8) ig ()W = dity.

Some comments are in order. First of all, it is more common to view
the moment map as a map pu : M — g*. One has u,(z) = (u(x),v),
where (-,-) : g x g — R is the evaluation map. Often we will denote a
G-Hamiltonian space schematically by

(B.9) p: (M,w) — g
The G-equivariance of p is with respect to the adjoint action and the given
symplectic action o : G x M — M:

Hy © 'Q[g—1 = HAdy(v)-

In the reinterpretation (B.9), the G-equivariance is expressed in terms of
the coadjoint action:

u(g - 2) = A (u(x)).

The infinitesimal counterpart of G-equivariance is obtained by setting
g = exp(tu) and differentiating at ¢ = 0. One obtains

(BlO) gﬁ,(u)(:u'v) = Hlu,w]s Vu,v € g.

Exercise B.15. Show that the infinitesimal equivariance condition (B.10)
is equivalent to the moment map p : g — C°°(M) being a Lie algebra
morphism:

Hluw] = {tbu, o}, VYu,v €g.
Thus, any G-Hamiltonian space is also a g-Hamiltonian space. Con-

versely, one can show that a complete g-Hamiltonian action integrates to a
G-Hamiltonian action of the 1-connected group G integrating g.

Example B.16 (Abelian actions). For an S'-Hamiltonian action on (M, w)
the infinitesimal action is encoded by the vector field V' € X(M)

d —it
= E t:(]e x.

The condition that the infinitesimal action is symplectic,

Lrw =0,

Va
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is equivalent to iy w being closed. On the other hand, the requirement that
the infinitesimal action is Hamiltonian amounts to ¢y w being exact:

tyw = du,

for some smooth function p € C*°(M). Note that the equivariance of y is
automatic. A similar discussion applies to the n-dimensional torus G = T".

Example B.17 (Exact symplectic manifolds and lifted actions on cotangent
bundles). Let (M, w) be an exact symplectic manifold; i.e., w = df. Assume
that G is a Lie group that acts on M preserving the primitive 6:

Ag0=0.
Then one obtains a G-Hamiltonian space with moment map
prM =gt =iy, Vveg.
Indeed, the moment map condition follows by observing that
Lol =0 <= dig)f+i,mdd=0
= lgw = —dig )0 = duy

and the G-equivariance follows because 6 is G-invariant.

Let us apply this to a cotangent bundle M = T*N equipped with the
canonical symplectic form wea, = —dfr. A Lie group action & : GXN — N
naturally lifts to an action on the cotangent bundle:

d:GxT*N = T*N, dga:=(dy1)"o

The lifted action preserves the Liouville 1-form 6. Hence, we obtain a
Hamiltonian action with moment map

u:T*N—>g*, ,uv:id(v)el/.
The definition of 67, shows that y is just the dual of the action ¢ : g — X(N):
<[,L(Oé), U> = Z‘(0(11)057
which can be abbreviated to u = «*. Ty

While the quotient of a symplectic manifold by a proper and free sym-
plectic action is typically not symplectic, Hamiltonian actions can be used
to produce symplectic quotients. Given a G-Hamiltonian space

pe (M,w) = g7,

its symplectic quotient, also called the Marsden-Weinstein reduction at
¢ =0, is the quotient
M )G = p=(0)/G.
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To ensure that M //G is a smooth manifold, we make the following regularity
assumptions (see Theorem [A.9)):

(i) 0 € g* is a regular value of u.

(ii) The action of G on p~1(0) is free and proper.

Exercise B.18. Show that the condition that the action of G on p~1(0) is
free implies that 0 is a regular value of pu.

Theorem B.19. Under the previous assumptions, M J|G carries a canonical

symplectic form wg. The form wq is uniquely determined by the condition
powo = iow,

where py : p1(0) = M J/G is the quotient map and ig : p~'(0) — M is the

inclusion.

Similarly, the reduced symplectic space at an arbitrary point £ € g* is
defined as the quotient

MG = p~H(€)/GCe,
where G¢ C G is the isotropy group of § for the coadjoint action. Un-

der similar regularity assumptions, this is also a symplectic manifold with
symplectic form w¢ uniquely determined by the condition

Pewe = T¢w,
where pe : p71(€) = M /.G is the projection and i¢ : p~1(¢) — M is the
inclusion.

A slightly different approach to these reduced spaces is as follows. First,
using the equivariance of the moment map, one obtains a similar map on
the ordinary quotients

a:M/G— g*/G
taking values in the space of coadjoint orbits. The fibers of i give a partition
of M/G parametrized by the coadjoint orbits O C g*. Each fiber can be
further “simplified” by choosing ¢ € O:

pH0) = u7H0)/G = pmH(€)/Ge.
In other words, the reduction at the different £ € g* are the members of a
natural partition of the ordinary quotient M /G. Since w is G-invariant, for

different values £1,&2 € O the forms we, and wg, correspond to each other
under the natural isomorphism:

pH (&) /Ge = (&) /G,
So we have a well-defined symplectic form wep on

(B.11) M/ G :=u 1 0)/G.
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One should be aware of the fact that, in general, the pullback of wp to
p~1(O) does not coincide with the restriction of w.

Example B.20 (Fubini-Study symplectic form). Consider the S'-action on
(C" ! Wean) defined by

0-(20,...,2n) = (€2, ... ,ewzn),

which has moment map

1 n
" C"tl 5 R, w(zoy .oy 2n) = 3 (1 —Zziz) .
=0

We then find that
pt0)/st =t st = cpn.

The induced symplectic structure on CP" is called the Fubini-Study sym-
plectic form.

Example B.21. Let us consider the cotangent lift of a G-action GXN — N
as in Example [B.I7 If the action is proper and free, the lifted action is
proper and free, and the moment map p : T*N — g* is a submersion. In
this case one finds that the symplectic quotient at level zero is naturally
isomorphic to a cotangent bundle:

T*N ) G ~T*(N/G), wp= wean-
The symplectic quotients at nonzero values need not be cotangent bun-

dles anymore. For example, take N = G, and let G act on itself by right
translations — remember our actions are always left actions:

Ad:GxG—G, (g,h)— hg L

Then, via the identification of T*G with G x g* using left translations, the
lifted cotangent action becomes

A:Gx(Gxg)—=Gxg", (g, (h,a))— (hg™" Adj ),

while the moment map becomes the second projection p : G x g* — g*.
Hence, for the reduced spaces we obtain

T°G .G = u(0g) /G = O.

We leave it to the reader to check that the resulting symplectic structure
coincides with the natural one discussed in Example [B.10 Ty
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Appendixz C

Foliations

For an introduction to foliation theory in the spirit of this book, see the
monograph by Moerdijk and Mréun [122]. A more detailed account of
foliation theory can be found in the two-volume monograph by Candel and
Conlon [27.28]. Our treatment of singular foliations is in the spirit of the
paper of Androulidakis and Skandalis [10].

C.1. Regular foliations

Definition C.1. A foliation of codimension ¢ on a manifold M is a
partition F of M into immersed connected submanifolds of codimen-

sion g,
M=JrL,

LeF
satisfying the following local triviality property: every point in M has
an open neighborhood U such that

Flu := {connected component of LNU : L € F}

coincides with the partition by the fibers of a submersion f : U — RY.

One calls the submanifolds L the leaves of the foliation F and p =
dim(L) the dimension of F, so that p+ ¢ = dim(M).

Due to the local normal form of submersions, the local triviality property
in the definition is equivalent to requiring each point to belong to a chart

x: U VW, VcRP, WCR? open subsets,

447

Author's preliminary version made available with the permission of the publisher, the American Mathematical Society.



448 C. Foliations

with the property that F|y corresponds to the partition of V xW by V x{w}
with w € W. Such charts are usually called foliated charts for F.

Foliations can be approached from an infinitesimal point of view:

Definition C.2. A distribution on a manifold M is a vector sub-
bundle
D cC TM.

A distribution D is called involutive if

[X,Y] eT(D), VX,Y eI(D).

An important, basic, result is the following:

Theorem C.3 (Global Frobenius). For any manifold M, there is a 1-to-1
correspondence

{folz'ations F on M}%{mvolutive distributions D C TM}.

In one direction, the correspondence works as follows: a foliation F
defines the involutive distribution D := T'F, where for x € M the subspace
D, =T,F CT,.M consists of vectors tangent to the leaf L through x:

(C.1) T,F :=T,L.

In the other direction, given an involutive distribution D, to recover the
partition F such that TF = D there are several ways one can proceed. For
example:

(i) One can mimic the construction of the flow of a vector field: one
calls an integral submanifold of D any connected immersed sub-
manifold L. C M satisfying T, L = D, for all x € L, then proves
their existence locally, and finally passes to maximal ones. The
maximal integral submanifolds will be precisely the leaves of F.

(ii) One can describe the leaves set-theoretically right away, by declar-
ing that two points z,y € M are in the same leaf L if and only if
there exists a path v : [0, 1] — M joining them (v(0) = z, v(1) = y)
and everywhere tangent to D:

’Y(t) S D'y(t)a Vite [0, 1]
Then one needs to show that these sets carry smooth structures

that make them into immersed submanifolds.

Below, we will describe yet another approach. However, in all of them,
there is something nontrivial to prove: e.g., the local analysis of integral
submanifolds in the first approach, or the smooth structure on the leaves
in the second approach, or the local triviality of the resulting partition in
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both approaches. The key ingredient in doing so is the local version of the
Frobenius Theorem:

Theorem C.4 (Local Frobenius). For any involutive distribution D C T M
of rank p, there is a chart (U,x = (z',...,2™)) around each point such that

(C.2) D]U:Span< 0 . 0 >

Charts of the type
x: U VW, VcRP, WcCR? open and connected,

satisfying (C.2)) can be turned into foliated charts, therefore realizing D =
TF for some foliation F. More precisely, one can talk about the plaques
of D with respect to such a chart: they are the pre-images

Un(x) = x"H(V x {w}) (we W)

Since V' is connected, each plaque sits inside a leaf — defined using paths
tangent to D as above — and the restrictions of y to the plaques,

Xlvw () : Uw(x) =V,
serve now as charts for the leaves. One can then prove that the leaves
become smooth immersed submanifolds. The local triviality for F follows
right away since, by construction, these charts become foliated charts.

Incidentally, let us point out that the leaves are more commonly con-
structed using plaques instead of paths: two points x,y € M are in the same
leaf if and only if there exist points zo = x,21,..., 2Tk, Tx+1 = y such that
any two consecutive points belong to the same plaque.

Example C.5 (Simple foliations). On an n-dimensional manifold M, there
are two obvious examples of foliations:

(i) F is the partition by connected components of M, so TF = TM.
(ii) The partition F by points, so T'F = 0.

These are both examples of simple foliations by which we mean a foliation
F of M given by the fibers of a submersion p : M — B with connected fibers.
In this case, TF = Kerdp, dim F = dim M — dim B, and codim F = dim B.
Equivalently, these are precisely the foliations for which the space of leaves
is smooth, in the sense that it admits a smooth structure — necessarily
unique — making the canonical projection into a submersion. T

Example C.6 (Codimension-1 foliations). Already in codimension 1, folia-
tions can exhibit quite complicated behavior. A codimension 1 distribution
D C T'M is said to be transversely orientable if the line bundle TM /D
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is trivializable. This is equivalent to the existence of a nowhere vanishing
1-form 6 € Q' (M) such that

D = Ker¥f.
The involutivity of D can be expressed in terms of the 1-form 6 as
do N6 =0.

One calls such a 1-form a completely integrable 1-form.

A closed, nowhere vanishing 1-form is obviously completely integrable.
For example, a simple codimension-1 foliation given by the fibers of a sub-
mersion p : M — S' is induced by 6 = p*dyp, where ¢ is the “angle coordi-
nate” on S!. e

Example C.7 (Orbit foliations). The orbits of an action of a connected
Lie group G on a manifold M are connected immersed submanifolds and
they form a partition of M. However, the dimension of the orbits may vary.
Recall that
dim O, = dim G — dim G,.

If the dimension of the isotropy groups G, does not depend on z, then
the orbits have equal dimension, and they do form a regular foliation. The
associated tangent distribution is the image of the infinitesimal action <« :
g X M — TM — which is smooth because « has constant rank. Note that
involutivity follows directly because the action preserves the Lie bracket.

We already saw before a special instance of this, namely the case of a
proper and free action, where the orbit foliation is simple.

For another example, take the action of R on T? given by
t- (¢17¢2) = (¢1 + t7¢2 + t)\)v

where A\ ¢ Q. We obtain a free, nonproper action and the resulting orbit
foliation is called the Kronecker foliation of the 2-torus. It fails to be a
simple foliation. AT

Next, we discuss a very special property of leaves of foliations: although
they are not embedded in general, they satisfy the following property:

Definition C.8. An initial submanifold of a manifold M is an immersed
submanifold ¢ : N — M such that for any smooth map ® : P — M satisfying
®(P) C i(N) the induced map i "t o ® : P — N is smooth.

Example C.9. Any embedded submanifold is initial. On the other hand,
the immersion of the real line in R? as a figure eight is not. Ty

Proposition C.10. The leaves of any foliation are initial submanifolds.
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Initial submanifolds are also called reqularly immersed submanifolds or
even weakly embedded submanifolds. In general, a subset may be made into
an immersed submanifold in more than one way — e.g., the figure eight in
R?. However, for initial submanifolds, we have (for a proof see [146]):

Theorem C.11. Let M be a smooth manifold. If a subset N C M admits
a smooth structure for which the inclusion i : N — M is an initial subman-
ifold, then it is unique. Moreover, it is the unique smooth structure on N
for which the inclusion is an immersion.

In particular, given a partition of a manifold M there is at most one
choice of smooth structures on the members of the partition making it a
foliation. For this reason, one often gives a foliation F simply by describing
the partition of M, without giving detailed information about the smooth
structures of the leaves, these being unique.

Another illustration of the fact that initial submanifolds behave very
much like embedded submanifolds is the following version of the standard
regular value theorem.

Theorem C.12. Let S C M be an initial submanifold, and let ® : N — M
be a smooth map transverse to S':

de®(ToN) + To()S = TomyM, Vxed'(S).
Then ®~(S) C N is an initial submanifold with
T,97(S) = Kerd,® C T,N, Vaxcd!(S).

The same conclusion holds with the transversality condition replaced by the
weaker assumption that the dimension of the subspaces dz ®(T:N) + Top(y) S,
for x € ®7Y(S), is constant.

Proof. The statement is well known for embedded submanifolds — see,
e.g., [146]. We derive it for initial ones. For that let ¢ : N x S — M x M,
o(y,x) := (®(y),x), and consider the diagonal Ay; C M x M. Note that
Imd¢ + TAjps has constant rank, hence

G=¢""(Ay) ={(y.2) € N x S: B(y) =z}
is an embedded submanifold of N x.S, because Ay is embedded. We identify
G with ®71(S) by y — (y, ®(y)), which yields an embedding of ®~1(S) into
N x S. Projecting in the first factor, this makes the inclusion ®~1(S) C N

into an immersion. We now prove that it is initial. So, let ¥ : X — N be a
smooth map that takes values in ®~1(.S). Then

X —>NxS, z— (V(x),P(Y(x))

is smooth. Since G is embedded, this map is smooth as a map into G; i.e.,
¥ is smooth as a map into ®~1(.9). O
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C.2. Foliated differential forms

One can consider geometric structures on foliations, very much like one
considers geometric structures on manifolds, e.g., differential forms, tensors,
Riemannian metrics, symplectic structures, etc.

We introduce differential forms on a foliation F on M. Denote by
X(F) :=T(TF) the space of vector fields on M tangent to F.

Definition C.13. The complex of foliated forms is (Q°(F),dr)

where
k
“F) =T(A\TF)
and dr : QF(F) — QF1(F) is the foliated de Rham differential

~

k
drw(Xo, ..., Xp) = Y _(-1)"2x,(w(Xo, ..., Xi, ..., X))
=0

< Z ”]w Xl,X] X(),...,Xi,...,Xj,...,Xk),
0<i<j<k

for Xo,..., Xy € X(F).

The definition of dr makes sense because of the involutivity of TF. We
have that d2f = 0, so one can define the foliated cohomology of F as

Kerdr
Im d]: '

H*(F) =

However, one should be aware that these vector spaces, unlike the usual
cohomology for manifolds, are often infinite dimensional. Still, they are
useful since many foliated cohomology classes encode geometric information.

If i : L — M is a leaf of F, then we have the obvious restriction map
i Q% F) = Q°(L),

which intertwines the foliated differential on F with the de Rham differential
on L. Notice that a foliated form is closed if and only if it is leafwise closed,

e., if its restriction to every leaf is closed. The restriction to each leaf of
an exact foliated form is exact. However, a foliated form which is leafwise
exact need not be an exact foliated form.

A foliated 2-form w € Q?(F) gives a vector bundle map
Wi TF 5 T*F, X ixw.

We call w nondegenerate if w’ is an isomorphism.
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Definition C.14. A (regular) symplectic foliation is a pair
(F,wr), where F is a foliation and wyr is a closed, nondegenerate,
foliated 2-form.

The nondegeneracy ensures that given H € C°°(M) there is a unique
foliated vector field Xy € X(F), called the Hamiltonian vector field of
H, such that

(C.3) ixywr =drH.
We also have a foliated version of Darboux’s Theorem.

Theorem C.15 (Foliated Darboux). Let (F,wr) be a symplectic foliation
on M. Then M can be covered by foliated charts
U, q*,. ... ¢%p1, - ps,yts . y?),  where ¢ = codim(F),
such that .
wrly =Y _dg’ Adp;.
i=1

Thus, the theorem provides foliated charts that, at the same time, put
the foliated 2-form in Darboux coordinates. Many other results about sym-
plectic manifolds extend to the foliated case.

Symplectic foliations are actually a special class of Poisson manifolds,
and they will be treated systematically throughout the book.

Remark C.16 (Foliated versus transversely foliated geometric structures).
For a given foliation on a manifold, one can also consider geometric struc-
tures transverse to the leaves, which should be thought of as coming from
the leaf space. However, in general, this fails to be a manifold.

For example, an F-basic form is a form w € Q°*(M) such that
Lxw=0, ixw=0 VXeTF.
By Cartan’s magic formula, this is equivalent to
ixdw =0, ixw=0, VXeTF.

The de Rham differential preserves the property of being basic so one has
a complex of basic forms (2% ,,..(M),d). If F is a simple foliation arising
from a submersion p : M — B with connected fibers, the complex of F-basic
forms is isomorphic to the de Rham complex of B

P Q(B) = Qrpasic(M) < QY (M).

Proposition [A.10] is an instance of this result.
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A transversely symplectic form is an F-basic 2-form
2
wE Q]:-basic(M)
which is closed and transversely nondegenerate, meaning that
Kerw =TF.

Actually, being closed together with the condition on the kernel automat-
ically ensures that the form is basic. When F is a simple foliation arising
from a submersion pr : M — B, a form w € Q?(M) is transversely symplec-
tic if and only if w = pr* wp for a unique symplectic form wp € Q?(B). This
situation will appear throughout the book in the following form:

Proposition C.17. Let w € Q*(M) be a closed form of constant rank.
Then Kerw defines a foliation F. If F is simple, then its leaf space B has
an induced symplectic structure wp such that w = pr* wpg.

Occasionally, we will encounter in the book other geometric objects
transverse to the leaves.

C.3. Singular foliations

The symplectic foliation of a Poisson manifold or, more generally, the orbit
foliation of a Lie algebroid are examples of singular foliations. Here we give
a very brief introduction into singular foliations, without many details since
we will not use them in the book. Still, we believe that such a discussion
gives a useful perspective to some of the material treated in the book.

The notion of singular foliation is more subtle than one may expect at
first. There is still an associated partition into leaves, now of varying di-
mension, but the partition does not carry all the information. The key idea,
inspired by the Frobenius Theorem from the regular case, is to characterize
singular foliations via the space of vector fields tangent to the leaves. Since
there are slightly different ways of looking at spaces of vector fields, we will
discuss them first, before giving the formal definition of a singular foliation.

First of all, by a submodule of vector fields on a manifold M we
mean a C°°(M)-submodule of the module of all vector fields

V C X(M).

Such a submodule if called an involutive submodule if it is also a Lie
subalgebra of (X(M),[-,-]). Similarly we talk about submodules of com-
pactly supported vector fields

VYV C X (M).

For X.(M), the C2°(M)-submodules are the same thing as the C°(M)-
submodules.
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A submodule V C X(M) as above is called local if it satisfies any of the
following equivalent conditions:

(i) If X € X(M) is locally in V, then X € V.
(ii) If X € X(M) satisfies f X € V for any f € C°(M), then X € V.

(iii) V is closed under locally finite sums.

Here by X is locally in V we mean that for any x € M there exists X* € V
which coincides with X in a neighborhood of x. The equivalence between
these conditions can be easily checked.

Any submodule V C X(M) has a corresponding localization V'°¢ C
X(M), i.e., the smallest local submodule containing V. This is the collection
of vector fields that are locally in V, and it can also be described as

plee = {X EX(M): fX eV, foral fe ch(M)}

= {locally finite sums Z X; with X € V}.

The notion of local submodule is related to sheaves. We denote by X,
the sheaf of vector fields on M, which we view as a sheaf of modules over
the sheaf Cf; of smooth functions. Then we can talk about sheaves of
submodules of vector fields ¥ C X;; and we have the following result:

Lemma C.18. There is a 1-to-1 correspondence between the following:

(i) sheaves of submodules of vector fields ¥ C Xy,
(ii) local submodules of vector fields V C X(M),
(iii) submodules of compactly supported vector fields V. C X.(M).

The correspondence between (i) and (ii) is given by
V:=T(M,7), T'UYV)={XeX(U): fXeV, VfeCrU)}.
The correspondence between (ii) and (iii) is given by
Vei=VNX (M), V= (V)lo
Furthermore, one has

Y is involutive <=V is involutive <= V. is involutive.

{sheaves of submodules}

YV CXum
/

{local submodules} { submodules}
YV CX(M) Ve C Xe(M)
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Sheaves are useful to express various local notions. For instance we say
that a sheaf of submodules ¥ C X)s is locally finitely generated if each
x € M has an open neighborhood U and sections Xi,...,X; € I'(U, %)
such that

L(U,7)=CU) X1+ -+ CX(U) Xy.
Using the correspondences in the previous lemma, one then has notions of
locally finitely generated modules of vector fields.

We are now ready to introduce singular foliations.

Definition C.19. A singular foliation on a manifold M is a local
module of vector fields V C X(M) which is both involutive and locally
finitely generated. The associated singular tangent distribution is
defined by

T,V ={X,: XeV}cT,M (xeM).

An integral submanifold of V is a connected immersed submanifold
L C M with the property that

T,L =T,V, VzelL.

A leaf of V is a maximal, relative to inclusion, integral submanifold.

We now have the following version of Theorem [C.3|for singular foliations:

Theorem C.20. Given a singular foliation V on M, each point x € M
belongs to a unique leaf L. Moreover, leaves are initial submanifolds.

We will not go into the proof here, since this result is not used in the
text. For a detailed proof and references to earlier versions, see [10].

Example C.21. For a regular foliation F on M, the space of vector fields
tangent to F

V= X(F)

is in particular a singular foliation in the sense of the definition above. Its
tangent distribution is TV = T'F and its leaves coincide with those of F.

Example C.22. An infinitesimal Lie algebra action « : g — X(M) has an
associated singular foliation

V := Spangee i) {«(v) 1 v € g}.
The associated tangent distribution is given by
T,V =Im (e, :9g— T, M).

The leaves are precisely the orbits of the infinitesimal action.
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Example C.23. The main example of interest to us is the singular foliation
associated with a Poisson manifold (M, 7). The local submodule V C X(M)
is the one generated by the Hamiltonian vector fields Xy. Equivalently, it
is the image of
7 QY M) — X(M).

The associated tangent distributions are the Hamiltonian directions Im 77?0,
and the corresponding leaves are the symplectic leaves of (M, 7). This makes
precise the term “singular symplectic foliation”, which we sometimes refer
to in the book.
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Appendixz D

Groupoids:
Conventions
and Choices

In this book we have decided to adopt the following common choices and
conventions:

- The Lie bracket of vector fields is the usual commutator of deriva-
tions.

- Lie group actions on manifolds are left actions, except for principal
bundles where the structure group acts on the right.

- For the Lie algebra of a Lie group we use the bracket arising from
left-invariant vector fields.

- Infinitesimal Lie algebra actions are homomorphisms into the Lie
algebra of vector fields.

- For Lie algebroids we also use the bracket arising from the Lie
bracket of left-invariant vector fields.

- For symplectic groupoids the target is a Poisson map.
- For a groupoid, the composition of two arrows gh is defined when-
ever s(g) = t(h).

We will now explain our choices and conventions and the relationships
between them and with other choices.

Lie groups/Lie algebras. Passing from a Lie group G to a Lie algebra g
can be done using either left- or right-invariant vector fields. Hence, strictly
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speaking, any Lie group has two associated Lie brackets and Lie algebras:
(g,[-,-]") and (g, [-,]°). They are defined on the same vector space g = T.G
and the difference between the two is only a minus sign. Note that the
two notions give rise to the same exponential map. On the other hand, all
the constructions that are performed using one bracket, say the ¢-bracket,
also have an r-version. For example, a (left) action G x M — M has a
corresponding infinitesimal actions (both Lie algebra homomorphisms!):

D1 ot a1 XM, )= S| exp(-) x
(D.2) 2T (0T = X(M), @ (v)e = %Lo exp(tv) - 2

so that " (v) = «‘(—v). In practice, most authors use either the /-version
or the r-version of the theory. Often the choice is made so that the induced
Lie bracket on gl(V') is the commutator: the ¢-version by authors using our
convention for the Lie bracket of vector fields, and the r-version when the
anticommutator of derivations is used. The passage from one choice to the
other is obvious.

Similar to the previous discussion, some authors prefer left actions while
others prefer right actions. In principle, as should be clear by comparing
(D.J) and (D.2), it is somewhat more natural to use left actions in combina-
tion with the r-bracket, and right actions in combination with the ¢-bracket.
Still, many authors, including ourselves, prefer to focus on left actions, even
when using [-,-]°. For more details on the consequences of our choices see
Appendix [Al

Lie groupoids/Lie algebroids. When talking about Lie groupoids G =
M and their Lie algebroids there is also an /- and an r-facet of the story.
The situation is a bit more involved, since there are now two vector bundles

AYG) = u*Kerdt, A"(G) = u*Kerds.

Representing their sections as left /right-invariant vector fields on G one ob-
tains two brackets and two Lie algebroids

(Ag(g)v ['7']e7p€)7 (Ar(g)7 ["']THOT)'

They are isomorphic via the differential of the inversion map de. However,
the passage from one to the other becomes more difficult to keep track of,
and some notions that coincided for Lie groups become now distinct. For
instance, we have now two exponential maps — see Problem [3.14] for exp’
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— fitting into a commutative diagram

Tep(A7(G)) =25 17(0)

| l

Lepi(A°(G)) —+T%(9)

exp

In the literature both brackets are used. An easy trick to navigate be-
tween the two conventions in the literature is by replacing a Lie groupoid
G = M with its opposite groupoid G°? = M. Here are a few examples. For
instance, using [-,-]", the authors usually make the following choices:

- The homotopy groupoid II(M) = M of a manifold M is defined
as we have done in our book, with s[y] = 7(0) and t[y] = v(1). In
this way the homotopy groupoid acts on M naturally from the left.

- The target map t : (3,Q) — (M, 7) of a symplectic groupoid is a
Poisson. In this way, it is the left action of X on itself that becomes
a symplectic groupoid action.

In contrast, using [-, -], the authors usually choose to do the following:

- Define the homotopy groupoid with s[y] = (1) and t[y] = ~(0)
and with multiplication defined using the concatenation opposite
to how we define it. In this way the natural action on M is from
the right.

- Require the source map s : (X,Q) — (M, ) of a symplectic group-
oid to be Poisson. In this way, it is the right action of ¥ on itself
that becomes Hamiltonian.

In general, the works that use [,|" give preference to left actions, while for
[-,-]¢ the preference is for right actions. This is not the case in this book.

The choices in the book. Although the authors of this book have used
other conventions before, such as the r-bracket and left actions, here we con-
sider the ¢-bracket and left actions, as we have already mentioned. For Lie
groups the /-bracket seems to be the most common choice in the literature,
as explained earlier. For this reason we use it for both Lie groups and Lie
groupoids. On the other hand, since our preference is for left actions the
following hold:

- We use the initial point v(0) of a path 7 to define the source map
of the homotopy groupoids II(M), II(M, F), II(M, ).

- We require the target map of symplectic groupoids to be Poisson.
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How to move to the r-bracket. Let us point out how to write the most
relevant formulas of the last chapters using right-invariant vector fields and
the r-bracket — while keeping all the other conventions.

- For a left action of G on v : S — M, the r-version of the infinitesi-

mal action (I3:0) is

ay  A(G) = 1,8, a, = d:Ry,
where (compare with (I3.3])

Rp:s H(up) =S, g g-p.

- For a symplectic groupoid (3,Q) = M, the induced Lie algebroid
isomorphism from Theorem [I4.10] has the following r-version:

o tAN(E) = T*M,  a— u*(iaf).
- The symplectic structure of the cotangent bundle of a Lie groupoid
G = M from Example changes sign:
(T"G, wean) = A™(G)".
- The formulas (CQ) and (CIJ) in Proposition become
iz =t"(0] (o)), igdQ=0.

- In Propositions [[4.42] and [[4.45] the moment map condition be-
comes

,U* (UQ (Ck)) = iar(a)w'
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