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Abstract

We study Poisson geometry and several other related geometric structures, with particular
interest in their local structure. It is well-known that understanding the local structure of
manifolds endowed with certain structures allows us to better comprehend the geometry in-
volved in said manifold, and, therefore, be better suited to tackle other problems concerning
these geometric structures. Thus, it is important for any geometer to be well-acquainted,
not only with these normal form results, but with the methods involved in their proofs as
well.

In that perspective, we start by introducing the notions of tangent distributions in order
to prove the Frobenius theorem in its local and global form and for both regular and sin-
gular distributions. Then, we proceed to study symplectic geometry and obtain Darboux’s
theorem, for which we prove the usual statement, using Moser’s trick, as well as a version
for foliated manifolds.

After these two structures, we are ready to understand Poisson manifolds. Being at
the centre of the thesis, we explore in most detail the different ways we may introduce
Poisson structures on a manifold and obtain Poisson and Hamiltonian automorphisms (as
well as their infinitesimal counterparts) along with the characteristic distribution arising in a
Poisson manifold. Then, we delve into the local structure of Poisson manifolds, starting with
the symplectic foliation of Poisson manifolds and finishing with the statement and proofs
of Weinstein’s splitting theorem for both its simplest statement as well as the one around
Poisson transversals.

Finally, we give an overview of Lie algebroids, Dirac manifolds and of a splitting the-
orem for anchored vector bundles, recently proposed in [1], which can be adapted for Lie

algebroids, Dirac and Poisson structures as well as generalised complex manifolds.

Key-words: Poisson Geometry; Symplectic Geometry; Foliation Theory; Lie Algebras






Resumo

Estudamos geometria de Poisson e outras estruturas geométricas relacionadas, com in-
teresse particular nas suas estruturas locais. E bem sabido que o conhecimento da estrutura
local de variedades equipadas com certas estruturas permite-nos compreender melhor a geo-
metria envolvida nessa variedade e, portanto, estar melhor preparado para tratar outros
problemas que aparecem nessas estruras geométricas. Consequentemente, é importante que
qualquer investigador que trabalhe em geometria tenha conhecimento nao apenas destes
resultados mas também dos métodos envolvidos nas suas demonstragoes.

Nessa perspectiva, comegamos por introduzir as nogoes de distribuigoes tangentes de
forma a demonstrar o teorema de Frobenius na sua forma local e global para ambas dis-
tribuigoes regulares e singulares. Seguidamente, procedemos ao estudo de geometria sim-
pléctica e obtemos o teorema de Darboux, para o qual provamos o enunciado usual, usando
o truque de Moser, bem como uma versao para variedades foliadas.

Apoés estas duas estruturas, estamos preparados para tratar variedades de Poisson. Es-
tando no centro da presente tese, exploramos com maior detalhe as differentes formas de
introduzir estruturas de Poisson numa variedade, e obtemos os automorfismos de Poisson e
Hamiltonianos (tal como as suas versoes infinitesimais) assim como a distribuigdo caracter-
istica de uma variedade de Poisson. Em seguida, estudamos a estrutura local de variedades
de Poisson, comegando pela foliacao simpléctica de variedades de Poisson e terminando com
o enunciado e demonstragoes do teorema de separagao de Weinstein para as sua versao mais
simples e também perto de transversais de Poisson.

Finalmente, damos uma visao geral de algebroides de Lie, variedades de Dirac e de
teoremas de separagdo para fibrados vectoriais ancorados proposto recentemente em [1],
que pode ser adaptado para algebroides de Lie, estruturas de Dirac e Poisson e ainda para

variedades complexas generalizadas.

Palavras-chave: Geometria de Poisson; Geometria Simpléctica; Teoria de Foliagoes;
Algebras de Lie
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Chapter 1

Preliminaries

Since the inception of differential geometry, the problem of understanding the local struc-
ture of manifolds has been at the centre of the field. Theorems that give some kind of
local structure are usually called (local) normal form results and their study has given
many other useful results describing important geometries. Examples of such theorems are
Frobenius’ theorem for tangent distributions (1877), which shows how a distribution whose
sections form a Lie subalgebra defines a foliation of the base manifold, Darboux’s theorem
in symplectic geometry (1882), describing how, locally, any symplectic form has a canonical
form, and the Newlander-Nirenberg theorem (1957), which provides complex coordinates in

complex geometry.

One other example of a geometry where normal form results have been found is Poisson
geometry. This geometry, which shall be the focus of the present thesis, has developed into
an active research field in pure mathematics with plenty of applications to physics, and
can be seen as an amalgam of foliation theory (partition into leaves), symplectic geometry
(along the leaves), and Lie theory (transverse to the leaves). The most notable normal form
results for Poisson geometry are Weinstein’s splitting theorem (1983), showing how every
Poisson bivector at a point can be written as a sum of a non-degenerate Poisson structure
and a residual Poisson structure vanishing at the target point and also Conn’s theorem
(1985) which shows that, under certain conditions, Poisson bivectors vanishing at a point
are equivalent to the linear Poisson structure on the dual of the isotropy Lie algebra.

In other geometries related to the the ones mentioned previously, such as Lie algebroids,
Dirac structures or complex generalised structures, some normal form results are also known,
however much is still to be understood in these and more general geometries. Regardless,
all of the results above give a new perspective of the specific geometry they target and allow
for new geometry to be developed, thus justifying the intense work put into finding more

local normal forms for these different structures. In this thesis, we give a first introduction
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to some of the most notable normal form results as well as give an overview of a recent
splitting theorem for anchored vector bundles introduced by Bursztyn, et al. [1].

In this first chapter we introduce the basic concepts required for a smoother description
of later chapters. Therefore, in the first section, we quickly go through the basic notions
about differential manifolds in order to also fix the notation used throughout the rest of
the thesis. In the second section, we discuss fibre bundles, particularly the ones with vector
space structures on their fibres, i.e. vector bundles, their homogeneity structures as well as
double vector bundles, which are vector bundles with vector bundles as their base manifolds.
Section 1.3 gives a brief overview of the theory of Lie algebras, with particular emphasis on
the theory of graded algebras and graded Lie algebras as they form a central role in most
geometric descriptions. The fourth and last section deals with the extension of vector fields
to anti-symmetric contravariant tensors, the so-called multivector fields, and the extension
of the Lie bracket to such a space in order to endow this collection of multivector fields with

a graded Lie algebra structure essential when studying Poisson manifolds.

1.1 Brief Overview of Concepts in Differential Manifolds

In this first section we introduce the elementary concepts involved in differential geometry
and, in doing so, we shall follow very closely the similar treatment done in [2]. Moreover, we
shall assume the reader is familiarised with the most basic notions of differential geometry
so that the following section is simply a review of certain notion in order to fix notation that
will be used in subsequent chapters.

From now on, we will always assume that M is a smooth dimensional manifold and,
unless stated otherwise, shall be of dimension m € Zso. We shall denote a chart by (U, ¢)
with U C M open and ¢ : U — ¢(U) € R™ a diffeomorphism. Sometimes, in order to

emphasise the local coordinates, we may write a chart instead as (U, o = (1,...,Zm))-

Differential Maps on a Manifold

From this we can define, differentiability at a point in the manifold:

Definition 1.1.1. A function f : M — R™ is said to be differentiable at p € M if, for some
chart (o,U) at p, f o~ is differentiable at ¢(p).

We state, as usual, that f is differentiable in M if it is differentiable for all p € M. Also,
we can easily extend this definition for any two manifolds M and N and a map f: M — N,
by considering charts (¢, U) and (3, V) in M and N, respectively, and letting ¢ o f o~ be
differentiable at ¢(p). We call a map smooth when it is infinitely differentiable and denote

the set of all smooth maps as C°°(M, N) and, in particular, C*° (M) def C>(M,R).
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Remark 1.1.2. The introduction of smooth maps on manifolds allows us to define the
category of smooth manifolds, Man whose objects are smooth manifolds and whose objects
are smooth maps, so Hompgan (M, N) = C*°(M, N).

Remark 1.1.3. For smooth functions, i.e. elements of C°° (M), given the algebraic structure
of the codomain, we can define the addition and multiplication of functions point-wise, which
gives a ring structure (in fact it gives an R-algebra structure) to C*>°(M). As we shall later
see, this ring structure turns out to be quite important when dealing with vector fields and
differential forms. For the reader more familiarised with Algebraic Geometry, C*°(-,R) for

a manifold M is an example of a sheaf.

The definition of tangent vectors follows directly from the definition of a differentiable

map:

Definition 1.1.4. Let M be a smooth manifold, p € M and « : ] — ¢,¢[ — M be a smooth
map such that «y(0) = p. Construct an equivalence class ~ on the set of these smooth maps

v on M passing through p at ¢ = 0 as follows
7~ 08 <= D(po7)(0) = D(v09)(0),

for given smooth curves v,0 on M passing through p at t = 0 and a given chart ¢ on M
around p, where D is Euler’s notation for differentiation in R. A Tangent Vector at p is an

equivalence class [y], resulting from this equivalence relation.
Collecting all these tangent vectors at a point p yields a rather important space:

Definition 1.1.5. The Tangent Space at p is defined as the set of all the tangent vectors
at this point:

def

T,M = {7y |7:]—e e[ = M, 4(0) =p}. (1.1)

This tangent space is in fact a vector space over the reals, as the following proposition

shows:

Proposition 1.1.6. Given a manifold M and a point in the manifold, p € M, the tangent

space at p, T,M, has the structure of a real vector space.

Proof. In order to endow T}, M with a canonical structure of a real vector space, we need to
make use of the vector structure of R™. Let ¢ : U — ¢(U) be a chart centred at p, with
U C M a neighbourhood of p. Then, ¢ determines the following map

o(p) : T,U — R™

]y — D(p 0 7)(0)
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To conclude the result it is enough to show that ¢.(p) is bijective since, then, the vector
structure of 7), M is inherited from the one in R™ and this structure is well-defined because,
given another chart (V,%), the coordinate changes ¥ o o=t : (U NV) — (U NV) are
diffeomorphisms between open subsets of R™. The injectivity comes directly from the defi-
nition of the tangent space T, M. As for the surjectivity, notice that equivalence classes, for
any v € R™, we may consider the curve v : | — ¢, e[ — M defined by ~(t) = ¢~ !(tv). Then,
7(0) = p and
0-(0)([Y]p) = D(p o 9™ " 0 11,)(0) = Dy (0) = v,

where p, : R — R™ is given by u,(t) = tv. Therefore, ¢.(p) is also surjective. Q.E.D.

Remark 1.1.7. Notice that any finite dimensional real vector space V has a natural struc-

ture of a smooth manifold. In fact, chosen a basis {e1,...,e,} (n = dim(V)) of V, the
m

associated coordinates {z1,...,z,} (so that z; | Y vje; | =v;, foralli,j =1,...,n) give
j=1

a smooth (global) chart (V,(z1,...,2,)) of V. Thus, the tangent space T,M also has an

induced smooth manifold structure.

For a differentiable map f : M — N between manifolds M and N, the derivative map is
defined as:

Definition 1.1.8. If f: M — N is differentiable, then the derivative of f at p is the map

fep) : TyM — Ty N (1.2)

e = [F o)
Remark 1.1.9. Throughout the text, we shall make use of different notations for the

derivative of a map f: M — N at a point p € M, which we now explain:

— f«(p) is the standard notation used and it is also used to denote the pushforward of

vector fields (when there is no mention of the point p);

— (df), is used whenever we want to emphasise that the derivative can be seen as an

element of the dual of the tangent space at p, Ty M;

— T, f is used whenever we intend to emphasise the functorial properties of the derivative
as well as to emphasise the fact that the derivative map is a vector bundle morphism

covering the map f (notions to be defined in Section 1.2).

One can check that the definition of the derivative map is well-defined and consistent
with the Chain Rule. In fact, given a point p € M and f: M — N and g : N — P maps
between smooth manifolds differentiable at p and f(p), respectively, we have go f : M — P

and
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(go 1)) ([V]p) = (g0 f) oV goryw) = [g° (f o Nlgrim
=g (f)(f o Msw) = (9:(F(0)) © £ () (V]p),

which can be written compactly as
(90 f)«(p) = g:(f(p)) o fu(p)- (1.3)

Furthermore, it is easily shown that, for a given (smooth) map f : M — N, the derivative
f«(p) : TyM — Ty N is linear (cf. [2, Proposition 2.2.1]).

Definition 1.1.10. The Tangent Bundle of a smooth manifold M is defined as the union
of all tangent spaces of M:
™ = [] T,M, (1.4)
peM
where [ ] represents the disjoint union. The canonical projection of the tangent bundle is the

map 7y : T'M — M which, to every element v € T M associates the point p € M such that
veT,M.

Thus, given two manifolds M, N and smooth map f : M — N, the derivative map is

such that the following diagram commutes:
Tf

TM TN
M 7 N

Because of this property, we say that T'f = f, is a bundle morphism covering f (this shall

be seen with more detail when we study vector bundles).

Remark 1.1.11. For the reader more well versed with category theory, by defining the

following two categories:

— the category of pointed manifolds Man, whose objects are pairs (M, p) where M is a
smooth manifold and p € M is a point and whose morphisms between objects (M, p)
and (N, q) are smooth maps f € C°°(M, N) such that f(p) = g;

— the category of real vector fields Vectr whose objects are real vector fields and whose

morphisms are linear maps;

then we may define the tangent functor:
T : Man, —— Vecty

Ob
(M,p) —— T,M

/ 'M Tpf = f*(p)

where the second line denotes the assignment of objects and the third line the assignment

of morphisms.
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One very important result regarding this tangent bundle is the fact that it inherits a

smooth manifold structure from M:

Proposition 1.1.12. Given a (smooth) manifold M, the tangent bundle TM of M is a

smooth manifold.

Proof. Firstly, the necessary topological properties are directly inherited from the manifold
M as long as we find suitable charts for M. With respect to these charts, we shall define
them as follows: let ¢ : U — V be a chart for M for open sets U C M and V C R™. Then,
define a map ® by

®:TM|, — V xR" (%)
e — (2(0), 2« (P)((Vp)),

where TM|U = [[ T,M. We shall show that ® can be charts for TM. For that purpose,
peU
we show that the coordinate change built from these maps is smooth. Let ¢ : U" — V' be

another chart and ¥ : TM |U, — V' xR™ the associated map similar to the definition of ().
Then the coordinate change ©® = W o &1 : p(UNU’') x R™ — (U NU’) x R™, has the

following expression:
O(q,v) = Vo ® !(q,v) = (0(q),0+(q)(v)), for all (¢,v) € p(UNU’) x R™,

where 0 = o= : p(UNU" — »(UNU’) is the coordinate change in M. Since  is smooth,
so is O. Q.E.D.

For any point p of a manifold M, we shall also define the cotangent space as:

Definition 1.1.13. The Cotangent Space T; M to M at p is the dual of the tangent space
to M at p, T, M, i.e. the cotangent space is

def

T;M = {a:T,M — R|a is linear }. (1.5)

Similarly, we define the Cotangent Bundle of M as

M ] M (1.6)
peEM

and the canonical projection of the cotangent bundle as the map 7y : T*M — M which, to

every element v € T M associates the point p € M such that o € T7M.
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Similarly to what was done in the case of the tangent bundle, for any smooth map
f: M — N between manifolds M and N we may define a bundle map between the cotangent
bundles:

Definition 1.1.14. The cotangent lift of a local diffeomorphism f : M — N at p is the map
ar—aoTyyf

which is such that the following diagram commutes:

T f

T M T*N
™ TN
M N

Remark 1.1.15. The requirement of f : M — N to be a local diffeomorphism in the
previous definition is important only to guarantee that the inverse map of f.(p) : T,M —

Tf(p) M exists.

Submanifolds of a Manifold

In the study of manifolds, it is often important to understand the properties of certain
subsets. A special class of these sets are called submanifolds. Different types of submanifolds

exist but, for us, the interesting ones appear from the image of certain maps:
Definition 1.1.16. Let M, N be smooth manifolds and f: N — M a smooth map.

1) fis called an émmersion if, for every p € N, fi(p) : T,N — Tty M is injective. Then

f(N) or N are called an immersed submanifold on M;

2) f is said to be an embedding if f is an immersion and if f : N — f(N) is a homeo-
morphism. Then f(N) or N is said to be an (embedded) submanifold on M.

Remark 1.1.17. In the literature, it is more common to simply call submanifolds to em-
bedded submanifolds, since these are the most common examples and also sufficient to most
purposes. We shall follow this nomenclature, only referencing the fact that a submanifold

is embedded to emphasise the necessity for the distinction with immersed submanifolds.

Remark 1.1.18. It is common practice to describe immersed submanifolds in two ways:
either by assuming that it is the image of an immersion i : N — M which is not necessarily
injective or to assume that it is a subset N C M equipped not necessarily with the subspace
topology such that the inclusion ¢ : N < M is an immersion (and, since it is the inclusion,
injective). Clearly, both descriptions are entirely analogous so, for our purposes, we shall

adopt the former description.
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Example 1.1.19. The most usual examples of (embedded) submanifolds come from the
pre-image of smooth maps f : N — M taking a regular value, i.e. a value p € M such that,
for every ¢ € f~1(p), dim(f.(¢)(T,N)) = dim(M). A few examples of this construction are
the following:

— Let || - || : R®*! — R represent the standard norm of R"*1. Then, 1 € R>g is a
regular value (in fact every element of R+ is a regular value), hence the pre-image is

a submanifold which is, in fact, the n-sphere, S™;

— Let M, (R) be the set of n x n matrices with real entries, det : M, (R) — R be the
determinant map and GL,(R) = {A € M,(R)| det(A) # 0} be the general linear
group of matrices. Then det : GLn( ) — R* is a differentiable group homomorphism
(here R* represents the multiplicative group of real numbers) and 1 € R is a real

value. Thus,

det™1(1) = {A € M, (R) | det(A) = 1} & SL,(
the special linear group, is an embedded submanifold of GL,,(R). s

Example 1.1.20. One other example of submanifolds are surfaces of revolution in R3.
Consider (s,9, z) to be the cylindrical coordinates on R3. Then, considering any curve C on

Rso X R, we obtain a 2-dimensional submanifold
Sc={(s,9,2) eR*| 9 €[0,2n[, (s,2) € C}.

To check that S¢ is, in fact, a submanifold, let ¢ : R — Ry x R be such that C' = im(¢)
and ¢(t) = (¢s(t), ¢-(t)). Then, defining

®:R x[0,27] — R3
(t.9) — (¢s(1), ¥, 6:(t))

we have that S¢ = im(®) and, clearly, ® is a homeomorphism onto its image. Since ® =
so(¢xidjg ax( ), where ¢ : R® — R3 switches the last two coordinates (so (s, z,9) = (s, 9, 2)),
the derivative map of ® at a point (¢,9) € R x [0,27] is

. (t,9) = cu(9(t), V) o (¢u(t) x (id[0,27r[ )«(0)) = ¢ o (u(t) x idjo,2x( )

and, therefore, ®, (¢, 1) is injective. Thus, ® is an embedding and, hence, S¢ is an embedded

submanifold. b
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Figure 1.1: Solid of revolution with curve C' = {(6*22,0, z) eR?|z e R}.

Example 1.1.21. The usual example of an immersed manifold is the figure eight curve in
R? (Fig. 1.2). This curve can be described by (t) = (sin(27t), sin(4t)) with t € [0,1], and,
since Dv(t) = (2w sin(2nt), 47 sin(4nt)), which is injective for ¢ € [0,1], v is an immersion

and im(v) is an immersed submanifold. s

Figure 1.2: Figure eight curve

Example 1.1.22. Another example of an immersed submanifold is the dense curve in the
torus 72 = S x S1. This curve is can be parameterised by v,(t) = (e, e!®?). Then,
Dy, (t) = (i€, iae’®?) is injective if and only if o € R\Q (otherwise the curve closes and

and repeats), and so, im(7,) is an immersed submanifold. il

Definition 1.1.23. One says that two maps f; : Ny — M and f5 : Ny — M are transverse
to each other, and denotes it by f1 M fo, if, for all p; € N; (i = 1,2), with p = f1(p1) = fa(p2),
one gets that

M = (F1)(p1)(Tpy 1) + (f2)- (p2) (T Vo). (18)

Remark 1.1.24. With this definition is possible to introduce the notion of amap f : L — M
transverse to an (immersed) submanifold N by saying that f and the immersion ¢ : N — M
are transverse (to each other). Furthermore, we say that two smooth submanifolds Ny, Ny
of M intersect transversely and represent Ny M No, if, the inclusion maps ¢; : N; — M
(i = 1,2) are transverse, i.e. if, for every p € Ny N\ Ny, T,M = T,,N1 + T, N.
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Vector Fields and k-forms

Let 7py : TM — M and 7y : T*M — M be the fibre projections of TM and T*M onto
M, respectively. Then, we may define

Definition 1.1.25. A smooth map X : M — T M such that 7y 0 X = id,; is called a vector
field on M. Similarly, a map w : M — T*M such that 7j; o w = idy, is called a covector
field or 1-form on M.

Remark 1.1.26. With this definition, we assume that a vector field has to be smooth.
However, sometimes it is also useful to consider a vector field to be a (in principle non-
-smooth) map X : M — T M such that 7j; 0 X = idps. These non-smooth vector fields shall

be called rough vector fields, following the same nomenclature used in [3].

In the previous definition, idy; is the identity map on M. The respective sets of vector

and covector fields are

def

X(M)= {X:M —TM|X is a vector field} (1.9a)

QY (M) def {w:M—=TM | w is a 1-form}. (1.9b)
In order to simplify notation, we will write a vector field and a 1-form evaluated at a point
p by notating said point in subscript, i.e. we shall notate X, and w, instead of X(p) and
w(p)-

A rather important interpretation of a vector field comes from the algebraic notion
of a derivation. Since the set of functions, C*°(M) forms an associative real algebra,
it makes sense to talk about the derivations of C°°(M), Der(C*°(M)), which are maps
D:C®(M) — C*(M) satisfying the Leibniz rule, i.e. such that, for every f,g € C*°(M),
D(fg) =D(f)g + fD(g). Then, we have the following result:

Proposition 1.1.27. There is a canonical one-to-one correspondence:

Derivations on M 11 Vector Fields on M
— , (1.10a)
D € Der(C>°(M)) X e X(M)
established by the relation:
D(f)(p) = f«(p)(Xp), forall f e C>®(M) andp e M. (1.10b)

Proof. Firstly, let X € X(M) be a vector field and define the map D : C*°(M) — C*°(M)
as per relation (1.10b). Then, we need to check that D is a derivation. For that, we take

fyg € C°(M) and p € M and notice that, given a curve v : | — ¢, e[ = M such that y(0) = p



FCUP
1.1. Brief Overview of Concepts in Differential Manifolds 11

and [y], = X,,, one gets that (fg) oy :]—e¢,¢[ = R, thus

D(f9)(p) = (f9)+()(Xp) = (f9)«(P)([W]p) = [(f9) © Vs )9y = P((fg) ©7)(0)
=D((f o 7)(g°)(0) =D(f 27)(0) (g °7)(0) + (f ©7)(0) D(g ©7)(0)
= [forma@) + fF(D)goee) = f*( )(V]p)g(p) + f(p)g«(p)([7])
= (fu(p)(Xp) 9(p) + f(P) 9+(p)(Xp) =Df(p) 9(p) + f(p) Dy(p)

Hence, by relation (1.10b), we get

D(fg)(p) = (f9)+«(p)(Xp) = fu(p)(Xp)g(p) + f(p)g«()(X})
=D(f)(p)g9(p) + f(p)D(9)(p),

i.e. D is a derivation of the algebra of smooth functions.

Conversely, let D € Der(C°(M)) and let us first assume that exists X : M — T M such
that D(f)(p) = fu«(p)(Xp), for all f € C>®°(M) and p € M. We want to show that X defines
a vector field on M. The smoothness of X is guaranteed by the smoothness of D(f) and of
the linearity of the derivative map f.(p). Moreover, by relation (1.10b), the definition of X
implies that X, € T,,M, thus it is clear that (7a; 0 X)(p) = p, i.e. X is a vector field. As for

the existence, the interested reader can check, for instance, Ref. [3, Propostion 8.15] Q.E.D.

Remark 1.1.28. From this proposition, since there is a one-to-one correspondence between
vector fields on M and derivations of the algebra of smooth functions of M, we shall some-
times consider X € X(M) as a derivation of the algebra of smooth function on M. In that
case, we still denote said derivation by X and denote X(f) € C°°(M) the action of the

derivation X on a function f € C*°(M).

We will give more results about the set of vector fields in a subsequent paragraph.
Now, considering the set of 1-forms, from the interpretation of the cotangent bundle as
the dual of the tangent bundle, we can, in fact, rethink our view of any 1-form w as a map

from vector fields to the ring of smooth functions C*° (M)
w: X(M) — C=(M)
X — [p = wp(Xp)]

Because each wy, is R-linear for each p € M, we clearly obtain that a 1-form, in this view,

must be C*°(M)-linear. Thus, the set of 1-forms can also be thought as
QM) ={w:X(M) = C®(M) |w is C°°(M)-linear } (1.11)

The definitions of covectors and 1-forms can be extended to arbitrary alternating! k-

-linear functions, whose set, defined at each point p € M is

N oM ={a: (T, M)**F R | o is anti-symmetric and R-multilinear}, (1.12a)

1By alternating, we mean anti-symmetric in the exchange of any two arguments.
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which can be extended to all points as

NTM=T] NT; M. (1.12b)

pEM

Now, by following the same procedure that gave rise to the notion of a 1-form, we could
define a k-form ) as a map ¢ : M — /\k T* M such that nod = idy; where 7 : /\k T*M — M
sends o € AF TyM to the point p € M. However, it is much simpler to do the same
definition following instead the second view presented for 1-forms. In that perspective, we
should take k-forms as maps ¢ : X(M)** — C°°(M) that are now C°°(M)-multilinear
and anti-symmetric to follow the properties of A® T*M. Thus, we define the collection of

differential k-forms as

Qk (M def {9:x(M)~ Xk C(M) | ¥ is anti-symmetric and C°°(M)-multilinear}.
(1.13)
In fact, viewing the differential k-forms as these anti-symmetric, C°°(M)-multilinear

maps allows us to define a module structure for Q*(M):

Proposition 1.1.29. The collection of differential k-forms on a manifold M, QF(M), has

the structure of a C°°(M)-module.

Proof. Since, for all p € M, \* Ty M has the structure of a real vector space (it is, in fact,
inherited from the real vector space structure of T,,M), we define the addition of k-forms
pointwise?, i.e. for w,0 € Q*(M), (w +0), = w, + 0,. Additionally, we define the following
operation
0: C(M) x QF(M) — QF (M)
(f,w) — [p = f(p) wp)

Again, from the real vector space structure of T, M for all p € M, we can easily check that

(%)

the operation () obeys the necessary properties to endow Q¥(M) with the structure of a
C*°(M)-module:

(o(fg,w))(p) = (f9)(P)wp = f(P)g(P)wp = f(p)(0(g,w))(P)
o(f,e(g,w)))(»)
f+9)P)wp = (f(p) + 9(p))wp = f(p)wp + g(P)wp
o(f,w))(p) + (e(g,w))(p)
(o(f,w+0))(p) = f(p)(w+0)p = f(P)(wp + 0p) = f(P)wp + (D)0
= (o(f,w))(p) + (o(f,0))(p)
(0(1,w))(p) = L(p)wp = wp

2In fact, here one could also define the scalar multiplication so that, for A € R and w € QF (M), Ow)p =

(
= (
(e(f +g,w)(p) = (
=(

Awp, for all p € M. This scalar multiplication with the addition defined above gives Q¥ (M) the structure

of a vector space over R.
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where 1 : M — R is just the function which assigns to any point of the manifold the real
number 1 € R. Q.E.D.

Remark 1.1.30. As it is customary, instead of denoting the C'*°(M)-module operation as
o(f)(w), we denote it simply as fw.

Remark 1.1.31. As we shall see in Section 1.2, this C'°°(M)-module structure we obtained
for the set k-forms is the result of a more general proposition about an equivalent module

structure for sections of a vector bundle over a manifold M.

This morgule structure motivates the introduction of the set of all differential forms

Q' (M) = @Qk(M), where, as usual, m = dim(M), which will be the central object of
k=0

study in the next subsection.

Exterior Product, Exterior Derivative and Interior Product

In the present subsection, we aim to study with more detail the collection of k-forms for

arbitrary k € Z>o. We start by introducing the notion of the exterior product:

Definition 1.1.32. Let p € M, w € A*T; M and 6 € N T;M. The exterior product or
wedge product of w and 6 is a (k + £)-form, denoted by w A 0 € N\F+? Ty M, such that, for
any vi, ...,V € TpM,

def
(WAO) (01, vpse) =Y 8g0(0) W(Vo(1)s -5 Vo) OWo(ki1)s - > Vo(hin)s  (1.14)
oceSk:t
where S*¢ represents the set of all (k, £)-shuffies, i.e. permutations o of {1,...,k -+ £} such
that o(1) < ... < o(k) and o(k + 1) < ... < o(k + £), and sgn(o) is the sign £1 of the

permutation o.

Remark 1.1.33. Since differential k-forms are just maps M — AFT*M, the previous

definition of the exterior product can be extended to a map

QF (M) x QY M) — QFFE(M)

(w,0) — wAl

for any k,? € Z>¢. In this context, we can also define the wedge product when one or both
entries are functions (elements of Q°(M) def C(M)). In this context, then, if f, g € C>°(M)
and w € Q¥(M), fAg def fgand fAw <ef fw, where, in this last expression, the product is

the one coming from the C'°°(M)-module structure of Q*(M).
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Proposition 1.1.34. The exterior product satisfies the following properties:
(i) it is associative: (wWAO)An=wA(OAn), forw e QF(M), 6 € QY (M) and n € Q" (M);

(ii) (wW+O) An=wAn+0An and (fw) A0 = f(wA0), withw,§ € Q(M), n € QM)
and f € C®(M);

(i) it is graded commutative: 0 Aw = (—=1)*w A0, given w € Q¥(M) and § € Q(M).

Remark 1.1.35. From the previous proposition we conclude that, together with the exterior
product, the collection of differential forms Q®(M) forms a graded C°°(M)-algebra and, in
particular, A* T, » M, with this exterior product, forms a graded R-algebra for all p € M. A

more detailed presentation of the notions of graded algebras is given in Section 1.3.

We have previously seen that, using the cotangent lift of a local diffeomorphism, it is
possible to define a form in another manifold. However, the more natural way of doing this

is by using the pull-back which we now define for arbitrary k-forms:

Definition 1.1.36. If ¢ : M — N is a smooth map of smooth manifolds M and N and
w € QF(N) is a k-form in N, we define the pull-back of w by ¢ as the k-form ¢*w € QF(M)
such that, for p € M and vq,...,v; € T, M,

(" @)p(v1, -, 0k) E W) (2 (P) (1), - s (P) (V1). (1.15)

For O-forms f € C°°(N), we define ¢* f def fope C™(M).
Proposition 1.1.37. Given a smooth map ¢ : M — N, the map

" Q% (N) — Q°(M) (1.16)
wr— p*w

s an algebra homomorphism. Additionally, given smooth maps f: M — N and g: N — P
and w € Q°*(P), we have that (go f)*w = f*(g*w).

Proof. By the definition of the pull-back, for all p € M and vy, ...,v; € T,M, given w,w’ €
QF(N) and a,a’ € R, we have that

(¢ (aw + a'w'))p(v1, ..., vk) = (aw + @'W) ) (9 (P) (V1), - - -, 0 (P) (V1))
= awy(p) (P (P)(V1), - - -, 0 (P) (Vi)
+ d' Wi (@ (P) (V1) - -5 0 (P) (V1))
= a(e*w)p(v1,...,v8) + ' (¢*w)p(v1,. .., vk)

= (ap*w + d' p*w'),(v1, ..., vk),
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*

i.e. " is R-linear. Moreover, given w € QF(N) and 7 € QY(N) and arbitrary vectors
U1y -5 Ukt eTva

(" (@ AM)p (V15 Vkte) = (WA D)) (@ () (V1) - -+, P (P) (Vk0))

D s80(0) Wy (D4 (P) (Va(1)): - - -, 04 (D) (Vo (1)) X
oeske X No(p) (P5(P) Vo (k11)), - - P (P) (Vo (k4e)))

Z sgn(0) (0" w)p(Vo(1), - - + 5 Vor(k)) X
oeshs X (90*71)p(va(k+1)7 . ,va(k+e))

= (P wAE"N)p(v1,.. ., Vppr),

thus, ¢* : Q*(N) — Q°*(M) is an algebra homomorphism. To prove the last portion of the
Proposition, let p € M, w € Q%(P) and v1,...,v; € T,M. Then,

((go fw)p(vr ... vk) = wWyorepy((go () (v1),..-,(go f«(p
= wy(r(p) (9= (F () (fu(P)(v1)), - - -, g (f
= (W) ) (fe () (V1) -, fulD)(vr)) = (f*(g"w))p(v1, - - - s 0k)

which concludes the proof. Q.E.D.

To finalise this brief study of the operations/structures on the collection of differential
forms, we introduce two operators that allow to increase or decrease the degree of a certain

k-form.

Definition 1.1.38. Given X € X(M), the interior product by X is the map (for all k € Z>)

ix : QN (M) — QY (M
* (M) (M) (1.17a)
W ixw
such that, for k =0, w = f € C*°(M) and ix f ) and, for £k > 1, given Xq,..., X1 €
X(M),
(’in)(Xl,...,Xk_l) :w(X,Xl,...7Xk_1). (117b)

Remark 1.1.39. As we shall see in Section 1.3, by introducing the notion of graded al-
gebras and the shift, we may rewrite the definition of the interior product as the map
ix : Q*(M) — Q*(M)[—1] such that, for any homogeneous element of degree k, w € QF (M),
ixw € QFL(M) and (ixw)(Xi,..., Xp_1) = w(X, X1,..., Xp_1), for any Xy,..., X1 €



FCUP
16 Chapter 1. Preliminaries

Proposition 1.1.40. Let X € X(M). Then ix is a degree —1 graded derivation of
(Q*(M), M), i.e., forw € Q¥(M) and 0 € Q“(M), ix(wA0) = (ixw) A0+ (=1)kw A (ix0).

Proof. To obtain the result, let Xo,..., Xx1¢ € X(M). Then, by identifying X; = X, we
have that

(ix(wAe))(Xg,...,Xk+() (wAH)(X,XQ,...,XkH)

Z sg(0)w(Xo(1ys - -+ Xo (1)) 0 Xor (k1) -« - » Xo(hrs))

oeSkit
= Z sgn(0)w(Xo1)=1, -+ » Xo (k)0 Xokt1)s -+ » Xo (ko))
oSkt
o(1)=1
+ Z sgn(a)w(XU(l),...,Xg(k))Q(Xa(k+1)7...,Xa(k+g))
oeskt
o(k+1)=1

(%)

Noticing that a (k, ¢)-shuffle with the first entry fixed is just a (k — 1,¢)-shuffle and that
a (k, £)-shuffle with the (k + 1)-th entry fixed is just a (k,¢ — 1)-shuffle (but whose sign is
(—1)* of the original shuffle due to the permutation of that fixed entry), we get that

(%) = Z sgn(o)w(X1, Xoy4+1 -+ Xok=1)+1)0(Xo(k)+15 -+ - Xo(k—140)+1)

o-eskfl,[
+(=1)k Z sgn(0)w(Xo ()41 -+ Xok)+1)0(X1, Xohg1) 415+ > Xo(htt—1)+1)
oeSk. -1

= ((ixw) AO)(Xay ..o, Xpro) + (=D (w A (ix0)) (X2, -y Xiotr)-
Thus, we obtain the result. Q.E.D.

Definition 1.1.41. The exterior derivative on Q°*(M) or the de Rham differential is the
operator

d: QF(M) — QM) (1.18a)

such that, for k =0, w = f € C>®°(M) and (df), = f«(p), for any p € M and, for & > 1 and
w € QF(M), given X1,..., X4 € X(M):

k+1
(dw)(Xla s an-‘rl) = Z(_l)lilXi(w(Xh s 7X’ia s an-‘rl)) (118b)
=1
k+1 o
+ D)X X, X, Xy X Xeep),

ij=1
i<j

where the notation X; means that we omit the entry X; from w.
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Remark 1.1.42. The exterior derivative could be seen as a local operator. In fact, given a

coordinate chart (U, (z!,...,2™)) of M, we may write any k-form w € QF(M) as

wly = Z @iy g da™ Ao Adate,

1<i1 <. <1 <m

Then, we can write dw as

(dw)|y = Z da;, ., Adx™ A--- Ada'® (1.18¢)

1<i1 <. < <m

Remark 1.1.43. Similar to the case of the interior product, the exterior derivative can be
thought as a map d : Q*(M) — Q*(M)[1], which, for every k-form, w € QF(M), associates
a (k + 1)-form dw € QFF1(M).

Proposition 1.1.44. The exterior derivative satisfies the following properties
(i) d is R-linear;
(i) d is a degree 1 graded derivation on (Q°(M),N), i.e. it satisfies the graded Leibniz rule
d(wA8) = (dw) A O+ (—=1)Fw A (d6)
for all w € QF(M) and 0 € QY(M);
(111) d(dw) =0 for any w € Q*(M);
(iv) for any smooth map ¢ : M — N and w € Q*(N), d(¢*w) = ¢*(dw).
Definition 1.1.45. A k-form w € QF(M) is said to be
1) closed if dw = 0. The collection of closed k-forms is denoted by QF (M);

2) exact if exists n € QF~1(M) such that w = dn. The collection of exact k-forms is
denoted by dQF~1(M).

Lemma 1.1.46. If w is an exact k-form, then it is closed.

Proof. For an exact k-form w € QF(M), let n € Q*~1(M) be such that w = dn. Then,
dw = d(dn) = 0, therefore w € Q*(M) is closed. Q.E.D.

We could now question when is the opposite relation valid, i.e. when a closed form is
exact. This problem leads to the notion of the de Rham cohomology groups, which we

briefly introduce.

Definition 1.1.47. Let M be a smooth manifold. The k-th de Rham cohomology group of
M 1is the quotient space

er(d: QF k+1 ,
(o) 4 L RD ) ko e on 09
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One of the most important results when dealing with the previously posed question comes

in the form of the Poincaré lemma, which states that every closed form is locally exact.

Lemma 1.1.48 (Poincaré). Let M be a smooth manifold and w € QF(M). Then, for any
p € M, there exists an open neighbourhood U of p and a (k — 1)-form n € Q¥=Y(U) such
that wly = dn.

The proof of this concept is beyond the scope of the present document. For the interested

reader, we refer to [4, Section 9.10].

More on the Structure of X (M)

We now return to the study of vector fields and, in particular, the different structures one
can define in X(M). The first of these is the C°°(M)-module structure:

Proposition 1.1.49. The collection of vector fields on a manifold M, X(M), has the struc-
ture of a C°(M)-module, given by (fX), = f(p)X,, for allp € M, f € C>®(M) and
X eXxX(M).

Proof. The proof of this result is entirely analogous to the homologous result for the module
of QF(M), Proposition 1.1.29. Q.E.D.

Remark 1.1.50. Similarly to how it was done in the case of k-forms, we shall denote the
C*°(M)-module operation as fX.

Remark 1.1.51. Since the ring of smooth functions assumes as operations the pointwise
addition and multiplication of functions, if we had only considered the sub-ring of constant
functions, we would have obtained a real vector space structure for X(M). As we shall see,
in some of the structures that we will add to X (M) it is not possible to consider the full

C°°(M)-module structure but rather just the real vector space structure.

One other rather important use of vector fields has to do with differential equations.

This application comes by considering the vector fields as generators of flows on a manifold:

Definition 1.1.52. Let M be a smooth manifold, p € M and X € X(M). A curve
~v: 1 — M, with I C R is an open interval containing 0, is called an integral curve of X at

the point p if v(0) = p and %fy(t) = X,(t)- More generally, the map

Fly :DCRXxM — M

(1.20)
(t,p) — Flx (p)

such that t — Fl%(p) is an integral curve of X starting from p, is called the flow of the
vector field X .
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Proposition 1.1.53. Let M be a smooth manifold, X € X(M) and Fl% : M — M the local
flow generated by X. Then,

(i) F1% = idy;

(ii) Fl o Fl% = FI5* for t and s in suitable intervals;

(iii) Fl is a diffeomorphism between open subsets of M, for each t € R.
Proof. (i) Given p € M, we have that Flg( (p) =p;

(i) Let p € M, g = Fl%(p), «v(t) the integral curve of X passing through p and 7(¥)
the integral curve of X passing through g. Define the curve § by 6(t) = v(t + s).
Then §(0) = v(s) = ¢ and %5(15) = %’Y(T)\T:t-s-s = Xy(t+s) = Xs@t), 1.e. ¢ is the
integral curve of X passing through ¢. By the existence and uniqueness of solutions
of differential equations, § = 7, i.e. (t) = y(t +5) <= Fl\(Fl%(p)) = FI5*. Thus,
since p € M is arbitrary, we get that Fl% o F15 = FI15*°.

(iii) Tt is clear that Fl% is differentiable and, by (i) and (i), (Fl% )~ = Fl3'. Therefore,
(F1%)~" is also differentiable and we conclude that Fly is a local diffeomorphism.

Q.E.D.

Definition 1.1.54. A vector field X € X (M) on a manifold M is said to be complete if D,
the domain of maximal flow of X, is D = R x M, i.e. if dom(Fly) = M, for all t € R.

Having now defined the set of vector fields, X (M), we are now able to introduce additional

structures to this collection. The first of these structures is a Lie bracket:

Definition 1.1.55. The Lie bracket of two vector fields X, Y € X(M) is the unique vector
field [X,Y] € X (M) defined by
def 00
(X, Y](f) = X(Y (/) -Y(X(f), V[eC(M). (1.21)

Lemma 1.1.56. The Lie bracket has the following properties for X,Y,Z € X(M) and
AreR:

(i) [X,Y + Z] = [X,Y] + [X, Z] and [X,\Y] = \[X,Y];
(i) [X,Y]=-[Y, X];

(u) [X,[Y,Z]] +[Y,[Z,X]] + [Z,[X, Y]] =0 (Jacobi identity).
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Proof. The first two properties are clear from the definition of the Lie bracket. As for the
Jacobi identity, let f € C°°(M). Then,

(X, [V, ZIN(f) = X (Y (2(f) = X(Z(Y () = Y(Z2(X(f)) + Z(V(X(])),
Y, (2, X]|(f) = Y (Z(X(f)) = Y (X(2(])) - +X(Z(Y (/)
Y (2(N) +Y(X(2())

N
B
=
=
!

|
N
=
>
=

|
>

Thus, by adding the three terms on the LHS, noticing the common tones of black, red, blue,

teal, violet and , we obtain the result. Q.E.D.

From this lemma, we get that (X(M),[-,]) is a real Lie algebra where we consider only
the real vector space structure of X(M) and not the full C°°(M)-module structure.

The final concept we shall introduce in this section is the notion of the Lie derivative.
For that, however, we must first extend the notion of the pull-back of forms to the setting

of vector fields:

Definition 1.1.57. Let ¢ : M — N be a diffeomorphism and X € X(N) a vector field.
The pull-back of the vector field X along ¢ is the vector field ¢*X € X(M) on M given by:

P*X =l oXogp, (1.22a)

or, at a point p € M:

(0" X)p = 05 (0(P) (X (p))- (1.22b)

Remark 1.1.58. This definition of the pull-back of vector fields motivates us to introduce
the notion of related vector fields. Given X € X(M) and Y € X(N) and a smooth map
f:M — N, X and Y are said to be f-related if f.(p)(X,) = Yy(,), for all p € M.

Lemma 1.1.59. Let ¢ : M — N be a diffeomorphism, f € C°(M) and X € X(N). Then
(@ X)(f) =X(fop o

Proof. Let p € M. Then,

@ X)(N)p) = [+ () (" X)p) = fo(0) (02 (2(P) (X))
= (oo (@) Xpm) = X(f o™ (@),

which is the intended result. Q.E.D.
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We are now ready to introduce the notion of the Lie derivative:
Definition 1.1.60. Let X € X(M) be a vector field and FlY its flow at time t. We define

1) the Lie deriative of f € C°(M) along X to be Lx f € C°°(M) such that
d

(LxDE) = (F) N0 _; (1.23)
9) the Lie derivative of w € Q*(M) along X to be Lxw € Q¥(M) such that
(Lxw)y(vr, ... vp) = %((Flfx)*w)p(m, S ’”’“)Lo; (1.24)
3) the Lie derivative of Y € X(M) along X to be LxY € X (M) such that
(ExV)(HE) = S(ER) VI (1.25)

In reality, it is much more useful to use the following results:

Proposition 1.1.61. Let X € X(M). Then, the Lie derivative along X satisfies the fol-

lowing properties:
(i) Lxf=X(f),V[feC(M);
(i) LxY =[X,Y],VY € X(M).

Proposition 1.1.62. Given vector fields X1, Xo € X(M) and a k-form w € QF(M), we
have the following:

ixy,X2)w = Lx,ix,w0 — ix, Lx,w. (1.26)

Theorem 1.1.63 (Cartan’s magic formula). Given a vector field X € X(M) and a k-form,
w € QF(M), we have that
Lxw = d(ixw) + ix(dw). (127)
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1.2 Vector Bundles and Double Vector Bundles

A fundamental concept that shall be of extreme importance in later chapters is that of
fibre bundles and, in particular, vector bundles. In this section, we give a brief overview of
the ideas present when one studies such objects.

The study of fibre bundles comes about as a generalisation (and in some sense an ab-
straction) of the construction made previously for the tangent and cotangent bundles T'M
and T* M. These appear to be a product of topological spaces and, in fact, the definition of

a fibre bundle embodies this notion (even though only locally):

Definition 1.2.1. A locally trivial fibration is a quadruple (E, B, pr, F'), where E, B, F are
topological spaces and pr : £ — B is a continuous surjective map such that, for every p € B,
exists a neighbourhood U C B of p and a homeomorphism ¢ : pr=}(U) — U x F such that

the following diagram commutes:

pri{(U) 2> UxF

prl / (1.28)

U

where proj, : U x F' — U is the projection onto the first factor.

Relative to the quadruple (E, B,pr, F') we call F the total space, B the base space, pr
the projection map of the fibration and F' the fibre. If the neighbourhood U in the definition
above is actually the whole base space B, the map ¢ is called a (global) trivialisation of the

fibration since it identifies (preserving the fibres) E with B x F.

Remark 1.2.2. It is often easier to denote a locally trivial fibration as E 5 B or,
simply, E and we denote the fibre at p € B by E, or pr~!(p). If E, B can be taken as
smooth manifolds, pr a smooth map and ¢ in Definition 1.2.1 a diffeomorphism, then we

call E 2 B a smooth locally trivial fibration.

Remark 1.2.3. In parts of the literature, the object we here called a locally trivial fibration
is also called a fibre bundle. However, in others, the name fibre bundle is kept for a locally
trivial fibration for which there exists a topological group G (usually called the structure
group) which acts on the fibres F' of the locally trivial fibration (E, B, pr, F).

Example 1.2.4. The simplest example of a locally trivial fibration is that of the trivial
bundle, which is the case in which we take two topological spaces B, F', and define £ = BxX F
and take pr: B x ' — B the projection onto the first factor. s

Example 1.2.5. Both the tangent and cotangent bundles are examples of locally trivial
fibrations (more specifically, they correspond to vector bundles) and shall be described in

more detail below. h
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Example 1.2.6. Another less trivial example is that of the Mobius strip, for which we
take B = S!, the circle, and ' = R. Then, by defining the equivalence relation ~ in R?
by (z1,y1) ~ (22,y2) < 3In € Z: (x2,y2) = (z +n,(—1)"y), we take E = R?/ ~ and
pr: E — St defined by pr([(z,y)]) = > (identifying S* with the complex unit circle).

Since we are more interested in dealing with vector bundles, we now turn our attention

to these objects and, when necessary, we add a remark to invoke the same underlying fibre
bundle structure. A vector bundle comes as a particular interesting case of fibre bundles,
since it adds a structure of a vector space over a field K (which we shall always take as the
reals R). As we shall also see, this is precisely the case for the tangent bundle.
Definition 1.2.7. A locally trivial fibration E -2 B is called a real vector bundle if, for
each p € B, the fibre E, et pr=Y(p) is endowed with the structure of a real vector space
and if each local trivialisation ¢ : pr=1(U) — U x F restricts at each p € U to a linear
isomorphism between E, and {p} x F = F.

Remark 1.2.8. In all the cases we shall study, the fibres of a vector bundle E 225 B shall
be finite-dimensional. To the dimension of these fibres — which equals the difference of the
dimensions of the total space and the base space —, we shall give the name rank of the
vector bundle, and denote it by rank(E) = dim(F) — dim(B).

The following result proves that the tangent bundle is, indeed, a vector bundle:

Proposition 1.2.9. Let M be an m-dimensional smooth manifold and TM its tangent
bundle. With respect to the natural projection 7oy : TM — M, TM has the structure of a

vector bundle.

Proof. Let U € M and ¢ : U — V C R™ be a chart for M. Then, since the map
O :TM|y — V x R™ defined in the proof of Proposition 1.1.12 is a linear isomorphism on

the fibres of T'M, it is enough to show that the following diagram commutes:

TM|y —2— o(U) x R™

T™M l [gp Xidgpm

U<—UxR™

proj;

since, in this case, the ¢ appearing in Definition 1.2.1 is ® o (¢ x idgm)~!. However, given
p €U and [v], € T,M,

(projy o (i x idgm) ™" 0 @)([3]p) = (projy o (¢ x idr=) ") ((p), @1 (P) (V)
= projy (p, ¢+ (P)(1V]p) = » = Tna (V)

which concludes the proof. Q.E.D.
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Definition 1.2.10. A bundle morphism between locally trivial fibrations E —— B and
E' 2 B’ is a pair (f, f) of maps f:E— F' and f: B — B’ such that the induced map
on the fibres fp By, — E}(p), for p € B, is a homeomorphism and the following diagram

commutes:
f

prl lpr, (1.29)

If £E 2% B and B/ 2 B’ are vector bundles, we call the pair (f, f) a vector bundle
morphism if, additionally, for every p € B, the map E, — E}(p) is homomorphism of real

vector spaces, i.e. f is fibre-wise linear.

This definition allows us to define the category of vector bundles, denoted as VB, whose

objects are vector bundles and morphisms are vector bundle morphisms.

Remark 1.2.11. Usually, we will denote a (vector) bundle morphism ( f.f ) simply as f.
In this case, we say that f : E — F’ is a (vector) bundle morphism covering f : B — B’.

Additionally, given a smooth map f : B — B’, it is always possible to extend it to a
bundle map f : E — E’ between the two vector bundles E -2~ B and £’ -2 B’, by
taking, for instance, f = 0g o f o pr, where 0 : B — E’ associates every point p’ € B’ to

the zero vector of the fibre E;,.

Homogeneity Structures

Having introduced the notions of vector bundles and morphisms, we now give an alterna-

tive characterisation of vector bundles using the notion of actions on a manifold:

Definition 1.2.12. Let X be a topological space and G an topological group (i.e. a group
(G,-) with a topology structure such that both - : G x G — G and ~! : G — G are
continuous). An action of (G,-) in X is a continuous map

p:GxX — X

(ga ,T) — gbg(‘r)
satisfying the following conditions

1) ¢4: X — X is a homeomorphism for all g € G;
2) for all g,h € G, ¢4 0 ¢p = dg.n;
3) if e € G is the neutral element of G, then ¢, = idx.

To the pair (X, ¢) we call a G-set.



FCUP
1.2. Vector Bundles and Double Vector Bundles 25

Remark 1.2.13. If X is a smooth manifold, the action is said to be smooth if G x X — X

is smooth and ¢, is a diffeomorphism for all g € G.

Definition 1.2.14. Let X,Y be topological spaces and (G, -) a topological group acting on
X and Y. A G-equivariant map or a G-morphism between G-sets (X, ¢) and (Y,v) is a
continuous map f : X — Y such that, for all g € G and = € X, f(¢q4(z)) = ¥y(f(2)) or,

equivalently, such that the following diagram commutes:

idgXxf
—_—

GxX GxY
[ P
X Y

Remark 1.2.15. With the introduction of G-equivariant maps, it is now possible to intro-
duce the category of G-actions, Act(g,.), whose objects are G-sets (X, ¢) and morphisms

are G-morphisms.

From now on, we shall always consider the manifold M above to be a vector bundle

E 25 M and, given the natural real structure of the manifold, we shall take? G = R>g.

Definition 1.2.16. The vertical lift associated to an action ¢ : R>o x £ — E on a vector

bundle E -2 M is the map
Vlg : E — TE|y, ()
er— [Yel € Tgo(e)E,
where, for all ¢ € R>q, 7.(t) = ¢:(e).
Then, we may define a homogeneity structure on a vector bundle as follows:

Definition 1.2.17. An action h : R>y X E — E on a vector bundle E Ly M s called a

homogeneity structure on E if given any e € E, vl,(e) = 0 if and only if e € ho(E).

Remark 1.2.18. Notice that, in the definition of homogeneity structure, the implication
from right to left (i.e. the implication e € ho(E) = vl,(e) = 0) is always satisfied. In

fact, we have that, if e = hq(€) for some € € E,
hi(e) = (ht o hg)(€) = hixo(e) = ho(e) = e.

Thus vly(e) = [ve] = [ho(e)] = 0, where, in the last equality, we simply note that the element
on Te E = T, (o) E associated to the equivalence class of constant curves 7 (t) = ho(e) is the

null vector.

3Clearly, (R>p,-) is a monoid and not a group. In this case, the action of R>¢ is called a monoid action.

The following results are still valid for a monoid action instead of a group one.
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For every vector bundle E —2— M, there always exists a homogeneity structure on E. In
fact, given a chart (U, (z!,...,2™)) of M (m = dim(M)) and adapted coordinates (x?,e®)
on F, the action

hg : Rsgx F— F
= , (1.30)
(t, (2, ")) — (2", €%)

is a homogeneity structure on E. This fact is easy to check, since vl (z¢,€?) = [(x%,t€?)]

and this equivalence class gives, locally, the vector €® B(Za L. Thus, if v, (2%, €) = 0, then

€ has coordinates (z°,0) = ho(z?,e?), for some e € E with coordinates (¢, e®).

The existence of this homogeneity structure allows us to obtain a functor H : VB —
Actg., mapping a vector bundle F 2Ly M to the R>¢-set (E,hg) (and mapping vector
bundle morphisms to themselves). However, given any Rx>¢-set, we can also construct the

following functor:
V:Actg.,, — VB
(M, h) —22 ker(Th)

Mor

fr—= W fo)

where the vector bundle morphism (Vf, fo) is obtained from f : (M, hps) — (N, hy) by the

following commutative diagram:

(har)o

VM ™ > M (har)o(M)
Vf[ Tf Jf Jfg
VN « TN —5— N ——= (hw)o(N)

This functor allows us to obtain the following result

Theorem 1.2.19. Given a homogeneity structure h : R>g X E — E on a manifold E, there

exists a unique vector bundle structure on E such that h has the local expression (1.30).

Remark 1.2.20. We can rewrite the previous discussion using the language of category
theory in a more compact way. First, we define a subcategory rActg., C Actgr., whose
objects are pairs (F,h) where h is a homogeneity structure on E. Then, Theorem 1.2.19
and the discussion prior give that the functors H and V|, Acty_, are inverse, in the sense
that H o V|rActR20 = idlpACtKZO and VerCtRZO oH = idyg. Thus, we obtain an equivalence

of categories rActg., ~ VB.

The proof of Theorem 1.2.19 (or of the claim in the Remark above) is rather long and
so, we shall omit it from the current work. The proof for these results can be found, for

instance, in [5, 6].
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Subbundles and Pull-back Bundle

We now fully focus on vector bundles and on particular construction of vector bundles

from a given one. The first of these constructions is of a vector subbundle:

Definition 1.2.21. Let E = B be a vector bundle. A (vector) subbundle of E is a vector
bundle F 22+ B such that F C FE is a subset of E, pr|p = prp and, for every p € B,
pr}l(p) =F,=FNE,=Fnpr!(p) is a vector subspace of E, and its vector structure is
the one inherited from E,,.

Remark 1.2.22. An equivalent way to define a vector subbundle is to consider a subma-

nifold F' C E such that, for all p € M, F}, f B E, is a vector subspace of E, of constant

dimension with respect to p. With this notion, one clear obtains that F’ % M becomes

a vector bundle.

Example 1.2.23. If M is a smooth manifold and v1,...,v, € X(M) are point-wise linearly
independent vector fields on M, then

D= H span{ (v1)p, ..., (vk)p} € TM
peM

is a vector subbundle of the tangent bundle 7M. s

Example 1.2.24. Given a smooth manifold M and a submanifold N C M, then the tangent
bundle to N, T'N, is a vector subbundle of TM|y. s

Next, we introduce the notion of an induced bundle, which is a particular important

construction which essentially keeps the fibres unchanged but changes the base space:

Definition 1.2.25. Let E —— B be a vector bundle and f : B’ — B a continuous map.
The induced bundle by f or pull-back bundle is the bundle

FEE{(W,e)e B x E|f(t) = pr(e)}, (1.31)

equipped with the subspace topology and the projection map = : f*E — B’ given by
(b, e) = . The projection onto the second factor gives a map proj, : f*FE — E such that

the following diagram commutes:

f*E proj, E
‘n'J pr
B —— B

Example 1.2.26. If, for instance, we take FF = T'B the tangent bundle of B, we get

@*'TB ={(t/,v) € B x TB| f(t/) =15(v)} = TB|p. h
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Example 1.2.27. Considering B’ to be a submanifold of B and f = 1p/ : B’ < B to be

the inclusion map, then

U E={(t,e) € B'x E|up/(t)) =pr(e)}
={(t',e) e B x E|pr(e) =V'}
= pr(B) < Bl ;

Example 1.2.28. Let F P2 M be a vector bundle and f = pry and denote the pry :
E — M to be the projection of F onto M. Therefore,

prpE = {(f.e) € F x E|prp(f) =prple)} T F & E,

where we take this fibre-product to be a vector bundle over F' with the projection being the
projection onto the first factor. In particular, taking the simpler case of F' = M x N with

N a smooth manifold, then
prpE = {((p,q),e) € (M x N) x E|p=prg(e)} 2N x E. i

The construction of an induced bundle shall be of significance when we deal with the

pull-back of vector fields or, more generally, of smooth sections.

Local and Global Sections on a Bundle

Before concluding this preliminary discussion of vector bundles with the description of
associated bundles, we now generalise the notions of vector fields and 1-forms to the general

setting of a local trivial fibration:

Definition 1.2.29. A (smooth) section on a locally trivial fibration E —2— B is a (smooth)
map o : B — F satisfying pro o = idg. The collection of sections in E > B is denoted

by I'(E).
Example 1.2.30. The most clear examples of a section are precisely the vector fields and

~ Nk
k-forms which are the smooth sections on TM —— M and NeT*M M , respectively.

b

Example 1.2.31. One example of a rather important section on a vector bundle E 2, B
is the so-called zero section, which is the map 0 : B — E assigning every point in B to
the null vector of the fibres of E (this can be effectively thought as the inclusion of the base
space B into the total space E). s

Definition 1.2.32. For a locally trivial fibration E —~— B and an open neighbourhood U
of p € B on B, a (smooth) local section is a (smooth) map ¢ : U — E such that pro¢ = idy.
We shall denote the collection of all local sections in E = B by Tioc(E).
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Remark 1.2.33. When confusion may arise between local sections and sections as in De-

finition 1.2.29, one usually calls the latter by global sections.

As seen in the previous section, both the collection of vector fields and the set of k-forms
form a module over the ring of smooth functions. This result was actually a special case of

the module structure on the set of global sections of a vector bundle.

Proposition 1.2.34. Let E = B be a vector bundle. Then T'(E) has the structure of a
C*°(B)-module.

Proof. Defining the addition on the set of sections to be pointwise, so that, for any p € B
and 0,5 € I'(E), (0 +¢)(p) = o(p) + s(p), we may define the following operation

0:C®(B) x I(E) — ['(E)
(f,o) — [p— f(p)o(p)]

Now, we may check that this operation obeys the necessary properties to endow I'(E') with
the structure of a C*°(B)-module. Let f,g € C*°(B) and 0,5 € T'(E), then

(o(fg.0))(p) = (fa)p)o(p) = f(p)g(p)o(p) = f(p)(e(g,o))(p)
= (o(f, o(g,0)))(p)
(o(f +9,0)(p) = (f + 9)(p)o(p) = (f(p) + 9(p))o(p) = f(p)o(p) + g(p)o(p)
= (o(f,2))(p) + (o(g:2))(p)
(o(f; 0+ 9))(p) = f(P)(o +<)(p) = f(p)(o(p) +<(p) = f(p)o(p) + f(p)s(p)
= (e(f,0))(p) + (o(f;<))(p)
(0(1,0))(p) = L(p)o(p) = o(p)

where 1 : B — R is just the function assigning the real number 1 € R to every point of
B. Q.E.D.

(%)

For local sections, however, we still obtain the following result:

Proposition 1.2.35. Let E —>— B be a vector bundle. Then, if Uy, Us are neighbourhoods
of a point in B and 1,62 € T'oc(E) are local sections defined on Uy, Us, respectively, then,
for all f1, fo € C°(Uy NUs), fis1 + fas2 is a local section defined on Uy NUs.

Proof. For the case of local smooth sections, the sum fi¢; + f2¢2 only makes sense for points
in the intersection U % U1 N Uy (thus we may define fi, fo only on U; N Us). Therefore,
it is enough to show that pro (fig1 + fase) = idy. Given p € U, since (fi51 + fas2)(p) =
filp)a(p) + fa(p)s2(p) € Ep,

pro (fis1 + f22)(p) = pr(fi(p)si(p) + f2(p)s2(p)) = p = idu (p),

which concludes the proof. Q.E.D.
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For the case of an induced bundle by a map f, for every section o € I'(E), we also have
an induced section f*o € T'(f*FE), defined in f*E as

(fro) ) L (¥, o(£(¥))), forall¥ € B

The set of these induced sections is denoted by f*I'(E). In fact, these pull-back sections are

enough to describe all sections of the induced bundle as the following proposition shows.

Proposition 1.2.36. Let B, B’ be smooth manifolds, E 2 B be a vector bundle and
f : B — B a smooth map. Then, the space of smooth sections of f*E is generated as a
C°(B)-module by the space of induced sections f*T'(E), i.e.

F(f*E) = f*F(E) @ fxCoo(B) CDO(B/) (1.32)

Proof. Since we can extend any local section on a vector bundle to a global one, it is enough
to prove this result locally. Let U C M be an open subset of M and ¢ : E|y = pr~}(U) —
U x R” be a local trivialisation, where r € Z~( is the rank of the vector bundle and let

{e1,...,e.} be a basis of R". Then, consider the following local section

0, :U— E|u

pr— o Hp,e;)

Notice that, by the trivialisation above, we obtain a local trivialisation
¢ f*Elp-1 = f~1(U) x R" constructed as follows

. 6 .
f*Elp-r vy — f7H(U) xR

Pr0j2l

Elu

f xidgr

U x R"

where proj, : f*E — FE represents the projection onto the second factor of f*E. Thus,
the pull-back section f*o; is such that f*o;(q) = ¢ (q,e;), for all ¢ € f~1(U). With
this pull-back section, it is clear that any other local section ¢ € I'(f*E) can be written as

¢ =2 A f*o; for some \; € C®(f~Y(U))andi=1,...,r. QE.D.

=1



FCUP
1.2. Vector Bundles and Double Vector Bundles 31

Associated Vector Bundles

To finish this preliminary discussion of vector bundles, we now move on to the construction
of associated vector bundles. These, in general, require a vector bundle E s Banda
functor, F : Vectg — Vectg, from the category of (finite) real vector spaces to itself. For
our intents and purposes, it is sufficient to talk about the associated bundles coming from

tensor products and quotients by ideals of the tensor algebra.
Definition 1.2.37. Let E 2 B and E' -2 B be vector bundles.

1) The direct sum bundle is the vector bundle E®E’ — B defined fibre-wise as E®E’ Lf
HpEB(EP & E;%

2) The dual bundle is the vector bundle E* P, B such that E* = ,ecp By, where £

is the dual vector space to F,, for all p € B;
3) The vector bundle of tensors of type (]) is the vector bundle E®" @ (E*)®* (also
denoted as Q" E ® Q° E*) defined fibre-wise by
r * g def r * s
E¥ @ (B = [] B @ (),
pEB

where, by convention, E®Y = (E*)®0 = R;

4) The tensor bundle is the vector bundle @*® F such that ®Q* F =[]
Q* Ep = Dyrez., EE’“ is the tensor algebra of E, for all p € B.

pen @° Ep, where

Example 1.2.38. Since the cotangent bundle is defined from the cotangent spaces which
are, in effect, the dual to the tangent spaces, T*M —~— M is the dual vector bundle to
T™M 2 M. h

As mentioned above, the fact that all the interesting algebras for a given vector space
come from some quotient of the tensor algebra, allows us to define a plenitude of associated
vector bundles. For us, the more interesting is, naturally, the one arising from the exterior
algebra. To construct this algebra, we consider a vector space V and its tensor algebra
* V. Then, by defining the ideal Z generated (as an algebra) by elements of the form v®v
forall v eV, i.e.

I=@wevveV)={a@wev)®b|a,Be@V,veV} IRV,

we obtain the exterior algebra as the quotient of the tensor algebra by Z. Since the exterior
algebra can be written as the direct sum of tensors with a fixed rank, when doing the
quotient, we obtain that the exterior algebra can also be written as the direct sum:
ANVER V/II=PNV. (1.33)
k>0

The elements of each A\*V are called (algebraic) k-forms.
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Definition 1.2.39. Let E - B a vector bundle. The vector bundle of (algebraic) k-forms
is /\k E= HpEB /\k Eyp.

Example 1.2.40. Taking B = M and E = T*M, we get the bundle of (algebraic) k-forms
on a manifold, A*T*M — M. The set of sections is the set of k-forms, T'(A*T*M) =
QF(M). i
Example 1.2.41. Similarly, taking £ = T M, we obtain the bundle of k-vectors A\* TM —

M, whose sections are the multivector fields I'(A\* TM) = X*(M), to be explored in Sec-
tion 1.4. ;

Double Vector Bundles

As we have seen, the introduction of vector bundles generalises the idea of the tangent
and cotangent bundles and allows for a rather large class of examples of manifolds with quite
interesting properties. We could now question: ‘What additional interesting properties do
the tangent (and cotangent) bundle(s) of vector bundles have?” Well, this question motivates

the following notion of double vector bundles:

Definition 1.2.42. Let A -4+ M and B —-2- M vector bundles. A double vector bundle
is a quadruple (E, A, B, M) such that F T2, A and E =25 B are vector bundles and, if
ha :Rx E — E and hp : R x E — E are the homogeneity structures encoding the vector
bundle structures of E — A and E — B, respectively, then (ha), o (hg)s = (hg)s o (ha)r,
for all r, s € R.

E—"2 5 A
TB Pry
B—— M

Remark 1.2.43. Equivalently, the double vector bundle structure can be defined so that
the projections, the operations of addition and scalar product and the zero sections of E are

vector bundle morphisms.

Definition 1.2.44. A morphism of double vector bundles between (E, A, B, M) and (F,C, D, N)

is a quadruple (¢;¢CA7¢DB7S0) such that ((I)7¢CA)7 ((I)7¢DB)7 (¢CA)Q0) and (¢DB?SO) are
vector bundle morphisms and the following diagram is commutative

F C .
(I)\A ‘ \CA
E A
i (1.34)
D—|— N
¢7DB\‘ \Lf
B M




FCUP
1.2. Vector Bundles and Double Vector Bundles 33

Remark 1.2.45. This definition allows us to define the category of double vector bundles
DVB whose objects are double vector bundles (F, A, B, M) and whose morphisms are
morphisms of double vector bundles (®, ¢ca, dp5s, @)

Example 1.2.46. For any vector bundle E —— M, the tangent bundle T'E has a natural
structure of a vector bundle over T'M with projection given by the derivative map pr, = Tpr.

Then, we obtain a double vector bundle (T E,TM, E, M) as in the following diagram

Tpr

TE T™
TE l JT]\/I
E M

pr
Choosing a chart (U, = (2!,...,2™)) in M and adapted coordinates (z¢,e%) in E, we

get that an element in ¢ € TE can be written with local coordinates (z%,e?,v%, %) or, by

denoting Tpr(e) = v = v° % , €M, T5(e) = e = (2',¢%) € E, and p = pr(e) = 1a(v),

we may write

0
Oet

+ e s

€=

oxt

p e
Example 1.2.47. A particular case of the previous example is to take E = TM. Then, we
get the so-called double tangent bundle, denoted TTM or T?M which can be represented

by the following commutative diagram:

T2M ™, g

Tr M l lTl\l

TM

T™

Locally, given a chart (U, = (x',...,2™)) of M, the adapted coordinates on TM can be

written as (z°,v%) (which correspond to the vector v = v’ 52 o, € TyM, where p € U has
coordinates x%). Thus, the adapted coordinates on T2M are (2, v?, u’, w') or, equivalently,
writing the local coordinates of p € M and v € T,M as before, we may write W € T?M
o) ) u

v

with the previous coordinates as W = u° R
We now move on to explore in more detail the example of the double tangent bundle

i _0
p+w Ov?

TTJM

(T?M,TM,TM, M) of amanifold M. Since both the horizontal and vertical bundle T?M —*
TM and T?2M " TM are bundles over T'M, it is possible to convert between them:

Proposition 1.2.48. Given any manifold M, there is a unique isomorphism J : T?M —
T2M such that, for a coordinate system z* on M,

J(z' v ut wh) = (2, ut, vt w?), (1.35)
where (z¢,v%) denote the local coordinates on TM and (z°,v', u’,w®) are the coordinates on

T?M. Additionally, J is an involution, i.e. J? = idp2y;.
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Remark 1.2.49. To the map introduced in the previous proposition, we call the canonical

flip and it is a double vector bundle morphism satisfying the diagram:

T2 — ™M L T M

N AN

Tru i)V gEREIRE Vs

T™

SN

M

The introduction of the double tangent bundle, allows us to look again at vector fields on
a manifold. Considering vector fields as maps M — T'M, it is possible to define the derivative
map TX : TM — T?M. Locally, if a point p € M has local coordinates (z!,...,2™), we

where X' € C2 (M) are local smooth functions on M, i.e.

may write X, = X'(p) 52

p7
smooth functions defined on arbitrary open subsets of M, for all ¢ = 1,...,m. Then, for
v ="' % » € T,M,
.0 00X 0
TX(v)=1" ¢

oui|, T e P B,

Definition 1.2.50. The tangent lift of a vector field X € X (M) on a smooth manifold

M is the vector field T°X € X(TM), i.e. the smooth map T%X : TM — T2M such that

def

7rp 0 TOX = idryy, given by TPX = J o TX. Locally, given adapted coordinates (x?, v?)

on TM and writing X = X? -2, we get that

afl;i 9
.0 , 0 L 0XI 0
T'X (v == ) = X* , —(p) — L.
(U oxt ‘p) (p) ol » v ozt () ol |, (1.36)
Proposition 1.2.51. The flow of the tangent lift T°X of X € X(M) is
Fll. ¢ = TFIY. (1.37)

Proof. To check that TF1% is the flow of T%X, it is enough to see that it obeys the same
differential equation with the same initial conditions as Fl; . For that, let p € M and

v € T,M. Then, clearly, we have that

T,F1x (v) = (FI%).(p) (v) = idrar (v) = v = Flqux (v).

Choosing a chart (U, = (z!,...,2™)) on M and local adapted coordinates (x!,v') on
T M|y, we may write, for each p € U N dom(Fl%) and u = u’ aii p € T,U, noting that we
may write

0 ja(Fl&)i 0

t _ t 7
TpFly (u) = (Flx (9))" 55 , e P) g w



FCUP
1.3. Brief Overview of the Theory of Lie Algebras 35

where (Fl%)? is the i-th entry of the flow of X = X*

with respect to t, we get

52 . Then, differentiating T,,Fl% (u)

=T, Fl (u) = | —F = ¢ — | =Fl o
dt p-iX (’LL) <dt X(p)> 3332 » T a])z <dt X(x)> T=p i TpFltX (u)
, 0 0X7 0
_xi ‘ i . —_ = ThX t
(p) oxi ) v Oxt (p) oI T, FlY () ( )TPFIX (u)>

which shows that TFl% obeys the same differential equation as Fl}, . By the uniqueness

of the solution of differential equations, we conclude the result. Q.E.D.

1.3 Brief Overview of the Theory of Lie Algebras

We now look carefully at the concept of graded algebras and Lie algebras, as they will
arise whenever we study the different class of geometries in the following chapters. For
that, we start with a quick review of the notion of an algebra and relative concepts but we
still assume the reader is familiarised with certain concepts one would study in elementary

courses on Algebra.

Definition 1.3.1. Given aring R, an R-algebra structure on an R-module A is an R-bilinear

map i : A x A — A called the product. Then, the pair (A, u) is called an R-algebra.

Notice that we do not require p : A X A — A to satisfy any particular properties. In
fact, the addition of certain properties to this map yields special kind of algebras. For us,
we shall upgrade the ring R to a field K and, depending on the type of algebra we will study,

assume that the algebra A satisfies (some) of the following properties:
(i) Associative: for any a,b,c € A, u(a, u(b, c)) = p(p(a,b),c);
(ii) Commutative: for any a,b € A, u(a,b) = p(b, a);
(iii) Anti-symmetry: for any a,b € A, u(a,b) = —p(a,b);
(iv) Unital: there exists an element u € A such that u(u,a) = p(a,u) = a, for all a € A;

(v) Jacobi identity: for any a,b,c € A, u(a, u(b, )+ u(b, u(c, a))+ p(e, u(a, b)) = 0, where

0 € A is the zero for the module structure in A.

Remark 1.3.2. From now on, for a K-algebra A, we shall denote the product of two
elements a,b € A simply by a - b or even ab instead of p(a,b). Moreover, when the product

is understood, we shall say simply that A is a K-algebra
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Definition 1.3.3. A map f : A — B between K-algebras (A,-4) and (B, p) is called a
K-algebra homomorphism if, for any a,b € A, f(a-ab) = f(a) - f(b). The set of K-algebra
homomorphisms between A and B is denoted by Homag, (A4, B).

Remark 1.3.4. With this notion of homomorphism we can construct the category of K-
algebras, Alggk, whose objects are K-algebras (A,-4) and the morphisms are K-algebra

homomorphisms.
Definition 1.3.5. Let A be a K-algebra and S, I C A submodules of A.
1) S is said to be a subalgebra of A if, for all r,s € S, r-s€ S, ie. if S-S5 CS;

2) I is called a left ideal (respectively a right ideal) of A if, for all i € I and a € A,
a-i€l,ie if A-TC1I (resp. i-a€l, ie I-ACI).

We shall denote S < A if S is a subalgebra of A and I < A if I is an ideal of A.

Remark 1.3.6. If A is an associative commutative/anti-symmetric algebra, there is no

difference between left and right ideals and, thus, they are simply called ideals of A.

Proposition 1.3.7. If A is a K-algebra, then I < A is an ideal of A if and only if there is
an algebra homomorphism f: A — B (for some K-algebra B) such that I = ker(f).

Definition 1.3.8. A derivation on a K-algebra A is a K-linear homomorphism d: A — A
obeying the Leibniz rule, i.e. for every a,b € A,

d(ab) = d(a)b + ad(b). (1.38)

The collection of all derivations on A is denoted Der(A). Moreover, for a non-zero positive
integer k € Zg, a k-derivation is a map d : AX* — A which is a derivation in every entry,

i.e. it is a K-multilinear map such that for any a1,...,b,¢,...,ax € A,
d(ay,...,be,...,ar) =d(a1,...,b,...,ar)c+bd(as,...,c,...,ax).
Then we may define the notion of a differential algebra the following way:

Definition 1.3.9. A differential algebra is an associative K-algebra A equipped with a
derivation d € Der(A).

There are many examples of differential algebras, although we shall delay such examples
to the case of differential graded algebras, since those are the ones that are more useful for

our study in latter chapters.
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Graded Algebras

Definition 1.3.10. Let G be a monoid and A a (associative) K-algebra. Then A is called

a G-graded algebra if A can be written as a direct sum of subspaces, A = @ Ay, and, for
geG

any g,h € G, AgAp C Agp.
If Ais a Zxo-graded algebra, as is the case, for instance, for Q® V for a vector space V,

it is common to simply call A a graded algebra.

Definition 1.3.11. Let A be a G-graded algebra. A homogeneous element of degree g is
an element a € A such that a € A;. The degree of a homogeneous element is denoted by
deg(a).*

Example 1.3.12. Let V be a vector space over a field K, v,w € V and consider @Q°*V =

@ (®* V. Then
k>0
B deg(lx) =0, since Ix e K=QR°V C RV
deg(v) = deg(w) = 1, because v,w €V =Q'V C Q°*V

deglv@w)=2,a8v@we VeV V. b

Remark 1.3.13. Similarly to the case of algebras, G-graded algebras form a category, de-
noted by ¢Algk, by considering morphisms as algebra homomorphisms f : A — B between
G-graded algebras, such that f(A,) € B, and we shall denote f € Homgajg, (A4, B). Addi-
tionally, for a given g € G, it is possible to define homogeneous maps of degree g, which are
those maps f : A — B such that f(Ap) C By, for all h € G. The collection of these maps
is denoted by Hom? 5, (A, B).

Since we introduce a grading in our algebra, we also have to extend our notions of com-
mutative and anti-commutative product. This is done by assigning the notion of ‘evenness’
and ‘oddness’ to the elements G that grade our algebra. More specifically, that is done by

introducing a homomorphism from G to Ze = Z/2Z.

Definition 1.3.14. A signed monoid is a pair (G, ), where G is a monoid and ¢ : G — Z/2Z

is a monoid homomorphism.

Remark 1.3.15. When we take G = Z, we shall always take ¢ : Z — Z/27Z to be the
canonical projection. This connection between the integers and Z/27Z is precisely what we

previously meant by the ‘evenness’ or ‘oddness’ of the elements of G.

Then, we can extend the notions of commutativity, anti-commutativity and the Jacobi

identity to the general setting of graded algebras.

4In other words, deg: |J A4 \{0} — G such that, VO#a€ |J Ag: a € Adeg(a), Wwhere |J Ag\{0} C
9eG 9eG geG
A is the set of homogeneous elements of A.
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Definition 1.3.16. Let (G,<) be a signed monoid and A an (associative) G-graded K-
-algebra.

1) A is said to be a commutative G-graded algebra if, for any homogeneous elements
a,be A
ab = (—1)(dea(@)s(des(®)p ¢ (1.39)

2) A is said to be an anti-commutative G-graded algebra if
ab= —(—1)s(des(@)s(des(®)p o (1.40)
for all homogeneous elements a,b € A.

3) A satisfies the graded Jacobi identity if, for every homogeneous a, b, c € A we have that

(—1)s(degla)s(de(©) g () 4- (—1)<(desla))s(dee®p (¢ q) 4 (—1)(des®)s(des(e)) e (g p) = 0.
(1.41)

Now we merge the notions of a differential algebra and of a graded algebra:

Definition 1.3.17. A differential graded algebra or dg-algebra is a graded algebra A equipped
with a homogeneous map of degree +1, d : A — A, such that d od = 0 and satisfying the

graded Leibniz rule, i.e. for every homogeneous a,b € A:
d(ab) = d(a)b+ (—1)°4e(@)g d(b). (1.42)

Example 1.3.18. The two examples that we have already seen in previous sections are
that of the algebra (Q°(M), A) with the exterior derivative d, which is a homogeneous map
of degree 1, or with the interior product by a vector field X, ix, which is a homogeneous

map of degree —1. s

Example 1.3.19. As we shall see in the subsequent section, there is a bilinear bracket

operation in the set of multivector fields, the Schouten-Nijenhuis bracket [-,]sn, which is
such that, for a given bivector = € X%(M), [r, Jsn : X*(M) — X**!(M) is a homogeneous
map of degree 1, thus making this a dg-algebra whenever |7, 7]sy = 0. s

To conclude this discussion about graded algebras, we now define the shift which is valid

for (Z-)graded algebras:

Definition 1.3.20. Let V' be a graded vector space over K, ie. V = @, ., Vs, and
k € Z. The k-shifted vector space V[k] is the graded vector space such that, for n € Z,

(VIEDn = Vats
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Remark 1.3.21. Given a graded K-algebra A, considering the vector space structure of A,
it is possible to define the k-shifted graded vector space A[k]. Then, we may define a bilinear
map - : A[k] x A[k] — A[k] such that A1k - Ak C Appmar for all n,m € Z. Then, A[k]
with this operation is the k-shifted graded algebra.

Remark 1.3.22. A differential graded algebra can be defined, using the shift, by a graded
algebra equipped with a homogeneous map (of degree 0) d : A — A[l] satisfying rela-
tion (1.42).

Lie Algebras

Now we shift our attention to the study to a particular kind of non-associative algebras:
the Lie algebras. These algebras are of extreme importance in a diverse range of topics in

Mathematics as well as in physics. Naturally, we start with the definition of such algebras:

Definition 1.3.23. An R-algebra (A, u) is called a Lie algebra if p is anti-symmetric and
satisfies the Jacobi identity, i.e. for a,b,c € A

p(a, (b, ¢)) + pu(b, (e, a)) + ple, pla, b)) = 0. (1.43)

For a Lie algebra, it is usual to denote the product as a bracket [-, -] which is called the Lie
bracket.

Example 1.3.24. An important example comes from the linear maps of a vector space V.
Denoting, Homvect, (V, W) to be the set of linear maps between vector spaces V, W over a
field K (thus, the set of morphism in the category of vector spaces over K, Vectx), we shall

call GL(V) = Autvyecty (V') the group of linear automorphisms of V. Defining

9] fog—gof, Vf g€ Homyeet (V,V),

we obtain the Lie algebra of endomorphisms of V, denoted by gl(V).

More generally, given an associative K-algebra (A, -), we can define the commutator

[,]:AxA— A
(@y)r—z-y-y
Then, it is easy to verify that (A4, [,-]) has the structure of a Lie algebra. In fact, the K-

-bilinearity and anti-symmetry are obvious, whilst the Jacobi identity comes directly from

the associativity of the product -. s
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Example 1.3.25. The most usual cases of Lie algebras come from groups of matrices with

the Lie bracket being the commutator of matrices

Matrix Group

Associated Lie Algebra

GLn(R) = {A € M,(R) | det(A) #0}
SL,,(R) = {4 € M,(R) | det(4) =1}
On(R)={A € M,(R)|ATA=1,}
SO, (R) = {4 € 0,(R) | det(A) =1}
Sp,(R) = {A € My, (R) | ATJA = J}
U(n) = {A € M,(C)|ATA=1,}

SU(n) = {A € U(n) | det(4) =1}

gl,(R) = M, (R)
sl,(R) = {A € M,(R) | tr(4) = 0}
on(R) = {A € M,(R) | AT = -4}
50, (R) = 0, (R)
sp,(R) = {A € M,(R)|ATJ + JA =0}
u(n) = {A € M, (C)| AT = -4}

su(n) = {A € u(n) | tr(A) =0}

H= { (ég’l’) eMg(R)’a,b,ceR} - { (88%) eMg(R)’a,b,ceR}

Table 1.1: Examples of matrix groups and their associated Lie algebras

In Table 1.1 we have denoted I,, to be the n x n identity matrix, J = ((}’; Bﬁ ) to be the

symplectic matrix and A" to be the conjugate transpose matrix of A. s

Remark 1.3.26. The previous notion of algebra homomorphisms, subalgebras and ideals
have a natural application to Lie algebras but now with the Lie bracket instead of the general

product introduced earlier:

— Lie algebra homomorphisms: f : g — L such that f([¢1,l2]g) = [f(41), f(¢2)]z, for any
glv‘€2 €9;

— Lie subalgebra: L <g <= [L,L]y C L;
— Lieideal: 1 Qg < [I,g]g CI.

As previously, the introduction of Lie algebra homomorphisms allows us to define the ca-

tegory of Lie algebras over a field K, LieAlgk.

One other important characteristic feature of Lie algebras is their structure constants.
Since each Lie algebra g is also a (possibly infinite-dimensional) vector space — or, more
generally, a free module —, we may consider a basis {ea €g ‘ a=1,...,n= dim(g)} of g.

Then, we define the structure constants of the Lie algebra (g, [-,-]) as the coefficients fS, in

[eaneb] = fgb €c, (144)
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where we also employed Einstein’s summation convention®. Since any two elements ¢1,¢5 € g
of the Lie algebra can be written from the given basis as ¢; = {fe, ({¢ € K and i = 1,2),

we may simply write the Lie bracket of these elements as
[l1, o] = [£7 €a7flf ep] = 5(1153 [eas €0] = f’ffgf(fb €c-

Thus, we may write the properties of the Lie algebra solely from this basis. Given that the
Lie algebra is anti-symmetric and satisfies the Jacoby identity, by the former, ff = —f<
and, moreover,

[ea’ [eb’ ec]] = [eaa fl;lc ed] = fgcfsd €e-

Therefore, the Jacobi identity boils down to

fofea+ fa o+ fhfer =0, (1.45)

for all a,b,c=1,...,dim(g).

Lie Group of a Lie algebra: Even though Lie algebras can be treated as we have been
doing so far, they are much more interesting when thought of as the tangent spaces to some

specific manifolds: the Lie groups. We now give a quick look to these manifolds:

Definition 1.3.27. A Lie group G is a smooth manifold which is also a group such that
the operations (which are the group structure maps)
GxG—G G—G

and

(9,h) — gh gr— g !

are smooth.

Example 1.3.28. The matrix groups given in Example 1.3.25 are all examples of Lie

groups. s

Theorem 1.3.29. If G is a connected topological group and U C G is a neighbourhood of
the neutral element e € G, then G is generated by U.

Proof. We may assume, without loss of generality, that U is open and U = U~! = { gle
G|g € U} (if that is not the case, we restrict U to be UNU! D {e} #0). Let H = |J U"

n>1
which is clearly open. Given g € G\H, gU is an open neighbourhood of g such that

gU N H = ), otherwise it would exist u € U such that gu € H, i.e. g € H. Thus G\H is
open. Since G is connected and H is both open and closed, H = G. Q.E.D.

5This convention essentially states that, in a product, whenever there are two repeating indices, one in
subscript and another in superscript, then there is an implied summation over all the possible values for
that index.
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Since, by the previous theorem, if a Lie Group G is connected (which we shall assume
from now on), it is generated by a neighbourhood of the neutral element, the left translation

by an element g € G, defined by
Ly:G— G
(1.46)
h—gh

is a diffeomorphism. Therefore, its differential for an arbitrary element h € G,
(Lg)+(h) : TG — Ty, G,

is an isomorphism. This motivates the definition of the Lie algebra of the Lie group G to
be T.G. However, we still have no definition of the Lie bracket. To obtain such a bracket,
firstly notice that the set of vector fields of G forms a Lie algebra with the Lie bracket of
said vector fields. Thus, the natural way to realise the notion of a Lie bracket for T.G is by

introducing the notion of left-invariant vector fields:

Definition 1.3.30. Let G be a Lie group. A vector field X € X(GQ) is said to be left-invariant
if, for every g € G, (Ly)«X = X or, equivalently, for every g,h € G, (Lg)+(h)(Xp) = Xgp.
The set of left-invariant vector fields of G is denoted Lie(G).

Clearly, a left-invariant vector field is entirely defined by its value on e € G, i.e., as sets,
Lie(G) = T.G. Hence, given the inherited Lie algebra structure on Lie(G), we may now
define a Lie bracket on T.G by:

[u,v] & [X,Y]., (1.47)

where X,Y € Lie(G) are left-invariant vector fields such that X, = u and Y, = v. To see
that this Lie bracket is well-defined, it is enough to show that the following map is bijective

Lie(G) — T.G
X — X,
Clearly, this assignment is surjective, hence, we need only to show that it is injective. For

that, take X, X € Lie(G) such that X, = X,. Then, by the defining property of left-invariant
vector fields, for any g € G,

Xy = (Lo)e(e)(Xe) = (Ly)e(e)(Xe) = X,

thus X = X , which proves the injectivity of the map above. In reality, given this bijection,
we get that, for every u € T.G, we may write X € Lie(G) used in Eq. (1.47) to be such that,
for every g € G, Xy = (Lg)+(e)(u).
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Therefore, we may now define a finite-dimensional (real) Lie algebra associated to any

Lie group by:

Definition 1.3.31. The Lie algebra associated to a Lie group G is g = T.G, with the
bracket [-,-] : g X g — g defined in Eq. (1.47)

Remark 1.3.32. From the way we have defined the Lie bracket on T.G, it is clear that the
Lie algebra of G could have been taken as Lie(G) instead of T, G since these are isomorphic

as Lie algebras. In the sequel, we shall treat Lie(G) and T.G interchangeably.

Now that we have seen that every Lie group has an associated Lie algebra, one could ask
if the opposite is also true. It turns out it is as long as the Lie algebra is finite-dimensional

(and real):

Theorem 1.3.33. Let g be a finite-dimensional real Lie algebra. Then there exists a con-
nected Lie group G, such that Lie(G) = g.

Representations of a Lie Group/Algebra: An important application of the theory of
Lie groups and algebras comes in the study of symmetries in certain spaces. To properly
solve these problems, it is necessary to understand the notion of a representation of these
Lie groups and algebras. This is the purpose of this small paragraph. We start by defining

what a representation is in this context:

Definition 1.3.34. Let G be a Lie group, g a Lie algebra over K and V' a vector space over
K.

1) A representation of G on V is a Lie group homomorphism p : G — GL(V);
2) A representation of g on V is Lie algebra homomorphism o : g — gl(V).

Remark 1.3.35. For the reader who is more familiarised with the language of modules,
saying that (V) p) is a representation of the Lie group G is nothing more than saying that
V is a K[G]-module, where K[G] is the group ring of G over K. As for the representation of

the Lie algebra, if we restate the definition of the map o to be as a map

0:gxV —V,

(€.0) — o(O)(v) E v

we can show that a representation of a Lie algebra satisfies the same properties as a module

over an algebra and, additionally,
[[fl,gg]] - v :fl . (62 "U) —62 . (Zl -U).

In these circumstances we say, in agreement with the notion of a module, that V is a g-

-module.
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There are innumerous different examples of representations of both Lie groups and Lie
algebras. For us, though, the important ones are the adjoint and coadjoint representations
of the Lie group and Lie algebras. These are representations of either a Lie group or Lie

algebra on the Lie algebra or its dual:

— Adjoint representation of G: Let, for every g € G, C; : G — G be the conjugation
map, so that Cy(h) = ghg™', for all h € G. Then, the adjoint representation Ad :
G — GL(g) is defined by:

Ady = (Cy)«(e):g— g
q (1.48)
L— T (Cy(exp(tr))

t=0

where exp : g — G is the exponential map which is such that exp(tf) = Fl (e), where
X € Lie(G) is such that X, = ¢.

— Adjoint representation of g: Given ¢1,/¢; € g, there are two equivalent ways to

define the adjoint representation of g, ad : g — gl(g): either as the map

adg, g — 9

ty s [0, 0] (1.49)

or, simply as ad = Ad.(e) : T.G = g — Tiq, (GL(g)) = gl(g). To show that these
definitions are equivalent, let £1,¢> € g and X1, X2 € Lie(G) such that (X;). = ¢;

(i =1,2). Then,
d d d
Ad* (51)(62) = &Adexp(tél)(€2) —o = E&Cexp(t&)(exp(SEQ)) -

LA cp(ttr) exp(sta) exp(—tty)

= ——€Xx 1 X 2 ) EXpP(—1Lq
dt ds s,t=0
d d

= — —FIy! o Fl%, (exp(t(1))
dtds X X 0,6=0
d, . _

= &(lei)*(exp(tgl)) ((X2)exp(tel)) ’t_o
d

= &((Fl&l)*Xz)e = (Lx, X2), = [1, 2] = ady, (¢2),

t=0

where we used the fact that (exp(t/;))~! = exp(—t¢;) and Fl}i (9) = gexp(tt;) for all
geGandi=1,2.

— Coadjoint representation of G: Let g* be the dual of the Lie algebra g. Then, we
define the coadjoint representation of G to be the map Ad* : G — GL(g*) such that,
forge G, ¢ € gand X € g*,

(Ad; (X)) (€) = A(Adg-1(0)). (1.50)
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— Coadjoint representation of g: In this case, given ¢1,{5 € g and A\ € g*, the
coadjoint representation of the Lie algebra is the map ad™ : g — gl(g*) such that

(ad, (V) (£2) = —X(ade, (£2)) = —A([61, £2])- (1.51)

These last two representations of the Lie group and Lie algebra will prove to be of particular

interest once we study the symplectic foliation of certain Poisson manifolds.

Graded Lie algebras

Definition 1.3.36. A graded Lie algebra is a graded algebra which is also a Lie algebra,
i.e. for a signed monoid (G,<), it is a pair (L, [-,-]) such that L = @ L, is an algebra with

geG
respect to [-,+] : L x L — L, satisfying:
~ [Lg, L1] C Lgn;
— Graded anti-commutativity: [(1, ] = —(—1)s(dee(tr))s(dee(@)) (g, ¢ for any ¢y, 4 € L;

— Graded Jacobi identity: for ¢1,¢2,¢3 € L and i; = s(deg(¢;)) (7 =1,2,3)
(—1)" %2 {01, [€2, €3]] + (—1)* "2 [0, [€3, 4] + (—1)"2" €3, [€1, £2]] = 0.

A differential graded Lie algebra is a graded Lie algebra L with a graded derivationd : L — L,
i.e. a homogeneous degree 0 graded map d : L — L[1] such that dod = 0 and , for ¢1,¢5 € L,

A([01,€5]) = [dly, la] 4+ (—1)<de8E) () dpy).

Example 1.3.37. A graded Lie algebra that is not often thought as one is slp(R). In
fact, calling E = ($¢), F = (19) and E = (§ %), and defining the Lie bracket as the
commutator of matrices, we get that

[E,F) = H, [H,E] =28, [H,F] = —2F.
Thus, if we call Ly = span{H}, L; = span{E} and Ly = span{F}, we get that slr(R) =
Lo® Ly ® Lo is a Z/37Z-graded Lie algebra. s

Example 1.3.38. Let V be a dg-algebra, equipped with derivation d. Then, it is easy to

check that the algebra Hom},,, (V,V) = P Hom! atg, (V.V) equipped with the bracket
neZ
and derivation

[f.9] = fog— (-1t deldgo,
of =[d. 1],

for all f,g € Hom} e (V. V), is a differential graded Lie algebra. i
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1.4 Multivectors and their Lie Algebra Structure

In Section 1.1, we have introduced the essential definitions of vector fields, k-forms and
the wedge product of these forms. But a question arises: is it possible (or even useful) to
define alternating k-vectors? As we have seen in Section 1.2, the answer turns out to be
positive and makes use of the exterior algebra of a vector space to be able to define such
k-vectors. These are rather useful, for example, in the study of Poisson manifolds since,
as we shall see in Chapter 5, the Poisson structure can be defined using these alternating

multivector fields®.

Let M be a (smooth) manifold and k¥ € Z-( a non-zero positive integer. We have
previously studied what happens when we take elements from A* T*M or even (differential)

k-forms, QF(M) def (A T* M), however, we now give the same treatment to the vector

bundle A¥TM — M and its set of sections X*(M) o (N TM). Firstly, recall that a
k-form w € QF(M) can be identified with a C°°(M)-multilinear alternating map of degree
k on the space of vector fields X(M) of M. Hence, we may consider a k-vector field to be a
C°°(M)-multilinear alternating map of degree k on the space of 1-forms Q(M) of M, i.e.
if 9 € X*(M), then we may consider this multivector field to be a map 6 : Q1(M) x --- x
QY M) — C>°(M). Locally, for a chart (U, = (z!,...,2™)) centred at a point p € M,
this essentially means that { a% Ao A ag% |1 <iy <...<ip <m} is alocal frame of
NeTM — M and, thus, any k-vector field 6 can be expressed as

0y = Z Qi1 in 9 Ao A o (1.52)

Oxn Oxir
11 <. <1

where 91 € C°°(U) are smooth maps and the wedge product A is thought as the anti-

-symmetric operations arising from the quotient of the tensor algebra @*TM with the

ideal generated by the elements 82i ® a(zi forall i =1,...,m. As it turns out, this wedge
product satisfies the same properties as the exterior product defined in Section 1.1 and, thus,
we shall treat them as indistinguishable. From the graded commutativity of this exterior
product, the coefficients #%1" "% are also anti-symmetric in the exchange of any two indices:
@iriz ik — _@i2tik - The natural identification of k-vector fields and alternating derivations

comes by considering the following map, associated with each a k-vector field 6 € X*(M):

Dy : C°(M)*F — C=(M)

(1.53)
(fl7 - ,fk) — G(dfl, - 7dfk).

6The standard way of thinking about multivector fields on a manifold and of multiderivations of C> (M)
is by assuming that they are always alternating. Thus, we shall omit the word ‘alternating’ whenever dealing

with alternating multivectors and/or multiderivations.
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It is quite clear that this map is a multi-derivation since

Do(f1,--rgh, ..., fr) =0(df1,...,d(gh),...,df%)
(df1,s-..,(dg)h +gdh, ... dfr)
(dfi,....(dg)h,...,dfx) +0(df1,...,gdh,...,dfr)
(df1,....dg,...,dfx) h+g0(dfy,....dh, ... dfe)

g(fl,...7g,...7fk)h+g©9(f17...,h,...,fk)7

o
SRS S

|
9

where, in the third and fourth equalities we used the fact that 0 € X¥(M) is C(M)-
-multilinear map from Q(M)** to C°°(M). Furthermore, Dy is alternating because  is
a k-vector field. The reciprocal of this result is also valid, thus leading us to the following

result:

Proposition 1.4.1. The map 0 — Dy generates a one-to-one correspondence:

Multivector fields 1:1 Alternating multi-derivations
s , (1.54)
0 € Xk(M) D: C®(M)*F — C>®(M)

Proof. We have already seen that every multivector field has an associated alternating multi-
derivation from the map 6 — Dy. Conversely, let D : C°(M)*k — C°°(M) be an alterna-
ting k-derivation. Assuming that there exists a map 6 : M — A¥ T'M such that

D(frs 5 fi)p) = 0p((Af1)ps - (A fr)p), (%)

it is clear that such # must be a section of A*TM — M, since by the definition of 6,
0, € N°T,M. As for the existence, following a similar procedure as the one used for the
case of vector fields, taking a chart (U, (z1,...,Zm)) of M centred at p € M, for functions
fis-oy fx € C°(M), we have that

m

i i) =1 > @) ggil

A
3:1:,-k

b)
T ig,enip=1 q q

where ¢ € U and a;,..;, € C>®(U) is alternating for all (iy,...,ix) € {1,...,m}**. Then,
we may define 0 : U — A*TU by

0
o= Y i (a) 5

1<i1<...<ip<m

0

A A
8;1%

q

)
q

and extend this definition to a map 6 : M — A*TM satisfying property (x), by using

coordinate charts. Q.E.D.
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As expressed in Eq. (1.52), a multivector field can be expressed locally using the exter-
ior product. Naturally, one can also use this product with multivector fields of different
degree to obtain another multivector field. Therefore, given § € X¥(M) and n € X¢(M),
A XR(M) x X5(M) — XFHE(M), and, for ay, ..., ape € QY(M), we have the following:

OAD) (.. o) = > sgn(@)0(Qu(1): - O Ao(ks1)s - - » Qi)
cesk:t
where the sum is taken over all the (k, £)-shuffles. In particular, for & = 0, we have X°(M) =
C>®(M) and f A0 = f0O, for any f € C>°(M). Also, from the way we defined the bundle of
k-forms of a vector bundle E - M on Section 1.2 (here, taking E = T M), the exterior
product for multivectors satisfies the same properties as the exterior product for forms
(cf. Proposition 1.1.34). Hence, we may define the space of multivectors as

x(M) éxk(M) =T(\°TM), (1.55)
k=0

which, together with the exterior product, the addition of k-vectors and the scalar multi-
plication, forms a graded commutative algebra.

An additional structure X (M) has that Q' (M) does not is that of the Lie bracket of vector
fields. To obtain a similar structure now in X*(M) we introduce the following properties

that uniquely extend the Lie bracket structure in X (M):

Definition 1.4.2. The Schouten-Nijenhuis bracket (also just Schouten bracket) on X* (M),

denoted [, -|sn, is uniquely determined by
1) [-,]Jsn is a graded Lie bracket on X°*(M)[1];

2) [, -]sn is a graded derivation of the graded algebra (X*(M), A) in each entry separately,
ie, VO e XFL(M), X e XY (M), ne Xt (M):

[0, A Anlsn = [0, Nlsn An + (=1)FEFD XA [0, n]sn;

3) action on degree 0 and degree 1 elements:

[va]SN = [XaY]v [X’f]SN = X(f)

Remark 1.4.3. The previous definition implies that the Schouten bracket is such that
[XF(M), X4(M)]sn C XFH=1(M), for all k,£ € Z>( and, thus, since X~ (M) = 0, for any
f’g € x(M) = COO(M)a [fag]SN =0.

In the following text, since the Schouten bracket is the unique bracket that obeys the

above properties (which are the natural properties to expect from an extension of the Lie

bracket of vector fields) we shall drop the subscript ‘SN’ in the notation of said bracket,



FCUP
1.4. Multivectors and their Lie Algebra Structure 49

whenever no confusion with other objects arise. With these properties, the Schouten bracket
of the multivector fields § € X¥(M) and ¢ € XY(M), [0,¢] € XFT*~1(M) is the unique

multivector field satisfying:
Do) = DeD¢ — (-1)F VDD Dy, (1.56)

where Dy represents the (alternating) multi-derivation of C*°(M) associated with the mul-
tivector field 6 as in Eq. (1.53) and the map DD, : C®(M)*F+H=1) — C°(M) is defined
by

DeDc(frs-e s frre—1) = Z sen(0)Dg(fo1)s -5 foe—1):Dc(for) -+ folhre—1)))
occSk—1,£

(1.57)
for all fi,..., fere—1 € C®(M). We also define the map DDy : C°(M)*F+H-1)
C*(M) in a similar manner.

With this Schouten bracket, the algebra (X°*(M), A, [-,-]sn) is, in fact, what is called a
Gerstenhaber algebra (cf. for instance, [7]). In the following chapters, we shall deal more

with these multivectors and analyse the importance they have in several types of geometries.






Chapter 2

Tangent Distributions and

Foliations

Tangent distributions arise as a natural generalisation of the integral curves of a certain
vector field to some higher-dimensional structure. It is in the study of the integrability of
these spaces that we obtain one of the most important normal form results of differential
geometry: Frobenius’ Theorem. In general, normal form theorems give a local description of
a geometric structure that makes the study of such a geometry to be, simpler. In the case of
Frobenius, the statement gives an equivalence between an algebraic condition (involutivity of
a distribution) and a geometrical one (existence of a foliation), that simplifies the structure
of a manifold into submanifolds whose tangent spaces inherit this simpler structure of the
distribution. The statement and proof of this theorem in their multiple forms will be the
fundamental problem to be developed throughout the present chapter.

The chapter is organised the following way: a first section where we describe the basic
notions of a distribution as well as involutivity and integrability. In the second section,
we develop the theory in order to prove the local version of Frobenius theorem for regular
distributions. The third section delves into the notion of regular foliations and gives an
equivalence between involutive distributions and foliations which is the global version of
Frobenius theorem. In the fourth and final section, we consider singular distributions to
obtain a generalised version of Frobenius theorem in this context. This latter result shall be
of extreme importance as it is allows us to properly study Poisson manifolds in Chapters 5
and 6.

51
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2.1 Smoothness, Integrability and Involutivity of Distri-

butions

We start our discussion of tangent distributions with the basic definitions that will ac-
company us for the rest of the chapter. First and foremost, we give the precise definition of

a tangent distribution:
Definition 2.1.1. Let M be a smooth manifold.

1) A (tangent) distribution D on M is a subset of TM such that D = H D,, where

peEM
D, C T,M is a linear subspace of T,M, for all p € M;

2) A tangent distribution D is called k-dimensional or said to be of constant rank k if,
dimD, =k, for all p e M.

For a tangent distribution D C T'M, it is usual to call the linear subspace D, (p € M) a
fibre of D.

Remark 2.1.2. In the rest of the present thesis, we will omit the word tangent for tangent

distributions.

Definition 2.1.3. For a smooth manifold M, a distribution D C T'M is said to be smooth
if and only if there exists a family of vector fields {X ’ A € A} € X(M) such that, D), =
span{(X,\)p | A€ A}, for all p e M.

In particular, a k-dimensional distribution D is smooth if, for any p € M, there is a
neighbourhood U of p in M and X3, ..., X}, € X(U) such that {(X1)4,...,(Xk)q} is a basis
of Dy, for all g € U.

Lemma 2.1.4. Let M be a smooth manifold and D C TM k-dimensional distribution.

Then D is smooth if and only if it has the structure of a vector subbundle.

Proof. =) Since D is smooth, we may take a neighbourhood U of p € M in M for which
there exist Xq,..., Xy, € X(U) such that {(X1)q,..., (X)) is a basis of D, for all
g € U, in particular for p itself. Thus, D, = span{(Xl)p,...,(Xk)p} CT,Mis a

T™M ‘D

vector subspace of T, M. Then, by recalling Definition 1.2.21, we get that D —— M
is a vector subbundle of TM 4 M.

<) If D C TM is a vector subbundle, in particular, D is a vector bundle so, for each point
p € M we may consider an open neighbourhood U, C M of p in M and a smooth local
trivialisation ¢, : D|y, = U, x R¥. Let {e1,...,ex} be a basis of R* and construct

the smooth sections é; : U, — U, x R¥ such that &(q) = (g,e;), for all ¢ € U, and
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t=1,...,k. Then, since ¢ is a diffeomorphism, we may construct vector fields on U,

X (p,iy making the following diagram commutative:

Dy bl U, x R

P

T™M

Xp.i)

Up
where proj; is the projection onto U,. Let A\, : M — M be a bump function sup-
ported on Uy. Then, A\, X(,;) is a vector field on M and it is easy to see that the
family {A\,X(,:) € X(M) | (p,i) € M x {1,...,k}} is such that, for all p € M,
D, = span{()\qX(q,i))p | (q,) € M x {1,...,k}}. Q.E.D.

Definition 2.1.5. A smooth distribution that has constant rank is called regular. Other-

wise, the distribution is called singular, generalised or Stefan-Sussmann

Remark 2.1.6. In the following, we shall omit the word singular when dealing with singular

distributions, whenever no confusion arises to the regularity of such a distribution.

Definition 2.1.7. An immersed submanifold N —— M is called an integral (sub)manifold
of the distribution D if i, (p)(T,N) C Dj(py, for all p € N. If the equality takes place at any
point p € N (respectively, at every point of N), then N is called an integral (sub)manifold

of mazimal dimension at p (resp. everywhere).

Definition 2.1.8. A smooth distribution D is called integrable if any point of M is in some

integral submanifold of maximal dimension everywhere of D.

Remark 2.1.9. In the rest of this document, whenever we consider integral submanifolds,
we shall always consider them to be of maximal dimension everywhere. Thus, we shall omit
this final part and always call ‘integral submanifolds of maximal dimension everywhere’

simply by ‘integral submanifolds’.

Example 2.1.10. If V € X (M) is a vector field in M, we may define D, = span{Vp}, Vpe

M and D = [] D, is asmooth distribution. With this distribution, the image of an integral
peEM
curve of V is an integral manifold of D. Hence, this distribution is integrable. Moreover,

if the vector field V' is non-vanishing, then the distribution is one-dimensional (and so,
regular). s
0 0
Example 2.1.11. For M = R™, D, = spany —— | ,..., ==
oz |, oz* |,
-dimensional distribution. The integral submanifolds (of maximal dimension everywhere) of

} are the fibres of a k-

this distribution are of the form
Nc = {(xl,...,xm) S .2\4-|£17k;—"_1 = Ck+1,...,1'm = Cm},

where c**1 ... ¢™ € R are arbitrary real numbers. Hence, this distribution is integrable.
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Example 2.1.12. Let D be the smooth regular 2-dimensional distribution in R? spanned

0 0 0

is an integral manifold (of maximal dimension everywhere) of D passing through the origin.

. We shall now see that D is not integrable. Suppose N

Since X, Y are tangents to IV, any integral curve of these vector fields starting in N must
remain in N at least for small enough times. Thus, N contains an open subset of the z-axis
and it must also contain an open subset of the line parallel to the y-axis passing through
(2,0,0). So, N contains a subset of the (z,y)-plane. However, the tangent plane to the
(z,y)-plane at any point p outside the z-axis is not equal to D,. This shows that there
exists no integral submanifold (of maximal dimension everywhere) of D passing through 0

and, so, D is not integrable. s

Example 2.1.13. For M = R*, the Engel distribution is the distribution D spanned by the

0 0 0] 0

vector fields — + 2z — +w — and — . Following the same argument as of the previous
Ox oy 0z ow

example, it is easy to check that this distribution is not integrable. s

Following the definition and notations given for vector bundles, consider local and global

sections of a distribution D to be the following sets:
(D) < {X € X(M)| X, € D,, Vpec M}
Nee(D)E  |J {XeX(U)|X,eD, YpeU}
UCM open
Then, certain properties of these sections yield rather important features for distributions:
Definition 2.1.14. A smooth distribution D on a smooth manifold M is said to be involutive

if, given any two local sections of D, their Lie bracket is also a local section of D, i.e.
[Floc (D); FIOC(D)] g FIOC(D)~

A direct consequence of the notion of involutivity comes is that it is actually not a local

property, as the following proposition shows:
Proposition 2.1.15. Let D be a smooth distribution in a manifold M. Then D is involutive
if and only if T'(D) is a Lie subalgebra of (M), i.e. ,[I'(D),I'(D)] CT'(D).

Proof. <) Let X € X(U) and Y € X(V) be local sections of D, we want to show that
[X,Y] € 3(UNYV) is also a local section of D. Fix p € U NV arbitrary and let
A be a bump function on M taking the value 1 on an open neighbourhood W of p
with supp(A\) CUNV. Then AX, \Y € I'(D) and, by hypothesis, [AX,\Y] € T'(D).
However,
AX,AY]lw = (AX(AY) =AY (AX)) |, = (WP[X, Y]+ AX(N)Y =AY (A) X)|
= (\lw)*[X, Yllw + Alw (X O)lw Y Tw = Aw (Y (0) lw X |w
= [X, Y]lw.
Thus, locally we have that [X,Y], = [AX,\Y], € D,.

w
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=) Let X,Y € I'(D). Since every global section of D is, in particular, a local section
(defined on the whole space M), i.e. I'(D) C T'joc(D), we have that X, Y C T'o.(D).
Additionally, because D is involutive (so [[oc(D),Tioc(D)] € Toe(D)), [X,Y] C
Ioc(D). Since X,Y € T'(D), [X,Y] is defined on the entire M. Because I'(D) con-
sists exactly of those elements in T'jo.(D) whose domain is the entire manifold M, we

conclude that [X,Y] € T'(D). QE.D.

Theorem 2.1.16. Any integrable distribution is involutive.

Proof. Let X,Y be smooth local sections of an integrable distribution D defined on an open
subset U C M and let p € U be an arbitrary point. Then, by hypothesis, there exists an
immersed submanifold N —= M which is an integral submanifold (of maximal dimension
everywhere) of D with p € i(N) C U. Since, X;(q), Yi(q) € ix(q)(TqgN) = Dj(q), for any
g € N, there exist vector fields X,Y € X(N) which are i-related to X,Y, respectively.
Then, because i.(q)([X,Y],) = [X, Yli(q), for any g € N (i.e. [X,Y] is i-related to [X,Y])
and [X,Y], € T,N, we get that [X, Ylig) € ix(q)(TyN) = Dy, for any ¢ € N, and,
particularly since p € i(N), [X,Y], € D,. Q.E.D.

2.1.1 Regularity of Distributions using Differential forms

So far, we have been dealing with distributions from the point of view of vector fields.
However, it is also possible to have a similar discussion of the theory of distributions from
the perspective of forms, as long as are comfortable with more algebraic terminology. Un-
fortunately, the price to pay for switching the treatment to differential forms is that we now
can only work with regular distributions and not singular ones. Regardless, we shall still
see that this way of dealing with distributions has its benefits and, so, before we discuss the

Frobenius’ theorem, let us give a quick look at this alternative description.

Definition 2.1.17. A k-form w € Qk(M), 0 < k < dim M, annihilates a distribution D
in an open subset U C M if (w(X1,..., X))y = 0 for any local sections X7,..., Xy of D
supported on U.

In the case of 1-forms, if w annihilates D, we denote ker(w,) D D,, for any p € U.

Given this notion of annihilating forms, we can now introduce smoothness and involuti-

vity of a distribution for this equivalent description.

Proposition 2.1.18. Let M be a smooth manifold and D C TM a k-dimensional distribu-

tion and denote
Do — {17 € QY(M) ‘ ker(n|y) 2 D)y for some U C M}

Then D is smooth if and only if, for allp € M,

D, = ﬂ ker(np).
neDe
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Proof. =) Firstly, it is clear that D), C [, cpo ker (), for all p € M. Since D is smooth,
there exist Xi,..., Xy € X(M), such that D, = span{(X1)p,...,(Xk)p}, for all p €
M. Considering vector fields Xgy1,..., X, € X(M) such that {(X1)p,...,(Xm)p}
form a basis of T, M and the corresponding dual basis {(w1)p,. .., (wm)p} of Ty M
(which is such that, for i,j =1,...,m, w;(X;) = d;; idar, where d;; is the Kroenecker
delta), we conclude that (), cpo ker(n,) = ker((wk+1)p) N ... Nker((wm)p) and, thus
dim (nneDO ker(n,)) = k = dim(D,), giving the equality of the statement.

<) Since dim(D,) = k, by a similar argument done for the previous implication, we may
find wi,...,wm— € QY (M) such that D, = ker((w1),) N ... Nker((wm—)p). Then.
completing the basis of T,y M with forms wy, k41, ... ,Wm € QY (M), we can obtain the
dual basis of T, M with vector fields X, ..., X,, € X(M) such that w;(X;) = 6;;idas,
foralli,j =1,...,m. To conclude the proof, simply note that {(Xm—k+1)p,-- -, (Xm)p}

form a basis of D, which gives the definition of smoothness of distributions. Q.E.D.

Remark 2.1.19. Since we are dealing with k-dimensional distributions, the previous pro-
position is equivalently stated the following way: D is smooth if and only if there are 1-forms

Wiy ey Wk € QY(M) defined in U C M such that, for every p € U,
D, =ker((wi1)p) N ... Nker((wm—)p)-

Proposition 2.1.20. Let D C TM be a regular distribution. Then D is involutive if and
only if, given any I1-form n that annihilates D in an open subset U C M, dn also annihilates
D inU.

Proof. =) Let € Q'(M) be a 1-form that annihilates D on open set U C M and let
X1, X2 be local sections of D defined on U. Then, since D is involutive, [X, X2] €
Tioc(D) defined on U. Thus, by using the definition of the exterior derivative and the
fact that n annihilates D:

dn(X1, X2) = X1(n(X2)) = Xa(n(X1)) — n([X1, X2]) =0,
which shows that dn also annihilates D on U.

<) Take n € Q'(M) a 1-form such that both 7 and dn annihilate D on open set U C M.
Let X7, X5 € T'0¢(D) be local sections defined on U. Then

0 = dn(X1, X2) = X1(n(X2)) — Xo(n(X1)) — n([X1, Xa]) = —n([X1, Xa]),
where, in the third equality, we use the fact that n annihilates D in U. Therefore, we
conclude that [X1, Xz], € ker(n,) 2 D, and, since n € Q*(M) is an arbitrary 1-form

annihilating D, we get that [X,Y], € (1 ker(n,), where
neDe

D° = {n € Q' (M) | ker(n|y) 2 D|v for a neighbourhood U of p}.
By the previous proposition, D, = nneDo ker(n,), thus we conclude that [X,Y], € D,,
as required. Q.E.D.
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Introducing more algebraic terminology, we can express, elegantly, the involutivity in
terms of differential forms. Firstly, recalling the notions given in Section 1.3, the algebra of
differential forms in a smooth manifold M (with dim(M) =m) is

m

Q° (M) = @ o*(m).
Then, we can define the notions of graded ideal for this algebra:

Definition 2.1.21. A graded ideal of Q°*(M) is a graded linear subspace Z C *(M) such
that, for any w € Z and n € Q*(M), w An € T or, equivalently, such that Z A Q*(M) C T.
As usual, we denote Z < Q°*(M) for a graded ideal Z of Q°*(M).

Since we have an additional structure on the set of forms (the exterior derivative), it is
important to also distinguish graded ideals which are closed with respect to this additional

operation on Q°(M):
Definition 2.1.22. A graded ideal Z < Q*(M) is called a differential ideal if, for any w € Z,
dw € Z, or, equivalently, if dZ C 7.

We now return to dealing with distributions:

Proposition 2.1.23. Let D be a reqular distribution on a manifold M, IF(D) C QF(M)
the space of k-forms that annihilate D (with Z°(D) = 0) and

I°(D) = éz’f(p) C Q*(M).
k=0

Then I*(D) < Q°*(M) is a graded ideal of Q*(M).

Proof. Since Z*(D) C Q°*(M) is a graded vector space, it is enough to show that Z¢(D) is
closed under the exterior product. Let w € QF(D) be an arbitrary k-form, 7 € Z°(D) be an
{-form that annihilates the distribution D and let Xy, ..., Xixi¢ € Tioc(D) be local sections
of D supported on an open subset U C M. Then, by the definition of the wedge product,

(w A T’)(Xla s an-‘rf) - Z Sgn(a> w(XU(l)a s 7Xa(k)) n(XU(k:-l-l)v s 7X0'(k)+‘€)) =0
oeSkt

since 7 annihilates D. Therefore, w A 7 annihilates the distribution D, i.e. w An € Z¥H(D).
Q.E.D.

Definition 2.1.24. The graded ideal Z*(D) < Q°*(M) of forms annihilating the distribution
D is called a Pfaffian system of D.

Remark 2.1.25. For a regular k-dimensional distribution D on an m-dimensional smooth
manifold M, since, at every point p € M, there is a local frame Xi,..., X, € X(M) of D,
the Pfaffian system of D is such that Z"(D) = Q" (M) for alln € {k +1,...,m}.
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Theorem 2.1.26. Given a regular distribution D on M, D is involutive if and only if the
Pfaffian system for D, I*(D), is a differential ideal of Q*(M).

Proof. =) Let w € Z"(D) be an n-form that annihilates D and Xg, X1,..., X, € T'oc(D)
local sections of D supported on an open subset U C M. Then, using Eq. (1.18b) for

the exterior derivative,
dw(Xo, ... Xn) = > (- Xp(w(Xo,.... X, ..., X))

k
+ 3 (DR (X, Xo, Xo, - X Xy, X)
k<t

and noting that w annihilates D and, because D is involutive, [ Xy, X¢] € T'ioc(D), we
conclude that dw(Xo,...,X,) = 0, i.e. dw annihilates D and so, dw € Z"*(D).

<) If Z*°(D) is a differential ideal, in particular, dZ'(D) C Z?(D), thus, by Proposi-
tion 2.1.20, D is involutive. Q.E.D.

2.2 Frobenius Theorem for Regular Distributions

In this section and the following one, we shall always consider that a tangent distribution

D is regular, unless stated otherwise.

Definition 2.2.1. Let M be a smooth m-dimensional manifold and D C TM a smooth

k-dimensional distribution.

1) A chart (U, = (21,...,2,)) in M is said to be flat for D if p(U) is a ‘cube’ in R™

and,
D’ = span 9 . (2.1)
U 8.131 U

2) A distribution D is called completely integrable if there is a flat chart for D in a

9
U’ 6562

9
R

neighbourhood of any point p € M.

Remark 2.2.2. In the definition, the notion of a ‘cube’ is the usual notion that ¢(U) can
be written as the {(ml,...,xm) € U|mi <z <M, i= 1,...,m} for m;, M; € R for all
i=1,...,m. Then, if (U, = (21,...,2y)) is a flat chart for D, we can represent integral

manifolds of D, locally, as slices of the form
{(wla"'axm) € U|xk’+1 = Ck+1y- - Tm = cm}a

for some cg41,...,cn € R. Therefore, any completely integrable distribution is integrable.
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Hence, we have the following;:
completely integrable = integrable = involutive (2.2)

It is clear that the definition given for complete integrability is only valid for regular
distributions. In fact, this definition is only useful in the study of regular distributions, as
it makes it simpler to close the cycle of implications in Eq. (2.2).

Before we introduce the actual result that gives name to the present section, we present

the following lemma which will make the proof of Frobenius theorem much simpler:

Lemma 2.2.3. Let M be a smooth m-dimensional manifold and X1,..., Xy be linearly

independent vector fields defined on a neighbourhood V' of p € M such that

Then there exists a chart (U C V;(x1,...,2m)) on M centred at p, such that
0

X
Proof. Let F1! be the flow of X; and (U C V;(21,...,2m)) be a chart (containing p) such
that {(X1)p, ..., (Xx) R
we can assume, without loss of generality, that U C R"™ is a neighbourhood of p = 0. Let
£ > 0 and let W be a neighbourhood of 0 in U such that FI{' o---oFIl* : W — U if |t;| < e,

for all i = 1,..., k. Then, define

s azfﬂ } spans T,V. Since the lemma is purely local,

def m—
0= (1‘k+1,...,$m)ER k|(0,...70,$k+1,...,$m)EW}

and @ : | —¢,¢[ **¥ x Q — U such that
Q(x1,...,Tm) = (FIf' 0 - o FIIF)(0,...,0, Z41, ..., ZTm).

Thus, denoting © = (1, ...,z ) and taking f € C*°(U), we get that, for all i = 1,... k,

9 d
<I>*(a:)<ax_ )m: 2 (ron)|
0
- 333 (fOFl:flo OFlik(07"'a07$k+17-..,-Tm))
= (o B o FI o o FI o - PO, 0,24, )
iz )
= (X (/) (FIZ 0 FI o o I 0 0 FIZ)(0, .. ., 0, s, - - o))
= (Xi(f)(®(=)),

where, in the third equality we used the fact that, since the vector fields X;, X; commute,

the flows of these fields also commute, i.e. F1{ o FI7 =F1j o F1.
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Therefore,
(Xi)p, 1=1,...,k

)12

)

, 1t=k+1,....m

o, (0) ( ai

8%1' p
and, by the Inverse Function Theorem & is a diffeomorphism at 0 with ®(0) = p and
o a%z) = X;. Q.ED.

We now arrive at the central theorem, whose different versions are the central focus of
this chapter. In simple terms, the point of Frobenius theorem is to take into account the

implications presented in (2.2) and close the cycle, making all the definitions equivalent:
Theorem 2.2.4 (Local Frobenius). Any involutive distribution is completely integrable.

Proof. Since Lemma 2.2.3 guarantees that any distribution locally spanned by independent
smooth commuting vector fields is completely integrable (the chart given by the Lemma is
flat), it suffices to show that if a distribution D is involutive, then D is the local span of
independent commuting vector fields.

Therefore, let (U;(x1,...,2m,)) be a chart on M centred at a point p € M and, up to

permuting x1, ..., x,, if necessary, we can always assume that the following set
0 0
span{(9 e o }QTPM
Th41 p Tm P

is complementary to D,. Then, there is an open neighbourhood W of 0 in U such that, for

allge W,
q}

If we take m : R™ — R* to be projection onto the first k coordinates, it is clear that

0

q,...7 8xm

TyM = D, @ span {

a$k+1

T |p : Dlw — TR*, defined as the composition m, o i of the inclusion Dy — TW and

T :TW =W x R™ — W x R*

(z, (v1y. .y 0m)) — (z, (V1, ..., V),

is a vector bundle isomorphism. Thus, considering a neighbourhood W of p and a point

) eD,,
m(q)

which are local sections of D ~2/2 M. The proof is concluded if [X;, X;] = 0, for all

q € W, we define

(60 = (ko) @) 5

i,j = 1,..., k. However, because D is involutive and Xi,..., X} are local sections of D,
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[Xi,Xj] S F]OC(D) and

)-tmlo) o) 5

W)

()

= m.(q) ((W*Dq)_l(ﬁ(q)) ([ 8(3:1 ( )’ 53] ( )} ( )))
= (1 o (m|p,) ") (7(q)) ({ % W 8?@ ( )] ( ))

0 0
_[&vc’)} 0-

n(q)
Since 7.(q)|p, : Dg — Tﬂ(q)Rk is injective, we conclude that [X;, X;], = 0, for all ¢ € W,
concluding the proof. Q.E.D.

Notice that the proof of Frobenius theorem gives a technique to find integral submani-
folds. The idea of such a method is to use the projection to find commuting vector fields

spanning the same distribution. The following example illustrates this idea.

Example 2.2.5. Let D C TR? be the distribution spanned by the vector fields X = « 8% +
xy % andY = ze=¥’ a% + 8% +“”2—2(1+2ye_y2) % . Then, by an easy computation, we obtain
that [X,Y] = e~¥’ X and, so, D is an involutive distribution. Since, for all (2,y,2) € R3,
Tz
proj(z,y, 2) = (z,y) gives an isomorphism proj,|p, , ., : Dizy.z) — T(%y)IRQ =~ R2. By the

vR3 =Dy, ) &R Z, we obtain that the projection proj : R® — R? such that
proof of the Frobenius theorem, there exist commuting sections V, W € I'(D) that generate
D such that

0 0

proj*($>yaz)(‘/(z,y,z)) = % and pI‘Oj*(.T,y,Z)(W(xyyyz)) = (()TIJ
(

z,y) (z,y)

It is straightforward that V = % +v(z,y) % and W = 6% +w(z,y) a% for some smooth
functions v,w € C*°(R3). By analysing combinations of X and Y, we may take V = X

and W =Y —ze ¥ X = 6% “‘—22 6%' By (the proof of) Lemma 2.2.3, a flat chart of D is

obtained by considering the inverse of the map ® : R® — R? (in this particular case, we can

extend the domain and codomain to all of R?) given by
®(t1,t2,7) = (FIi} 0 F12)(0,0,7).
The flows of V and W are quite simply to compute and give
FL, (z,y,2) = (x +ty,z+ yt(x + ;))

2
Fliy (z,y,2) = (x,y +t,z+ “gt) :
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Thus, ®(t1,t,7) = (t17t277' + %tltg) and its inverse gives

1
(1)71(1,73% Z) = <$, Y,z — 2ysc2) .
The integral manifolds of D are, then, the level sets ¢(z,y,2) = 2 — %yzZ. s

To conclude the present section, we simply include the following proposition which gives
a description of the local structure of integral submanifolds of a certain regular distribution

D that is involutive (or, equivalently, integrable).

Proposition 2.2.6 (Local structure of Integral Manifolds). Let D be an involutive k-
-dimensional distribution in M and (U, = (z1,...,2m)) a flat chart for D. If N is an
integral manifold of D, then N NU 1is a disjoint union of k-dimensional parallel open sets
of U of the form {xx4+1 = Ct1,- -+, Tm = Cm} With cxt1,...,cm € R, each of them being an

open set in N embedded in M.

Proof. Let N be an integral manifold of D with inclusion map ¢ : N — M. Since ¢ is
continuous, N NU = =1 (U) is open in N, thus is a (countable) disjoint union of connected
components, each of these open in N.

Moreover, since N is an integral manifold and (U, ¢ = (x1,...,%y)) is a flat chart for
D, N NU consists of slices S; of the form

Si:{(x17'.‘,xm)eNmU‘xk+1:C§6+1"";xm:Ci‘n},

for some ¢}, IETERY ,ct. € R. Additionally, considering V' to be one of the disjoint components
of NNU, since the 1-forms dxg1,...,dz,, annihilate the distribution D, they vanish in V'
and, so, V must lie in a single slice of NN U.

To finish the proof, we need only prove that V' is embedded in N. However, since each
slice S; of NNU is embedded in M and the inclusion V' < S; is a smooth injective immersion
of manifolds with the same dimension, it is a local diffeomorphism (thus a homeomorphism
onto its image), therefore it is an embedding. Composing the inclusions V < S; and

S; — M, we conclude that V is a smooth embedding. Q.E.D.
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2.3 Foliations

We have seen how the Frobenius theorem is a powerful tool to describe the properties
of a manifold endowed with an involutive distribution locally. However, it would also be
of interest to be able to describe a manifold (endowed with an involutive distribution) in a
more global way. This can be done by understanding a bit more about the nature of the
integral manifolds arising from a given involutive regular distribution D. To arrive at this
non-local description of Frobenius theorem, we need to introduce the notion of a foliation

and, in particular, of a flat chart for a partition F of a manifold M:

Definition 2.3.1. Let F = {Fy}xea be a partition of an m-dimensional manifold M in
smooth immersed submanifolds. Then, a flat chart for F is a chart (U, ) such that ¢(U)
is a ‘cube’ and, for each A € A, either F\ NU = 0, or

FanU= ] ¢ ' (R* x {n}),

neH

where H is a countable subset of R™~*,
The previous definition of a flat chart allows us now to define a foliation:

Definition 2.3.2. A foliation of dimension k in M is a collection F of immersed non-empty
connected disjoint k-dimensional submanifolds of M, called the leaves of the foliation F,

whose union is M such that, around each p € M, there is a flat chart for F.

Remark 2.3.3. An equivalent way of expressing Definition 2.3.2 would be the following: A
foliation is a partition F = {Fx}rea of M in (immersed) k-dimensional submanifolds that
locally ‘looks like’ {R* x {a}}qepm—*-

Example 2.3.4. From the previous observation, it is clear that {R* x {a}}ocpm-+ is a

k-dimensional foliation of R¥. s

Example 2.3.5. {\z ‘ A > 0}£6Rm\{0} is a one-dimensional foliation of R™\{0}. Similarly,

the collection of the spheres centred at 0 forms an (m—1)-dimensional foliation of R™\{0}. &

Example 2.3.6. Let M, N be connected manifolds, then the collections {M X% {q}}sen
and {{p} x N},enm are foliations of M x N whose leaves are diffeomorphic to M and N,
respectively. If M = N = S*, then {S* x {q}},es1 and {{p} x S} cs1 are the foliations
(a) and (b) of the torus 72 = S x S!, respectively, represented in Fig 2.1. s

Example 2.3.7. Still considering the torus T2, if a € R, the image of the curves vy (t) =
(e, eiat+9)) (9 € R) generates a one-dimensional foliation of the torus ((c) in Fig 2.1). If
a € Q, each leaf is submersed on (and diffeomorphic to) S*, whilst if o € R\Q, each leaf is

diffeomorphic to R and is dense in T°2. s
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Figure 2.1: Representation of different foliations of the torus.

Proposition 2.3.8. Let F = {Fa}rea a foliation of a manifold M. The collection of
tangent spaces to the leaves of F forms an involutive regular distribution D C TM (also
denoted by TF) on M given by D, def TpFy, for allp € M and A € A such that p € Fy.

Proof. The fact that the collection of the tangent leaves to the foliation F is a distribution
comes directly from the definition of a foliation (use flat charts). Therefore, we only need to
show that T'F is involutive. Let p € M and A € A such that p € F) and take X, Y € X (M)
local sections of T'F. Since F is a foliation, F, is an immersed submanifold and, once
again, since X and Y are tangent to Fy, [X,Y] is tangent to F) and so, in particular,

[X,Y], € T,F\ =T,F. Hence, TF is an involutive regular distribution. QE.D.

Remark 2.3.9. An alternative way to prove the previous result comes from the fact that,
if D =TF and F is a foliation, then we can take a flat chart (U, ¢) which is a ‘cube’ and
U N F, is either empty or a countable union of sets of the form {xi =c¢ ] i=k+1,... ,m},
for (cxi1,...,¢m) € R™™*. Thus,

Dy =TFly={JTFnU) =) | T{zi=d,|c,eR, i=k+1,...,m}

AEA AecAnEHN
U U { 0 0 } { d 0 }
= span ey = span ey ,
NeA neHx al'k+1 U &nm U 8xk+1 U 8£Um U

where A C A represents the set of indices for which Fy\ NU # 0. So, we conclude that the

distribution is completely integrable and, by Equation (2.2), that is, in fact, involutive.

To arrive at the global version of Frobenius theorem, we need to introduce the following

lemma:

Lemma 2.3.10. Let D C TM be a distribution and {Nx}reca a collection of connected

integral manifolds of D such that (| Nx # 0. Then N = J,cn Na has a unique manifold
AEA
structure that makes it a connected integral manifold of maximal dimension of D.

The proof of this result essentially entails the construction of a topological structure and

a manifold structure on N making N an integral manifold of D. Since this proof is rather
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long and intricate, we leave it out of the current text. For the interested reader, a complete

proof can be found in [3, Lemma 19.22].

Remark 2.3.11. Notice that, given a distribution D on M, if we take N, to be the collection
of all connected integral manifolds containing a certain point p € M then, assuming that N,
is non-empty, by the previous lemma, there is a maximal element S € N, in the sense that
any other N € N, is contained in S. Again using the previous lemma, it is easy to discover
what is this integral manifold: it must be the union of all connected integral manifolds of D

containing p, |J N.
NeN,

Theorem 2.3.12 (Global Frobenius). Let D be an involutive distribution on a manifold M.

Then, the collection of all connected integral manifold of D constitutes a foliation of M.

Proof. Let p € M and N, be the union of all connected integral manifolds of D containing
p. Then, by the previous lemma, N, is a (maximal) integral manifold of D containing p. To
conclude the proof, it is enough to show that {N,},en is a foliation of M.

Let (U, ) be a flat chart for D. Then, by Proposition 2.2.6, for each p € M, N, N U is
a countable disjoint union of k-dimensional open sets (parallel in U). Taking S to be such
a slice of N, N U, then N, NS = S since, otherwise, we could take N, U S to be an integral
manifold of D, contradicting the fact that IV, is maximal. Therefore, N, NU is a countable

union of slices and, hence, {N,},en is a foliation of M. Q.E.D.
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2.4 The case of Singular Distributions

We have previously seen the case of regular distributions and how important Frobenius
Theorem is for these distributions. However, the theorem is not valid for the more general

singular distributions as the following example shows:

Example 2.4.1. Let M = R? and D be a smooth distribution defined by setting, for all
(z,y) € R?, Dipy) = span{ % , () a% }, where

oy =1 . TS0
V= 6_1/””2, z >0

This distribution is involutive since

9 9 0 <0
o) | =
ox’ Y | (a) Do(z) ¢(x) a% x>0 "

(z,y)

where D¢(x) denotes the derivative of ¢. Thus, we cannot construct a partition of R? by
integral manifolds of D because no integral manifold of D contains points on the y-axis.
Additionally, it is easy to verify that, for y € R and U a neighbourhood of (0,y) € R?, there
are points (—¢,y) and (g, y) such that dimD(_. ) = 1 # 2 = dim D, ,y, which shows that

it is not possible to define a flat chart for every neighbourhood of each point in R2. s

Figure 2.2: Integral manifolds of the distribution from Example 2.4.1

Thus, for a ‘Frobenius-like’ theorem to be valid, we need to add some conditions that

should be trivially satisfied by regular k-dimensional distributions.
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With this in mind, we introduce the following definition:

Definition 2.4.2. Let ® C X(M). A (singular) distribution D C TM is said to be D-

-tnvariant if both conditions apply:
1) D, = Span{Xp ’ X e @}, for all p € M;
2) (FI%)«(p)(Dp) = Dy (), for all X € D, ¢ € R and p € dom(Fly).

As explained previously, even though the definitions of involutivity and integrability
are valid for any distribution, the definition of complete integrability is not. Thus, in our
study of general distributions, we only deal with the notion of an integrable distribution. In
this case, we can introduce the following theorem that can already be considered to be the

generalisation of Frobenius theorem for singular distributions:

Theorem 2.4.3 (Stefan-Sussmann). A smooth distribution is integrable if and only if there
exists © C X(M) such that D is a D-invariant distribution.

Proof. =) If D is an integrable distribution, then we can check that D is a T'(D)-invariant
distribution. In fact, taking

def

D E (D) = {X € X(M)| im(X) C D} (%)

in Definition 2.4.2, condition 1) is clearly satisfied, because D is smooth. For condition

2), since an arbitrary element of D, can be written as > ay (Xy)p, with A a set of
AEA
indices, ay € R, VA € A and X, € I'(D) a set of generators of D, using the linearity

of the derivative (F1).(p), it is enough to show that

{(FIx):(0)(Y) | Y € D(D)} = {Yeug () | Y €T(D)}. ()

Let ¢ : N — M be an integral manifold of D, let p € i(N) and X € T'(D). Since
Tyi(N) = span{Y, |Y € T'(D)}, X, € T,i(N) and Fli(p) € i(N) for all t. Thus,
because Fl% is a local diffeomorphism, (Fl%).(p) : Tpi(N) — Ty, ()i(IN) is a local
isomorphism and, so given Y € I'(D) exists Z € I'jo.(D) supported in a neighbourhood
of p such that (Fl%).(p)(Y,) = Zrr, (p) (and, similarly, exists Z" € I'oc(D) such that
Yrit, (p) = (Flfx)*(p)(Zz’))) Finally, using bump functions, we can guarantee that booth
Z,7'" are defined globally, showing the equality (f).

<) Given p € M and k = dimD,, take Xq,..., X}, € © such that (X1),,...,(Xk), form
a basis of D). Let W be an open neighbourhood of 0 € R* such that

n:wW—»M
(t1,. .. tg) — (Flt)é1 o~--oF1tX’°k)(p)



FCUP
68 Chapter 2. Tangent Distributions and Foliations

is well-defined. Furthermore, because 7 is the composition of (local) integral curves, 7

is differentiable and

0 d
77*(0) (am 0> - &(77(07707570770» s=0
= 4o F15 F1% o F18 FI1§
= &(( X, O ol ol obly OO Xk)(p)) 50
d s
= &(lei (»)) o (Xi)rs,, (p)L:O = (Xi)p

therefore, 7,(0) is injective, so, up to shrinking W around 0, we get that 7 is an
immersion and, thus im(n) = n(W) is an immersed submanifold of M. Moreover, we

get that

9
(tl,.,.,tk) 7 , atk

1
:span{n*(tl,...,tk)<£ ) i:17...,k}
T (tl,...,tk)

— span{ ((Flgél)* 0---0 (Flt)}7)* o Xi) (Flt)}:’il 0---0 Flg’;k (p))

C Dy(ty,....t)>

izl,...,k}

where, to conclude the last inclusion, we used the hypothesis and condition 2) of
Definition 2.4.2. Also by these conditions, we get that dim(D,,, ... +,)) = dim(D,) = k,
for all t1,...,tg. Thus, we conclude that T, .. ,)(im(n)) = Dy,,....+,) and, therefore,

.....

im(n) is an integral manifold of D, i.e. D is integrable. Q.E.D.

We may now rephrase the previous theorem to have a statement that more closely re-

sembles that of the Frobenius theorem for regular distributions:

Theorem 2.4.4 (Generalised Frobenius). A distribution D is integrable if and only if there
exists a Lie subalgebra £ of X(M) such that, for allp € M:

(i) D, = span{Xp ’ X e S};
(i) for all X € £, we have that dim Dpy. (,) = dimD,, (t € R).

Proof. =) Firstly, we have seen in Section 2.1 that any integrable distribution is involutive,
so we know that I'(D) is a Lie subalgebra (Proposition 2.1.16). Therefore, we may
take £ =T'(D) and (i) is trivially satisfied.

To prove the second condition, similarly to the proof of Stefan-Sussmann theorem,
we note that D is a I'(D)-invariant distribution. Thus, if dimD, = k, for any X €
(D), p € M and t € R such that p € dom(Fly), we get that (Fl%).(p) : T,M —
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Trye, (pyM is alinear isomorphism and (F1%).(p)(D,) = Drye (p)- Therefore, dim (D) =
dim(DFltX(p)), for all X € T'(D), p € M and t € R such that p € dom(Fl), proving

condition (7).

Let p e M, X € £ and FltX be the flow of X at time ¢ € R. Then, once again,
since (Fl).(p) : T,M — Ty, (p)M is a linear isomorphism, we get that dimD, =
dim(F1%).D, and, by hypothesis (ii), dim Dryt, (p = dim(F1%).D,. Since the fibres of
D are vector spaces, to show that (Flgf)*(p)(Dp) = Dgy, (p) it is enough to show one

of the inclusions. Let us then show that

(FI ). (p)(D,) 2 Drre

p)?

or equivalently, since (Fl%).(p) : T,M — Tryt, (p)M is a linear isomorphism,

Dy, 2 (FIX")« (FI% () (Drry (1))-

Take Y1,...,Y, € £ such that {(Y1)p,...,(Yx)p} is a basis of D,. By hypothesis
(i), dim Dpye () = k, thus {(Y1)pre (p)s-- - (Ye)ri ()} is also a basis of Dpye () for
t €]—¢, €[ . Because £ is a Lie subalgebra, ([X, Y])FI‘ o € Prig o) forallt € ]—e, €|
and, therefore, there exist f;; € C°( ]| —¢,€[ ) (4,5 =1,...,k) such that

([ Flf (p) Zflj Flt

Well, (((Flg()*Yi)p)i:l 4 is a smooth curve in (T, M)** satisfying the linear first
order ODE

< (P, = (1) (X wa ((F15)Y;)

with initial value (((F1%)*Y;) ), , = ((Y1)p .-, (Yi)p) € Dp. Thus, by existence
and uniqueness of solutions of ODE’s, the integral curve (((Fltx)*Yi)p)Z_:1 . isalsoin
Dy, therefore ((Flfx)*Yi)p € D,,. Hence, we conclude that Dry () (F1%)«(p)(D,),

finishing the proof. Q.E.D.

Remark 2.4.5. Following this version of the generalised Frobenius theorem, we may extend

the notion of involutivity to include condition (i) of Theorem 2.4.4. We, however. will stick

with the notion of involutivity from Definition 2.1.14 and, when necessary, prove that a

distribution has local constant rank, i.e. it satisfies condition (i) of Theorem 2.4.4.

Remark 2.4.6. If the distribution D is regular, then condition (%) of Theorem 2.4.4 is
trivially satisfied. Therefore, we may take £ = I'(D) and, therefore, the general Frobenius

theorem reduces to its local version, Theorem 2.2.4.
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From the procedure we described in Section 2.3, we could now obtain a global version
of the generalised Frobenius theorem. However, as seen in Example 2.4.1, the integral
submanifolds of a singular distribution need not be of the same dimension. Regardless, we
still obtain a partition of the manifold by integral manifolds of maximal dimension of a
singular distribution D. To the collection of all of these submanifolds we shall still call the
integral foliation of D. This foliation is not in the same sense as in Definition 2.3.2 but in

the sense of a singular foliation, which is defined the following way:

Definition 2.4.7. A singular foliation on a manifold M is a C*°(M)-submodule F C X (M)

which is
1) closed under the Lie bracket, i.e. [F,F] C F;

2) locally finitely generated as a C°°(M)-module, i.e. there exists an open cover {Uy}rea
of M and, for any A € A, vector fields X1, ..., Xy € I'(Uy, F), for some k € Z>, such
that

D(UN, F) = C™(Ux) X1 + -+ + CF(Un) Xy,

where I'(Uy, F) represents the local sections of F supported by Uj.

One can show that regular foliations, in the sense of Definition 2.3.2 are also singular
foliations. To a singular distribution F, we can always associate a tangent distribution,
denoted by TF:

TF= [ ,F= ] {X|X e F}cTM.

pEM peEM

This distribution is, in general, singular, and we obtain the following result:

Proposition 2.4.8. For a manifold M, a singular distribution D in M is integrable if and
only if there exists a singular foliation F such that D =TF.

The study of singular foliations is still quite in its infancy, and many results that are
valid for regular foliations are still unknown for the singular case. For the interested reader,

we refer to [8, 9] and references therein.



Chapter 3

Lie Algebroids

As we have seen, a vector bundle can be thought of an extension of the idea of a vector
space to a sort of family of vector spaces (one for each point of a manifold) ‘glued’ in a some
smooth way. Similarly, we could think if there is an equivalent construction for the case
of Lie algebras. The answer to this problem is a Lie algebroid. However, the construction
of such a geometrical structure is more complicated that the one done for vector bundles
and require a more careful treatment. These Lie algebroids came to be as the infinitesimal
versions of Lie groupoids, similarly to how Lie algebras are the infinitesimal version of a Lie
group and, also similarly to Lie algebras, can be entirely described independently of their
global versions and, so, we shall focus on these Lie algebroids the present chapter. Beyond
their usage in mathematics, Lie algebroids are also extremely important in several different
areas of physics since the integrability problem for Lie algebroids can be relevant in the
quantisation procedures of pre-symplectic manifolds, as sections of Lie algebroids can be
seen as the Yang-Mills fields appearing in field theories.

The present chapter starts by discussing anchored vector bundles, i.e. vector bundles for
which we may define a vector bundle morphism with codomain the tangent bundle of the
base manifold. The present of this anchor adds additional structure and so certain concepts
such as infinitesimal automorphisms, or the pull-back bundle have to be redefined to include
this new vector bundle morphism. In the second section, we further introduce structure
in anchored vector bundles, giving Lie algebroids and also study the morphisms for these
algebroids as well as generalise the notion of the Schouten-Nijenhuis bracket to the setting

of Lie algebroids.

71
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3.1 Anchored Vector Bundles

In Section 1.2, we gave a brief overview of the theory of vector bundles as a way to extend
the ideas of vector spaces to a manifold/bundle setting. However, the true interest of the
study of vector bundles come from the innumerous constructions that arise from this type
of fibre bundles. One such construction is of Anchored Vector bundles (which later serve as

the basis for the definition of Lie algebroids) that we shall now introduce.

Definition 3.1.1. Let E 25 M be a vector bundle and a : E — TM be a vector bundle
morphism covering the identity map idy;. Then the pair (E 25 M, a) or, more usually,
(E,a) is called an anchored vector bundle (AVB) over M and a is called the anchor.

Example 3.1.2. The simplest example of an anchored vector bundle is the tangent bundle
TM to a manifold M. Clearly, TM —+ M is a vector bundle and we simply take the

anchor as the identity a = idpp;- s

Example 3.1.3. If the anchor a is injective, then we may consider E to be a vector sub-

bundle of TM. This implies that E is a regular tangent distribution. s

Example 3.1.4. For a Poisson manifold (M, ), the cotangent bundle 7* M is an anchored
vector bundle with anchor a = 7 : T*M — T'M. s

Example 3.1.5. Let V be a K-vector space, A an associative K-algebra and p : A —
Endg (V) a representation of A on V. Then (V x A =%+ V,a) (with pr, the projection
onto the first factor) is an anchored vector bundle with anchor a(v,a) = (v, p(a)(v)) € TV,
where, for all v € V| we identify T,V =2 V. s

As usual in mathematical constructions, it is important to introduce the notion of maps

between anchored vector bundles that preserve this structure:

Definition 3.1.6. A morphism of anchored vector bundles (E ——2 M, ag) and (F —2£5

N,ap) is a vector bundle morphism (®, ¢) from F to F such that the following diagram

commutes:
E ‘I’ F
agE afp (3 1)
TM To TN

With this definition of a morphism of anchored vector bundles, we can conclude that the

anchored vector bundles with their morphisms form a category, denoted AVB.
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3.1.1 Anchored Vector Bundle (Infinitesimal) Automorphisms

The introduction of the anchor on a vector bundle allows us to not only link vector fields
on a vector bundle to a vector field on the base manifold but also with its tangent lift.

Firstly, we introduce the notion of an infinitesimal AVB automorphism:

Definition 3.1.7. Let (E —— M,a) be and anchored vector bundle. An infinitesimal
anchored vector bundle automorphisms is vector field X € X(F) on F such that its flow is
an automorphism of anchored vector bundles, Fly, € Autayg(E), for all t. The collection

of infinitesimal anchored vector bundle automorphisms is denoted by autavs(E).

The next result is valid even in the case where we do not have an anchor (i.e. for a vector

bundle) and links any vector bundle morphism of F to a diffeomorphism of M:

Lemma 3.1.8. Let ® € Autyg(E) be an automorphism of a vector bundle E 2 M.
Then @ restricts to a diffeomorphism ¢ € Diff (M) satisfying

pro® = ypopr.

Likewise, any infinitesimal vector bundle morphism X € autyp (E) restricts to a vector field
X € X(M) such that Tpro X = X o pr.

Proof. By the definition of a vector bundle morphism, ® : E — E (which is smooth) restricts
to a smooth map ¢ : M — M satisfying pro® = popr. Since pr is surjective ® : E, — E,)

1

is linear, ¢ is bijective if and only if ® is bijective. Then, there exists the inverse ¢ of ¢

which is smooth by the smoothness of ®~1.
For the case of X € autyp (E), FltX € Autyg(E) so, by the previous argument, for all
t, there are ¢ € Diff(M) such that pro Fl} opr. Firstly, notice that ¢! define the flow of a

vector field since, for any e € F,

d d t t d t

G om0 = oo P (@) = pr. (Pl (o) 7150
= pr*(le(e))(XFlg?(e)) = (pr*X)(melgz)(e)
= (01 X) (propr e

Calling X = pr*X', the previous equation gives pr, o X=Xo pr. By the uniqueness of
solution of ODE’s, since ¢” = idy; = F1% and both ¢ and Fl% satisfy the same differential
equation, we obtain that ¢! = FltX. Q.E.D.
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Moreover, to every infinitesimal vector bundle automorphism, we may introduce a de-

rivation on E:

Definition 3.1.9. Let X € autyp(F) be an infinitesimal vector bundle automorphism
restricting to a vector field X € X(M) on M. Then, the derivation of T'(E) associated to X

Dy :T(E) — T(E)

d —t t
o &(FIX oooF1X>

t=0
By introducing the anchor, we obtain another link, now to the derivative of the base

diffeomorphism:

Proposition 3.1.10. Let (E -2 M,a) be an anchored vector bundle. If X € autayp(E)
restricts to X € X(M), the following diagram commutes:

E—* .TE

a JvTa

TM T>M

TEX

Proof. By the same type of argument of Lemma 3.1.8, since the flow Fl} of X restricts
to the flow FltX of X and Flgg is an anchored vector bundle automorphism, we get that
ao Flg( = TFltX o a, by the definition of morphism of anchored vector bundles. Thus, noting
that, by Proposition 1.2.51, TFIE( = FltTuX, differentiating both sides with respect to ¢ at
t =0, we get

TaoX =T"X oa. QED.

3.1.2 Pull-back of Anchored Vector Bundles

An important construction when studying differential geometry is that of the pullback by
a map ¢ : M — N between manifolds M and N. However, the introduction of the anchor
makes the previous condition of an induced bundle not enough. To extend the notion of a

induced anchored bundle we recall the definition of transverse maps:

Definition 1.1.23. One says that two maps f1 : Ny — M and fo : No — M are transverse
to each other, and denotes it by f1 M fa, if, for all p; € N; (i = 1,2), with p = f1(p1) =
fa(p2), one gets that

TpM = (f1)«(p1)(Tp, N1) + (f2)«(p2) (T, N2). (1.8)

Then, we can adapt this definition for the case in which one of the maps is the anchor
of an AVB (E 25 M, a) as follows
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Definition 3.1.11. Let (E,a) be an anchored vector bundle over M.

1) A smooth map f: N — M is transverse to the anchor a if for all p € N:
Fs@ITpN) +a(Eyp) = Ty M;

2) A submanifold N of M is transverse to the anchor a if the inclusion map i : N < M

is transverse to the anchor, i.e. if for all p € N,
T,N + a(E,) =T, M.

A submanifold transverse to the anchor is also called a transversal for the anchored
vector bundle (E 25 M, a).

Proposition 3.1.12. Let (E L M, a) be an anchored vector bundle and ¢ : N — M be
a smooth map. Define a vector bundle morphism ® : TN @ ¢o*E — ¢*TM covering the
identity idy : N — N by setting (for allp € N)

(I)(vpv (p7 egp(p))) = (pu Px (p)(vp) - a(eW(P)))‘
Then the map ¢ is transverse to the anchor a if and only if ® is surjective in each fibre.

Proof. =) Since ® is a vector bundle morphism, it is fibre-wise linear, thus, to show that ®
is fibre-wise surjective it is enough to show that dim(im(®|7, Nk, ) = dim(Ty, ) M),

for all p € N. Given the definition of the map ®, we get that
dim (im(CI)|TpN@E¢(p))) = dim ((p*(p)(TpN) —+ a(Eg,(p))) = dlm(TW(p)M),
where, in the second equality, we used the fact that ¢ is transverse to the anchor.

<=) Because ® is fibre-wise surjective, we have that
dim(T, ) M) = dim (im(®| 1, Nes,,,)) = dim (¢.(p)(T,N) + a(E,p)))-
Since . (p)(TpN) + a(Eyppy) € Ty M, we conclude the result. Q.E.D.
Thus, we finally arrive at the definition of the induced anchored bundle:

Definition 3.1.13. Let (E 25 M, a) be an anchored vector bundle and ¢ : N — M
a smooth map transverse to the anchor a. The anchored vector bundle induced by ¢ or,

simply the pull-back bundle, is

PEE {(v,(p,e) € TN @ ¢*E | 7n(v) = p and ¢.(p)(v) = a(e)} (3.2)

=ker (®: TN ®¢*'E — ¢*TM),

with anchor ¢'a : ¢'E — TN given by the projection onto the first factor.
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Remark 3.1.14. The requirement of ¢ : N — M to be transverse to the anchor is to
guarantee that ¢'E is, in fact, a vector subbundle of TN @ ¢*E. Had we not imposed
this condition on ¢, analysing Definition 1.2.1, it would be possible not to have a unique
topological space F such that, for any open set U C N, (o'pr)~!(U) is homeomorphic to
U x F (essentially, for each U we could have a different topological space Fy satisfying
this property, so ¢'E is not a locally trivial fibration). The transversality then implies that
(¢'pr)~H(U) = TM|,w) = @(U) x R™, which solves this issue.

Example 3.1.15. Taking F = TM we get
¢'TM = {(v, (p,u)) € TN & o*TM |7y (v) = p and ¢.(p)(v) = u}
= {(v. (p. 0«(p)(v))) € TN ® ¢*"TM |75 (v) = p}
= {(v,94(v)) € TN @ TM|, Ny} = TN,
where, in the third equality we used the known relation that ¢*T'M = T' M|, (). s
Example 3.1.16. Taking N C M to be a submanifold of M and ¢ =ty : N — M to be
the inclusion map, then
B = {(v,(p,€)) € TN & i B| 7x(v) = p and (en). (p)(v) = a(e) }
={(a(e), (p.e)) € TN © 1y E} = {(a(e), (p.€)) € TN © E|n} = a~ {(TN),

where in the second equality we used that, for allp € N, (¢n)+«(p) = trn, where tpy : TN —
TM is the inclusion of TN on TM and, in the third equality, that (5 F = E|xy = pr ' (N). 4

Example 3.1.17. Let F PE . M be a vector bundle and ¢ = prp. Then, recalling that
prpl = F @ E as a bundle over F', we obtain

prpE = {(¢,(f.€)) € TF ® prpE | 77(¢) = f, (brp)«(f)(9) = a(e) }
={(¢,¢) e TF x E|prp o7r(¢) = pr(e), (prp)«d =ale)}

In particular, for FF = M x N with N a smooth manifold, we get that

prpF = {((u,v),e) € (TM x TN) x E|1a(u) = prg(e), u=ale)}
={((a(e),v),e) € (TM xTN)x E} TN x E. i

Definition 3.1.18. An anchored vector bundle (E =, M,a) is said to be involutive if
a(l'(E)) < X(M) is a Lie subalgebra, i.e.

[a(C(E)),a(T(E))] € a(T'(E))

Proposition 3.1.19. Let (E —>— M,a) be an anchored vector bundle and ¢ : N — M
a smooth map transverse to the anchor. If E is involutive, the anchored vector bundle

(¢'E — N, 'a) is involutive.
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Proof. As we have seen previously, the anchored vector bundle ¢'E can be identified with
ker(® : TN @ ¢*E — ¢*TM). So, to show that ¢'E is involutive, let 01,09 € T'(¢'E) and
choose 61,62 € (TN @ ¢*E) to be extensions of 01,09 to TN & ¢*E, respectively.

Notice that I'(TN @ ¢*E) = X(N) @ I'(¢*E) and the anchor map of TN @ ¢*E is just
the projection onto the first factor, proj, : TN @ ¢*E — TN. Thus, given any section
s € T(¢*E), the section [proj;(s1), proj;(s2)] + s € T(TN @ ¢*E) is such that

proj; ([PT0j1(§1)7 proj (s2)] + 5) = [proj; (c1), proj; (c2)],

ie. TN @ ¢*E is involutive. Restricting [proj; (s1), proj;(s2)] + s to ¢'E gives a section
[¢'a(o1), ¢'a(aa)] + s that gives satisfying the necessary properties. Q.E.D.

3.2 Lie Algebroids, morphisms and Isotropy Lie algebra

Now we shall properly introduce Lie algebroids.

Definition 3.2.1. A Lie algebroid over a manifold M is a triplet (A 2oM, [,]a,a), where
(A 2 M, a) is an anchored vector bundle and [-,-]4 is a Lie algebra structure in the space

of sections I'(A4), subject to the following condition:
[0, fs]a = flo,s]a +a(o)(f)s, for all o, € T'(A) and f € C*(M). (3.3)

Proposition 3.2.2. Given a Lie algebroid (A 2oM, [,]a,a), the map induced by the
anchor a : T'(A) — X(M) is a Lie algebra homomorphism.

Proof. Let us consider the following R-bilinear anti-symmetric bracket:
() 1 T(A) xT(4) — T(4)
(01,02) — [a(01),a(02)] — a([01,02}A)

Then, using Eq. (3.3), for sections 01,092,053 € I'(A) and f € C®°(M), we get:

[01,[02, fos]a]a = [o1, flo2,03]a]a + [01, (a(02)(f))o3] A

[fos,[o1,02]ala = flos, [o1,02]a]la — a([o1,02]4).(f)os
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So, adding the three expressions above, we get

(01, [02, foz]a]a + o2, [fo3,01]ala + [fos3,[01,02]4]a

= f([Ul, [02,03]a]a + [02,[03,01]a]a + [03, [01,02]A]A) + (o1,02)(f)os.

By the Jacobi property of [-,:]4 we conclude that {o1,02)(f)os = 0 and, since o3 € T'(A4)
and f € C*°(M) are arbitrary, we conclude that (o1,09) = 0, for all o1,09 € T'(A), i.e.
a:I'(A) — X(M) is a Lie algebra homomorphism. Q.E.D.

The simplest examples of these structures follow from the similar cases for anchored

vector bundles.

Example 3.2.3. The tangent bundle to a manifold M, TM, is clearly the case of a Lie
algebroid taking the anchor to be the identity and the bracket structure to be the usual Lie
bracket of vector fields. s

Example 3.2.4. As we shall see in Chapter 5, given a bivector 1 € X2(M) satisfying
[7,7]sn = 0, the pair (T*M,r*), where ¥ : T*M — TM is the induced map from 7, is an
anchored vector bundle. Moreover, the fact that [, 7]sy = 0 allows us to define a bracket
structure satisfying Eq. (3.3) in the space of 1-forms. Thus, for Poisson manifolds (which
can be described by pairs (M, ) with [, w]sn = 0), the cotangent bundle is an example of

a Lie algebroid. s

Example 3.2.5. One interesting example is that of a Lie algebra bundle. This object is
a vector bundle A = M together with a bracket [-,] : T(A) x T'(A) — T'(4) such that,
for every p € M, there is an open neighbourhood U of p in M, a Lie algebra g and a
trivialisation ¢ : pr=1(U) — U x g where ¢|4, : A, — {p} x g is a Lie algebra isomorphism.

Similar to a Lie algebra bundle is a field of Lie algebras. The latter correspond to the
case of a vector bundle A -2 M together with Lie algebra structures [, -], on each fibre
A, varying smoothly on M and such that, for every o1,02 € I'(A4), [01,02] € T'(A) and
[01,02](p) = [01(p), 02(p)]p. In the case where the manifold M is just a singleton {*}, then
this structure ‘collapses’ and we get that a Lie algebra is also an example of a Lie algebroid.

Both examples above are cases of intransitive Lie algebroids, i.e. Lie algebroids with a

vanishing anchor map. i
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Lie algebroid morphisms

We now introduce the notion of morphisms in a Lie algebroid.

Definition 3.2.6. Let (A,[-,-]a,a4) and (L,[,-]r,ar) be Lie algebroids over the same
base manifold M. A morphism of Lie algebroids over M is an anchored vector bundle
morphism ® : A — L covering the identity ids,; that is also a Lie algebra homomorphism
from (T'(A),[-,-]a) to (T'(L),[-,-]r)- In more detail, ® : A — L is a Lie algebroid morphism
if, for all o,¢ € T'(A), we have that ®([o,<]a) = [®(0), P(s)]r, and the following diagrams

commute:
A & L A—2 L[
aa JaL and aa kaL
TM — TM M —— M
idrm idy

For the case of a morphism between Lie algebroids over different base manifolds, the
definition is not as straightforward, since it is not always possible for sections of A to
be pushed forward to sections of L. Thus, the definition of these morphisms are usually

expressed in two ways:

— Given a Lie algebroid A, by defining A-forms to be elements of T'(A* A*), we may
introduce the A-differential, d4 : T(A®* A*) — T'(A® A*) to be a graded 1 derivation of
T(A® A*), satisfying a similar expression to that of the forms on a manifold (1.18b).
Then, a Lie algebroid morphism from (A 225 M, [-,-|a,a4) to (L 25 N, [, ], az) is
an anchored vector bundle morphism ® : A — L covering a smooth map ¢ : M — N
such that

‘I)*dB = dA(p*;

~ Given A 245 M and L 2% N to be Lie algebroids, one defines the direct product
algebroid A x L to be the anchored vector bundle A x L — M x N with anchor given
by ag®ar: Ax L —TM ® TN, and such that

rA)er(L) —T(Ax L)
(0,6) — prio +prig.
Then, ® : A — L is a Lie algebroid morphism if gr(®) is a Lie subalgebroid of A x L,
ie. it is a vector subbundle gr(®) — P C M x N, such that (as @© ar)|g(e) takes

values on T'P and, given any sections o,¢ € I'(A x L) such that o|p,<|p € gr(®), then
[o,<laxz|p € gr(®).
By introducing this notion of morphisms of Lie algebroids, together with Lie algebroids, we

now get a category LA. We shall not explore these concepts further so, the interested reader

can find more about these results in, for instance, [10, 11, 12].
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Isotropy Lie algebra and Characteristic Distribution of Lie algebroids

The introduction of a Lie algebra structure on the space of sections give the anchor
special properties. In particular, the kernel and images of the anchor gives rise to interesting

features, we now introduce.

Definition 3.2.7. Given a Lie algebroid (A4 2 M, [,-]a,a) and a point p € M, the isotropy
Lie algebra of A at p is g,(A) o ker(a, : A, — T,M).

Proposition 3.2.8. The isotropy Lie algebra at a point p € M of a Lie algebroid A has an
induced Lie bracket [-,-]q (a) such that, for any o, € I'(A) with o(p),s(p) € g,(A),

[0,¢]a(p) = [0(p), s(P)]g,(4)- (3.4)

Proof. Given o,¢ € T'(A) with o(p),s(p) € 9,(A) for p € M, the Leibniz property of the Lie
algebroid implies that, for f € C(M),

[0, fsla(p) = F(p)lo,<]a(p)- (%)

Thus, we may define a bracket [-,-]g (4) in g,(A) such that

[0(p),s(P)]g,(a) = [0,¢]a(p).

By (%), [, ]g,(a) is R-linear and, by the properties of [, ] 4, it is anti-symmetric and satisfies

the Jacobi identity. Hence, [-, |4 (a) is a Lie bracket on g,(A). Q.E.D.

Remark 3.2.9. With the result of the previous proposition, we conclude that the isotropy
Lie algebra ker(a) = g(A) is a Lie algebra bundle, usually called the isotropy Lie algebra
bundle.

As for the image of the anchor, we have the following:

Definition 3.2.10. Let (A 2 M,[-,]a,a) be a Lie algebroid and p € M a point. The
characteristic distribution of A at p is im(ap) C T, M.

Proposition 3.2.11. If (A, [-,-],a) is a Lie algebroid, then im(a) is an involutive distribu-

tion.

Proof. Tt is clear that im(a) is a distribution, since a is a vector bundle morphism, which is
linear on the fibres. To check that this distribution is involutive, we need only show that
I'(a(A)) is a Lie subalgebra of X(M).

Firstly, note that, for any vector field X € T'(a(A)), we can always find a section o € T'(A)
such that X = a(o) (this section is not unique as it can differ by a section ¢ € I'(A) such
that im(¢) C ker(a)). Thus, a(I'(A)) is a generator of I'(a(A4)) and it is enough to check that

the former space is a Lie subalgebra of X ().
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To check a(I'(A)) < X (M), we take two sections o,¢ € T'(A). Then, since a is a Lie
algebra homomorphism of Lie algebras, [a(0),a(s)] = a([o,¢]a). Thus a(I'(A)) is a Lie
subalgebra of X(M). Q.E.D.

Proposition 3.2.12. If (A,[,],a) is a regular Lie algebroid (i.e. if a has constant rank),

then im(a) is integrable.

Proof. By the previous proposition, we know that I'(a(E)) is a Lie subalgebra and, clearly,
for all p e M,

a(A), = span{a(o), € T,M }o € I'(A) = span{ X, } X € I'(a(A)).

Moreover, since A is a vector bundle, the dimensions of the fibres are the same, thus, for

every o € T'(4),

dim(a(A)rye, () = dim(a(Apee,_ () = dim(a(4,)) = dim(a(4),),

(o) (P)

where, in the second equality we used the fact that a has constant rank. Therefore, by the

generalised Frobenius theorem 2.4.4, a(A) is integrable. Q.E.D.

Remark 3.2.13. The previous Proposition guarantees that, if (4,[-,-],a) is a regular Lie
algebroid, then M is foliated by immersed submanifolds F4 = {]—' AN | A€ A} (A a set of
indices) such that T,F4 » = ima,, for all p € F4 » and A € A. As we shall see in Chapter 6,

this foliation gives us an equivalent way to describe Poisson manifolds.

Pull-Backs of Lie algebroids

Following the construction of the induced anchored bundle, it is possible to define the pull-

-back Lie algebroid by defining the Lie bracket structure on the induced anchored bundle.

Definition 3.2.14. Let ¢ : N — M be a smooth map and (A 25 M,[-,]4,a) be a
Lie algebroid. Then the Lie bracket structure in ¢'A is defined, for 01,00 € T'(A) and
X1,X2 € X(N), as

[(X1,01), (X2,02)]p04 = ([X1, Xa], [01,02]a). (3.5)

Remember that the elements of the pull-back anchored bundle are of the form (v, «) €
TN x ¢*A such that a(a) = ¢,v so that the sections are generated by elements of the form
(X,0) € X(N) x T'(A) with X p-related to a(o).
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Schouten Brackets of Lie algebroids

Similarly to what was done in Section 1.4, given a Lie algebroid (4 25 M, [.,-]4,a),
because of the Lie algebra structure introduced in I'(A), it is possible to define a Schouten
bracket (and thus a Gerstenhaber algebra) on the set of sections of the exterior powers of
A.

Definition 3.2.15. The Schouten-Nijenhuis bracket on a Lie algebroid (A oM, [-,-]4,2)

is uniquely determined by
1) [, ]sn endows T'(A® A)[1] with a graded Lie algebra structure;
2) [, ]sn is a graded derivation of (T(A® A),A);
3) its action on degree 0 and degree 1 elements:

[U’ C}SN = [Uv §}A, [Ua f]SN = a(a)(f), [fa Q]SN =0,
for o,¢ € I'(A) and f,g € C(M).

Similar to the case of the multivector fields, we could now find a particular formal
expression for the Schouten bracket of a Lie algebroid using derivations. However, unlike the
case for multivector fields, such a expression does not allows us to recuperate the Schouten
bracket of two sections of the exterior algebra of A. Thus, we introduce the following

proposition:

Proposition 3.2.16. Let \*a: A\°A — A\*TM be the map such that, for « € \* A and
M-y €T*M,
(A*a(@)(m,-...m) = a(moa,....moa).

Then, N\* a is a vector bundle morphism covering the identity idps that preserves the exterior
product and brackets in \* A and \*TM.

Proof. The fact that A®a is a vector bundle morphism covering the identity comes directly

from the definition of the anchor a and of the construction of associated vector bundles.
As for the preservation of the exterior product, we note that, for 01,00 € I'(A) and

m,n2 € QY(M), by using the definition of A*a and the fact that a is a vector bundle

morphism, we get that

(A" a)(o1 Ao2)(mi,m2) = (01 Ao2)(moa,neoa)

=Y (=17 () 0 2)(01)(nr(2) © a) (02)

TESS

— Z (=)™ nr1)(@(01))1-(2)(alo2))

TES,

= (a(o1) Aa(o2))(m,m2).
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For a general element of v(A®* A), let p € M such that dim A, = k and {e1,...,e;} be a
basis of A,. Then, any o € I'(A) and ¥ € T(A’ A) can be written, at p, as

crp:Zoa(p) €a, Vp = Z P (p) e, A... Aeq,.

a=1 1<a1<...<ae<k

Then, we simply get that

(Na),W) = D> 9 p) (Na) (ear Ao Aea,)

1<a1<...<ar<k

= Z 9 (p) (ap(€ay) A - .. Aaplea,)),

1<ai1<...<ar<k

so, given ¥ € T(A° A) and ¢ € T'(\" A),

(A a)p(ﬁp ASp) = Z Y (p)st P (p) (A a)p(ea1 AN.ooNeg, Nep, Ao Nep,)

1<a1<...<ar<k
1<b:1 <...<bp <k

- Z 92 (p)™ () (ap(ea) Ao Aap(ea,) Nap(ep,) A ANapley,))

1<ai<...<ar<k
1<b1<...<bp <k

= (A), ) A (A*2), (5).

Finally, for the fact that A\® a preserves the bracket structures, since the Schouten bracket
is a graded derivation of (I'(A® A), A) and its action of degree 1 elements is just the bracket
[-,-]a of the Lie algebroid, we can use the local expression of elements of I'(A®* A) to conclude
that

(A a)([9,slsn) = (A @) (), (A" @) (c)lsw- QE.D.

Remark 3.2.17. As explained at the end of Section 1.4, (X*(M), A, [, ‘Jsn) is the example
of an Gerstenhaber algebra. With the introduction of this Schouten bracket to T'(A® A), we
obtain another class of examples of these algebras. Then, Proposition 3.2.16 says that A®a

is what is called an Gerstenhaber algebra homomorphism.






Chapter 4

Symplectic Manifolds

Since its conception in the XVI and XVII centuries with Newton, Galileo, Huygens and
others, Mechanics has been deeply interconnected with geometric structures. This connec-
tion only rose with the inception of Analytical Mechanics with Euler, Lagrange, Hamilton
and Jacobi one century later and gave birth to the way physics is done today. Naturally, it
became essential to understand the mathematics involved in these physical theories. Sym-
plectic geometry came as the solution to this search and has shown to be one of the most
important branches of differential geometry and topology. Symplectic manifolds can be
defined simply by adding a new structure to the tangent bundle of a manifold, a 2-form,
which gave a simple way to understand all of Hamiltonian mechanics as the solution of the
flow of a vector field associated with the Hamiltonian of the system (which is identified with
the energy of that system).

We start this chapter by giving the physical motivation for the introduction of symplectic
geometry. In the second section, we introduce the notions of (pre-)symplectic manifolds as
well as we study the maps that preserve this structure and the most important types of
submanifolds we may define in this geometry. The third and last section deals with the
normal form theorems arising once we introduce a symplectic structure on a manifold, in
particular, Darboux’s theorem shows that every symplectic manifold is locally isomorphic
to a canonical symplectic structure. To understand this theorem, one needs to use Moser’s
method which also involves the concept of time-dependent vector fields. All of these nuances

are explored in this last section of the chapter.

85
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4.1 Introduction and Motivation from Physics

As it is well-known, symplectic geometry arises from classical mechanics as a generalisation
of the geometrical models employed to obtain the classical motion of particles. In this section,
we intend to give a brief overview of how these concepts came to be and how they are applied
to the physics of classical mechanics.

Let us consider a system of N particles moving in the so-called configuration space
Q C R3V, which is a submanifold of the Euclidean space R3Y. Then, the motion of the
particles is obtained from a variational problem, i.e. they are the solutions of a system of
ordinary differential equations (the Euler-Lagrange equations) which are obtained from the

minimisation of the action functional:
Sla] = [ Lia.io.0dt (1.1
[to,t1]
where ¢(t) represents the time-derivative of the map ¢(t) € C*(R,Q) and L(q(t),{(t),t) is
an at-least C? function, called the Lagrangian of the system.

Remark 4.1.1. Notice that the Lagrangian of the system L(g,q,t) can be thought as a
map L : TQ x R — R from velocity space (+ time) to the real numbers.

From the action functional, the equations of motion for the system are as follows:

Proposition 4.1.2. Let q(t) = (¢'(t),...,q"(t)) € Q be the position of a particle at a time
t € R with respect to some local chart on Q. The equations of motion for the particle are
the FEuler-Lagrange equations:

d [OL oL .
dt(aqz>8q107 1—1,...,71 (42)

When the system satisfies the Legendre condition:

0%L
det | ——— 0, 4.3
o (3q77) # )
then, the Euler-Lagrange equations form a regular system of n 2"d-order ordinary differential

equations and it is possible to invert the equations

pi = 9t (4.4)

q
which define the canonical momenta of the system. For the case of symplectic and Poisson
geometry, we will always consider that the Legendre condition is satisfied. Whenever such
a condition is not satisfied, we are in the realm of Hamiltonian mechanics with constraints
which can be solved using Dirac’s theory of constraints. More abstractly, the Dirac theory

of constraints gives rise to Dirac geometry, which we shall study in Chapter 7.
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Performing a Legendre transformation, we obtain the Hamiltonian of the system,
n
H(Qap7 t) = Zpiq.l _L(Q7Q7t)7 (45)
i=1

and the Euler Lagrange equations give way to the Hamilton canonical equations,

L __OH . oH
pl_ aql7 q _ap,L?

(4.6)

which are a set of 2n 15*-order differential equations.

Remark 4.1.3. Since the Hamiltonian of the system is obtained from the Lagrangian of
the system by a Legendre transformation, we may consider the pair (¢,p) to be an element
of the cotangent bundle T%Q of @, which is called the phase space of the system. This
identification is what allows us to define symplectic manifolds in their generality and, as we
shall see in more detail later, the symplectic manifolds built from the cotangent bundle are

a special class of symplectic manifolds.

Once again, these equations arise from a variational problem, for which the action can

ﬂﬂﬂm@ﬂzﬂ;”<l

1=

be written as

n

pi(t)dq'(t) — H(q(t), p(t), ) dt) : (4.7)

Moreover, when considering £ = (¢,p) € T*Q to be adapted coordinates on T*(Q) associated

to a chart of coordinates ¢ € @, Eq. (4.6) can be written in a special way:

. oH
é=-7 5 (4.8)
where
s (0. -\ om_qom om om  omy
\r7, o0,/ o \og¢! dq™  Op op"

and 0, and [, represent, respectively, the zero and identity n x m matrices. Recalling
the study made in Section 1.1 of vector fields, defining a vector field associated to the
Hamiltonian H by

Xg=-J (4.9)

¢
the Hamilton canonical equations essentially become the equations for the flow of this vector
field, Fl}H (go, po) for initial conditions (go,po). This is, in essence, the motivation that lead
to the introduction of symplectic manifolds. When shifting our attention to the mathematics
side of this question, we are interested in solving this (and other) problem(s) for an arbitrary

manifold M (in our previous discussion we would have taken M = T*@). Thus, we need to,

somehow, transform Eq. (4.9) into an expression valid on M. That is done by converting
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Tg into dH and by changing —J into some map M — TM ® TM = Hom(T*M,TM). 1
turns out that it is more natural to multiply both sides of (4.9) by J and deal with a map
w: M — T*M & T*M such that, for every p € M, the induced map w’(p) : T,M — Ty M
must be an isomorphism of vector spaces and w;, € Ty M ® Ty M must be anti-symmetric,

by the properties of J. Thus, w € Q?(M) and Eq. (4.9) becomes
iXHw =dH.

Finally, the fact that the J does not change along the motion of the particle implies that w
does not change along flow lines, i.e. Lx,w = 0. Applying Cartan’s formula, we conclude
that dw = 0, i.e. w is a closed 2-form. Therefore, as we shall introduce in the next section,
the natural way to introduce symplectic manifolds is by considering a pair (M, w), where
w € Q%(M) is a closed non-degenerate 2-form.

Returning to the physics, in many mechanical problems, it is more important to know
conserved quantities, i.e. quantities whose time-derivative is zero, rather than the solutions
to the equations of motion. Thus, we may take a map f : T*Q xR — A (where A can be, for
instance, R, Q — in general, any tensor of type ( ) of TQ, i.e. elements of (TQ)®"®(T*Q)%*)
and check if its time-derivative evaluated at the motion vanishes. Sticking with the case when

A =R, we want to check if, given the Hamiltonian H and initial conditions (go, po),

d

3 (f o (Fli,, xidg)) (g0, po, ) = 0. (4.10)

Expanding this expression, using chain rule and (4.6)

a a 0 N (A df | dp o
L (rPr, id2) a0, po. 1) = &ﬂq(t),p( =52 (Fa+ don)
- OH 0f  9H Of
- Z (8101 aq' 8?71)
= E + {H7 f} )

where we define the Poisson bracket of the maps H and f by

def OH 0f OH 0f
{H, f} ; (amaqi 9 apz)' (4.11)

Remark 4.1.4. In physics textbooks, it is more common for the definition of the Poisson
bracket to have the opposite sign to Eq. (4.11). As we shall see, particularly when we study
Poisson manifolds, it is more useful to define the Poisson brackets in this way as it makes

simpler the discussion of these brackets in Chapters 5 and 6.

Thus, a map f : T*Q — R that does not depend (explicitly) on time is a conserved

quantity if and only if its Poisson bracket with the Hamiltonian vanishes on F lg(H (go,po) =
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(q(t),p(t)) € T*Q, for all t. Moreover, the Poisson bracket, turns out to have the following

properties:

(i) Anti-symmetry:

af dg Of Og " (dg Of Og Of B
gt = Z(apaq o) = _;<6pmq fyan,) =01

(ii) Bilinearity: It is enough to show linearity on the first argument. Hence,

" O 0F2 0fi  ,0F2\ 99
{af1—|—bf2,g}=Z(< 8p1>8q <a8qi +b3qi)5pz’>

0fi 99 Ofs 89) - (ah dg  0f2 ag)
= - —L ) +b )
az (317 dq¢*  Oq' Op; ; Op; 0¢*  Oq' Op

=a{fi,g} +b{fa g}

(iii) Jacobi Identity:

of o dg Oh  dg On\ Of O ”79 dg Oh

{f7 {g’h}} Z a - Oqi (lz: Ip; Oq' aq Op; ) oq? 8pj 123 Ip; 8q Op;
_z":ai &g Oh Of 99 0*h  Of 9% ah_g()g 0*h

57, 0p; 090p; Og' ~ Op; p: dqP0q"  Op; Og?dq’ Opi Jp; 0q" Dg? Ipi

aof %9 Oh af dg 0%h N N af dg 0%h
O Op;0p; 0¢ ¢l Op; Ip;0q° 0¢7 0q* Op;0p;

dg 0*h Of  9dg Oh O°f dg 0°h Of
ot =2 5 500m 00 oy, om 00708~ Bp, 0090 O~
57 00 0¢20pi 9q' ~ Op; dp; 0?0 Op; 0¢79q" Opi

dg 9*h Of _ 09 Oh *f g 9h Of g oh O]

0¢7 Op;0p; O¢t  O¢7 Op; Op;0q° g’ Op;0q* Op; g’ Oq' Ap;Op;

& 0n 0°f 0g  Oh Of 0% Oh O*f Og

th .93} = Z Op; Og)0p; 0q' * Ap; Ips OgPdq  Ip; g/ g’ D
L Oh 000 oo o L ohor o

dg? Op;0p; Dq' g7 Op; Op;0q° 0¢? Oq* Op;0p;

Adding the three terms on the left-hand side of the previous expressions and using the
fact that f, g, h are at least C? functions, the terms in black, red, blue, violet, orange,

, brown, light blue, , dark red and grey cancel out and we obtain that

{f> {g7h}} + {97 {hvf}} + {h7 {ﬁg}} =0.
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(iv) Leibniz rule:

of dgh  Of dgh " ag RIAWN) oh
Wt = Z<5p o¢ ¢’ Opi) = c’m Yog7) ~ by 8plzh+g8pi
_ Z of 09 01 99,
Op; O’ Bq api

Z ( Of oh  Of Oh

Opi 0q'  dq’ dp;
Given a general manifold, the study of R-bilinear maps {-,-} : C®(M) x C*®(M) — C*(M)
satisfying properties (i)—(iv) above on such a manifold yields Poisson geometry and is the
subject of Chapters 5 and 6.

_|_

>={f,g}h+g{f7h}-

4.2 Symplectic forms, manifolds

Having introduced the physical motivation for the introduction of an additional anti-
-symmetric structure on a manifold, we now look more closely at the actual mathematical
construction of such a theory so that, whenever possible, we come back to connect with the
physical world where we introduce a symplectic form in the phase space, i.e. the cotangent
bundle of a particular configuration space.

Naturally, we start by introducing the relevant notion of a symplectic form and a sym-

plectic manifold:
Definition 4.2.1. Let M be a smooth manifold and w € Q?(M) a 2-form.

1) w is called a symplectic form on M if it is closed, i.e. dw = 0 and non-degenerate, i.e.

for any p € M, given v € T, M, if w,(v,u) =0, for all u € T,M, then v = 0;
2) a symplectic manifold is a pair (M, w), where w is a symplectic form.

Remark 4.2.2. If we relax the condition of non-degeneracy, i.e. if w € Q?(M) is closed,

the pair (M,w) is called a pre-symplectic manifold.
Lemma 4.2.3. If (M,w) is a symplectic manifold, then the dimension of M is even.

Proof. To prove that the dimension of M is even, we shall prove that the dimension of
the tangent spaces T), M must be even for every p € M. Since T, M is a vector space, let
(e1,...,en) be a basis of T,M (and, let n = dim(7,M)). Then, we may write wp(u,v) =
vTJu, where J € M, (R) is an n X n matrix with real entries and we identify u = uje; +

..+ upe, with the column vector u = (uy -+ u,)T, with vT denoting the transpose of v.

Since wy, is anti-symmetric, it is clear that J is an anti-symmetric matrix. Thus,

det(J) = det(JT) = det(—J) = (—1)" det(J),
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i.e. either det(J) = 0 or n is even. However, the former cannot occur otherwise we would
be able to find u € T,M such that Ju = 0, ie. w(u,v) = viJu =0, for all v € T,M,

contradicting the non-degeneracy of w,. Hence, we conclude that n is even. Q.E.D.

Example 4.2.4. The simplest case of a symplectic manifold occurs by taking M = R2s,

consider the coordinates {x1,...,Zs,y1,...,ys} and define the canonical symplectic form:
S
Wean = Z dx; A dy;. (4.12)
i=1
Then, one can quickly show that wc,y is closed and non-degenerate. s

Example 4.2.5. Given any two-dimensional oriented submanifold M C R3, considering

v(p) to be the normal vector to M at p, we may define a symplectic form on M by
wp(u,v) =v(p) - (u x ), for all u,v € T,M

where - and x denote the dot and vector products, respectively. The fact that w is closed
comes directly from the fact that dw € Q3(M) and dim(M) = 2. As for the non-degeneracy,
if u € TyM is such that wy(u,v) = 0, for all v € T, M, then, by the properties of the dot
product, this means that v(p) and u x v are perpendicular, i.e. uxv € T,M, for allv € T,M.
However, v(p) is parallel to u x v by the properties of the vector product. Thus u x v = 0
for all v € T, M and, therefore, u is parallel to all v € T,M. So, we conclude that u =0.

Example 4.2.6. The example that is most important for a physicist is the case where
the symplectic manifold is the cotangent bundle T*@Q of the configuration space ). In this
bundle, we define the Liouville 1-form \ € QY(T*Q) as

Ap, (0) = P ((7Q)+(pg) (v) (4.13)
where ¢ € Q, p, € T,;Q and v € T}, (T*Q).

Theorem 4.2.7. The pair (T*Q,—d)), where Q is a smooth manifold and A\ € Q' (T*Q)

its Liouville 1-form, is a symplectic manifold.
Proof. Clearly, —d\ is closed, thus we need only show that —d\ is non-degenerate. Let
(U,® = (z!,...,2™,y1,...,Ym)) be a chart of T;Q containing p,. Then,

e 6 98 9
Oz’ 9xm T Oyr T Oym

are local frames of T(T*Q)|y and T*(T*Q)|y, respectively. Without loss of generality, we

} and {dxl,...,dxm,dyl,...,dym}

may assume there is a chart (V) of @ such that the following diagram commutes:

T*Q2U —2 5 R2™ (1)

| 1]

QoV R™ o

©
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Moreover, there exist functions a;, b* € C°°(U) such that

Mo = Zai da’ 4 b dy;.

i=1

Thus, for a local vector field V = Y v? % +v; ({% € X(U)and ®(p,) = (¢*,..., 4™, P1s- -, Pm)
~ i

1=

or, equivalently, p, = Y77 pi(da’)yi—gs € T Q,

/\pq (qu) = Z ai(pq)vi(pq) + b’ (pq)Uz’ (pq)

= pq((7Q)+(pg) (Vi) = pq <Z v'(pg) aii

) ZZPiv"(pq)-

Thus, by successively choosing only one of v* or v; to be non-zero, we conclude that Ay =
m . .
> yi;da’. Therefore, dA[y = Y./*, dy; A dz’, ie. in this chart, —d\|y is the canonical

i=1
symplectic form on ®(U), which is non-degenerate. Q.E.D.

Moreover, the Liouville 1-form satisfies a characteristic property:

Proposition 4.2.8. Let Q be a smooth manifold and A\ € QY (T*Q) a 1-form on its cotangent
bundle. Then, X is the Liouville 1-form of Q if and only if, for all n € Q1(Q), n*A = 1.

Proof. Let ¢ € Q and v € T,Q. Then, by taking a 1-form 7 € Q'(Q) and treating it as a
map 7 : Q — M = T*Q (with the additional property 7gon =idg), it makes sense to apply

the tangent, cotangent and section functors:

TQ —F—— @ —T . 0Y(Q)

|n

T(T*Q) «——— T*Q

Tn=n. (T"n)=n"

QNT*Q)

ToT*

Thus, we obtain,

which proves the statement. Q.E.D.

In the rest of the chapter, due to its importance, we shall return to this example whenever

possible. ,
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Given two symplectic manifolds it is also possible to define a symplectic manifold from

the product of the original two manifolds:

Proposition 4.2.9. Let (My,w1) and (Ma,ws) be symplectic manifolds and M = M; x Mo
be the product manifold. Then the 2-form Q € Q?(M) defined by

Q=X 7r1‘w1 + Ao W;Wz (414)

where ; : M — M; (i = 1,2) is the canonical projection, is a symplectic form in M, for
any A1, A2 € R\{0}.

Proof. The fact that € is a 2-form on M is clear. Also, given that both wy,ws are symplectic
forms, we have that

dQ = d(M miwr + Ao maws) = A widwr + Ag mydws = 0.

As for the non-degeneracy, let p = (p1,p2) € M and v € T,M such that Q,(v,u) = 0, for
all w € T,M. Since T,M = T, M; & T,,M>, we may write v = v; + vy and v = u; + uy for
vi,u; € T, M; (i =1,2) and obtain

Qp(v,u) = A (miwi)p(v, u) + Aa(miw2)p(v, u) = A1 (wi)p, (V1,u1) + A2 (w2)p, (V2, u2).

Given that this expression is valid for all v € T, M, in particular it is valid for the cases
when u; = 0 and us = 0. Thus, by the non-degeneracy of w; and ws,

u =0 = Ao(wa)p, (v2,u2) =0, Vug € T, My => va=00r Ay =0

ug =0 = A(w1)p, (v1,u1) =0, Vug € T,, M1 = v1=00r Ay =0

Therefore, because A1, Ay € R\{0}, we get that v =v1 +vo =0 € T, M. Q.E.D.

Proposition 4.2.10. Any symplectic manifold (M,w) determines a vector bundle isomor-
phism between TM and T*M by
W TM — T*M
] (4.15)
T )

where i, 1s the interior product defined in Definition 1.1.38.

Proof. Given the definition of w’, it is clear that it is a vector bundle morphism covering
the identity idp;. To check that it is in fact an isomorphism, it is enough to show that

w; : TyM — T; M is a vector isomorphism, for all p € M. However,
ker(w:,) ={vel,M | wZ(v) =0} ={vel,M | wp(v,u) =0, Yu € T,M} = {0},

where, in the last equality, we used the fact that w is a symplectic form, thus, is non-

b
p

im(w)) C T M and
dim(7; M) = dim(im(w})) + dim(ker(w})) = dim(im(w})).

-degenerate, so w’ is injective. To conclude the surjectivity of wlb,, we simply note that

Hence, we conclude that im(w';,) =T, M and, therefore, that w” is a vector bundle isomor-

phism. Q.E.D.
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Definition 4.2.11. A map ¢ : My — M, between symplectic manifolds (M7,w;) and
(M3, ws) is called a symplectic map or symplectic morphism if

Prwy = wi.
If, additionally, ¢ is a diffeomorphism, we call ¢ : M; — My a symplectomorphism or

symplectic isomorphism.

Remark 4.2.12. By introducing the notion of a symplectic morphism, we are able to define
the category of symplectic manifolds, SympMan whose objects are symplectic manifolds

(M, w) and morphisms are, precisely, symplectic morphisms ¢ : M; — Ms.

An interesting result pertaining to the symplectic structure of the tangent bundle is the

following:

Proposition 4.2.13. Let Q1, Q2 be smooth manifolds and let A\; € QY (T*Q1) and Ny €
QYT*Q2) be the Liowville 1-forms on T*Qy and T*Q2, respectively. Then, if ¢ : Q1 — Q2
is a (local) diffeomorphism, its cotangent lift T*p : T*Q1 — T* Q2 is a symplectic morphism
between (T*Q1, —dA1) and (T*Q2, —dA2).

Proof. Recall that, given ¢ € Q1 and p, € T, Q1, Ty(py) = pq © 0l (p(q)) € Tp(q) @2, i-e.
T*p is a vector bundle morphism (between the cotangent bundles of ()1 and Q2) covering
¢ : Q1 — Q2. Therefore, for v € T}, (TQ1), we obtain

((T*6) A2)p, (0) = 21 piy) (7704 (00) (0)
= (1" (pg)) (@)« (T 0(pg)) (T7). (p) (v) )
= (40 97" (2(@)) (s ° T0)- (p) (v))
=y (7 (2(@) (9 0 7u)u (p0) (1) )
=y (7 (2()) 0 94(0) © (7, ) (pa) (v))
= pa((70)- () () = (A1), (0):

Thus, (T*@)* A2 = A1 and so (T*p)*(—dA2) = —dAq, i.e. T*y is a symplectic morphism.
Q.E.D.



FCUP
4.2. Symplectic forms, manifolds 95

4.2.1 Submanifolds of a Symplectic Manifold

As noted in Section 1.1, beyond understanding the structures of certain manifolds, it is also
quite important to understand the submanifolds and the induced structures obtained in those
submanifolds. In the case of symplectic manifolds, unfortunately, a general submanifold does

not inherit a symplectic structure but a pre-symplectic one.

Proposition 4.2.14. Let (M,w) be a symplectic manifold and i : N — M and immersed

submanifold. Then (N,i*w) is a pre-symplectic manifold.

Proof. To show the result, it is enough to show that i*w € Q?(M) is closed. By the properties
of the exterior derivative and pull-back, it is easy to show that, since w is symplectic, it is

closed, hence,

d(i*w) = ¢*dw = 0.

Therefore, i*w € Q%(N) and (N, i*w) is a pre-symplectic manifold. Q.E.D.

Remark 4.2.15. Using the same notations as above, we can clearly see that, in general, i*w
is not non-degenerate. Let ¢ € N and v € T, N such that (i*w),(v,w) =0, for all w € T;N.
Then, by the definition of the pull-back, we get that

wig) (ix(q)(v),ix(q)(w)) =0, for all w € T,N.

Since ¢ : N — M is an immersion, dim(im(i.(g))) = dim(N) which, in general, is different
from m = dim(M). Thus, there could be u € Ty M such that w; (ix(q)(v),u) # 0,
meaning we cannot use the non-degeneracy of w to guarantee the non-degeneracy of *w.
One such way to guarantee the non-degeneracy would be if i.(q) : TugN — T M was

surjective, for all ¢ € N, i.e. if we guarantee that i : N — M is a local diffeomorphism.

To understand the special kinds of embedded manifolds, we must first study the special
types of vector subspaces that arise in linear symplectic structures. These will then be used

to define certain embedded submanifolds on a symplectic manifold (M,w).

Definition 4.2.16. Let (M,w) be a symplectic manifold and V' < T,M a vector subspace
of the tangent space at a point p. The symplectic orthogonal to V is the vector subspace

V4er defined as

Ve, & {ueT,M | wp(u,v) =0, Vv eV} (4.16)
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Remark 4.2.17. For the previous definition, instead of choosing a symplectic manifold
(M,w), we could have simply taken a vector space W equipped with a non-degenerate
2-form w € A2W*. The pair (W,w) is then called a symplectic vector space. Thus, to
define the symplectic orthogonal, one just considers a vector subspace V' < W and define
Vie = {u ew ’ w(u,v) =0, You € V}. This approach is a simplification of our definition
by taking M = W and w € Q(W) to be constant, i.e. such that
W W — NTW =W x PW*
p— (p, @),

with w € A2 W* non-degenerate.

This definition is essential to define the four distinct types of vector subspaces that will
be essential for the different types of submanifolds we shall define in a symplectic manifold.

Before that, though, we consider the following result:

Proposition 4.2.18. Let (M,w) be a symplectic manifold and V < T,M be a vector sub-
space for a given p € M. Then,

(i) dim(V) + dim(V+ter) = dim(M);
(ii) (V4er)ter =V,
Proof. (i) Firstly, note that
w;(VLWP) = {w;(u) € T;M’wp(u,v) =0, VoeV}CVe,

where V° C T7M is the annihilator of V' in T, M. Since w';, is an isomorphism by

Proposition 4.2.10, for every o € V°, there is v € T, M such that a = w;(u) and,
moreover, because o € V°, for every v € V, wy(u,v) = wy(u)(v) = afv) = 0, ie.

u € V4ter. Therefore, V° = wf,(VLWP). It is common knowledge that dim(V°) =
dim(T, M) — dim(V'), thus, we get the result.

(ii) By (i), we have that
dim(V-+er ) + dim((V e )ter) = dim(M) = dim(V) + dim(V*er),

so, dim((V+er)ter) = dim(V). Moreover, given u € V and v € V*er, w,(u,v) = 0
since, v is in the symplectic orthogonal of V. But, because this expression is valid for
any v € V1e» 4 must be in the symplectic orthogonal of (V1«»), i.e. V C (V4er)tes,
By the dimension argument, we obtain the equality V = (V+wr)tes, Q.E.D.
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Definition 4.2.19. Let (M,w) be a symplectic manifold and V' < T,M a vector subspace
of the tangent space at a point p. Then V is called

1) isotropic, if V. C V4er; 3) Lagrangian, if V = V-4ter;

2) co-isotropic, if V2O Vter; 4) symplectic, if VN V4ter = 0.

Proposition 4.2.20. For a symplectic manifold (M,w), given a point p € M,V < T,M is

a symplectic vector subspace if and only if
T,M =V @ Vster, (4.17)

Proof. Since, by Proposition 4.2.18(3), the dimensions of V and V++» sum to the dimension
of T, M and, furthermore, V' is symplectic (i.e. V'N Vder = 0), we obtain the result. Q.E.D.

We now turn our attention to the actual submanifolds of a symplectic manifold, instead

of the vector subspaces of a particular tangent space.

Definition 4.2.21. Let (M,w) be a symplectic manifold. Then, an embedded submanifold
N of M is called:

1) idsotropic, if T,N < T,M is an isotropic vector subspace for all p € N, i.e. if
T,N C (T,N)*«r, for all p € N; (4.18a)

2) co-isotropic, if T,N < T, M is a co-isotropic vector subspace for all p € N, i.e. if

T,N D (T,N)*«r, for all p € N; (4.18b)

3) Lagrangian, if T,N < T,M is a Lagrangian vector subspace for all p € N, i.e. if
T,N = (T,N)*«r, for all p € N; (4.18c)
4) symplectic, if T,N < T, M is a symplectic vector subspace for all p € N, i.e. if

T,N N (T,N)*» =0 or T,M = T,N @ (T,N)>», for all p € N. (4.18d)

Proposition 4.2.22. Let (M,w) be a symplectic manifold and N be an (embedded) subma-
nifold of M. Then,
(i) N is isotropic if and only if w|y = i*w = 0;

(it) N is Lagrangian if and only if w|y = 0 and dim(N) = % dim(M);

(i1i) N is symplectic if and only if (N,w|n) is a symplectic manifold.
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Proof. (i) Let p € N. Assuming first that N is isotropic, since T,N C (T, N)*«», given
v € TN, wy(v,u) = 0, for all u € T, N, thus w,|r,y = 0. Thus, since p is arbitrary,
we get that w|y = 0.
Reciprocally, if, for every p € N, wy(u,v) = 0, for all u,v € T,N, in particular, for
a fixed v € T,N, wp(u,v) =0, for all w € T,N. Thus, v € (TpN)L“P and, therefore,
T,N C (T,N)*«r, ie. N is isotropic.
(ii) If N is Lagrangian, by (i), w|y = 0. Moreover, by Proposition 4.2.18(%),

dim(M) = dim(T, M) = dim(T,N) + dim((T, N)>=»)
= dim(T,N) + dim(T,N) = 2 dim(N).
On the other hand, since w|y = 0, by (i), N is isotropic. To show that, for all p € N,
(T,N)**» =T, N, because dim(N) = £ dim(M),
dim((T,N)*<r) = dim(M) — dim(N) = dim(N) = dim(7,N).

Thus, N is also co-isotropic, so N is Lagrangian.

(i1i) The fact that w|y is closed comes directly from the fact that w is symplectic. As
for the non-degeneracy, let p € N and let v € T,N such that w,(v,u) = 0, for all
u € T,N. Then, v € (T,N)**» and, because N is symplectic, T,N N (T, N)*<» = 0,
thus v = 0. Q.E.D.

Example 4.2.23. Let us begin by giving a few examples of isotropic, co-isotropic, Lag-

rangian and symplectic vector subspaces of T, M for a given p € M. Taking M = R?*® with

S .
coordinates (z',..., 2% y1,...,ys) and wean = Y. da’ A dy,, it is easy to show that, for all
i=1
k<s:
— V =span { a%l |p sy % |p} is an isotropic vector subspace, since
0 0 0
VJ_(wcan)p = span a3l o Asl P~ :_> V,
ozt x|, Oyrs1l, Oys|,

— V =span { % |p ey ais p} is a Lagrangian vector subspace, because
0
Vl(wca“)p = Span { ﬁ IR ? = V,
T lp T p

N o 9 2 3 9 ; i ;
V= span{ 51 |p v B by By | o B p} is a co-isotropic vector subspace, as
n 0 0
V—(wean)p = gpan{ ——| ,..., — cV;
p 8xk+1p’ ’stp =
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- V = span i‘ 2, 2 2 is a symplectic vector subspace, due
= Sp amlpw-')axkpaaylp"'y[«)ykp ymp p ’
to
0 0 0 0
VL(wcan)p = span SRl v As| A | o B 5
Ok +1| ) Ox* |, Oyr+1|, s |,
so that V N V4w = {0}); i

Example 4.2.24. Considering the same symplectic manifold as in the previous example,

we can describe the following submanifolds N C R2S:

- N = {(1’1, .,k 0,...,0) € R |m1, ke R} is an isotropic submanifold since,

F) . . . .
, W‘p} which is an isotropic vector subspace

for any p € N, TpN:Span{%’pu”'
of TPRQS o~ RQS;

- N ={(z',...,2%y1,...,ys) € R¥ |y} + ...+ y2 = 1} is a co-isotropic submanifold

because, for any p = (¢',...,¢%,p1,...,0s) € N,
9] 0 0 0 0 0
TN:span a1l 20 g5 0 . — D1 IR Y — Ps—1
b {axl P Oz* D ayl P 8ys p aysfl p ’ 0 slp
and (7, N)J‘Wca")r? = span {p1 i‘ +oFps 22 } CT,N;
P all)l P S ail)b D _ P )

- N ={(z', ..., 2% y1,...,ys) € R25|(xi)2+y12 =1, foralli = 1,...,s} is a Lag-
rangian submanifold as, for any p = (¢%,...,q¢%,p1,...,ps) € N,

0
0y;

b .
I,N = span {Pz‘ o9z q'
P

i=1,.. .,s} = (TPN)L(WCan)p
p

- N = {(:c17...,:Ek,O,...,O,yh...,yk,(),...,0) € R25|w1,...,xk,y1,...,yk € ]R} is a

symplectic submanifold given that (N,wean|n) = (R?*, W, ), where, clearly w’, =

? can

k .
> dat Ady; is a symplectic form. s
i=1

Example 4.2.25. Returning to the example of a symplectic manifold on the cotangent

bundle of @), we have the following result:

Proposition 4.2.26. Let n € QY(Q) be a 1-form. Then, n is closed if and only if, when
considering 1 to be a map from Q to T*Q, im(n) is a Lagrangian submanifold of (T*Q, —d\).

Proof. Firstly, note that, by treating n € Q'(Q) as a map from Q to T*Q, 7 is an immersion
(Tn = n, is injective) and, thus dim(im(n)) = dim(Q) = % dim(7*Q). Hence, by Proposi-
tion 4.2.22, it is sufficient to show that 7 is closed if and only if —dA[im ;) = 0. This latter
expression is equivalent to say that n*(—d\) = 0, which, by Proposition 4.2.8, is equivalent

to dn = 0. Q.E.D.
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This proposition implies, in particular, that the image of the zero section 07-¢ is a
Lagrangian submanifold of (T*@Q, —d\). One other example of a Lagrangian submanifold

that is not necessarily included in the previous Proposition is that of the fibres at a certain

point, i.e. the cotangent spaces T;Q for every ¢ € Q. Clearly, dim(7,;Q) = %dim(T*Q)

and, considering the inclusion ¢ : Ty Q — T7Q (which is an embedding),
—dAlyrr@) =0 <= (=dA) =0 < d("A) =0.
However, given p, € T,Q and v € T}, (T;Q), we get that

("N, (V) = Ap, (1(pg) (1)) = Pg (@)« (Pg) (1 () (v))) = Py ((For)« (Pg) (v)) = 0,

since in our case, 7o o ¢ = ¢ (the constant function assigning the point ¢). Hence, T;Qisa
Lagrangian submanifold of (T*Q, —d\) for all ¢ € Q. s

Proposition 4.2.27. Let (M,w) be a symplectic manifold and ¢ : M — M be a diffeo-
morphism. Then ¢ is a symplectic diffeomorphism if and only if its graph

gr(p) = {(p.p(p) [pe M} C M x M (4.19)
is a Lagrangian submanifold of (M x M, (—w) & w).

Proof. Firstly, notice that gr(¢) is an embedded submanifold of M x M (it is the image of
f = (idar xp)od, where 6(p) = (p,p) € A C MxM). It is clear that dim(gr(y)) = dim(M) =
1 dim(M x M), thus it is sufficient to prove that ¢ is a symplectic diffeomorphism if and
only if (—w) @ wlgr(y) = 0. Let p € M and vy, vz € T(p o (p))er(@). Then, since gr(y) = im(f),

Tip, ey &r(p) = Ty im(f) = im(T} f)

and, so we may simply take v; = fi(p)(u;) for some u; € T, M for all i = 1,2. Thus,

((—w) @ w) p(p) (f(p) (1), fi(p)(u2))

(f*((—w) @ w))p(ur, uz) = (= frmiw + frmw)p(u, uz)
(—(m o f)*w+ (m2 0 f) w)p(u1, uz)
(_

idyw + @ w)p(ur, uz) = (—w + @ w)p(ur, uz),

((—w) ® W) (p.p(p) (v1, v2)

which vanishes for all uj,us € T,M if and only if p*w = w, ie. if ¢ is a symplectic

isomorphism. Q.E.D.
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4.2.2 Symplectic and Hamiltonian (Infinitesimal) Automorphisms

We now return to the study of certain morphisms in the category of symplectic mani-
folds and, in particular, their infinitesimal counterparts. In many applications, it is rather
important to understand the symplectomorphisms between the same manifold. Borrowing
the nomenclature employed in category theory, we shall call these such maps by symplectic

automorphisms and denote
Aut(M,w) = {® € Diff(M) | ®*w = w}. (4.20)

Proposition 4.2.28. The pair (Aut(M,w), o) forms a group and it is a subgroup of (Diff (M), o),
the group of diffeomorphisms of a manifold M.

Proof. Tt is clear that idy; € Aut(M,w). To check that (Aut(M,w), o) forms a (sub)group (of
(Diff (M), o)) it is enough to show that it is closed under the composition and the inversion
map Diff (M) — Diff (M), & — &~ 1. Let ®, ¥ € Aut(M,w). Then,

(PoV)'w=0"0"w=TV"w=w.
Thus ® o ¥ € Aut(M,w). Q.E.D.

Similar to how the vector fields are the infinitesimal version of the diffeomorphisms of a

manifold, we can now consider the infinitesimal version of these symplectic automorphisms:

Definition 4.2.29. A vector field X € X (M) on a symplectic manifold (M, w) is said to be
locally Hamiltonian or called an infinitesimal symplectic automorphism if its flow FltX is a

symplectic automorphism, i.e. for all t € R:
(F1%)*w = w, on dom(Fl%).

Remark 4.2.30. Notice that, since symplectic automorphisms form a Lie group, there is no
problem in calling the elements of its Lie algebra by infinitesimal symplectic automorphisms.
In the sequel we shall adopt this nomenclature for a locally Hamiltonian vector field X €
X (M) and denote

aut(M,w) = {X € X(M)| X is a locally Hamiltonian vector field of (M,w)}.  (4.21)

Definition 4.2.31. Let (M,w) be a symplectic manifold. Then, a vector field X € X(M)

is called a
1) symplectic vector field if d(ixw) = 0;

2) Hamiltonian vector field if there exists H € C°°(M) such that ixw = dH.
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Remark 4.2.32. From the definition of a Hamiltonian vector field, it is clear that, if a

vector field X is Hamiltonian, then the function H is not unique (we could add any constant

b

function to H). However, the opposite is not true. In fact, since w” is a vector bundle

isomorphism covering the identity idys, for any a € Q'(M), there is a unique X € X(M)

such that o = w”(X). In particular, this is valid for exact 1-forms.
The previous remark motivates the following definition:

Definition 4.2.33. For a symplectic manifold (M, w), the Hamiltonian vector field associ-
ated to H € C°°(M) is the unique vector field Xy € X(M) satisfying

ixyw=dH. (4.22)
Therefore we shall denote this collection of Hamiltonian vector fields of a symplectic
manifold by:
ham(M,w) = {X € X(M)| X is a Hamiltonian vector field of (M,w)} (4.23)
= (W) 7H(do>(M)).

This notation will be justified later.

As for symplectic vector fields, we have the following;:

Lemma 4.2.34. Let (M,w) be a symplectic manifold and X € X(M). Then X is a sym-

plectic vector field if an only if X is an infinitesimal symplectic automorphism.

Proof. =) For a symplectic vector field X, given its flow Fl%, we obtain,
d d d

el Flt * — Fls * _ Flert *
dt( x)w ds( X)WS:t ds( X )WS:O
_d (F15)* (F1%)*w| = (F1%)* d (F1%)*w
— 1. X X - X) 3. X
ds s=0 ds s=0

= (Fl%)* Lxw = (F1%)*(d(ixw) + ixdw) = 0.
Thus, (FI%)*w = (F1%)*w = w, i.e. X is an infinitesimal symplectic automorphism.

<) If X is an infinitesimal symplectic automorphism, since (Fl%)*w = w, on dom(Fl%),

we have that < (FI%)*w = 0. Thus, in particular, we get

d
t=0

Hence, X is a symplectic vector field.
Q.E.D.

Theorem 4.2.35. Let (M,w) be a symplectic manifold. Then, given X,Y € aut(M,w), we
have that
i[X,y]w = —d(UJ(X, Y))
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Proof. Let Z € X(M). By the definition of the exterior derivative, we have that
dixw)(Y,2) =Y (w(X,2)) - Z(w(X,Y)) —w(X,[Y, Z]),
dw(X,Y,Z2) =X (w(Y,Z)) - Y(w(X,2))+ Z(w(X,Y)) —w([X,Y],2)
+ w([X7 Z]v Y) - w([Yv Z]a X)a

and similarly for d(iyw)(X, Z). Then, since w is a symplectic form and X, Y are infinitesimal

symplectic automorphisms, w, ixw and iyw are closed and, therefore,

0=Xw(,2)) - Y(w(X.2) + Z(w(X.Y)) —w(X,Y], Z) + d(iyw)(X, Z)
= X(w(Y.2)) + Z(w(Y, X)) = d(ixw)(Y, Z) + Y(w(X, Z)) - Z(w(X,Y))
= -w([X,Y],Z) - Z(w(X,Y)) = —(iix,yjw + d(w(X,Y))) (Z)

where the terms in red, blue and teal cancel out. Thus, since Z € X(M) is an arbitrary

vector field, we conclude that ijx yjw + d(w(X,Y)) = 0. Q.E.D.

From Theorem 4.2.35, we can organise the different Lie algebras of vector fields the
following way: both Lie algebras of Hamiltonian and symplectic vector fields are Lie sub-
algebras of the algebra of vector fields and, furthermore, the algebra of Hamiltonian vector

fields is a Lie ideal of the algebra of symplectic vector fields. More compactly, we write:
ham(M,w) < aut(M,w) < X(M) as Lie algebras. (4.24)
Additionally, Theorem 4.2.35 motivates the introduction of the Poisson bracket:

Definition 4.2.36. The Poisson bracket of two functions f,g € C°°(M) on a symplectic
manifold (M, w) is the bracket

{19} = —w(Xy, Xy), (4.25)

where Xy, X, € ham(M,w) are the Hamiltonian vector fields associated to the functions

19

Remark 4.2.37. As mentioned previously, the addition of the sign on Eq. (4.25) follows
the convention used in Poisson geometry as it turns the discussion of said manifolds much
simpler. Alternatively, in other references such as [13], it is often preferred to use a minus
sign in the definition of the Lie bracket, so that [X,Y] = Y X — XY. For a more detailed
discussion of sign convention in symplectic geometry, we redirect the reader to Remark 3.1.6
of [13].

Remark 4.2.38. With this definition of the Poisson bracket, Theorem 4.2.35 shows that,
given two functions f,g € C°(M),

(X5 Xl = Xi1.- (4.26)



FCUP
104 Chapter 4. Symplectic Manifolds

Proposition 4.2.39. The Poisson bracket defined by

{-,-}: C(M) x C=(M) — C=(M) (4.27)

is anti-symmetric, R-bilinear and satisfies, for all f,g,h € C(M):

{f’ {97 h}} + {97 {ha f}} + {h? {f7 g}} =0 (JaCObZ. identity)
{f,gh}t ={f.g} h+g {f h} (Leibniz rule)

Proof. The anti-symmetry and bilinearity of the Poisson bracket come directly from the fact

that w is a 2-form and that d is R-linear. As for the Leibniz rule, we have:

{figh}y = —w(Xy, Xgn) = (ix,,w)(Xy) = d(gh)(Xy) = dg(Xy)h + gdh(X})
= —w(Xp, Xg)h — gw(Xs, Xpn) = {f, g} h + g {f, h}.

Finally, to prove the Jacobi identity, since w is closed,

0= dw(Xy, Xg, Xp) = Xy(w(Xg, Xn)) = Xg(w(Xy, Xn)) + Xn(w(Xy, Xg))
— w([Xy, Xgl, Xn) + w([Xy, Xp], Xg) — w([Xg, Xn], X)
= —d{g,h} (Xy) +d{f, h} (Xy) — d{f. g} (Xn)
— WXy Xn) + w(Xipny, Xg) — w(Xigny, Xr)
= —w(Xygny, Xf) +w(X(pny, Xg) — w(Xr.g), Xn)
— w(X(1.93, Xn) +w(Xggny, Xg) = 0(Xignys Xp)
= =2({f.{g,h}} +{g,{h, f}} + {h,{f. 9}})

which concludes the proof. Q.E.D.

Remark 4.2.40. From the proposition we get that the pair (C°°(M),{:,-}) is a (real

infinite-dimensional) Lie algebra.
Proposition 4.2.41. Let (M,w) be a symplectic manifold.
(i) The following map is a Lie algebra homomorphism:
(C>*(M),{-,-}) — (ham(M,w), [-,])

f'—)Xf

(1) If p € Aut(M,w) and f € C®(M), then ¢* X = Xy« s.
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Proof. (i) By the properties of the exterior derivative, for a,b € R and f,g € C*°(M), we
simply get that

W (Xafing) = d(af +bg) = adf + bdg = aw’ (X;) + bw’(X,),

thus, since w” is an isomorphism, Xafibg = aXy + bX,. Additionally, by Eq. (4.26),
we get that the assignment f — X is a Lie algebra homomorphism.

(i) In the conditions of the statement,

W (Xpegp) =ix,.,w=d(@"f) = p*df = ¢"(ix,w)
= Z‘99*)(]" (QO*W) = Z‘%?*Xfw = wb(gﬁ*Xj)

b

Since w” is an isomorphism, we then conclude that X -; = ¢* Xy. Q.E.D.

Even though we started by defining the infinitesimal symplectic automorphisms from
their non-infinitesimal versions, such was not so evident to do for Hamiltonian vector fields.

We shall now remedy this fact by introducing the notion of Hamiltonian isotopies:
Definition 4.2.42. Let (M, w) be a symplectic manifold.

1) A Hamiltonian isotopy is a smooth family { & | t € [0,1]} of symplectic automorphisms
such that ®° = id;; and
d
a@t(p) = (XHt)‘I’t(p)a V(py t) e M x [07 1]7

where {H; € C*°(M) |t € [0,1]} is a smooth family of smooth functions.

2) A symplectic automorphism ¢ : M — M is called a Hamiltonian automorphism if
there exists a Hamiltonian isotopy {<I>t | t €0, 1]} such that ®' = ¢. The collection

of all Hamiltonian automorphisms is denoted by Ham (M, w).

Proposition 4.2.43. The pair (Ham(M,w), o) forms a group, which is a normal subgroup
of Aut(M,w), which we shall denote as Ham(M,w) < Aut(M,w).

Proof. The fact that (Ham (M, w), o) forms a group boils down to show that the composition
of two Hamiltonian automorphisms is still a Hamiltonian automorphism (the other necessary
group properties are evident). Therefore, let ¢, € Ham(M,w) with Hamiltonian isotopies
{@*|t € [0,1]} and {W!|t € [0,1]}, respectively, such that S£&'(p) = (Xp,)s:() and
LUt (p) = (Xk, )t (p)- We want to show that {®* o ¥*|t € [0,1]} is a Hamiltonian isotopy
of ¢ o1). For that, notice that, given a symplectic automorphism ¢ € Aut(M,w), by the

properties of the interior product,

. . . * —1\*
Z(XHt+¢*XKt)w:zXHthrzw*XKtw:dHtJrap ZXKt(cp ) 'w

= dHt + QO*Z'XKtw = dHt + @*th = d(Ht + (,O*Kt) (*)
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Thus, we get,

Cotoutp) = Lo owp)|  + @00 (SU0)

dt ds — - dt

= (Xu,)otowt(p) + (PLXK, ) (@towt)(p) = (Xu, + PLXK, ) (@towt)(p)
= (Xg, + (D7) * Xk, ) (@towt)(p)-

Then, by Eq. (*), we obtain

d
aq’t o UH(p) = (X (H,+(@-1)* Ky) ) (@10t (p)

hence {®'o W' |¢ € [0,1]} is a Hamiltonian isotopy and, therefore, Ham(M,w) is a subgroup
of Aut(M,w). To prove that it is normal, let ¢ € Aut(M,w) and ¢ € Ham(M, w) such that
{®'|t € [0,1]} is its Hamiltonian isotopy with functions H,. Then,

d

%w—l 0 ® o tp(p) =1, (D o h(p)) (dt@ o w@)) =01 (D o () (Xa,)oton(p))

= (5 X )atonp) = (" Xa,)p-100t0p) = (Xpr i) p-108t0p(s)
thus, =L ogorp € Ham(M,w), i.e. Ham(M,w) is a normal subgroup of Aut(M,w). Q.E.D.

Therefore, similarly to what we have previously obtained for their infinitesimal counter-
part, we get
Ham(M,w) < Aut(M,w) < Diff (M) as groups. (4.28)
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4.3 Darboux and Moser Theorems

The next step in our journey through symplectic manifolds is to obtain one of the most

important theorems of this geometry, Darboux’s Theorem:

Theorem 4.3.13. Let (M,w) be a 2s-dimensional symplectic manifold. Then, givenp € M,
there exist an open neighbourhood U C M of p and a diffeomorphism ¢ : U — V C R?® such
that ©* (weanlv) = w|u.

To prove such a result it is necessary to introduce the notion of Moser isotopy which
firstly requires to fully understand the concept of time-dependent vector fields, as well as a

similar result for symplectic vector spaces. Let us, then, start by the latter:

Theorem 4.3.1. Let (M,w) be a 2s-dimensional symplectic manifold. Then, given p € M,
there is a basis {X1,---,Xs,V1,---,Us} of T,M such that, for alli,j=1,...,s,

wp(Xis Xj) = wp(vi,v5) =0 and  wp(xi,vs) = dij,

where §;; is the Kroenecker delta. Moreover, there exists a (vector space) isomorphism
0:T,M =5 R? such that
(Wean)o © /\2 ¥ = Wp,

or, with more detail, for u,v € T,M, wy(u,v) = (Wean)o(@(u), p(v)).

Proof. Induction over s: for s = 1, let {x,v} be an arbitrary basis of T, M. Since w is
a symplectic form, it is non-degenerate and, so, wy(x,v) # 0. Thus, redefining the basis

elements to be x, - we obtain the conditions of the theorem.

_v
P(va) ’
For the induction step, we simply note that, since w is non-degenerate, we can always
find two linearly independent x1,v; € T, M such that wy,(x1,v1) # 0 and, so, the subspace
spanned by {xl, m} is a symplectic vector subspace of (T, M,w,). Then, its sym-
plectic orthogonal is also symplectic and has dimension 2(s — 1), thus, by the induction

hypothesis, there is a basis {x1,...,Xs—1,01,-..,0s—1} such that
wp(Xir Xj) = wp(0i,0;) =0 and  wp(Xi, 05) = by,

fori,j =1,...,8 — 1. Therefore, {x1,X1,--->Xs—1; mﬂl, ...,Us—1} forms a basis of
» (X1,
T, M satisfying the conditions of the theorem.
Finally, we construct the linear map ¢ : T,M — R?$ = TyR?* such that

S S
0 0
7 (v¥xi +vfv) | = (v?< vy ) ,
where (x1,...,%s,Y1,...,Ys) are the standard coordinates on R?* such that the canonical

S
symplectic form takes the form wea, = > da; A dy;. Then it is clear that ¢ is a vector
i=1

isomorphism it satisfies (wean)o © A2 ¢ = wp. Q.E.D.
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This theorem is almost precisely what we require for Darboux theorem, however it is
not necessary that the bases for the tangent spaces glue well together. The response to this

problem is precisely what we shall discuss in the rest of this section.

4.3.1 Time-dependent vector fields

When we first dealt with vector fields, we learnt that they can be used in the setting of
differential equations for their flow/integral curves. However, in many scenarios, the ODE’s
describing certain processes are not autonomous, i.e. the process itself may depend on time.
This also motivates the extension of the notion of vector fields to allow them to depend on
time:

Definition 4.3.2. A time-dependent or non-autonomous vector field on a manifold M is
a smooth map X : Q@ — TM, where @ C R x M is an open subset, such that X (¢,p) def
Xi(p) € T, M, for all (¢,p) € Q.

Remark 4.3.3. Notice that, in essence, a time-dependent vector field is nothing more than
a family of vector fields {X;}:er (for I C R an open interval and 2 = I x M) that glues

sufficiently well as we change the time ¢ € I.

Remark 4.3.4. Following the same notation introduced in Section 1.1, we shall denote the

time-dependent vector field at a time ¢, Xy, evaluated at a point p € M by (X¢),.

Example 4.3.5. The simplest cases of time-dependent vector fields are, in fact, time-
-independent vector fields X € X(M). Clearly, if we consider @ = R x M and X; = X, for
all t € R, then X, is a time-dependent vector field. s

Example 4.3.6. Let M = R™. Then, for all t € Ry we can consider

1—22 9
Xi(x1,. oy xm) = Z " e

i=1

which is a time-dependent vector field we shall discuss in more detail below. s

The discussion of time-dependent vector fields cannot be concluded without the notion

of their flows and integral curves.

Definition 4.3.7. Given a time-dependent vector field X on a manifold M, an integral
curve of X is a smooth curve v : I — M such that $~(t) = X (¢,7(t)), for all t € I with

(t,y(t)) € Q.

We could define the flow of such a vector field as well, however to do so it is more useful to
think about time-dependent vector fields on M as time-independent vector fields on R x M.

In fact, for every non-autonomous vector field X, we may define an autonomous vector field
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on an open subset of R x M (with domain @ C R x M) by X = % + X, where % is the
vector field on R x M obtained by the pullback by the projection R x M — R. Then, we
may define the flow of X by

d_, .
gFlg(t, p) = Xris, (1) and F1% (t,p) = (t,p) € R x M.

Expanding the equation on the left by rewriting F1% (¢, p) = (7°(t,p), x*(t, p)), we get

d . ) d |
&T( (t,p) = - and 7X( (t,p) = (X’T'S(t,p))xs(t,p)'

Ot ot ds
The first equation yields 75(¢, p) = s+t (where we already use the initial condition 7°(¢, p) =

t) and, thus, the second equation becomes

d s
&X (t7p) = (XS-H)XS(t,p)a

with the initial condition x°(¢,p) = p. Thus, to obtain an expression similar to an integral
curve for X, we perform a change in coordinates s — s —t and call Fl}t (p) = x*"t(t,p) the
flow of the non-autonomous vector field X (we shall prove the uniqueness of this map in a

subsequent proposition). This flow must satisfy

d

gFI;t(p):(XS)FI;t(p) and F1§'(p) = p. (4.29)

Proposition 4.3.8. Let M be a smooth manifold and X a time-dependent vector field.

(i) The map Fl}t defined previously is unique and it is a diffeomorphism between two open
subsets of M, with inverse Flg’(‘q, for all s,t € R;

(i) If p € dom(F1%") and F1%'(p) € dom(F1%"), then FI3* o FI% (p) = FI3* (p).

Proof. (i) By construction, F1%*(p) = x*~*(t,p) is a local diffeomorphism since x*(t, p) is
the second component of the flow of % + X. Moreover, the inverse of the flow F1%
is (Fl})*1 = Fl}(s, so, in order to compute the inverse of Fl;&t, take for p,q € M and
s,t € R such that p = F13'(¢) = x*~(t, q). Then, we have that

(s,p) = FIT (t,q) = (t,q) = FIZ*(s,p) = g =x"""(s,p) = FI"(p).

. s,t . s,t\—1 __ t,s
Therefore, the inverse of the flow F1%" is (FI3") ™ = FI1 2.

As for the uniqueness of the flow, assuming that ¢*! also gives the flow of X, it is
quite straightforward to prove that, for any p € M, (s +t,¢* T4 (p)) gives the flow
of % + X at the point p. Thus, by the uniqueness of the flow of (time-independent)

vector fields, we conclude that ¢t = Fl_sxlt.
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(i) In the conditions of the statement, we have that

FIY" o FIY' (p) = x* " (u, X" " (w.p)) = X" "(u— t + £,x"7'(t,p))
=TT T (G p) X T (tp)) = X T o FILT (8 p).

Since, from the properties of the flow of autonomous vector fields, Flt)% o Flt)? = F‘l;“2

and x° is the ‘spatial’ component of the flow FI%, we have that
X "o FluX_t(t,p) =T p) = 5Tt p) = Fl;t(p). Q.E.D.

Example 4.3.9. For a time-independent vector field X € X (M), constructing the associated
non-autonomous vector field X as X; = X , for all ¢t € R, the flow of X satisfies, for p € M
and t,s € R

d

—FI () = (Xs)Fl;t(p) = Xp

tt -
PR and FIX—ldM

13" ()

Thus Fl;t(p) satisfies the same ODE as the flow of X, F15“(p). By the uniqueness of
solutions of ODE’s, these two maps must be the same in a neighbourhood of p. In particular,
Fl}’f =FIX" for all triples (s,t,p) € {(s,t,p) € R* x M| (s — t,p) € dom(Fly)}. i

Example 4.3.10. For the case of example 4.3.6, given the vector field X;(z1,...,2m) =

m 2
> 17” % and writing the flow of this vector field as
i=1 ‘

FIY (p) = (61(5.£,9), - &m(s:1.9))
and p = (1,...,%m), the conditions for the flow give, for all i =1,...,m,

1- (¢i(57tap))2

and  ¢;(t,t,p) = x;.
s

d
=5 @i 7t7 =
3 ils:t.p)

Therefore, by solving the differential equation on the left, we get

¢i(s,t,p) do: s ds’
/ Pi S = / L arctanh(¢; (s, t,p)) — arctanh(z;) = m‘f’
T, 1- ¢z t s’ t

= ¢i(s,t,p) = tanh (lnE’ + arctanh(xﬂ) )

where arctanh : ] — 1, 1] — R is the hyperbolic arctangent function. Thus, the solution for
the flow of X is

2 2 2 2 2 2 2 2
+1°) + t +1°) + t
Fls,t(zl’ o m) (Il(s ) S (8 ) S > '

Ty,
S\ zi (82— 2) + 212 (52— 12) + 52 12
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4.3.2 Moser Method

To more easily prove Darboux’s theorem, we shall utilise a method, first introduced by Moser

in Ref. [14], which essentially follows the proof of the following theorem:

Theorem 4.3.11 (Moser). Let M be a compact m-dimensional manifold, let {w;}icjo,1) be

a family of symplectic forms such that

%wt S d(Ql(M))

Then, there is a family of diffeomorphisms {¢¢}ic01] of M such that
djwr =wo and ¢ =idp. (4.30)

Proof. To obtain the intended result, let us instead obtain a time-dependent vector field
X such that ¢, = Flg’(o. Since ¢; must satisfy Eq. (4.30), differentiating both sides of this

equation yields:

d . ,d d, 4+ L (rsoy”
0— Eﬂj)twt = ¢ s T gqﬁswt . = ¢; ET + E(FIXO) W -
. d d s+t,0\ * * d
— 4! Tt £(F1X ) wy . = ¢; @t Lx,wt

Taking n; € Q(M) such that dn; = %wt and using Cartan’s magic formula, we get that
d(?]t + ixtwt) =0.

So, in particular, given some f; € C®(M), if w?(X;) = —n; + dfs, the equation above is
satisfied. Since w; is a symplectic form for all ¢, there is a unique X; satisfying this property.
Having now defined a vector field, to obtain the diffeomorphism ¢; required by the theorem
is just the process of solving the ODE determining the flow of X. The compactness of M
guarantees that X is complete and, so ¢; = Flt)’(0 is a symplectomorphism from (M,wq) to
(M, wy) for all ¢. Q.E.D.

Remark 4.3.12. The proof of this theorem gives a particular useful method to solve many
problems in differential geometry. This method, called Moser’s trick, even though only
entirely rigorous when we consider M to be compact (otherwise we would obtain that ¢;w; =
wp only on dom(Flt)’(O)), it can still be applied in general since we are only interested in finding

local diffeomorphisms.
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4.3.3 Darboux and Foliated Darboux Theorems

We are now ready to state and prove Darboux’s theorem:

Theorem 4.3.13 (Darboux). Let (M,w) be a 2s-dimensional symplectic manifold. Then,
given p € M, there exist an open neighbourhood U C M of p and a diffeomorphism ¢ : U —
V C R such that p*weanly = w|v.

Proof. Let U C M be an open neighbourhood of p € M and ¥ : U — V C R?* a chart.
Calling wg = ¥*Wean|v, we define, for all ¢ € [0, 1]

wp = wo + tHw|u — wo).

Clearly, w; defines a family of symplectic forms on U and, moreover, %wt = w|y —wp which
is closed. Consequently, by Poincaré’s lemma, up to shrinking U around p, we can assume
that %wt is exact, l.e. %wt = dn; for some 1, € QY (U) for t € [0,1]. Thus, we may apply
Moser’s trick and obtain a family of local diffeomorphisms {¢;}+c(0,1) such that ¢;jw; = wo

with ¢g = idys. In particular, for ¢t =1,
"/)*wcanh/ = Wo = ¢>1kw1 = ¢TW|Ua

or, reorganising the previous expression and defining ¢ = 1 o gbl_l : U — V (which is a local

diffeomorphism),

w*wcanlv = wlU- Q.E.D.

Corollary 4.3.14. Let (M,w) be a 2s-dimensional symplectic manifold and p € M. Then,
there is local chart (U, = (Q',...,Q% P1,...,P)) on M around p such that

wly = dQ" AdP;. (4.31)
=1

Remark 4.3.15. A chart satisfying this corollary is called a Darbouzx chart.

Having now obtained one of the most fundamental theorems in symplectic geometry, we
state certain important consequences of such a powerful theorem. One such consequence is,

in fact, an extension of Darboux’s theorem due to Weinstein:

Theorem 4.3.16 (Darboux-Weinstein). Let M be 2s-dimensional manifold, N C M a
compact submanifold and wi,ws two symplectic forms on M such that (w1), = (w2)p €
N Ty M, for allp € N. Then, there exist open neighbourhoods Uy and Us of N in M and a
diffeomorphism ¢ : Uy — Us such that ¢ : (Ur,w1ly,) = (Ua,w2|u,) is a symplectomorphism.
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The proof of this theorem uses a similar procedure as the one from Theorem 4.3.13 but also
uses the concepts of integration of fibres as well as of Riemannian metrics, both of which
are out of the scope of the current thesis. The interested reader can check the proof of this
result, for instance, in [13, Lemma 3.2.1].

We now look at specific types of submanifolds, as seen in the previous section.

Proposition 4.3.17. Let (M1,w1) and (Ma,ws) be symplectic manifolds and let N; C M,
(i =1,2) be compact symplectic submanifolds. Suppose there is a diffeomorphism ¢ : Ny —
Ny covered by a symplectic vector bundle isomorphism @ : TMi|n, — T Mz|n, restricting to
@« : TNy — T Ny. Then ¢ extends to a symplectic isomorphism 1 : Uy — Uy where U; is a
neighbourhood of N; in M; fori=1,2.

This result is essentially a consequence of the Darboux-Weinstein theorem, as the proof of
this statement boils down to said theorem once we reduce to the case where M; = My and
N; = Ny. For more details, cf. [13, Theorem 3.4.10], for instance.

Proposition 4.3.18. Let (M,w) be a symplectic manifold and L C M a Lagrangian sub-
manifold. Then, there exist open neighbourhoods U and V of L = im(0p-1) in M and T*L,
respectively, and a diffeomorphism ¢ : U — V such that

Ol =0+, and ¢*(—dAp)=w on U, (4.32)
where A\, € QY(T*L) is the Liouwville form on T* L.

The proof of this result requires the usage of almost complex structures on a manifold,
which is out of the scope for the current text. The interested reader can check the proof of
this result, for instance, in [13, Theorem 3.4.13]. If we also add the requirement that the
Lagrangian submanifold is compact, the proof of this weaker statement uses the notion of
tubular neighbourhoods, that we shall introduce in Chapter 8. For the proof of this altered

statement, we redirect the interested reader to [15, Theorem 9.3]

Foliated Darboux theorem

To conclude this section, we shall give a look at foliated manifolds and foliated forms.

Definition 4.3.19. A k-dimensional foliated manifold is a pair (M,F), where M is a
manifold and F = {.7: N | AE A} is a k-dimensional foliation of M.

Given this additional structure of a foliation on the manifold, it is more natural to study

the forms relative to this foliation.
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Definition 4.3.20. Let (M, F) be a foliated manifold. Then, if we denote by X (F) = T'(TF)

the space of vector fields tangent to the foliation F, we define the space of foliated k-forms
def .

by Q4(F) 4 (AT F).

Moreover, since, by Frobenius theorem, T'F is involutive, the space X(F) is equipped

with a Lie algebra structure, so we may also define a foliated de Rham differential as

Definition 4.3.21. For a foliated manifold (M, F), the foliated de Rham differential dx
is a derivation in the algebra (Q2*(F), A) which is also a homogeneous map of degree 1, i.e.
dr : Q¥(F) — QFFY(F) such that, given w € QF(F) and X,..., Xp11 € X(F),

k+1
drw(X1, .. X)) = ()" Xi(w(Xn, ., Koy Xiegn)) (4.33)

i=1
k+1

+ 3 (D) (X X, X X X X)),
t,j=1
i<j

where, once again, the notation X; means that we omit the entry X; from w.

The notions introduced in Section 1.1 can be generalised to the setting of foliated mani-
folds. In what concerns us, we are interested in the foliated Darboux theorem. To get to

that result, we must firstly generalise the Poincaré lemma in this context:

Lemma 4.3.22 (Foliated Poincaré). Let (M,F) be a k-dimensional foliated manifold and
let w € QYF) such that drw = 0. Then, for every p € M, there exists a neighbourhood
UCM of pandne QHF|y) such that w|y = dz,m.

Proof. Let (U, = (z1,...,%k, 21, - -+ Zm—k)) be a chart centred at p € M such that T, F =
span{ 6%,- |z = 1,...,k} (it is possible to choose such a chart by the global Frobenius
theorem 2.3.12). Considering the map 7,/) R x R™ — R™ such that ¥(¢, (z, 2)) = ¥ (z,2) =

(tz, z), notice that ¢ = Fl for X = Z z; 5 € X(¢(U)). Then, for ¢t > 0,
In(t) 1 (o) * L, .
wt (Fl )'w =2 (FIRY) Lxw = 2 (FIRY) (drixw + ixdrw)
n ; 1 .
= gd}-(Fllx(t)) Ixw = gd}-w;‘zxw

and, since (¢¢)«(z,2) = (tidgx) X idgm—&, given vy, ..., vy € T(y ) F,

..
<1/}:2Xw> ('U27...,U[) =
t (2.2)

= Ew(tm,z) (X(tr,z)a t'l)g, cee ,t’l)z)

(in>(tm,z) (tva, ..., tvp)

| =

—_

= " Wi ) (X (a2), V25 - -5 V)
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so we get that, for all £ > 1, }47ixw is a unique foliated ¢-form of (M, F). Since w € QF(F),
it is clear that ¥jw = w and ¥§w = 0. Thus,

1 1
d 1
w = Pw — Phw = / 4 yrwar = / L rriywadt
o dt o t

! 1 !
:/ d]: <¢:wa) dt:d]: (/ @b;‘ixwdt),
0 t ot

so, we define n = fol 11bfixwdt to obtain the result. Q.E.D.

Similarly to what is done in ‘regular’ symplectic geometry, we may now introduce the

notion of foliated symplectic manifold:

Definition 4.3.23. A (regular) symplectic foliation is a triple (M, F,wx), where (M, F) is
a foliated manifold and wr € Q%(F) is a foliated 2-form which is leaf-wise symplectic, i.e.

such that for a every leaf Fy of F, (Fa,wrx|r,) is a symplectic manifold.

This definition allows us to still define the Hamiltonian vector field of a map H € C*° (M)
the same way as before by defining as the foliated vector field X g € X(F) satisfying

iXwa = d]:H
and we also obtain an equivalent normal form theorem for these symplectic foliations:

Proposition 4.3.24 (Foliated Darboux). Let (M,F,wz) be a regular symplectic foliation
of dimension 2s and codimension n = m — 2s. Then, for every point p, there is a chart

(Uyo= (2t ....2% 91, .., ys, 21, ..., 2"™)) such that:

(i) TF = span { % ey % , % yeens 883/3} or, equivalently, the leafs of the foli-
ation are given by the level sets for which (z',...,2") are constant;

(ii) the leaf-wise symplectic form is given by wr|y = Zd]::ci A dFy;.
i=1
Proof. Let (U, = (2%,...,2% y1,...,ys,2%,...,2")) be a chart centred at a point p €
M such that ¢.(q)(T,F) = R* C R™ = T,
done by the global Frobenius theorem 2.3.12. Then, by Darboux theorem 4.3.13 applied to
Tro(wp) € NTgR* © N TyR™, where Ty denotes the cotangent lift of ¢ at p, we get a
diffeomorphism ¢ : V- C R™ — ¢(V) C R™ such that

(@R™, for all ¢ € U, which can be always

S

Ty (o p)(wp) = Z(dxi)o A (dys)o-

i=1

Calling wo = w|y and wy = (Y o @)* (37, da’ Ady;), it is clear that we have that (wp), =
(w1)p € N T, F. By the foliated Poincaré lemma 4.3.22, up to shrinking U, there exists a



FCUP
116 Chapter 4. Symplectic Manifolds

foliated 1-form n € Q!(F) such that w; —wy = drnp and n, =0 € T;F. Now, we follow a
similar procedure as the proof of Darboux theorem, using a method that resembles Moser’s

trick. Defining a time-dependent 2-form

wr =wp +t(wr —wo) =wly +1 <w|U — ('(/}O(p)*(dei /\dyi>> ;
i=1

it is clear that drw; = 0 for all ¢ € R and, up to shrinking U around p, (w;), € A yF
is non-degenerate for all ¢ € [0,1]. Then, there exists a unique time-dependent vector field
X; € X(F), depending smoothly on ¢ € [0,1] such that ix,w: +n = 0, for all ¢ € [0,1], by
the same argument as used in the proof of Moser’s theorem 4.3.11. Taking ¢; : Uy — ¢¢(Uy)
to be the foliated local diffeomorphism of (M, F) describing the flow of X,
G 0rwr = 01 | Lxwe + o | = 6 (drix,we + ix,widrwy + (w1 — wo))
= ¢rdr(ix,we +n) =0,

therefore, (¢jwi)q = (Phwo)q for all t € [0,1] and ¢ € U;. In particular, ¢jwi = wp on
Ui, which gives a local diffeomorphism such that (¢1).(q)(T4F) = Ty, (q)F for all ¢ € Uy
and ¢jw; = wp in U;. To conclude the result, notice that y = ¢ opo¢; : Uy - R™ is a

coordinate chart on M centred at p such that

d o 0 G, (=
X*(T'F):Span{axl""’8:1:5’3341"”75‘%} and x (de /\dyi>:w|U1.

i=1

Q.ED.
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Chapter 5

Introduction to Poisson Structures

We now turn our sights to the study of Poisson geometry. This type of geometry arises
naturally when one studies classical mechanics, similarly to Symplectic geometry, as well
as Lie’s theory for solving partial differential equations (also very prominent in physics
problems). In fact, as we shall see in these and the next chapter, Poisson geometry is, in a
certain sense, like an organism with its core components (these being symplectic geometry,
Lie theory and foliation theory) working together to form a beautiful and cohesive geometry
that, in the last decades, has spewed an incredible amount of new research topics. In
this chapter, however, we lay the groundwork by exploring the direct consequences of the
definitions and by viewing Poisson manifolds in two distinct yet equivalent ways, using the
Poisson bracket, which appears more notably when studying physics, and using bivector
fields which turns out to be the more natural way of understanding Poisson geometry.

The chapter is divided into the following: we start in the first section by introducing
the Poisson manifolds using a bilinear anti-symmetric bracket as well as give the standard
examples of this class of manifolds. Section 5.2 deals with the morphism one can define on a
Poisson manifold as well as the special types of vector fields and their Lie algebra structures.
On Section 5.3, we introduce another way of looking at Poisson manifolds making use of
multivectors and consider the Lie algebroid structure arising on the cotangent bundle of
a Poisson manifold. The fourth and final section discusses the Poisson structure one can
define on the dual of a Lie algebroid as an extension of a classic example of the linear Poisson

structure on the dual of Lie algebras.
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5.1 Poisson brackets

Let us start by defining the essential operation that is at the centre of the discussion of

Poisson geometry:
Definition 5.1.1. Let M be a smooth manifold.

1) A bracket {-,-} : C®(M) x C*°(M) — C°°(M) that is an R-bilinear map, anti-
-symmetric, and obeys the following properties, V f, g, h € C(M):

{f:{g:h}} +{g.{n, f}} +{h.{f.9}} =0 (Jacobi identity) (5.1)
{f,ghy ={f.9} h+g{f h} (Leibniz rule) (5.2)

is called a Poisson bracket on the set C°° (M) of smooth maps on M;

2) A Poisson manifold is a pair (M, {-,-}) where {-,-} : C°(M) x C*°(M) = C>(M) is

a Poisson bracket.

Notice that, in the first definition, a Poisson bracket is nothing more than a Lie bracket
on the set C°°(M) with the additional property of it being a derivation in each entry. This

allows us to say that C°°(M) is a Poisson algebra which we define as follows:

Definition 5.1.2. A Poisson algebra is an R-algebra (where R is a commutative ring or
more usually a field) A together with a Lie bracket {-,-} : A x A — A such that, for every
a€ A, {a,-}: A— Ais a derivation of A, i.e. {-, -} is a Poisson bracket.

As it is usual in constructions in Mathematics, it is useful, once introduced a space with
certain properties, to also introduce a type of maps that preserve the new structure we just
added to our spaces. For the case of Poisson manifolds, we introduce the notion of a Poisson

map/morphism:

Definition 5.1.3. A Poisson map or Poisson morphism between Poisson manifolds (M7, {-,-},)

and (Ma, {-,-},) is a smooth map ® : My — M, inducing a Lie algebra homomorphism:

{fo®,go®}, ={f,9},0®, VfgeC®My). (5.3)

Remark 5.1.4. With the introduction of Poisson morphisms, we can define the category
of Poisson manifolds, PoissMan, whose objects are Poisson manifolds (M, {-,-}) and mor-

phisms are Poisson maps.
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We could now question whether it is possible to express the Poisson bracket locally in

an unique way. In fact that is possible by noticing that the Poisson bracket is local:

Proposition 5.1.5. A Poisson bracket {-,-} on a manifold M is local, i.e. for all f,g €
C>(M),

supp({f,g}) C supp(f) Nsupp(g),

where the support of the map f is defined as supp(f) def

{p eM ‘ f(p) # O}. In equivalent
terms, a Poisson structure is such that, for any open subset U C M and any f,g € C*°(M),

if flu =0, then {f,g}|v =0.

Proof. Given any p € U, we may always find a function ¢ € C°° (M) with compact support
such that supp(¢) C U and ¢(p) = 1. Then, if f|y = 0 for a function f € C*(M), pf =0
and, for any g € C*°(M),

0=1{0,9} (p) ={ef 9} () = {w. 9} @) f(p) + v(P) {f 9} (p) = {f 9} (p),

where, in the third equality we used the fact that ¢(p) = 1 and f(p) = 0. Since p € U is
arbitrary, we conclude that {f, g} |y = 0. Q.E.D.

Remark 5.1.6. This local characteristic of the Poisson structure is nothing particular to a
Poisson structure. In fact, given any anchored vector bundle (E 2 M, a), an R-bilinear,
anti-symmetric bracket (,-) : T'(E) x I'(E) — T'(E) satisfying the Leibniz rule (with respect
to the anchor), i.e. such that, for 01,02 € I'(E) and f € C*°(M),

(o1, fo2) = flo1,02) +a(o1)(f) o2,

satisfies this local property (the proof is entirely analogous to the one given for the Poisson
structure). The triple (E —— M, a, (-,-)) as above is called a Leibniz algebroid.

Remark 5.1.7. Given an open subset U C M of a manifold M and a point p € U, for
any function f € C*°(U), we may always find a function fe C° (M) such that f|v = flv
for some V' C U and open neighbourhood of a point p € U in U. In fact, by considering a
function ¢ € C°°(M) with compact support such that supp(p) C U, and ¢|y = 1 for some
open neighbourhood V of p in U, with define f at any g € M as

. 0, if ¢ ¢ supp(y)
(@) f(q), ifqeU

This construction allows us to finally define show that any Poisson structure can always

be expressed locally.
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Proposition 5.1.8. Let (M,{-,-}) be a Poisson manifold. For any open subset U of
M, there exists a unique Poisson structure {-,-},, on U such that the inclusion map ¢ :

U, {-}y) = (M, {-,-}) is a Poisson map or, equivalently, given any f,g € C>(M),

{flvglvty ={f 9} v

Proof. The previous Remark and the local character of the Poisson structure guarantee that
there exists a unique function {f,g}, € C°(U) such that, for all p € U {f, g}, (p) =
{ﬁf]}(p) for some functions f,§ € C* (M) such that f|v = flv and g|y = g|v for some
open neighbourhood V' of p in U. Then, this property allows us to show that {-, -}, is, in

fact, a Poisson structure on U. Q.E.D.

Thus, Proposition 5.1.8 essentially allows any Poisson bracket to be expressed (locally

for a chart (U, ¢ = (x!,...,2™))), for any two maps f,g € C*°(U), as

= E Y = 5.4
{f?g}U ij:17r 333’ 6$]’ ( )
for some smooth functions 7% € C°°(U) with i,j = 1,...,m, where, the anti-symmetry of

the Poisson bracket reflects unto the anti-symmetry of the coefficients 7%, i.e. for all 4, j =
1,...,m, 7 = —xJ*. Moreover, we can show that, in order for the Poisson bracket (5.4) to

obey the Jacobi identity, one must have the following, for f,g,h € C*°(U):

{FAg.htuty =6 D whogokhy = > 7o for | Y 7% 9;90kh
gk=1 g =l gok=1
= Z it &f(@eﬂjk 09 Oxh + ik (0¢0;9) Oxh + ik 059 (aeakh)),
i,k =1
where we used the simplified notation 0; def aii . Adding the corresponding terms cycling

the entries in the Poisson brackets and changing the indices when necessary, we get

0 = {f7 {g7h}U}U + {ga {h>f}U}U + {ha {fag}U}U

= Z (wifamj’“ + 79 + wjé(?gﬂki)aif 0;9 Orh
ivg k=1
+ Z ((c%aif) 09 Oph(mrenid 4 Itrkty 10, f (9,0;9) Oph(mend® 4 7hirid)
i,4,k,0=1 Lo f 8;‘9 (648kh)(7r”7rjk + leﬂki))
where the terms in the second sum vanish since 8,0;f = 9;0,f (f € C(U) C C?(U)) but

ahlptd ppitpki — _phkipgli _piigkt 5o each term contains the product of a symmetric matrix

with an anti-symmetric one, which always vanishes. Thus, the Jacobi identity implies that
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the matrices of smooth maps 7%/ € C°°(U) obey the following condition, for all i,j,k =

1,...,m,
m

Z(ﬂ'”@gﬂjk + 79y 4 wItdymht) = 0. (5.5)
=1
Let us now look at some important examples of Poisson manifolds that will follow us as

we expand our knowledge of this geometric theory:

Example 5.1.9. The simplest possible case of a Poisson manifold is one in which the Poisson

brackets are identically 0, i.e.
{f,g} =0, Vf,geC™(M).

Naturally, such a bracket obeys all the necessary properties for it to be a Poisson bracket

but, naturally, it is not an interesting case of a Poisson manifold. s

Example 5.1.10. A slightly more interesting example of a Poisson bracket is that of a
constant one, in which M = R™ and 7% (p) = ¢/ € R, for all p € R™. Thus, we may write
the constant Poisson bracket of the maps f,g € C°(M) as
m
. df Og
_ ij A
{fvg}_ ZC 8aci8mj’

,j=1

or, without mentioning any specific coordinate basis,

{f.9}=(Vf) CVy,

where C € M,,,(R) is an arbitrary anti-symmetric m x m matrix with real entries c¢*/. As one
can easily see, the bracket defined previously obeys all the properties necessary of a Poisson

bracket including Jacobi identity, since it trivially satisfies Eq. (5.5). s

Example 5.1.11. One other class of important examples of Poisson manifolds are precisely
symplectic manifolds. As seen in Chapter 4, it is possible to define Hamiltonian vector fields
by ix,w = dH for each H € C°°(M) by this definition, the Lie bracket of two Hamiltonian
vector fields Xy and X is also a Hamiltonian vector field X,,(x, x,). This fact prompts us
to define the canonical Poisson bracket:

{f?g}can = _W(vaXg)' (56)
In particular, for R?® with coordinates (q',...,¢%, p1,...,ps), the canonical symplectic struc-

S .

ture takes the form w = Y dg'Adp;. For this structure, we can show that the Poisson bracket

=1
takes the canonical form:

~ (0f dg  Of g
oy =250 30 ~379m )"
— \9pi9¢"  Oq’ Ip;
As we shall see in the future, symplectic structures are essential to the study of Poisson

structures as they are, in some sense, the building blocks of all the possible Poisson structures

we can introduce on a manifold. s
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Example 5.1.12. The final class of examples is that of linear Poisson brackets. This type of
Poisson brackets arises by considering a vector space V and a Poisson bracket {-, -} on C*®(V)
that produces a linear function if both its entries are linear, i.e. since the linear functions
on V are just the elements of the dual of V' (C32(V) = V*), we have that {V*,V*} C V*.
Using the local definition of the brackets for a (global) coordinate chart (U, (z%,...,2™)) on

M such that, any element v € V can be written as v = Y 2% ¢; for some basis {e1,...,emn}
i=1

of V, we obtain that the coefficients appearing in Eq. (5.4) are of the form 7%/ = kzl cf ¥,
so the bracket for linear maps f,g € V* is just

m . Of g
= /LJ k —
{fag}|U i;k::lck z o1 OzI

Furthermore, if we look at the Jacobi identity that the bracket {-, -} must obey or, equiva-
lently, the PDE in Eq. (5.5) that the given 7%/’s must satisfy, we obtain a relation for the

constants cfcj :
Z (c;f C‘zk + CI;Z ¢l + c;f c’g’) =0,
=1
which is the same relation obeyed by the structure constants of a Lie algebra on V*.

Conversely, and more generally, if (g,[-,:]) is a real finite-dimensional Lie algebra, we

may associate to each element ¢ € g to the evaluation map evy : g* — R, defined by
evp:g" — R

A — A(D)
Then, for these evaluation maps, we may define a Poisson bracket {-,-} on C*(g*) as
def
{QVgl P ev@z} = ev[&,fz]a vgla 42 cg. (57)

For the general case of a map f € C°(g*), we must consider the differential structure
present in g. Let A € g* and f.(\) : Thg* — R be the derivative map of f. We may identify
Thg* = g* and, so, f«(A\) € (g*)* = g which allows us to rewrite the Poisson bracket in (5.7)

as

{£,93 () = A([f(N), g-(N)]), VAeg” (5.8)
If we give a basis {ej,...,e,} to the Lie algebra g, with associate coordinates in g* given
by {x!,..., 2"}, then it is possible to rewrite Eq. (5.8) in a local form since, now,

A= Z Aa®  f(N) = Z 88;; (M) e, (analogous for g).
a=1 a=1
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Then, by defining the structure constants k;, of the Lie algebra g by [eq,es] = D kS, e,
c=1

{f,g}m-AQ §;<A>ea,zjﬁ<x>eb]>—x > 2L e el

a=1 b=1 a,b=1
- Z O ()\) axb ()\))\ ( ~ kab eC) - Z oo ()\) 8$b (>\) ab )\(65)
a,b=1 c=1 a,b,c=1
_N- ey Of )99
_abzc:1 abAC@()‘)?()‘)'

Thus, we obtain a linear Poisson bracket on g*. These prove the following statement:

Proposition 5.1.13. For any finite-dimensional vector space g, there is a natural one-to-

one correspondence

{ Linear Poisson brackets } 1:1 { Lie algebra structures }
% ? )

{'7'} on g [a] on g
established by relation (5.7).

For a Lie algebroid A, given its space of sections has the structure of a Lie algebra, it
is also possible to define a ‘linear’ Poisson structure on the dual A* of A. Since such a
discussion requires introduction of more concepts that would break the natural progression
of the chapter, we shall delay such a discussion for the section at the end of the present

chapter. ;

5.2 Poisson and Hamiltonian Automorphisms and Vector
fields

Following the notion of a Poisson morphism and the category of Poisson manifolds, it
is also important to explore particular structures obtained by studying the isomorphisms
(or, in particular, the automorphisms) of this category. Thus, given a Poisson manifold
(M, {-,-}), if a Poisson morphism ® : M — M is also a diffeomorphism, we shall call ¢ a

Poisson automorphism or Poisson diffeomorphism and denote:
Aut(M, {,-}) = {® € DIfi(M) | {fo®,go®} = {f,g}o® ¥ f g C=(M)}.  (5.9)

Proposition 5.2.1. The pair (Aut(M,{~,~}),o) forms a group which is a subgroup of
(Diff (M), 0), the group of diffeomorphism in a manifold M, i.e. Aut(M,{-,-}) < Diff(M)

as groups.
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Proof. Tt is clear that idy; € Aut(M,{-,-}) and that, if ® € Aut(M,{-,-}) then also ®~! €
Aut(M,{-,-}). To conclude that (Aut(M, { -}),o) forms a subgroup of (Diff(M), o), let
O Ve Aut(M,{-,-}) and f,g € C°>°(M). Then:

{fo(PoV),go(PoW)}={(fo@)oW,(goP)oU}={fod,goP}oW
={f,g} o @) oW ={f,g}o(PoV),
so ® oW € Aut(M,{-,-}) and we obtain the result. Q.E.D.
Infinitesimally, we may also define Poisson vector fields the following way:

Definition 5.2.2. In a Poisson manifold (M, {-,-}), a Poisson vector field X is a vector
field such that its flow Fly is a (local) Poisson diffeomorphism, i.e. for all ¢ € R and
fyg € C®(M), one gets that

(FIy)* {f.g9} = {(FIx)"f. (FIx)"g} . on dom(FIy).

Remark 5.2.3. Following the fact that Poisson diffeomorphisms are also considered to be
automorphisms in the category of Poisson manifolds, we can conclude that a Poisson vector
field is, in fact, an infinitesimal Poisson automorphism. Hence, in the sequel, we may treat

these vector fields as such.
These Poisson vector fields on (M, {-,-}) admit the following characterisation:

Proposition 5.2.4. Let (M,{-,-}) be a Poisson manifold and X € X(M) a vector field on
M. Then, X is a Poisson vector field on (M, {-,-}) if and only if X is a derivation of the
Poisson bracket {-,-}, i.e. if, for all f,g € C*(M),

X({f,9}) ={X(f), g} +{f, X(9)}- (5.10)

Proof. =) Let Fl be the flow of X. Since X is a Poisson vector field, Fl% is a Poisson
diffeomorphism and, thus, by differentiating the defining expression of such Poisson

diffeomorphisms at ¢t = 0, we get

=X({f,9}), (%)

d
— , oFL
dt({f g} X) -

by the definition of the flow of a vector field, and

d
&({foFltX,goFltX )

d
= foFltX,goFltX}
t=0 {dt

d
t:O-i- {foFle,dtgoFltX}

~{GEnors| oems ) {romt ot )
= {X(): 9} +{f: X(9)}- ()

This implication is obtained by comparing Egs. (x) and ({).
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<) Let us now assume that X € X (M) is a vector field satisfying Eq. (5.10) for any
fig € C®(M). Let p € M and consider a smooth function

v:ICR—R
— (FL)* {(F15%)* £, (F1)*g })(p

where I C R is a real interval containing 0. Then, by the properties of the flow of a
vector field, v(0) = {f, g} (p) and

Cat) = SRR (1", ()9 )
d

= ({(F1%)" 7, (FI%)"0} ), (FIF' () ( G 0)
+((F1;j) (f{(Flt “f, (Fl) g}>)

= ({(F)" £, (P9} ) (FIK () (~ Xy )

+ (s ({5, <F13(>*g} Het s el ) o

= —X({(Fls)" £, (F1 )" g D (FI"(9) + (1K) ({X((F1)"£). (FIi)* g}
+ {(Flﬂg)*ﬁX((Flﬁc)*g)} ))®)
= (P (= X{(FL)* £, (1)) + {X((FL%)" ), (Fr) g}
+{(F1%)" £, X ((FIx)"9)}) ) @)
=0
where, in the last equality we used the fact that X satisfies Eq. (5.10). Therefore,
since 4(0) = {f, g} (p) and L~(t) = 0 for all ¢ € I, we conclude that v(t) = {f, g} (p),

for all ¢t € I. In conclusion, through an obvious transformation, we get the result, for
all t € R:

(FIx)" {f.g} = {(FIx)"f, (FIx)*g} on dom(Fl). QED.

Hence, we may define the real vector space of all Poisson vector fields as the set of vector
fields obeying a Leibniz rule relative to the Poisson bracket. We shall denote such a vector

sSpace as

aut(M, {-,-}) = {X € X(M) | X is a Poisson vector field of (M, {-,-})}. (5.11)

Proposition 5.2.5. For a Poisson manifold (M,{-,-}), the Lie algebra of infinitesimal
Poisson automorphisms (aut(M,{-,-}),[,"]) is a Lie subalgebra of (X(M),[-,]), i.e.

[aut(M, {'7 })7 aut(Mv {'a })] - aut(Mv {'a })

and we shall denote awt(M, {-,-}) < X(M) as Lie algebras.
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Proof. Let X, Y € aut(M, {-,-}) be Poisson vector fields and f,g € C°°(M). Then,

(X, Y]({f,9}) = X(Y({/,9})) - Y(X({f. 9}))
= X({Y (1) g} +{£;Y(9)}) - Y{X(f), 9} + {f; X(9)})
= {XY (), 9} +{Y (1), X(9)} +{X (1), YV(9)} +{f, X(V(9))}
—{Y(X(N), gt = {X (1), Y (9)} = {V(), X(9)} = {f, Y (X(9))}
=A{X,YI(5), 9} +{/, [X,Y](9)},
where, in the second and third equalities, we used the fact that X,Y are Poisson vector
fields, in the second equality, the R-linearity of the vector fields and we note that the terms

in red and teal cancel out. Thus, we obtain that [X,Y] € aut(M,{-,-}) and conclude the
result. Q.E.D.

One other very important type of vector fields comes directly from the fact that a Poisson
bracket must obey the Leibniz rule. These shall be called the Hamiltonian vector fields and

they can be defined so we have an agreement with the same notion in symplectic geometry:

Definition 5.2.6. The Hamiltonian vector field associated to a smooth map H € C*°(M)
is the unique vector field Xy such that, for any f € C(M):

def

Xu(f) ={H,f}. (5.12)
We shall denote the real vector space of all Hamiltonian vector fields by
def )
bam(M, {-,-}) = {X; e X(M) [ f € C=(M)}, (5.13)

and we obtain the following result:
Proposition 5.2.7. For a Poisson manifold (M,{-,-}), the set of Hamiltonian vector fields,
ham (M, {-,-}), forms a Lie subalgebra of X(M), i.e.
[ham(M7 {" })v ham(M7 {'a })] - bam(Mz {'a })
More precisely, for any f,g € C°(M), one gets that
(X5 Xl = Xif.- (5.14)
Proof. Expression is equivalent to the Jacobi identity, since, by applying the LHS of Eq. (5.14)
to h € C®(M), we get
(X5, Xgl(h) = Xy (Xq(h)) = Xo(X;(h)) = Xy ({9, h}) = Xg({ £, h})
= {f7 {ga h}} + {gv {hvf}} = *{hv {fag}}
= X(sny(h),

where we used the anti-symmetry of the Poisson brackets as well as the definition of Hamilto-

nian vector fields to obtain the result. Q.E.D.
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In particular, we can relate the Hamiltonian vector fields with the infinitesimal Poisson

automorphisms the following way:

Proposition 5.2.8. Let (M, {-,-}) be a Poisson manifold. Then the Lie algebra of Hamilto-
nian vector fields forms a Lie ideal of aut(M,{-,-}), i.e.

[aut(Mv {1, bam (M, {, })] C ham(M, {-,-})
and we shall denote ham(M, {-,-}) < aut(M,{-,-}) as Lie algebras.

Proof. Let f,g € C°(M) and Y € aut(M,{-,-}). Then,

Y, X¢l(9) = Y (Xs(9) — Xp(Y(9) =Y({f,9}) —{f,Y(9)}
={Y ()9} +{/, Y@} —{/,Y(9)} ={Y(f), 9} = Xv(5)(9),

where, in the second and fifth equalities we used the definition of Hamiltonian vector
fields and, in the third equality, that Y is an infinitesimal Poisson automorphism. Thus,
we conclude that [Y, Xf] = Xy (5 € bam(M, {-,-}) and, therefore, that ham(M,{-,-}) <
aut(M,{-,-}) as Lie algebras. Q.E.D.

From Propositions 5.2.7 and 5.2.8, we can reorganise the Lie algebras of vector fields,

Hamiltonian vector fields and infinitesimal Poisson automorphisms as:
ham(M, {-,-}) < aut(M, {-,-}) < X(M) as Lie algebras. (5.15)

One could now question if we find an equivalent relation between the different collections
of diffeomorphisms but, unfortunately, that is not so evident because we do not necessarily
know whether there is a collection of Poisson automorphisms which, infinitesimally, corres-
pond to the Lie algebra of Hamiltonian vector fields. In an attempt to remedy the lack of

such a set, we introduce the following notion of a Hamiltonian diffeomorphism:
Definition 5.2.9. Let (M, {-,-}) be a Poisson manifold.

1) A diffeomorphism ¢ : M — M is called a Hamiltonian automorphism or Hamiltonian
diffeomorphism if there is a smooth family of diffeomorphisms ®' : M — M (¢ € [0,1])
with ®° = idy; and ®' = ¢ such that there exists a smooth family of functions
{Hy € C>~(M) |t €[0,1]} on M with

d o
&(I) (p) = (XHt><I>t(p)a V(p7 t) €M x [07 1]

2) The collection of Hamiltonian automorphisms is denoted Ham (M, {-, -}) and it is called

the Hamiltonian Group of (M,{-,-}).
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A family {®° ‘ t € [0,1]} as in the previous definition is called a Hamiltonian isotopy
of (M,{-,-}). Note that ®' is the flow of the time-dependent vector field Xp,. With this
definition, we can show that an analogue of the relation in equation (5.15) is still valid.
Firstly, though, we shall show that the algebra of Hamiltonian vector fields is, in fact the

infinitesimal version of this Lie group:

Proposition 5.2.10. For a Poisson manifold (M,{-,-}), the group of Hamiltonian auto-
morphisms, Ham(M, {-,-}), forms a normal subgroup of Aut(M,{-,-}), and we shall denote
Ham(M, {-,-}) < Aut(M, {-,-}) as groups.

Proof. Firstly, it is clear that Ham(M, {-,-}) C Aut(M, {-,-}). In fact, given ¢ € Ham(M, {-,}),
if {<I>t | t €0, 1]} is the Hamiltonian isotopy associated with ¢, then, since Xy, is a Hamilto-

nian vector field,
XHt({foq)t,goQ)t}) = {XHt(fofl)t),goq)t} + {foq)t,XHt(gofbt)}
d d
- {(H(foét)790¢t} + {f0¢t7(ﬂ(90¢>t)}

d
:&{foq)t,goq)t}.

Moreover, by the properties of the pull-back, we get that

X, ({f,9)0®) = S(1f.9) 0 @),

Thus, for any p € M, both functions of ¢ € R given by {f o ®! go ®*} and {f,g} o &
are solutions of the same initial-value problem of the same linear ODE. Hence, they must
coincide, i.e. {fo®t go®'} = {f g}o®® on M for all t € R and, so ®* € Aut(M, {-,-}),
for all ¢ € [0,1]. In particular, for t = 1, we get that ¢ € Aut(M, {-,-}).

Next, we show that (Ham(M, {-,-}), o) forms a group and, in particular, a subgroup of
Aut(M,{-,-}). Naturally, the Hamiltonian isotopy related to the identity map is just the
! =idyy, Vt € [0,1] (which corresponds to Hy = 0, Vt € [0,1]) and for the inverse map ¢~*
of ¢, the Hamiltonian isotopy is just {(®*)~* ’ t € [0,1]}. Then one can quickly note that,
given ¢, € Ham(M, {-,-}) with Hamiltonian isotopies {®"|¢ € [0,1]} and {¥* |t € [0,1]},
respectively, such that £ ®!(p) = (Xp,)pt(p) and LU (p) = (Xk,)w:(p) We can construct
the Hamiltonian isotopy for the composition 1 o ¢ as {\I/t o ®? ’t € [0, 1]} Therefore, for
any p € M,

0 20) = (.00 (520 + 1 (¥ 0¥ 0)

s=t
(U)o (@ () (X, )t () + (XK, (wrodt)(p)
((\I/t)*XHt)(\Il‘o':Iﬂ)(p) + (XKt)(‘I”’O‘:Dt)(P)

= (Y7 "X, ) (wowt)(p) + (XK, ) (wtodt)(p)
((

V) X, + XKD (geont ()
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Since Xy, is a Hamiltonian vector field of (M, {-,-}) and ¥ is a Poisson automorphism of
(M, {-,-}) for all ¢, given an arbitrary function f € C*°(M), by Lemma 1.1.59,

()" X, ) (f) = X, (fo U)o W' = {Hy, fo U™ } o W'
== {Ht o \I/t,f} = X(\I/t)*H,(f)

Therefore, we get that

d

a(‘l’t 0 @) (p) = (X(\I'—t)*Ht + XKt)\I/t()(I)t(p) = (X(‘I"t)*HtJth)q;to@t(p)’

where, in the second equality we used the fact that, given two Hamiltonian vector fields
Xy, Xy € bam(M, {-,-}) of two functions f,g € C*°(M), for any h € C*>°(M),

(Xp+ Xg)(h) = Xy(h) + Xg(h) ={f,h} +{g,h} ={f +9,h} = Xy 44(h).

Thus, we conclude that 1 o ¢ is Hamiltonian diffeomorphism and, consequently, that
Ham(M, {-,-}) is a subgroup of Aut(M,{-,-}).

Finally, to show that Ham(M, {-,-}) is a normal subgroup, let ¢ € Aut(M,{-,-}) and
¢ € Ham(M, {-,-}). Then, we claim that {a' = ¢! o @’ o ‘ t € [0,1]} is a Hamiltonian
isotopy of ! o ¢ 0. Clearly a® =idy; and a' = ~! 0 ¢ 0 9. Furthermore, given p € M,

d d

o0 = (57 08 0u) = w8 0vw) (00

= (™) 09 (0)) (Xm)aton(n) = (¥ Xn,) (p-108t0p)(n)

= ("X )p-toatop(p) = (Xyrm)p-toatop(p),
where, in the second-to-last equality we used the definition of the pull-back of vector
fields and, in the last equality, that 1 is a Poisson automorphism. Hence, ¥t o ¢ o) €

Ham(M, {-,-}) is a Hamiltonian automorphism and Ham(M, {-,-}) is a normal subgroup of
Aut(M,{-,-}). Q.E.D.

Thus, as we previously obtained for the vector fields, we conclude that

Ham(M,{-,-}) < Aut(M,{-,-}) < Diff (M) as groups. (5.16)
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5.3 Poisson Bivectors

An alternative way to analyse Poisson structures is through the introduction of multi-

vector fields. Motivated by expression (5.4) and repeated here for convenience

—~ _i; O 9y
_ ij 99 ij )
{fate =D ' ghgy ™ €CT), (54)
1,0=1
we shall explore the case of biderivations, i.e. the case of elements in X2(M). This case
is a special one since it corresponds to anti-symmetric R-bilinear maps from C>°(M)*? to
C> (M) satistying the Leibniz rule, i.e., all the properties of a Poisson bracket apart from
the Jacobi identity. To introduce this identity, it is necessary to make use of the Schouten
bracket. The following proposition succinctly expresses the connection between Poisson

brackets and bivector fields:

Theorem 5.3.1. Let M be a smooth manifold. There is a natural one-to-one correspondence

Poisson brackets 1:1 Bivector fields m € X2 (M)
-y . (5.17)
{,;} on M such that [, 7] =0
established by the relation
m(df,dg) =Dx(f,9) = {f.g}, forall f,g € C*(M). (5.18)

Proof. To conclude the result, we need only to compute, for any 7 € X2(M) under the
identification (5.18), the Schouten bracket [r, 7] € X3(M) of any functions f,g,h € C*(M).
For that purpose, we use Egs. (1.56) and (1.57) and identify f1 = f, fo=g¢, fs =h:

[ﬂ-’ W](df, dg7 dh) = Q[Trjr] (fa g, h)
= Z Sgn(U)(@w(fa(l),@ﬂ(fa(z),fa(s)))

ocesSt2

- (71)1X1©7T(f0'(1)7Qﬂ(f0(2)7 fo‘(3)))>
=2 Z SgIl f0(1)7 Tr(fo(Q)afa(B)))

=2 Z sgn(o)m(df 1), A(m(dfo(2), dfr(3))))

= 2((df, d(m(dg, dh))) — 7 (dg, d(w(df, dn))) + x(ah,d(x(df,dg))))
2({f,7(dg,dh)} — {g,(df,dh)} + {h,7(df,dg)})

2({f.{9. 1}y — {g. {F. h}} + {h A £.0}})

2({f: {9 ¥} + {9, (b F1} + {h {F.0}})
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Thus, we get that

Sl w0 dg, db) = {7, g, )} + g, {0, F1) + U0, L£. 931 (519)

and, thus, the bracket {-, -} satisfies the Jacobi identity if and only if its associated bideriv-
ation m € X?(M) satisfies |7, 7] = 0. Q.ED.

Locally, if {-,-} is expressed as in (5.4), its associated bivector field 7 € X?(M) can

locally be written as

I & 0 o)
_7§: ij
7T|U_2 T oz A Oxd

4,j=1

Furthermore, this identification allows us to define

Definition 5.3.2. A bivector field m# € X?(M) satisfying [r,7] = 0 is called a Poisson
structure or Poisson bivector field in M. Following this, we also call (M,7) a Poisson

manifold.

Proposition 5.3.3. Let X € X(M) be a vector field in a Poisson manifold (M, ). The

following conditions are equivalent:

(i) X is a Poisson vector field, i.e. X € aut(M,x);

(ii) 7 is invariant over the flow of X, i.e. (Fl)*r = on dom(Fl%), for all t € R;
(ii)) Lxm=[X,n]=0.

Proof. (i) <= (ii): Let X be a Poisson vector field and Fl : M — M its flow. Since X is
(also) an infinitesimal Poisson automorphism, Fle is a Poisson automorphism. Thus,

given p € dom(Fl) and f,g € C=(M),

(r(df.dg) oFly) = ({f.g}oFlx) = ({foFlx,goFly})

— (r(d(f o FIi),d(g o FIY))), = (x((Flk)*df, (Fly)*dg)),

= (((FI)um)(dF,d9)) e,y = ((FLi)um)(df,dg) o FI)
where, in the fifth equality, we used the fact that, for any multivector field § € X*(M)
and any map ¢ : M — M:

() (a1, ..., ) = ¢*(9(¢*a1, .. .,¢*ak)), Yag,...,ap € QYM).

Thus, for points on im(Fl% ), we get that (Fl%).m = 7 or, equivalently, for points on
dom(FlY%), we get (Fly)*m = 7.
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(i) <= (iii): Let f,g € C>(M). Using Egs. (1.56) and (1.57), for any vector field X € % (M)
we can write the Schouten bracket [X, 7| as
[X.7](df,dg) = (-1)° X (n(df,dg)) — (=1)"*°(=1)°x(df,d(X(g)))
= (=)} (=1)'n(dg, (X (f)))
= X(n(df,dg)) — m(df, d(X(9))) — n(d(X(f)),dg).
Now, noting that w(df,dg) = {f, g} we obtain

(X, 7l(df,dg) = X({f,g}) = {f, X(9)} —{X(f), 9}

Thus, since f, g € C*°(M) are arbitrary, we get that X is a Poisson vector field if and
only if [X, 7] = 0. Q.E.D.

5.3.1 Induced Poisson Map: = : T*M — TM

Given a bivector field 7 € X2(M), it is possible to obtain an induced map
™ T*M — TM
o — 1T
where o € Ty M for some p € M and
it NTVT,M — NPT, M
0 — 1,0
is the interior product (of multivectors) defined by (i08)(51, ..., Bk) = 0(a, f1, ..., k), for
all B1,...,8r € Ty M. Naturally, we shall denote the induced map between sections of
the tangent and cotangent bundles by the same symbol 7 : Q' (M) — X(M). Thus, it

is possible to express the condition [r, 7] = 0 in terms of 7! using the following operation

between 1-forms:
(@, Blx & Lo20B — Lazpa — d(m(, B)). (5.20)
Using Cartan’s magical formula, the previous expression takes the form
[, Blx = irsadB + d(B(mFa)) — inspda — d(a(r?8)) — d(n(a, §))
= iniadf — inspda + d(B(na)) — d(a(7*B)) — d(
=tip10dB —ipgda+d(r(a, B)) —d(n(B,a)) — d(

ENIEN
)
S

Thus, cancelling out the terms in red and using the anti-symmetry of m, it is also possible

to describe the bracket as
[, Blx = intadf — iggda + d(7(a, B)). (5.21)

We now introduce some of the properties of this bracket.
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Proposition 5.3.4. Let m € X2(M) be a bivector field associated with the biderivation {-,-}.
The bracket [-,-]x defined on Q' (M) is the unique R-bilinear, anti-symmetric operation in
QM) such that

(i) [df,dgl= = d{f, g}, for all f,g € C°(M) (Action of [-,-]x on exact I-forms);

(ii) o, fBlx = flos Bl + (F5a(f)) B, for all f € C=(M) and a,8 € Q1(M)  (Leibniz

rule).

Proof. Firstly, it is clear that the bracket [, ], defined in Eq. (5.21) is R-bilinear and anti-

-symmetric. Furthermore, we can quickly check that it obeys properties (i) and (i) given:
(i) Let f,g € C°°(M). Then we can easily get
[dfa dg]ﬂ' = Z.Trﬁc1fd2g - Z.71'ﬁdgdzf + d(’lT(df, dg)) =d {fv g} 5
(ii) Given f € C*°(M) and «, 3 € QY(M), we have:
[Oé, f/B]Tr = iﬂﬂad(fﬁ) - 7;‘n'ﬁ(f,B)dOé + d(ﬂ-(av fﬁ))
= iwua(df AB+ fdﬁ) - ifru(fﬁ)da + d(ﬂ-<aa fﬁ))
( ﬂﬁadf) ( ‘n'ﬁaﬁ)df—"_fi‘n'ﬁadﬁ_ifﬂﬁﬁda—’_d(fﬂ—(avﬁ))

= (T*a(f))B = (ixsaB)Af + flinsadB — ipspda + d(n(a, B))) + m(a, B)df
= (t*a(f))B + f [a, Blx,

where the terms in red cancel out.

As for the uniqueness, suppose there is an R-bilinear, anti-symmetric bracket (-,-) obeying
properties (i) and (i4). Then, given a chart (U, = (z!,...,2™)) on M, we may write
a,B € QM) and 7 € X2(M) locally as

m ' m ' 1 & .. 8 0
04|U:Zaidxla ﬁlU:Z/Bidxl and 7T|U:§ Z W ri A @ .
i=1 =1

i,j=1
Therefore,
m
af)lv=> 7B,
i,j=1

so we get

- 87r” Oéi ij 8[3] k

Z ( T+ Dk Bi+m ai(’?x’“) dz

i,5,k=1

and also

m
o iy 0
T = Qgm = E ™a; —
oxJ

i,7=1



FCUP
136 Chapter 5. Introduction to Poisson Structures

with a similar expression for w#/3. Moreover,

0 . 0
irtadB —ipigda = Z ﬁjd CAda? Z ™y Dat
ij= 1 k,e=1
daj ke 9
—Z fdot Adal | Yy 7B oo
4,j= 1 k=1
- 8ak 804; 9Bk 9B\ 4k
i - — da®.
Z (axz hi i i | e
Joining the previous expressions, we get that
[Ot, ﬂ}ﬂ = iwﬁadﬂ - i‘n’”Bda =+ d(ﬂ-(aa /B))
- i Oou i 9Bk " k
=2 (Wjaziﬂj_o‘j”]azi ’ﬂfak>d '
i,7,k=1
Using the fact that (-,-) obeys properties (i) and (%), we obtain
(o, BY|U Z (Bja;d {x x]} B (m*(da?) (a;))da + aiwﬂ(dxi)(ﬁj)dxj)
Z7j:
u N R, I &N /o0 0oy :
3 (@»aiz > Soididat =By > (51&62 oy axk)dx
i,7=1 n=1k (=1 k=1
1S~ (5098 0B
raig 3 (80 — oyt )a
k=1
u on¥ 8ak i ﬁk k
:z'jzk:q(lﬁ]ak_ﬁjﬂ- 5l+aﬂ]8 dz

So, we conclude that, locally, («,5) = [o,8]x and, since, by the Leibniz property, the
brackets [, ], and (-,-) are local, we conclude they coincide for all a, 3 € Q*(M).  QE.D.

Proposition 5.3.5. If 7 € X2(M) is a bivector field with associated biderivation {-,-}, and

bracket [, -] in QY(M), the following conditions are equivalent:
(1) [, wsn = 0;
(i) ©: (QY (M), [, ]x) = (X(M),[,"]) is a bracket preserving map;
(iii) [-,-]= obeys the Jacobi identity.
Proof. (i) <= (ii): Consider the following R-bilinear anti-symmetric bracket:
() QM) x Q1(M) — Q' (M)
(o, 8) — [r*a, 7] — 7[ax, Bl
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Then, by the Leibniz rule obeyed both by the Lie bracket [-,-] and by [-, |, we get
that (-,-) is a C°°(M)-bilinear map. Indeed, for f € C*°(M) and «, 8 € X(M),

(o, £B) = [P, 7t (£ B)] — m¥]ev, fBlr = [nPev, fr*B] — 7 (flav, Blx + (7P u(f))B)
= (rfa(f))m* B+ flrta, 7' 8] — frtla, Blx — (vha(f))n" B
= f<a7ﬂ>7

where the terms in red cancel out. Notice that condition (i) is equivalent to («, 8) = 0,
for all o, B € QY (M). Moreover, since, locally, Q! (M) is generated as a C°° (M )-module
by dC*° (M), condition (i) is, then, equivalent to (df,dg) = 0, for all f,g € C*(M).
But, because the Hamiltonian vector field associated to a function f € C*°(M) can

be written as X = w*df, we conclude that
(df,dg) = [X7, Xg] = 7*[df, dglr = [Xy, X,] = 7*d{[, g} = [Xy, X,] = X{(5.0)-

As explained in the proof of Proposition 5.2.7, Xy 1 = [X, X,] is equivalent to the
Jacobi identity, which, in turn, is equivalent to [m, w]sy = 0, proving the equivalence
(1) <= (i1).

(ii) <= (iii): Using the same notation as in the previous equivalence for (o, 8) = [rfa, %3] —
7o, B, given a, 8,7 € QY (M) and f € C(M), by the properties of [-, -],

-
2
B}
=
A,
3
I
=
=
B
3
3
|
>‘ﬁ
)
=
3
=
)

S0,

[, (B, fAxlx + (B, [f, dalx + [ £, [, Bla] =
= f([Oé, [57’7]#]77 + [,3, [’Y,O&]W]n + [’Ya [Oé,ﬂ]w]ﬂ) + <avﬁ>(f)'7
From this expression, we directly obtain that, if (4) holds, then («, 8)(f) = 0 for all
feC>(M),ie. {o,B8)=0and (ii) holds. Reciprocally, if (i7) holds, then, again, it is
equivalent to say that (df,dg) = 0 for all f,g € C°°(M). Using the properties of the
bracket [, ], we get that

[df, [dg, dR]z]x + [dg, [dh, df]x]x + [dh, [df, dh]x]x
= d({f’{g7h}} + {ga{h7.f}}+ {hv{fag}}) =0,

and, thus, condition (i) holds. Q.E.D.
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The bracket [-,], together with the map 7 : T*M — TM endows the vector bundle
T*M 25 M with a structure of a Lie algebroid.

Returning to the description of the map =* : T*M — TM, we remember that the
definition of a Hamiltonian vector field X of a map H € C°°(M) implies that

Xu(f) € {H, f} = n(dH,df) = iqiapgm = iqp(7'dH), ¥V f € C(M), (5.22)

thus, an alternative way to describe an Hamiltonian vector field is

X ¥ rtam. (5.23)

d-
Therefore, since, for p € M, we have that! C°°(M) ()
given point p € M the image of ﬂf, : Ty M — T, M is equal to the set of all Hamiltonian

Ty M, we conclude that for a

vector fields evaluated at p:

im(rt) = {(Xu)p € T,M |H € C*(M)} C T,M, (5.24)

which is a linear subspace of T, M. The union of all these subspaces,

im(r*) = H im(ﬁg) CTM
pEM

is a tangent distribution which, in general, is a singular smooth distribution.
Theorem 5.3.6. The distribution im(7*) is involutive.

Proof. Tt is enough to show that, for a Poisson manifold (M,n), given a,3 € QY(M),
[rfa, ¥ 8] € im(7*). However, by Proposition 5.3.5, 7# : Q}(M) — X(M) is a Lie algebra
homomorphism, thus [rfa, 7¢8] = 7#[a, 8], € im(7?). Q.E.D.

As we shall see, this distribution plays a central role in the local description of Poisson
manifolds.

Returning to our previous examples, we can see that:

Example 5.3.7. For the Zero Poisson bracket, it is clear that the Poisson bivector is

identically 0, # = 0. Similarly, for the case of the constant Poisson brackets on R™,
considering (x!,...,2™) to be the coordinates on R™ associated to the canonical basis
m
of R™, {f,g} = > ¥ gzg % = 7w(df,dg), so the Poisson bivector is a constant section of
ij=1
2 1 NS i D )
NTR™ = R™, since =5 > ¢’ 552 A 555 i
1,5=1
1To obtain the surjectivity of this map, simply consider, for a chart (U C M, (x',...,2™)) and for any

covector n = >, mi(dzt)p, € TyM (n; € R, Vi = 1,...,m), the linear functions H = }_, n;x’, whose
derivative at p is Hy(p) = (dH)p = >, mi(dz?), = 7.
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Example 5.3.8. Following the Symplectic structures introduced in Example 5.1.11, the

Poisson bivector field associated to the canonical Poisson bracket on R?® is

°. 0 0

an = AN — . 5.25
Te ; Ap; dqi ( )
More generally, as seen in Chapter 4, for a symplectic manifold (M,w), it is possible to

define a vector bundle isomorphism w’ : TM — T*M. Calling 7% = (w”)~! : T*M — T M,

which is an isomorphism, we may define a bivector field = € X?(M) such that,

(e, B) = —w((W’) e, (W) 71B), Va,B € QN (M), (5.26)

which, by the non-degeneracy of w is also non-degenerate. In fact, if, for every p € M,
a € Ty M is such m,(c, 3) = 0, for all 3 € T, M, then —wp(wga,wgﬁ) =0, forall B € Ty M,
so, since 7 is an isomorphism (for every p € M), wp(wf,a,v) =0, for all v € T,M. Thus,
ﬁf,a = 0 by the non-degeneracy of w and, therefore, o = 0 because 7 is an isomorphism.
Expression (5.26) extends Eq. (5.6) to non-exact 1-forms. Moreover, we can prove the

converse result and arrive at the following proposition:

Proposition 5.3.9. There is a canonical one-to-one correspondence:

Non-degenerate bivector 1:1 Non-degenerate
s , (5.27)
fields T € X2(M) 2-forms w € Q*(M)
established by the condition
=) T'M — TM (5.28)

Particularly, one gets that

Non-degnenerate Poisson 1:1 Symplectic
> .
bivectors m € X*(M) 2-forms w € Q*(M)

Proof. One of the implications was already seen above. For the other implication, let 7 €

X%(M) be a non-degenerate bivector field and define a 2-form:
w(X,Y) = —r((#H) 71X, (x)7Y), VXY € X(M). (5.29)

Following the same procedures as previously, let p € M and v € T, M such that w,(v,u) =0,

b
p

is an isomorphism,

for all u € T, M. Since w® = (7*)~! is an isomorphism, we get that 7, (w

a € Ty M. Thus, by the non-degeneracy of , wzb, b

v = 0. Hence, we conclude that w is non-degenerate.

v,a) = 0, for all

v = 0 and, because w

To show that the correspondence extends to Poisson bivectors and symplectic forms, it

is enough to relate dw with [, 7r]. For that, it suffices to compute dw on Hamiltonian vector
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fields 7df (f € C>°(M)). Taking f,g,h € C>°(M) and using the definition of the exterior
derivative of forms (1.18b):

dw(r*df, 7*dg, 7*dh) = 7td f (w(r*dg, 7*dh)) — widg(w(r?df, 7*dh)) + n*dh(w(*df, 7*dg))

— w([r*df, 7*dg], 7*dh) — w([x*dg, 7*dh), 7idf) — w([x*dh, 7fdf], 7*dg)

= —n*df(n(dg,dh)) + w*dg(m(df,dh)) — x*dh(n(df,dg))
— w(n*[df, dglx, 7*dh) — w(n*[dg, dh]x, 7t f) — w(n*[dh, d f]x, T*dg)
=—{fAg.h}} +{g,{f - h}} —{hAS 9}} + m(d{f, g} . dn)
+7(d{g,h}.df) +m(d{h, [}, dg)
= =2({f{g. 13} +{g, {h. 13} + {1, {f. 9}})
= —[m, 7|(df, dg,dh).

Hence, [, 7] = 0 if and only if dw = 0, finishing the proof. Q.E.D.

Remark 5.3.10. Even though expression (5.26) linking a bivector field 7 € X2(M) with
a closed 2-form w € Q?(M) contains a minus sign, we shall still denote this relation b)é
T=w"l
Example 5.3.11. For the case of linear Poisson structures, considering a Lie algebra (g, [+, -])

we shall denote the Poisson bivector field by m; € X?(g*) so that, for all A € g*,

() ((df)x, (dg)a) = A([£«(A), g« (M)]) (5.30)

If we consider a basis {e1,...,e,} of g and the associated coordinates {x!,... 2"} on g*,
then we may write 7y as
1l &< . . 0 o)
ey Z Fap® 9z7 " 2t
a,b,c=1

1

5 comes from the fact that the wedge product is

n
where [eq, €3] = > kS, e. and the factor
c=1

anti-symmetric. s

Example 5.3.12. One particular class of examples we could not introduce until now are
the log-symplectic manifolds. These occur when a Poisson manifold (M, ), dim(M) = 2n,
is such that the n'"' exterior power of 7 is transverse to the zero section of A" TM, i.e.
AL Op2n s+ Since N?"TM is arank 1 bundle over M, we may write 7\" in a local chart
(U, (z*,...,2°")) as
7TA”|U = f(a!, ... 2°") % Ao A ax;i" ,

where f € C°(U). Then, the transversality condition for 7" implies that f.(z) # 0 for
any x € U such that f(z) = 0. Also, the set Z e (7"™)~1(0), which we call the singular
locus of (M, ), is a (2n — 1)-dimensional submanifold of M. The importance of this class of

examples comes from the following proposition, whose proof we shall delay until Section 6.2:
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Proposition 5.3.13. Let (M, ) be a 2n-dimensional log-symplectic manifold with singular
locus Z. Then, for any x € Z, there is a local coordinate chart (U, (u,v,q',...,¢" 1, p1,. .., Dn1))

on M centred at x such that

Unz= {(07U7q1a"'7qn_17p17'" apnfl) ‘v7q1a"'7qn_17p17"'7pn71 € R}

and
n—1

0 0 0 0

Thus, the Poisson structure near the singular locus is ‘close’ to be symplectic. Moreover,

we can write this ‘close’-symplectic 2-form as

~ 1 n—1 ) n—1 )
(mly)~ ! = Edv/\du—!— z:dqZ Adp; =dv Adln]u| + z:dqZ A dp;,
i=1 1=1
which justifies the term ‘log-symplectic’ used for these type of Poisson structures. s

5.4 The Poisson Structure on the dual of Lie Algebroids

As we have seen at the end of Section 5.1, every Lie algebra has a linear Poisson structure
on its dual. Since Lie algebroids are, in some sense, an extension of the concept of a Lie
algebra to the bundle setting, is it possible to still have some kind of Poisson structure on the
dual of a Lie algebroid? The answer turns out to be yes and, in fact, this Poisson structure

is linear, although only fibre-wise.

Proposition 5.4.9. For any vector bundle A — M, there is a natural one-to-one corres-

pondence

Fibre-wise linear Poisson bivectors 1:1 Lie Algebroid Structures
T € X2(A*) on A* - M ([,-],a) on A > M

established by the relations

{evo,eve} 4n = eVipq,, Vo,c € T'(A);
{eve, fopr}y. =a(o)(f)opr, Vo € I'(4), feC™(M).
Let us start, then, by introducing the notion of a fibre-wise linear multivector field.

Definition 5.4.1. For a vector bundle E 25 M, a multivector field § € X* (E) is said to
be fibre-wise linear if (hy).0 = t*~16, Yt > 0, where h; is the homogeneity structure on E.
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Since we are only interested in Poisson structures being fibre-wise linear, one also finds an
equivalent definition for (Poisson) bivectors which we shall later prove (Proposition 5.4.7).

Firstly, we require two additional definitions:

Definition 5.4.2. Let E 255 M be a vector bundle. A basic or fibre-wise constant function
on Fisamap fopr: E — R, where f: M — R is a function on M. The collection of basic
functions on F is denoted by pr*(C>°(M)).

Definition 5.4.3. For a vector bundle E 25 M, a fibre-wise linear function on E is a
function f : E — R such that, for any p € M, f|g, is a linear function. The collection of

fibre-wise linear functions on E is denoted by C52(E).

Proposition 5.4.4. Let E 25 M be a vector bundle and hy : E x E — E the homogeneity

structure associated to vector bundle structure of E. Then,
(i) for any function f € C*®(E), f is a fibre-wise constant function on E if and only if
(he)*f = f, for allt € R;
(ii) for any function g € C®(E), g is a fibre-wise linear function on E if and only if
(he)*g=tg, for allt € R;

Proof. (i) The implication from left to right is trivial since pr o hy = pr. Reciprocally,

given local adapted coordinates (z%,e%) on E, since (hy)*f = f, we have that
f(z'e?) = (hy)*f(z,e?) = f(x' te®), forallteR,
hence f does not depend on the coordinates e® in the fibres of E. Since that is the

case, there is a function ¢ : M — R such that f = ¢ opr, i.e. f is fibre-wise constant.

(i) Once again, the implication from left to right is clear because, given adapted co-
ordinates (z,e%) on E, any fibre-wise linear function g can be written as g(z°,e®) =

>, ga(x) e* for some functions g,(z') of the 2*’s. Thus,
((he)*g)(a', ") = g(a',te®) Zga ) te? —tzga tg(a', ).

As for the opposite implication, we want to check that if g € C*°(FE) satisfies (ht)*g =
tg, for all t € R, then g|g, is a linear function. Once again, let (2%, e%) be local adapted

coordinates of E. Then we get that

oot et) = (gl ) = S ()" 0) o)
0 99
=39 g(xt te®) = 2 ¢ Hea”

The solution to this partial differential equation is simply that g(z’,e®) = > g (z) €
for some functions g, (z?) of the z%’s. Thus, we conclude that g € C*°(E) is a fibre-wise

linear function on E. Q.E.D.
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Proposition 5.4.5. Let E - M be a vector bundle and D : C®(E) — C>®(E) a
derivation of the algebra of smooth functions on E. Then, D is completely determined by

its action on basic functions and fibre-wise linear functions.

Proof. Note that, given that F is a vector bundle, we may prove this result only locally
and then use the different local trivialisation to obtain the result globally. Let p € M and
(U, = (z!,...,2™)) be a chart of M centred at p. Also, choose adapted coordinates (z*, e?)
(a=1,...,k =rank(F)) in F|y and fix arbitrary € € E, so that € has coordinates (0, €%).
Then, any function f € C°°(E) restricts to f|g|, : Ely 2 U x R* — R so, by Hadamard

lemma, )
f(xi,e“):f(O,e“)Jerjgj(xi,e +Ze — Y hy(2, e®),
j=1 b=1

where g;, h, € C°(U x R¥) are functions such that

ay_ OF 0 a of
9:(0,€") = %(076 ) and hyp(0,e%) = B 775 (0,€),
foralli=1,...,mand a=1,...,k. Then, by the definition of the derivation D,
D(f)(a",e") =Y D(a’) g;(x",e") + > _ @’ D(g;)(a", ")
j=1 j=1
k
+ZD€ — ") hyp(z e)+2(eb—eb)D(hb)(x,e)
b=1 b=1
Evaluating this expression at €, we get
m k
D(f)(0,€") =Y D(@)|,_o9;(0,6") + > _D(e” = €")|,_ hu(0,¢%)
j=1 b=1
ol e S pt ) OF
:;D(ﬂ)‘zzoﬁ(o’e )+;D(e —€ )‘e < Doy ——(0,€%).

So, at €, which is an arbitrary element of E, D is completely determined by the coefficients
D(a7) |rc:0 and D(eb—eb) }e:E. Therefore, taking f to be fibre-wise constant, f(z%,e?) = f(x?)
and we get that

so, knowing the action of D on fibre-wise constant functions we may find the value of the
coefficients ’D(xj)|rzo. Afterwards, we may choose f to be fibre-wise linear, so f(z%,e?) =
2521 fa(z%)e? for some f, € C°(U) and

k m
D0, =Y [ D),y 2 0) + Dl ~ )], u(0) |

allowing us to obtain the coefficients D(e’ —¢®) |e:€. Thus, we conclude that D is determined
at any point in E by its action on fibre-wise constant and fibre-wise linear functions, as

required. Q.E.D.
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Remark 5.4.6. Since a multi-derivation is also a derivation when all but one of its entries

is fixed, Proposition 5.4.5 can be extended to include these multi-derivations of E.
Proposition 5.4.7. A bivector field © € X%(F) is fibre-wise linear if and only if the asso-
ciated bilinear form {-,-} : C>®(E) x C*(FE) — C*(E) satisfies the following conditions:
(1) if f,g € C>®(M), then {f opr,gopr} =0;
(it) given f € C®(M) and g € C3o(E), then {f opr, g}, € pr*(C*(M));
(iii) for f,g € CS(E), then {f, g}, € CRo(E).

Proof. Let h; : E x E be the homogeneity structure associated to the vector bundle structure
of E 2 M, let p e M and let (U, = (2',...,2™)) be a chart centred p in M. Then,
by taking adapted coordinates (2%, e%) on E arising from the given chart in M, for any
e = (z%,e%) € E, locally, hi(e) = (x%,te®). Additionally, for any functions f,g € C*(E),
we get that

((he)sm)e((df)e, (dg)e) = Tp-1(0y (((he)*Af ) =10y, ((Re)"dg) =1 o)
=T, (e)(A(f o he)n, (s d(g 0 ht)n, 1 (e))s

therefore, if {f, g}, (e) = m((df)e, (dg)e),
(hi)«m(df,dg) = {f o hy,go hi} 0y (*)

=) From (x), and the definition of a fibre-wise multivector field, we get that, for f, g €
C>(M) and k,£ € C2(E),

t{fopr,gopr}, (e) ={foprohs,goproh;} (hi-1(e))
={fopr,gopr}, (h-1(e));

t{r, £}, () = {rohy,loh}, (hi-r(e)) = {tr,t L}, (hy-1(e))
=t {k, 0} (-1 (e));

t{fopr,k} (e)={foprohy,kohi} (hi-1(e))
={fopr,tk} (h-1(e)) =t{fopr,k} (hi-1(e)).

Since these expressions are valid for all £ > 0, the first of these expressions implies that,
{fopr,gopr} =0. As for the second expression, we obtain that {x, ¢} _(h;-1(e)) =
t= {k,£}, (e), therefore, by Proposition 5.4.4, {x,¢} € C{(E). Finally, for the
third expression, we conclude that {f opr,x}_(e) = {f opr,k}_(hs-1(e)), which, by
Proposition 5.4.4, implies that {f o pr,x}_ € pr*(C>(M)).
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<=) If the bilinear form associated to the bivector field 7 € X?(FE) satisfies conditions
(i)-(%i), then, by (), we get that

(he)«m(d(f o pr),d(g o pr)) = {f o prohs,goprohi}, ohy

= {fopr,gopr} oh Qo= {fopr,gopr},

(he)sm(dk,dl) = {k o hy, € ohi} o hy—1 = {tr,tl} ohy

(i7i

=2 {5, 0}, o b "D 0y =tk 0}

(h)sm(d(fopr),ds) ={foprohsy,kohy} ohy—r ={fopr,tk}_ oh

=t{fopr,k}, oh4 (i)t{fOpr,/@}W

By the previous proposition, since the algebra of functions C*°(F) is generated by the
set of fibre-wise constant and linear functions, and, because for every point p, T} E is
generated by (dC*(E)),, we conclude that (h;).m = tm, i.e. m € X?(M) is a fibre-wise

linear bivector. Q.E.D.

Back to the study of Lie algebroids, we now want to check if, given a Lie algebroid
(A 25 M, [-,-]a,a), we can define a Poisson structure on the dual A*. Similarly to what
was done in the case of Lie algebras, we start by defining the Poisson bracket in A* for the
evaluation ev, € C0(A*) for o € T'(A) as

{evo,eve) ge = evig g, (5.31)
In fact, it can be shown that all linear functions on A* come from sections of A:

Proposition 5.4.8. The following map is a C°°(M)-module isomorphism:

[(A) — CRa(AY) 5.32)
O H—— eV,

where ev, : A* — R is the evaluation map such that, for p € M and a € A}, evy(a) =
a(o(p))-

Proof. Let z* be coordinates in M, and e, a local frame in A such that (z,v,) are local
coordinates on A*. Given a section o € T'(A), we can represent it locally as o(z%) =
>, 0%xt) eq, for o € C°(M) for all indices a. Then, the evaluation map is, locally,
evy (2, v,) = >, va0® (') or, without mention of the point in A*, ev, = Y, %, which

a’

shows that the map given in (5.32) is a (injective) C°°(M)-module homomorphism.
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To finish the proof, it is enough to show that any element of C2(A*) comes from some

section of A. Since a fibre-wise linear function f € C°(A*) on A* must have that (h,)*f =
tf, forallt € R, where hy : A*x A* — A*, we have that f(z°,tv,) = tf(z*,v,), meaning that
we can locally write f as f =" f®es, with f* € C®(M), ie. f=ev, foro =73, f"eq,

a’

proving the statement of the proposition. Q.E.D.

Then, by Propositions 5.4.5 and 5.4.7, to fully define a fibre-wise linear bivector on A,
we need an additional relation between a fibre-wise linear function and a fibre-wise constant
function. Given the Lie algebroid structure on A, we define, for a section o € T'(4) and a
function f € C*°(M),

{eve, fopr'} 4. =a(o)(f) o pr, (5.33)
where pr’ = Hom(pr,R) : A* — M is the projection obtained from the one in A — M by
dualisation. To check that the associated bivector field 7 € X2(A*) is Poisson, we need only
to check the Jacobi identity, which, by Proposition 5.4.5 is sufficient if we consider only all
possible combinations of three maps of fibre-wise constant and fibre-wise linear maps. Let
o1,09,03 € I'(A) and f1, fa, f3 € C°°(M). Then,

{fiopr,{faopr,faopr} .},. +{feopr,{fsopr, fiopr}.} ..
+{fsopr,{fiopr, faopr} .} .
={fiopr,0},. +{fa0pr,0},. +{f30pr,0},. =0

{fiopr,{faopr,evy, } - }A* + {f2opr,{evy,, f1 opr} . }A*
+{eVgl,{f1Opr,fQOpr}A*}A*
= {fiopr,—a(o1)(f2) opr} 4. + {faopr,a(o1)(f1) opr} 4. + {eve,, 0} 4.
=0+0+0=0

{fi1opr, {eVUl7eVU2}A*}A* +{evy,, {eve,, f1 o PY}A*}A* +{evoy, {f1opr, eVU’l}A*}A*
= {f1oD1,eV0, alu } 4. +{eVo,a(02)(f1) 0 Pr} g + {eve,, —a(o1)(f1) o pr} -
= —a([o1,02]4)(f1) o pr+a(o1)(a(02)(f1)) © pr — a(o2)(a(o1) (f1) o pr
—(a([o1,02]4) — a(o1) 0 a(02) +a(02) 0 a(01)) (f1) o pr
—([a(e1),a(02)] — [a(01), a(02)]) (f1) o pr =0

{evo'l’ {evgz, eVUs}A* }A* + {evgw {evgg, Vo, }A* }A* + {evffs’ {eVU1 ) eVUz}A* }A*
= {evmvev[ffmffs]A}A* + {evawev[osvffl]A}A* + {ev"ff’ev["lﬁ?]f\ }A*
= €V(oy,[02,05]ala T €V[o2,[05,01]ala T V[0 [01,02)a]a

= €V(5y,[02,08] 4l a+[o2,[05,01] 4l a+[os,[01,02]a]a = €VO =0
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Thus, {-, -} ,. defines a fibre-wise linear Poisson bracket on A*. In general, we have the

following result:

Proposition 5.4.9. For any vector bundle A — M, there is a natural one-to-one corres-

pondence

Fibre-wise linear Poisson bivectors 1:1 Lie Algebroid Structures
€ X2(A*) on A* - M ([-,-],a) on A — M ’

established by relations

{evo,eve} 4o = evipq,, Yo, € I'(A);
{evy, fopr}, . =a(o)(f)opr, Vo e I'(4), feC™(M).

Proof. We have already seen that every Lie algebroid structure has an inherited Poisson
structure on its dual. Now, we check the converse result.

Let m € X2(A*) be a fibre-wise linear Poisson structure on a vector bundle A* — M.
We want to see that the dual bundle A — M inherits a Lie algebroid structure. Since
is a fibre-wise linear bivector field, by Propositions 5.4.7 and 5.4.8, we get that, if {-,-}
C™®(A*) x C®°(A*) = C>(A*) is the bilinear form associated to m,

{fopr,gopr}, =0, {foprevi} =gopr and {evy,ev,,}, =ev, (*)

for some f,g € C°°(M) and o01,02,5 € I'(A). Then, define [-,-]4 to be bilinear bracket
structure on I'(A) such that {ev,,,evy,} = ev(y, ,],. This expression automatically gives
that [-, -] 4 satisfies the Jacobi identity.

The second expression of (x), allows us to define a map « : I'(A) x C®(M) — C*°(M)
such that, for any f € C>*°(M) and 0 € I'(A), {f opr,ev, } = a(o, f) opr. Using the Leibniz

rule of the Poisson bracket, we get that

a(o, fg) opr = {(fg) opr,eve}, = {(fopr)(gopr),ev.},
={fopr,evo}, (gopr)+ (fopr){gopr,evy},
= (a(o, f) opr)(g o pr) + (f o pr)(a(o, g) o pr)
= (a(a, f)g)opr + (f alo,g)) opr = (a(o, f) g + f (o, g)) o pr

hence, « is a derivation in the second entry. Moreover, noting that evs, = (f o pr) ev,, by

the first expression of (x) and again by the Leibniz rule for the Poisson bracket,

a(fo,g)opr ={gopr,evss}, = {gopr,(foprieve},
={gopr, fopr} (eve) + (fopr){goprevs},
= (fopr)(a(o, g) opr) = (f a(o, g)) o pr
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ie. ais C°°(M)-linear in the first entry. Thus, there exists a vector bundle morphism
a: A — TM covering the identity such that? a(o)(f) = —a(o, f), for all ¢ € T'(A) and
feC>(M) and,

V(o) foala = 18Vo15 €V fos b, = 1€Vo,, (foDPr)eve, o
= {evo,, fopr},evy, + (fopr){eve, eve,},
= (a(01)(f) o pr)eve, + (f 0 Pr)evie, ou)4
= Va(on)(f) oz T OV [o1,00]a T Va(o1)(f) oot [o1,02]a>
hence, we get the Leibniz rule [0y, fos]a = f[o1,02]4 + a(o1)(f) 02 and we conclude that

the triple (A, [-,-]a,a) is a Lie algebroid. Q.E.D.

To finish this section, we give a few examples of this fibre-wise linear Poisson structure

on the dual of Lie algebroids:

Example 5.4.10. Naturally, linear Poisson structures in the dual of a Lie algebra are special

cases of the previous construction. i

Example 5.4.11. As we have seen previously, TM is a Lie algebroid with the anchor being
the identity and bracket the usual Lie bracket of vector fields. This implies that T M
always has a fibre-wise linear Poisson structure. The evaluations in this case are maps
evy : T*M — R such that evx(a) = (X3, (a)). Locally, choosing adapted coordinates

(2%, ;) on T* M, the evaluation of a vector field X (locally expressed as X = X' B(zi ), then

the evaluation takes the form

Then, we get that

Il
3
/N
Ea
HN
Q
<
|
Eal
a&.
Q| @
s
N
Q
<

— Z <£€ (X'ay) % (Yia,) — % (Y'ay) % (on‘j)>

Oay,  Oxk Oay,  Oxk

i((’)evx Oevy Oevy 8evx>

k=1
where, in the third line, the sums in j and ¢ are implicit. Thus, the fibre-wise linear Poisson
structure on the cotangent bundle (as the dual of the tangent bundle as a Lie algebroid) is

the canonical Poisson bracket on 7M. s

2In this expression, the negative sign serves only so that the Leibniz rule expression for a Lie algebroid (3.3)

gets the familiar positive sign.



Chapter 6

Local Structure of Poisson
Manifolds

In this chapter, we continue our study of Poisson manifolds by delving deeper into the
local structure one can find in this class of geometries. In the first section, we reflect on
the symplectic structures arising from the foliation induced by the Poisson bivector as well
as the orbits obtained by Hamiltonian vector fields. Section 6.2 deals with one of the most
important results in Poisson geometry, Weinstein’s splitting theorem, which allows us to be
able to always rewrite the Poisson structure into a symplectic part and a remainder and we
also discuss the notion of the isotropy Lie algebra arising from the Poisson bivector. The
final section finalises the chapter by studying the remainder part obtained from Weinstein’s
theorem and show that, even though this portion of the Poisson structure could be different

at each point and each symplectic leaf, they are, in fact isomorphic to each other.

149
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6.1 Symplectic Foliation

As seen in the Section 5.3, the introduction of the induced map 7 : T*M — TM allowed
us to define a singular smooth distribution from its image, im 7# = 7#(T*M) C TM. This
image is a rather important object when studying Poisson structures on a manifold and,

hence, it deserves a special name.

Definition 6.1.1. The characteristic distribution of a Poisson manifold (M, 7) is the sin-

gular involutive distribution im(7#) = 7#(7* M) whose fibres are given by the Hamiltonian
vector fields at each point:

im(rl) = 7(Tr M) = {(Xy), | f € C=(M)}. (6.1)

Since the characteristic distribution is singular, the dimension of its integral leaves are

not the same. Thus, it is useful to introduce the notion of the individual dimensions of the

characteristic distribution at each point of the manifold

Definition 6.1.2. Given a Poisson manifold (M, 7) and p € M, the rank of the Poisson
structure at a point p € M, denoted by rank(m,), is the integer dim(im(7})) € Zx.

Proposition 6.1.3. Let (M,7) be a Poisson manifold and im(7*) its characteristic distri-

bution.
(i) The rank of (M, ) is even at every point;
(ii) The map rank(w) : M — R is bounded and lower semi-continuous;

Proof. Let (U, = (z1,...,2m)) be a chart and define, for each p € U, the matrix II, €
M,,(R) whose entries are (II,,);; = {z;,2;} (p). Then, it is rather straightforward that II, is
an anti-symmetric matrix, for all p € U, thus its rank is even and, as a function of the point

p € U, is bounded and lower semi-continuous. Q.E.D.

Moreover, given this (involutive) distribution, we have the following results:

Theorem 6.1.4. For a Poisson manifold (M, ), the characteristic distribution im(r?) is

integrable.

Proof. Since, by Theorem 5.3.6, the characteristic distribution is involutive, to apply the
generalised Frobenius theorem 2.4.4 it is enough to show that the rank of 7 is constant

along the flow of any Hamiltonian vector field. Let X be a Hamiltonian vector field and
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p € M. Since, by Proposition 5.3.3, (Flfx)*w = m, the following diagram commutes

i
*
Tp M T,M
TFl% T, Fly
*
TFlg( (p) M ¥ TFlE( wmM
F1% (p)

Moreover, locally, Fl& is a diffeomorphism, thus both T Fl% and T, pFltX are isomorphisms

(of vector spaces) and, therefore, dim(im(n%)) = dim(im(ﬂ'glt (p))). Q.E.D.
X

Theorem 6.1.5. Let (M, n) be a Poisson manifold and N be an integral submanifold of
im(7%). Then, the Poisson structure T induces a symplectic structure on N given, for each
p €N, by:

(@ )yl 0) = —my(ar, B), (6.2)

Jor all w,v € T,N and a,3 € TyM such that 71'1”,04 = u and ﬂ'fjﬂ = v. Moreover, this

symplectic structure is such that the inclusion ¢ : (N, wx,l) — (M, 7) is a Poisson morphism.

Proof. Let N C M be an integral manifold of im(7*) and ¢+ : N < M be the inclusion map.
To conclude the result, we need only to show that 7|y = ¢*7w : T*N — TN is non-degenerate.
Take p € N and a € TN such that (7|x),(c, 8) = 0, for all B € T;N. In this condition,
B((z|n)ba) = 0, for all B € TrN, thus (n|n)ia = 0, ie. o € ker((7|n)5). Because the
induced map is fibre-wise linear we get that dim (codom((7|x)3)) = dim (im((r|n)%)) +
dim (ker((7r|N)§))), thus

dim (ker((7r|N)fj)) = dim (codom((ﬂ]\;)ﬁ)) — dim (im((7r|N)fj))
=dimT,N — dimim(7%) = 0

So, we conclude that o« = 0 and 7|y is non-degenerate. Hence, by Proposition 5.3.9, we may
find a symplectic form wy € Q?(N) satisfying Eq. (6.2).
Finally, we note that ¢« : N < M is a Poisson morphism. For that, let f,g € C°°(M)

and we, then, get
wy' (d(fou),d(g o)) = 7ln(*df, " dg) = et ((eam|v)(df, dg))
=" ((L*L*W)(df, dg)) =n(df,dg) o,
which concludes the proof. Q.E.D.

Definition 6.1.6. The integral leaves of im(n#) are called the symplectic leaves of the
Poisson manifold (M, ) and the integral foliation of im(7#) is also called the symplectic
foliation of M.
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Theorem 6.1.7. Let M be a manifold and D C TM a smooth involutive distribution with
integral foliation F so that D =TF. If D is such that

(i) for every point p € M, the leaf F,, of F at p has a symplectic structure wr,;

(it) for any f € C*°(M), the rough vector field Xy given, for all p € M, by (Xy), =
(W‘I}_-p);l(d(f|}'p))p is differentiable in M ;

then M has a unique Poisson structure 7 such that im(n*) = TF =D and w]f-pl = 7|%,, for
allpe M.

Proof. Since each leaf F;, has a symplectic structure such that wr, = wgr, for every p,q €
Fp = Fy, it also has a Poisson structure such that 7z, = w]__-pl and, by (i), we can write, for
any f € C>(M), a vector field (Xy), = (ﬂgfpd(f\}-p))p. Thus, any two Poisson structures
T, @ € X*(M) satisfying im(7*) = TF = im(=*) and 7|r, = w;pl = w|F, give rise to the
same Hamiltonian vector fields in M and, hence, are equal in M.

Let m € X%(M) be a bivector field such that 7|z, = 77, We want to show that
is a Poisson bivector field for M, i.e. that [m, 7] = 0. For this, since we have seen that
[r,7] = 0 is equivalent to the Jacobi identity and {f,g}(p) = {f,g}|7,(p), it is enough
to show that [r,7]|z, = 0 for all p € M. But, [r, 7]z, = [7|5,,7|5,] = [77,,77,] =0
because mr, = w]__-pl, which is a Poisson structure. Moreover, for this Poisson structure, the

characteristic distribution at each point p € M is given by

im(rh) = {(X), | € C2(M)} = {(x% d(f|5,)), | f € C*(MD)} = im (W), ")

Since, by (i), wr, is a symplectic structure on the leaf F,, it is non-degenerate and wap
is an isomorphism. Therefore, im((w;—p)*l) = TFp, for all p € M and we conclude that

im(7*) = TF =D. QE.D.

In other words, the previous theorem guarantees that a Poisson structure can be defined
by its symplectic foliation instead of its Poisson bivector field.

Having introduced these results, one could now ask: ‘How does one obtain the symplectic
foliation of a Poisson manifold (M, 7)?” Since the characteristic distribution is generated by

the Lie algebra of Hamiltonian vector fields, given N an integral submanifold of im(7*),
T,N = im(n}) = {(Xp), | H € C*>(M)}

hence, since the flow of a vector field tangent to a submanifold stays in said submanifold,

choosing any point p € N,

{F1%, (p)| H € C*(M) and for all ¢ defined} C N
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Repeating this procedure for other points in these flows we may define the following equi-

valence relation:
p~q <> 3X1,..., Xy € ham(M,m): ¢=Fl} o-- oFl (p). (6.3)

Then any equivalence class [p].. for a point p € M is open and entirely contained in a single
symplectic leaf.

Moreover, we can easily check that N C [p]., otherwise, we would be able to take two
distinct points p, ¢ € N such that [¢]~ # [p]~ and, therefore, N = [¢]. U[p]~. However, these
equivalence classes are disjoint, thus, N is a disconnected integral submanifold of im(7¥),
which contradicts the fact that the collection of all integral manifolds of im(7*) forms a

singular foliation. Therefore, we conclude the following:

Theorem 6.1.8. The symplectic leaves of a Poisson manifold (M, ) are the elements of

the quotient space M/ ~ for the equivalence relation (6.3).
This theorem then allows us to define the notion of a leaf space of a Poisson manifold:

Definition 6.1.9. The Leaf Space of a Poisson manifold (M, r) is the quotient space M/ ~
equipped with the quotient topology. To avoid confusion what equivalence relation we are
assuming, we shall denote the leaf space of (M, 7) by M/F,, where F, is the symplectic
foliation of (M, ).

Notice that Theorem 6.1.8 shows that the computation of the symplectic foliation of a
Poisson manifold is rather complicated. In an attempt to partially solve this problem, we

introduce the notion of a Casimir:

Definition 6.1.10. A Casimir function on a Poisson manifold (M, ) is a function C €
C*°(M) such that 7(dC,df) = {C, f} =0, for all f € C>(M).

Proposition 6.1.11. A Casimir function C € C*°(M) on a Poisson manifold (M, ) is

constant along a symplectic leaf of (M, ).

Proof. Let (M.m) be a Poisson manifold, C € C*°(M) be a Casimir function, H € C*(M)
an arbitrary function and p € M. Then, we get that

(€ o FI, (1) = (Xu(C))(Fi, () = {H, C} (FI,, () =0,

ie. C(Fl’;(H (p)) = C(p) for any Hamiltonian vector field Xgy € ham(M, 7). Thus, since,
given any symplectic leaf S and two points p, ¢ € S, by Theorem 6.1.8, ¢ = Fl}(1 o-- -oFlkk (p)
for some Xi,..., Xy € ham(M, ), we get that

C(q) = C(Fly, o---oFlk, (p)) = C(Flx, o---oFly, (p)) = ... = C(p)

Therefore, we conclude that a Casimir function is constant on an integral leaf of im(7*).

Q.E.D.
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Thus, even though we might not be able to accurately describe the symplectic leaves
of a Poisson manifold, the level sets of Casimir functions will give us a finer (or complete)

description of the integral manifolds of im(7#).

Example 6.1.12. Clearly, for symplectic manifolds, im(wg) = T, M and, therefore, the

symplectic foliation is degenerate (i.e. the leaves are the connected components of M).

Example 6.1.13. Recalling now the example of Log-Symplectic structures, there are two
types of symplectic leaves in (M, ): the connected components of (M\Z,n), where n° =
(7*|a\z) " and the leaves inside Z. The leaves in Z are of the form (S, w|g), where S is a
leaf of F, TF = ker§ and (0,w) € QY(M) x Q%(M) is the co-symplectic structure of Z. 4

Example 6.1.14. Coming back to the linear Poisson structures, the symplectic leaves of

(g*,mq) correspond to the coadjoint orbits of g*. Given A € g*, the coadjoint orbit is
O\ = {Ad;)\|g € G},
where g = Lie(G) is the Lie algebra of a connected Lie group G and, for all ¢ € g,

)

Additionally, given the expression for the Poisson structure, the Hamiltonian vector field for

(AdSA)(0) = AM(Ady-1(0)) = A <§tge“gl

a function f € C*°(g*) at a point A € g* is

(TEdf)x = igap), (mg)x = A([f« (V). ]) = ad}, () A,

where ad” : g — gl(g*) given, for all £1,/, € g and X € g*, by (ad; A)(£2) = A([l1,£2]) is
the coadjoint representation of the Lie algebra on its dual. Thus, we get that im ((Wg) )\) =
{ad}‘/\w € g} = T»O,, as expected for the integral submanifolds of the characteristic

distribution. Then, by the proof of Theorem 6.1.5,
wo, (ad;fl /\,adZ2)\) = —A([£1,€2]), A€ g*, El,fg €g. (64)

This symplectic form is called the Kirillov-Konstant-Souriau (KKS) symplectic form.

Some more specific examples of this construction is the following:

— (s03(R))*: Consider the following generators of so3(R):

0 0 O 0 0 1 0 -1 0
Li=]10 0 -1, Le=]10 0 0], Ls=|1
01 0 -1 0 0 0
3
Then, the Lie bracket relations for these generators are [L;, L;] = Y ;1 Ly, where ¢,
=1

k
is the Levi-Civita symbol. Furthermore, it is easy to see that C' = (L1)%+ (L2)%+(L3)?
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(or, more accurately, ev¢) is a Casimir function since, for i = 1,2, 3,

Taos(®)(d(eve), d(evr,)) = evior,) = evse  eion,1, =0

and the differential of any other function f € C*°((s03(R))*) can be written from the
generators as a linear combination of the three generators Li, Lo, Ls. Since the level
sets of this Casimir function are the spheres (L1)? + (L2)? + (L3)? = 72 for 72 # 0
and the point (0,0,0) (interpreted as 0(L1)* 4+ 0(L2)* + 0(L3)*), we know that the
symplectic leaves for this Poisson structure are contained on these spheres. The rank
of Tgo,(ry is 2 for all A € g*\{(0,0,0)} since, if we write A = \; L] + Ao L3 + A3L3, we

get that
3
im((77503(]R)))\) = {adf\ﬁ ‘ x= 503(R)} = Z 5ijk/\i€jLz (£1,£2,f3) S RB
i,k=1

which has dimension' 2. Thus, the rank of Tsoq(R) 1S either 0 or 2 and, therefore,
the symplectic leaves are, precisely, the connected components of the level sets of the

Casimir C (or, more correctly, of the evaluation eve = (L)% + (L3)? + (L})?).

— (sla(R))*: Let {E, F, H} be the generators of sly(R) given by

0 1 0 0 1 0
E= . F= . H= ,
(O 0> <1 0) (O —1)
such that their Lie bracket relations are

[E,F]=H, [H E)=2E, [H F]=-2F.

Following the same procedure done for the case of so3(R), showing that
C =2(EF + FE) + H? (or more accurately, evc) is a Casimir function boils down to
proving that [C, E] = [C, F| = [C,H] = 0:

[C,E] = 2[E, E|F + 2E|F, E] + 2[F, E|E + 2F|E, E| + H|H,E] + [H, E]H
= 2FEH —2HE +2HE + 2EH =0

[C,F) = 2[E, F|F + 2E[F, F] + 2|[F, F|E + 2F[E, F] + [H, F|H + H[H, F)
—2HF +2FH —2FH — 2HF =0

(C, H] = 2[E, H|F + 2E[F, H] + 2|F, H|E + 2F[E, H] + [H?, H]
= —4EF + 4EF + 4FE —4FE =0

IThe entries of each L} correspond to the coordinates of the vector product a x b where a = (A1, A2, A3)

and b = (41,42, ¢3) with a fixed, so, as we vary b we get the vectors tangent to the plane with normal a
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To compute the rank of the Poisson structure, notice that, choosing A € (sly(R))*,
written as A = A E* + A\pF* + A\ H*, for any £,] € sly(R) with { = (. E + {;F + {, H
(and similar for [ with the different font),

(ad30)(1) = A1) = A (2A—Lely + Gl )E + 2(Lsly, — bul)F + (Culy — £41) H)

= 2/\5(—£er + fhle) + 2/\F(€flh — fhlf) + /\h(gelf — Kfle)
= (2/\65}1 — )\hff)E*(l) + ()\hée — 2>\f€h>F*(l) + (2)\fo — 2)\6Z6>H*(l).

Hence, we get that
im((ﬂ's[Q(R)),\) = {(2)\e€h—)\h€f)E*—(2)\f€h—)\hf6)F*—Q(Aefe—)\fff)H* ’ (fe,gf,fh) S RS},
which, for A = 0 € (sl2(R))* has dimension 0 and, for any A € (sl3(R))*\{0}, has

dimension 2.

Then, once again, the rank of the Poisson structure mg, ) is either 0 or 2, thus the
symplectic leaves are the connected components of the level sets of the Casimir function

C'. Therefore, there are 4 types of symplectic leaves:

1) C' > 0: the hyperboloid of one sheet;

3

)

2) C < 0: the two components of the hyperboloid of two sheets;
) C=0: EF+FE = —%HQ has two components of the conical surface;
)

4) (0,0,0).

— Heisenberg algebra: h = {aX +bY +cZ|a,b,ce R}, where

010 0 0 0 0 01
X=10 0 0|,Y=]0 0 1|,Z=1]0 0 0
0 00 0 0 0 0 0 0

and the Lie bracket is the usual commutator of matrices, which means that [X,Y] = Z
and [X,Z] = [Y,Z] = 0. It is immediate that any Casimir must be independent
of X and Y, since, otherwise, considering any Casimir function C(X,Y, 7), we get
that [C(X,Y,Z),Z] = 0 but [C(X,Y,Z),X] = C(X,~Z,Z) and [C(X,Y,Z),Y] =
C(Z,Y, Z) which are not both necessarily equal to zero. Since the Poisson structure
must have even rank, it must be either 0 or 2. Taking points in h* of the form
aX*+ pY* +~Z*, if vy =0,

(adgy 4y ez (@X™ + BY™)) (@' X +VY +'Z) = (aX™ + BY™)((ab' — ba')Z) = 0,

so the rank of the Poisson structure for these points is 0. Otherwise, the rank of 7y is

2, so we have two types of symplectic leaves:
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1) the points {a X* + 8Y™*} for fixed a, § € R;
2) the planes {a X* +BY* +~Z* | o, B € R} with fixed v € R.

The following figure shows the examples of symplectic foliations for the dual of the Lie

algebras mentioned above:

H*
x z
TLS e
\ / . :\f\.\'\'/:/./: :
L T3 i e
(a) (s03(R))” (b) (sl2(R))* (c) (n)"

Figure 6.1: Representation of the symplectic leaves for certain linear Poisson structures.

f

6.2 Weinstein Splitting Theorem

Given the study done previously, we can now discuss one of the most fundamental theorems
in Poisson geometry. For the proof of such theorem we require to use Lemma 2.2.3 which

we repeat here for convenience:

Lemma 2.2.3. Let M be a smooth m-dimensional manifold and X1,..., Xy be linearly

independent vector fields defined on a neighbourhood V' of p € M such that

Then there is a chart on M centred at p, (U C V;(x1,...,%m)) such that

0

U E)xi ’

X 1<i<k.

Then we introduce the splitting theorem, which is one of the most fundamental theorems

of Poisson geometry and is one of the central results of our study.
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Theorem 6.2.1 (Weinstein Splitting). Let (M, m) be a Poisson manifold and x € M with
rank(m,) = 2s. Then there are local coordinates (U;q,...,q% p1,--,ps,ys ..., y") on M

centred at x such that
S
0 0
7T|U =

eab o
ayb

(6.5)

1<a<b<n

where 8%°(y) are smooth functions of (y*,...,y™) with 6%°(0) = 0.

Proof. Induction on rank(m,;) = 2s: In the case rank(m,) = 0, there is nothing to prove and,
indeed, 7 looks like Eq. (6.5) for any choice of a local coordinate chart (U, ¢ = (y*,...,y"))
on M centred at x. Assume rank(m,) = 2s with s > 1 . Since 7, # 0, there is a local
function p on M, defined around z, such that p(z) = 0 and (X)), = 7&((dp).) # 0. Using
Lemma 2.2.3, there exists a coordinate chart (W C M;z!,...,2™) on M centred at z such

that Xp|lw = 52r. Call ¢ 4 21 and note that

Xq(q) =0, X,(p)=0, Xy(p)={gp}=-1, Xp(q)={p.q} =1

This means that X, and X, are linearly independent commuting vector fields (since [ X, X,] =

X{qpy = 0) and, once again, we may apply Lemma 2.2.3. Then there exists a coordinate

chart (U C M;z',...,2™) on W centred at = such that, X,|y = 1 and X |U = %
Up to restricting U around z if necessary, we can take the chart to be (U;q,p,33,...,3™)
satisfying
In these conditions, the Poisson bivector field becomes
0 0 0
= — oot P, Em A e 6.6
W‘U a aq + Z (qapum ) » L ) Fa 8ﬂ~jb ( )

3<a<b<m

To conclude the result, we need only to show that the functions 8% do not depend on the

coordinates ¢, p. For this, since the Jacobi identity applies to 7,

6%(9“’7) Xp(0°") = {p, {2, 2"} } = {{p.8°}, 2"} + {#*, {p. 3"} } =0

and analogously a (%) = 0, hence 6 does not depend on ¢,p. Again by the Jacobi
identity, the second factor in Eq. (6.6) defines a Poisson structure around (7% = 0, . =
0) with rank equal to rank(w,) — 2. Thus, by the induction hypothesis, the result follows.

Q.E.D.
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Alternatively, we may as well describe this local structure of Poisson manifolds without

making any mention to specific charts.

Theorem 6.2.2. Let (M,7) an m-dimensional Poisson manifold, p € M and
rank(m,) = 2h. Then, for an open neighbourhood U C M of p, there is a Poisson isomor-
phism ¢ = (¢ps,on) : (U, 7|v) =5 (S,wg') x (N,7n), where (S,ws) is a 2h-dimensional
symplectic manifold and N is a (m—2h)-dimensional manifold such that rank ((7nx)én(p)) =

0. Additionally, S and N are unique up to local isomorphism.

This previous theorem defines the so-called Weinstein splitting charts.

Weinstein’s splitting theorem is the analogous in Poisson geometry to Frobenius’ theorem
or Darboux’s theorem for tangent distributions and symplectic structures, respectively. In
the following section, we shall further generalise Weinstein’s theorem to include the notion

of Poisson transversals.

Regular Points

As with the case of distributions, it is possible to distinguish points of a Poisson manifold

according to the rank of the Poisson structure:

Definition 6.2.3. Let (M,7) be a Poisson manifold. A point p € M is called a regular
point if the rank of 7 is constant on a neighbourhood of p. If said rank is not constant, then

p is called a singular point.

Lemma 6.2.4. The set of regqular points of a Poisson manifold (M, ) is open and dense
in M.

Proof. Let (M, 7) be a Poisson manifold and R be its set of regular points.

Open: To see that R is open in M, let us prove that the set of singular points S = M\R is
closed. Let p € S be a point in the closure of S. Then, by the definition of closure,
any open neighbourhood U C M of p in M intersects S and, therefore, there exists
a singular point s € U. Since U is open and contains s, it is a neighbourhood of s
in M. Thus, by definition of a singular point, there exists at least one point ¢ € U
such that rank(m,) # rank(nw,) and, so, the rank of 7 is not constant on U (which is a

neighbourhood of p). Hence, p is a singular point and S = S.

Dense: Given a point p € S, since rank(w) : M — Zx¢ is bounded (and is integer-valued), it
must have a maximum in any neighbourhood U of p and this point of maximum for

rank(7|7) turns out to be a regular point for 7. Thus, p € R. Q.E.D.
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For a regular point p € M, since the rank of 7 must be constant, given a splitting

chart (U, = (¢*,...,¢%,p1,---,Ps,y's ..., y™)) centred at p, the Poisson structure must

S
0 0
be constant up to shrinking U around p if necessary, i.e. 7|y = Z — A —, and the
—~ Opi  O¢’
characteristic distribution is a linear space:
im (7 [) N 0 0 0 0
im(7 =SPAN e, Ty e .
A 7T dg* " Ip Ips

Thus, near a regular point, im(7*) is an involutive regular distribution. So, by The-
orem 2.3.12 there is a foliation associated to this distribution whose leaves precisely cor-

respond to the level curves

{(ql’_._’qs’pl’_..’ps’y]"...7yn) EM’(y:l?"')yn) = (yé""’yg)})

as (yg,...,yy) varies in R™. These leaves are symplectic in nature and, for each leaf, the
corresponding symplectic 2-form is wy, = XS: dq® A dp;. Hence, in the case of regular points,
Weinstein splitting theorem becomes justl:Darboux theorem for regular foliations of sym-
plectic manifolds, Proposition 4.3.24. We can also make this result independent of coordinate

charts:

Proposition 6.2.5. Let M be a smooth manifold. There is a natural one-to-one corres-

pondence:

{ Regular Poisson } 1.1 { Regular Symplectic }7

structures on M Foliations (F,wr) on M

established by the relation m = w7 and im(7*) = TF.

Proof. Given a regular Poisson structure 7 € X2(M), by Theorem 6.1.5, im(n*) gives a
singular foliation {Ny}xea such that each leaf Ny has a symplectic structure wy,. Since
this Poisson structure is regular, for any p € Ny and ¢ € Ny, dim(N,) = dim(im(wg)) =
dim(im(7})) = dim(Ny), so the foliation {Nx}xea is a regular symplectic foliation.
Conversely, if (F,wr) is a regular symplectic foliation, by Theorem 6.1.7, there is a unique
Poisson structure m on M satisfying the properties of the Proposition. The regularity of the
foliation guarantees that, given two points p,q € M in distinct leafs of the foliation F,
dim(im(7})) = dim(F,) = dim(F,) = dim(im(w})), i.e. 7 is a regular Poisson structure.

Q.E.D.
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Singular Points

For singular points, the Poisson structures may have rather complicated behaviours. In
R2, take m = f(z,y) % eTy which is a Poisson structure. For a singular point (zg,yo),
f(zo,90) = 0 but f # 0 in a neighbourhood of (xg,yo). Although f could be any smooth
map with these properties, the local classification of these bivectors is not simple. The case

of generic singular points is covered by the following result:

Proposition 6.2.6. Let m = f(z,y) & A @ € X%(R?) with f(0) =0 and f.(0) # 0. Then,

there exists a chart (U, (u,v)) centred at 0 such that |y = u 0% A %.

Proof. Since f,(0) = 0, we may define a vector field X = 9f 0. _ 9f 0 gpnq apply

Lemma 2.2.3. Hence, there is a chart (U, (v, u)) around (0, O) € R? such that Xlv = 5 |U

to which we may choose u = f. Thus, %g—; — %% = X(v) =1 and
Oudv  Oudv
=Uu|l 5 57 | =uX() =u.
{u,v} =u <8m o oy 8m> uX()=u
Therefore, we conclude that 7|y = u 3% A 8%' Q.E.D.

We are now in condition to prove Proposition 5.3.13 detailing the local structure of

log-symplectic manifolds in a neighbourhood of a point in its singular locus.

Proposition 5.3.13. Let (M, ) be a 2n-dimensional log-symplectic manifold with singular
locus Z. Then, for any x € Z, there is a local coordinate chart (U, (u,v,q*,...,¢" 1, p1,...,Pn_1))

on M centred at x such that

n

Unz= {(07U7q1a"'7qn_17p17'"apnfl) ‘v7q1a"'7q _17p17"'7pn71 € R}

and

7T|U—’U,f/\ +Zap ,L
(2

Proof. Let (U,(q¢',...,¢°,p1,...,ps,y%,...,4?")) be a Weinstein splitting chart centred at
x € Z with n = s + r, where rank(m,;) = 2s. We want to show that, since (M, ) is log-
symplectic and x € Z, rank(m,) = 2(n — 1), i.e. s =n —1 and r = 1. Then the Poisson

structure on M can be written as

- RN I U B
7T|U*7rcan+0*;8pi 8q + Z 0 (y) aya/\ayb’

1<a<b<2r

for some local functions #?°(y) vanishing at y = 0. Computing the n*" exterior power of 7
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we get
All possible combinations containing
(ﬂ-‘U)/\n - (Wcan + 9)/\" = Z
s terms of m.an and 7 terms of 6
n! n! 0 0 0 0
= —0" A N = N A[S — A== A...A A
sl (7ean) slr! s Op1  Oqt Ops  Og®
! 0 0 0 0
g n LA LA A AN —
d Op1  9qt Jps  0¢°
where .
0 0
AT a;b;
o = /\ Z 0% (y) Oy A Oybi
i=11<a;<b; <2r
contains a product of 7 coefficients %% (y). Thus, since we can write
0 0 0 0 0 0
An
= — A...A A= A A A=A A=,
T 1) Oqt 0q* " Op1 ops oyt oy*r

we get that f(y) has a product of 7 coefficients #%:% (y) and, so, f.(x) has the product
of 7 — 1 coefficients #%:%(0) = 0. This clearly contradicts the hypothesis that (M,7) is a

log-symplectic manifold unless » = 1. Hence,

n—1
9] 0 0] 0
= 0= AN =— +0%(y) == AN —
7T|U Tean T ; apl aq’ + (y) 83}1 ayg
and, applying the previous proposition to 6, we obtain the result. Q.E.D.

It is important to understand that the quick study made here for singular points is, in
fact, very extensive, since the number of Poisson structures near a singular point whose

singularity is of larger order becomes bigger very quickly.
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6.3 Poisson Transversals

In Section 6.1, we have introduced the notion of the symplectic foliation of a Poisson
manifold. However, the leaves of this foliation do not need to have the same dimension of
the manifold itself as expressed by Weinstein splitting theorem?. Hence, it is important to
be able to describe the ‘remainder’ of the dimension of the manifold at each point p € M.
This is precisely what the concepts of Poisson transversals and cosymplectic submanifolds

intend to do.

Definition 6.3.1. Let (M, ) a Poisson manifold, p € M and let S be the symplectic leaf
passing through p. A Poisson transversal of (M, r) relative to S at p is any embedded
submanifold X C M containing p satisfying

T,M =T,S ® T, X, (6.7a)

or, equivalently,
T,M = im(rh) & T, X. (6.7b)

Remark 6.3.2. Given any symplectic leaf S on a Poisson manifold (M, 7) and a point

p € S, there always exists a Poisson transversal of (M, ) relative to S at p.

Recall that, since im(7#) = 7#(T* M) is a generalised distribution, the dimension of the
characteristic leaf S’ through a point ¢ € X near p may be strictly larger than the dimension
of the leaf S passing through p; hence Eq. (6.7b) may fail at certain points in X because
we might have im(wg) NT,X # 0. Regardless, given the continuity of 7%, for any point
g € X sufficiently close to p, X is still transverse to the leaf S’ passing through g, i.e.
T,M =T,5' 4+ T, X or, equivalently, T,M = im(x}) + T, X.

Moreover, these Poisson transversals are well-behaved with respect to the flow of infini-

tesimal Poisson automorphisms:

Proposition 6.3.3. Let (M, ) be a Poisson manifold, S a symplectic leaf of (M, ) passing
through a point p € M and X a Poisson transversal of (M, n) relative to S at p. Then,
for any Hamiltonian vector field Y € ham(M, r) such that p € dom(F1},), F1i-(S) C S and
F1% (X) is a Poisson transversal of (M, ) relative to S at F1}(p).

Proof. The fact that F1}(S) C S is clear by the definition of the characteristic distribution
and the fact that S is an integral submanifold of im(7*). Thus, to conclude the result, we
need only prove that F1} (X) is a Poisson transversal on (M, ) relative to S at F1}-(p). For
that, simply note that, given any v € T,,M, (F1).(p)(v) € Ty, (pyM. Since X is a Poisson
transversal relative to S at p, v = u 4+ w, with v € T,,S and w € T, X. Thus,

(FI3 )+ (p) (v) = (FIy)s(p) (u) + (FI3 ) (p)(w) = o + ',

2In fact, these leaves of the symplectic foliation have the same dimension as the manifold only when the

Poisson structure is non-degenerate, which means that it must be precisely a symplectic structure.
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where u' € Try (S and w' € Tpy () (F1%-(X)). To conclude the result, we need only to show
that Try () SNTrr, (p) (F1% (X)) = 0. For that, suppose that v € Trre, (5)S NTr1e, () (F1%(X)).
Then, by calling wg the symplectic form on S, taking any u € TFI;(Z,)S and by noticing that

Fl’;/ is a local diffeomorphism, we get that

(©8)rig () (0510) = ((FTy )" ((FIG )7 (FI () (0), (FI )7 (FIE () ()
= (ws)p(v',u) =0

where in the second equality we used the fact that Y is an Hamiltonian vector field (so,
in particular, Y € aut(M, 7)) to conclude that, when restricted to S, it is an infinitesimal
symplectomorphism and, in the third equality, we notice that v' = (F13.); (FI% (p))(v) €
T,5NT,X =0, since X is a Poisson transversal to S at p. Thus, by the non-degeneracy of
the symplectic form wg, we conclude that v = 0, hence, FltY(X ) is a Poisson transversal of

(M, ) relative to S at p. Q.E.D.

Definition 6.3.4. Let (M, ) be a Poisson manifold. A cosymplectic submanifold of (M, )
is any embedded submanifold X C M such that

T,M =T,X + 4 ((T,X)°), for all p € X, (6.8)
where (T,X)° = {a € Ty M |alg,x = 0} is the annihilator of T}, X.

Remark 6.3.5. If (S,wg) is the symplectic leaf of a Poisson manifold (M, ) passing
through a point p € M and X is any submanifold of M containing p, then it is clear
that wg((TpX)o) = {wga € T,M | ker(a) 2 T,X} C im(wf) = T,S. Additionally, we have
that

™ (1,X)°) € {nba € T,M | a|r, xn1,s = 0} = 74 (T, X NT,S)°)
= (W3),  (T,X NT,5)°) = (T,X NT,S) ).

To prove the reciprocal inclusion, consider an arbitrary element v € (T, XNT,S )LWS)? . Since

wg is a symplectic form, wf’g is an isomorphism, thus there exists a unique « € T};S such that

a = (W), (v). Extending a to & € Ty M so that v = Wg

&(u) = 0 (either because &|7san1ss = 0 or because &|r,xnr,s = (w%)p ()|, x1,5 = 0).
Thus, v € 75((T,X)°) and

&, we conclude that, for any v € T, X,

T (T, X)°) = (T, X NT,pS) s,

Finally, since dim(m%((7,X)°) < dim((7,X)°) = dim(M) — dim(X), we conclude that

the defining condition of a cosymplectic submanifold X is equivalent to

T,M =T, X & 74((T,X)°), for all p € X. (6.9)
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In the case of symplectic vector spaces, one can show the following results:

Lemma 6.3.6. Let (V,w) be a symplectic vector space with an associated Poisson structure
m: V*x V* = R such that, for all a, 5 € V*,

(e, B) = —w((@") e, (W) 71H).
Then, if W <V is a vector subspace, we have that
Tt (We) = W,
Proof. Firstly, note that, since W*° is the annihilator of W, by the definition of 7, we have
that 7f = (w*)~1 : V* — V and, hence, 7¥(W°) = {rfa € V| ker(a) 2 W}. Thus,
Wte ={veV|wbw) =0, Vwe W} ={ve V|(wbv)(w) =0, YVwe W}
= {ﬂ'ga eEV]a(w)=0, Vwe W} = (W),

1

where, in the second line, we used the fact that 7% = (w”)~! is an isomorphism. Q.E.D.

For symplectic manifolds, then, we get that the notion of a cosymplectic manifold is the

same of a symplectic submanifold:
Proposition 6.3.7. Let (M,w) a symplectic manifold and X C M an embedded subma-
nifold. Then X is a cosymplectic submanifold of (M,w™1) if and only if (X,w|x) is a
symplectic submanifold of (M,w).
Proof. =) Let X a cosymplectic submanifold. We want to show that w|x is a symplectic
form on X. Clearly, since w is a symplectic form on M, it is closed M and, because
X C M is an (embedded) submanifold, it is also closed on X. As for the non-
-degeneracy on X, let p € X and v € T, X be such that wy(v,u) =0 for all u € T, X.
Then, since
T (T,X)°) = (@), " (T, X)°) = {w € T,M |wp(w,u) =0, Vu e T,X},
and X is a cosymplectic manifold, any w € T, M can be written as w = w, + w, with
w, € T, X and w, € 75((T,X)°) and

wp (v, w) = wp (v, wy) + wp(v, we) = 0.

Thus, wy(v,u) = 0 for all u € T,M and, because w is a symplectic form on M, we

conclude that v = 0. Therefore, (X,w|x) is a symplectic submanifold.

<) If X is a symplectic submanifold with symplectic form w|x, taking p € X, we know
that T,M = T, X & (T,X)*«, where

(T, X)) ={w e T,M |wy(w,u) =0, Vu € T,X } = (T, X)°).

Therefore, in particular, T,M = T, X + Tg((TpX )°) and X is a cosymplectic subma-
nifold. Q.E.D.
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For the more general case of a Poisson manifold, there is still a link between the Defini-

tions 6.3.1 and 6.3.4 above, although only locally:

Proposition 6.3.8. Let (M, ) be a Poisson manifold and S C M be a symplectic leaf of
M passing through a point p € M. If X is a Poisson transversal to S at p € M, then a
sufficiently small neighbourhood U C X of p is a cosymplectic submanifold.

Proof. If X is a Poisson transversal to S at p, then 7, X N7,S = 0 and, by Remark 6.3.5
and by Lemma 6.3.6, we have that 75((7,X)°) = (1,X N T,S)*@s)» = T,S. Therefore,
T,M =T, X & T,5 =T,X &7 ((T,X)°). QE.D.

Furthermore, one rather important result when dealing with Poisson transversals and
cosymplectic manifolds is that they can inherit a Poisson structure from the original mani-
fold. A first step in that direction comes from identifying cosymplectic manifolds with

submanifolds that intersect the symplectic leaves transversally:

Proposition 6.3.9. Given a Poisson manifold (M, ), an embedded submanifold X C M is
a cosymplectic submanifold if and only if the following conditions apply for every symplectic
leaf (S,wg):

(1) T,M =T,X +T,S, forallpe XN S;

(ii) (ws)p|T,xNT,5 is non-degenerate, for allp € X N S.
In particular, (X N S,ws|xns) is a smooth symplectic manifold.
Proof. Let p € X and (S,wg) the symplectic leaf passing through p.

=) If X co-symplectic, then T,M = TpX—HTf)((TpX)") and, by Remark 6.3.5, Wg((TpX>°) =
(T,X NT,S)*«s» C T,S. Thus, we conclude condition (i), i.e. T,M = T,X + T,S.

Moreover, notice that condition (%) is equivalent to
(T,X NT,S) @sw N (T,X NT,S) =0, (%)

which, in turn, is equivalent to T, X N ﬂg((TpX )°) = 0. This is precisely what we
obtain in Remark 6.3.5.

<) If both (i) and (%) are satisfied, since dim(ﬂg((TpX)o) = dim(7,,S) — dim(7,X NT,S)
and, by (i), dim(T,M) = dim(T,X) + dim(7,S) — dim(T,X N T,,5), we get that

dim (7% ((T,X)°) = dim(T,M) — dim(T,X). By relation (x), equivalent to relation

(i), we conclude that T,M = T,X & 74((T,X)°), thus X is a cosymplectic manifold.
Q.E.D.

Now we arrive at the result that allows cosymplectic submanifolds (and in the following
corollary for Poisson transversals) to inherit Poisson structures from their parent Poisson

manifolds.
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Theorem 6.3.10. Let X be a cosymplectic submanifold in a Poisson manifold (M,).
Then, X inherits a unique Poisson structure wx such that the symplectic leaves of (X, mx)
are the connected components of (X N S,wg|xns), for S € Fr, where F, is the symplectic
foliation of (M, ).

Proof. For a cosymplectic manifold, by Remark 6.3.5, we have, for every p € X that T,M =
T,X ® i ((T,X)°). Thus, we can obtain the dual description as

T;M = (T,X)° @ (n} (T, X)°))° (%)
and, by applying 71'1”, on both sides of the equation, we get
T,M 2 im(n}) = m} (T,X)°) @ mf () ((T,X)°))°),
where the direct sum is obtained because,

(T (T, X)°))°) = {rha € T,M | a € (74((T,X)°))°}
:{ﬂpaeTpM|7Tp o,B) =0, VB e (T,X)°)}
={rta e T,M |l € T,X} C T, X.

Moreover, the dual description (%) also implies that we have an isomorphism X =
(74 ((T,X)°))°, allowing us to define the following bivector field on X:
def ,_ —
mx (o, B) = 7(@, B), (6.10)

where @, 8 € Ty M are the unique extensions of a, 3 € T; X, respectively, vanishing on
75 ((1,X)°). To show that this bivector field is, in fact, a Poisson structure, we need to
check that [rx,mx] = 0. Since (dC*°(X)), = T, X, it is enough to show that the Schouten
bracket vanishes when evaluated on (the differential of) the functions fi, fa, f3 € C(X).
Thus,

[, mx)(dfr,dfa, dfs) =2 Y wx (dfor) d(mx (Afo(2), dfa(s)))

ocest2

=2 Z X (dfo(l)v d(ﬂ-(dfa(Q)a de(S))))

oceSt:2

=2 Y 7 (dfoq), A (dfo@), dfa))

ocesSt:2

=2 Z dfg(l), (dfa'(2)7df0(3))))

ocesSt:2

= [w’ﬂ](difladif?vdif?)) =0

To conclude the proof, it remains to be proved that the symplectic leaves of (X, mx)

are the connected components of (X N S,wg|xns), where S are the symplectic leaves of
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the symplectic foliation of (M, 7). For that, let p € X N'S. Then, by the results from
Remark 6.3.5, we get

im((7% )p) = (T )p (T X) 2 (%), (75 (T, X)°))°) = T,X N T,S = T,(X N S),

where in the last equality, we used the fact that X and .S intersect transversely. Moreover,
from the fact that ws|xns = 7 Y xns = 77;(1|)mg, we conclude that (the connected com-

ponents of) (X N S,ws|xns) are the symplectic leaves of (X, 7x). Q.E.D.

Corollary 6.3.11. Given a Poisson manifold (M, ), with a symplectic leaf S and Poisson
transversal X of S at a point p € S, there exists a small enough neighbourhood U C X
of p with an induced Poisson structure, such that its symplectic leaves are the connected

components of (X NS,ws|xns)-

Proof. This result comes directly from the previous theorem and Proposition 6.3.8. Q.E.D.

Since any cosymplectic submanifold has a Poisson structure in a small enough neigh-
bourhood, it is possible to talk about the symplectic foliation for this submanifold, or, in
particular, its leaf space. Even though, as we have seen, it is, in general, rather difficult to
understand what this leaf space is, Theorem 6.3.10 shows that, given a Poisson manifold
(M, ) and a cosymplectic manifold X with induced Poisson structure 7x, we have an in-
duced map X/F,, — M/F, which may be used to study the structure of the leaf space. In

fact, X/Fr, may be much simpler and the previous map has the following properties:

Proposition 6.3.12. Let (M, 7) be a Poisson manifold, X C M a cosymplectic submanifold
with induced Poisson structure wx, and let Fr, Fr be the symplectic foliations of M and
X, respectively. The map X/Fr, — M/Fr is continuous and open. In particular, if X
intersects each leaf at most a single time, X/Fr, is homeomorphic to an open subspace of
M/F,.

To prove this result, we must first introduce the following Weinstein theorem near cosym-

plectic submanifolds:

Theorem 6.3.13. Let X be a cosymplectic submanifold of a Poisson manifold (M,)
with co-dimension 2s. Then, for every x € X, there exists a Poisson isomorphism X :
(U,nly) — (S,wg') x (W,nx), where U C M is a neighbourhood of x, (S,wg') is a
symplectic submanifold of the symplectic leaf passing through x in M and W C X is a

neighbourhood of x in X.
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Proof of Proposition 6.3.12. Let x € X and U be an open neighbourhood of = in M. Then,

by Theorem 6.3.13, there exists a Poisson isomorphism

X = (xs,xw) : (U,lv) = (S,wg") x (W, mw),

where S can be taken as a symplectic submanifold of the symplectic leaf containing = and
W is an open neighbourhood of x in X. If F; and F5, are the symplectic foliations of M
and X, respectively, then we have the quotient maps ¢ : M — M/F, and gx : X — X/Fr,
which are continuous, surjective and restrict to maps ¢y : U — U/Fy|, and ¢x|w : W —
W/ F, Let o : U/ Fry, — W/Fy

containing ¢ to the symplectic leaf of (X, 7x) containing xw (¢), i.e. making the following

be the map assigning the symplectic leaf of (M, )

X‘W' XlW

diagram commutative:
(U, 7ly) == (W,mx|w)

) o

U/ Frjy —5— W/Fx

X |W

Then, this map is clearly continuous as ¢|y, gx|w and xw are continuous. As for the
openness of v, notice that, by the commutative diagram above, it is enough to prove that
gx|w is an open map. Since ¢x|w is a quotient map, it is open if and only if, given any

open subset W C W of W, (¢x|w)~*(gx|w(W)) is an open subset of W. However,

(gxw) ™ axlwW)) = U { wnsS

S is a symplectic leaf }

containing some point of W

Because W and the symplectic leaves of (X, 7x) are open subsets of X, we conclude that
(ax|w) ' (ax|w(W)) is open.

Finally, if X intersects each leaf at most one time, x can be extended to a Poisson
isomorphism x : (U, 7|yr) = (S,wg') x (X, 7x) and, by a similar argument as before, g|y :
U—U/F;
a subspace of M/F. Q.E.D.

|, is an open quotient map. Thus, we conclude that X/Fr, is homeomorphic to

For the generalised version of Weinstein Splitting theorem, we firstly introduce the fol-

lowing lemma, which is also an extension of Lemma 2.2.3:

Lemma 6.3.14. Let M be a smooth manifold and X1,..., Xy linearly independent com-
muting vector fields in a neighbourhood of a point p € M. Then, for any submanifold
N C M withp € N and T,M = T,N & span{(X1)p, ..., (Xp)p}, there is a coordinate chart
(U,o=(x1,...,2m)) on M centred at p such that:

(i)) UNN ={(z1,...,2m) € M |21 = ... =2, =0};

0
aIi '

(i) fori=1,....k, Xi|lu =
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Proof. The proof of this result follows a procedure similar to that of Lemma 2.2.3. Let V
and W be open neighbourhoods of 0 in R* and R™~ %, respectively, and consider U to be
an open neighbourhood of p in M. Moreover, we may always construct the following local
diffeomorphism ¢ : U — V x W such that ¢(p) = 0 and ¢(U N N) = {0} x W. Then, for
a neighbourhood W of 0 in R* x W, consider the map ® : W — M, such that

(x1,...,2m) = (FIZ o... oFl?k)(¢71(O,...,O,xk+1, e ,xm)).

Clearly, we have that ®(0) = p and ®,(0)( %{0) = (X;)p, for all 4 = 1,..., k. Thus, we
have that

im(®,(0)) = span{(X1)p, ..., (Xg)p} + TpN = T, M.

Shrinking W around 0, if necessary, ® : W — ®(W) is a diffeomorphism from an open
neighbourhood of 0 in R™ to an open neighbourhood of p in M, mapping 0 into p. Finally,
by the definition of ®, we can also quickly obtain that

2WN {0} x W) =2W)NN.
Then, the coordinate chart of the lemma is just (®(W), ®~1). Q.E.D.

Therefore, by using this result we obtain

Theorem 6.3.15 (Weinstein). Let (M,w) a Poisson manifold and S a symplectic leaf.
Given a Poisson transversal X to S at a point x € S, there exists a coordinate chart

U, o= (q", ..., ¢ p1,--,ps,y ..., y")) centred at x such that:

(i) XﬁU:{(ql,...,qs,pl,...,ps,yl,...,yr)EM|q1:...:qS:p1:...:pszo};
S
d 0 d d
(i) wlv = ; o A g + 1<;<r 0% (y) 9y A 3y where §%°(y) are local functions

solely depending on y*’s vanishing at x = (0,...,0).

Proof. The proof of this statement is entirely similar to that of Theorem 6.2.1 now using
the improved Lemma 6.3.14.

Induction on rank(m,) = 2s: for s =0, S = {0} and M = X, thus there is nothing to
prove. For s > 1, we assume the statement is valid for rank(m,) < 2s — 2. Then there is
p1 € C°(M) vanishing on X with (p1)«(z) # 0 (because X # M). Since X is transverse
to S, there exists g € C°°(M) such that (p1)«(z)((Xg)e) # 0, and (X,,,), # 0 is tangent
to S. By Lemma 6.3.14, there exists a chart (U, (z',...,2™)) such that X, |y = 8—21 and
XNU = {2?=...=2™ = 0}. Calling ¢' = 2, then 7(d¢*,dp1) = —X,,(¢*) = —1 and,

furthermore, X, , X1 are commuting linearly independent vector fields. Once again, by the
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lemma, up to restricting U around x if necessary, there exists a chart (U, (#!,...,7™)) with
Xplv= 3%, Xplv= 3%, XNU C{z' =3? =0} and

95a "\ B

0 0 - -
Ty = Do A E + Z 07 (g, pr, 33, 2™)
P T 5cicb<m
Once again, it is quite simple to observe that §° does not depend on the coordinates ¢, p1,

thus the result is obtained by induction. Q.E.D.

Another fundamental result about Poisson transversals is the fact that the transverse
structure in a Poisson manifold is unique and determined from any choice of a symplectic
leaf at any point. So, every Poisson transversal found in each point in the same symplectic

leaf should be isomorphic. This next result is a first step into showing that result:

Proposition 6.3.16. Let X be a cosymplectic manifold in a Poisson manifold (M,).
Then, for any x € X, the isotropy Lie algebras of (X, 7x) and (M, ), ker(wg() and ker(r*),

respectively, are isomorphic.

Proof. Let p € X, let S be the symplectic leaf of (M, ) containing p and Y be a transversal
to X NS at p. Then, since we know that im((ﬂg()p) =T,X/ im((wg()p) and T,,(X NS) =
im((7%),), the defining property of a transversal gives an isomorphism 7Y 2 ker((7%),).

Moreover, by Remark 6.3.5, we get
LM =T,X & Wf)((TpX)O) =TLYoT,(XNS)® W;PJ((TPX)O)
=T,Y ® (I,X NT,S) ® (T, X)°)),

where, in the last equality, we used the fact that X and S intersect transversely. Because
Wg((TpX)O) CT,S, and T, X C wf,((TpX)o) = {0}, we conclude that

(T,X NT,S) & mh((T,X)°) = TS = im(r?)

and, therefore, we obtain an isomorphism ker(r}) & T,V = ker((ﬂ'g()p). Q.E.D.

Thus, as a final result, we get the previously mentioned isomorphism between Poisson

transversals:

Theorem 6.3.17. Let (M, ) be a Poisson manifold and let S be a symplectic leaf of (M, ).
Also assume that No and Ny are Poisson transversals of (M, ) relative to S at o € S and
x1 € S, respectively. Then, there exist open neighbourhoods Uy, Uy of xg, x1 in Ny, Ny,
respectively, and a Poisson diffeomorphism ¢ : (U, my,) — (Ur, 7y, ), with ¢(xo) = 1.
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Proof. Since xg, z1 € S, by Proposition 6.3.3, there exists a Hamiltonian diffeomorphism
¢ € Ham(M, ) with ¢(xg) = x1. Thus, without loss of generality, we may take Nj to

def

be ¥(Np) and zg = x; = z. Take a splitting chart (V C R m.,) x (W, my) centred
at z, adapted to Ny, i.e. Ny Lot {0} x W and S Y x {0}. Since Nj is transverse to
S =V x {0} at z, there exists a smooth map F : W — R?® with F(0) = 0 such that
N = {(F(w),w) |w € W}.

Define a smooth family of Poisson transversals in (M, ) relative to S at = that inter-
polates between Ny and Nj, N, ef (tF(w),w)|w € W}, t € [0,1]. For the proof to be
concluded, we just need to find a family of functions (H;)se[0,1) with H; € C*°(M) Vt € [0, 1],

such that the flow of their associated Hamiltonian vectors, Xy, € ham(M, ), satisfies
Fly, (z) =z & Fly, (U)) SN,y  Vtelo,1], (%)

for a small (enough) neighbourhood Uy C Ny of . Notice that the second expression in
Eq. (%) is valid if Xp, + % is tangent to N = {(u,t)|u € Ny} € M x [0,1]. This is
equivalent to F(w) — X, |i,(w) € Ti,(w)Ne, V(w,t) € W x [0, 1], where is(w) = (LF(w), w).

To find such a family, notice that, since N; is a Poisson transversal relative to S at x,
shrinking V' x W around « if necessary, N; is a cosymplectic manifold. Thus, we may write
F(w) = Ty(w)+n¢(w), with Ty (w) € T;, ()Nt and ny(w) € Wgt(w)((Tit(w)Nt)O) = (T;, (w)Ne)°,
which implies that

ne(w) = 7 (Be(w)),  Be(w) € (T () Ne)°-

Because the elements of (T}, (,,)N¢)° can be written as (a, (tF)*«) for some a € Tt*F(w)R% =

R?$, we may write 3;(w) as
Be(w) = (e (w), (tF) (ar(w))),  ar(w) € T} R*.

Define Hy(u, w) o (w)(u—tF(w)), where (u,w) € V x W and we are considering a;(w) €
ﬂ}(w)Rgs and u — tF(w) € R?® =2 Ttp(w)RQS. Then,
(He)u(ie(w)) = Be(w) = (X, )iy (w) = me(w) = 7 (By(w)).

Hence, F(w) — (X, )i,(w) € Ti,(w)Nt and i;(0) = (0,0), which means that n;(0) = 0, thus
(XHf)’I' =0, ie. Flg(Ht (gj) =T Q.E.D.

This concludes our study of Poisson geometry.
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Dirac Structures

Firstly introduced by Weinstein and Courant [20], Dirac structures came to be from
the physics of Hamiltonian mechanics of constrained systems, a theory first proposed by
Dirac [21]. In this theory, we study a physical system constrained to a submanifold of
the cotangent bundle and, so, we need to generalise the notion of the Poisson bracket into
the notion of the Dirac bracket in order to obtain the correct equations of motion of the
system. Mathematically, Dirac structures correspond to the general case of a submanifold in
a Poisson manifold as those structures define a pre-symplectic foliation. So, Dirac geometry
generalise several geometries including Poisson, pre-symplectic, as well as foliations but are
also an example of a Lie algebroid on a subbundle of the generalised tangent bundle. Clearly,
Dirac structures form a rather important class of geometries and also one of the most recent
ones which makes them quite interesting structures to be studied.

The chapter starts with a discussion on the physical origin of Dirac structures, namely
the Dirac theory of Hamiltonian constrained systems. These systems are obtained when
the Lagrangian of a physical system does not satisfy the Legendre condition, i.e. when
it is not possible to invert the definitions of the canonical momenta with respect to the
velocities of the system. In Section 7.2, we introduce the notions of the generalised tangent
bundle and the Courant algebroid structure on this bundle as well as the definition of Dirac
structures and show important class of examples such as foliations, pre-symplectic manifolds
and Poisson manifolds. Finally, in the third and last section, we explore the properties of
Dirac manifolds, from the pre-symplectic foliation of such structures to the discussion of the

different types of morphisms we may introduce in Dirac geometry.

173
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7.1 Introduction and Motivation for Dirac Structures from
Physics

As we have seen in Section 4.1, symplectic and Poisson geometry arise from classical
mechanics. However, in that section we always assumed the Legendre condition
0%L
det | ——— 0, i, ':1,...,71, 4.3
(3q0m) #0. i )
for the Lagrangian L(q,q,t) and ¢ = (¢',...,q") € Q a point in configuration space. Now,
we shall disregard this condition which is precisely the case for a constrained physical system.

We start our study with an example:

Example 7.1.1. Let us consider a two dimensional configuration space, with coordinates
(¢",¢%) and Lagrangian given by L = 1(¢" — ¢%)?. Then, by (4.4), the canonical momenta

are given by

p1=¢ —¢ and ps=¢*—q".

By analysing the expressions of the canonical momenta, it is clear that these expressions are

not invertible. Moreover, we can clearly obtain a constraint for this system:

def
¢ = p1+p2=0,
thus, the solution for the motion of the system occurs in a submanifold of T*@. s

Now, from this example, we may expand the general theory presented by Dirac in [21],
following the treatment done in [22]. Since the Legendre condition (4.3) is not satisfied, the
defining equation for the canonical momenta:

pi= o i=1,...,n (4.4)

g’
is not invertible. Thus, there are L maps ¢, : T*Q — R such that the motion of the particles

(in phase space) are constrained to the submanifold
M {(¢.p) eT*Q ‘ ¢e(q,p) =0, forall £ =1,...,L} CT*Q. (7.1)

These constraints ¢, obtained directly from the definition of the canonical momenta (4.4)
are called primary constraints. These primary constraints need not be independent of each
other and, in general, there are multiple ways to define M; using different constraints ¢,
(for instance, the line defined by p; = 0 is the same as for p? = 0). However, to describe
the Hamiltonian formalism of the system, we need to impose some conditions to these ¢,.

These conditions, called the regularity conditions of the primary constraints, are as follows:
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Proposition 7.1.2 (Regularity conditions of primary constraints). Let My be the primary
constraint surface, locally defined by primary constraints ¢g, £ = 1,... L. Then, we may

always choose ¢1, ..., Paim(ar,) to be independent constraints, i.e. such that

dér A+ Ad@gim(nr,) # 0.

Moreover, the constraints ¢p = 0, for ¢ = dim(M;) + 1,...,L, hold as a consequence of
¢ =0 for £ =1,...,dim(M).

The next step is to introduce the Hamiltonian of the system. However, since Eq. (4.4)
is not invertible, the usual definition of the Hamiltonian as the Legendre transformation of
the Lagrangian is not possible. So, we instead define the Hamiltonian as a function of the

velocities:
H(q,4,t Z 20, (¢, d)d" — L(g, 4, t). (7.2)

In reality, by doing the variation of thls Hamlltoman, we can see that this function is not
dependent in the velocities apart from their dependency on the canonical momenta:
n
6H =) (pl- 5" + ' 5pi —
i=1
n
= Z (q opi — 2;&1 ) - %5%

i=1

oL oL ) oL
6q"

¢’ g’ B Edt

where the terms in red cancel out because of the definition of the canonical momenta (4.4).
Thus, we actually can describe the Hamiltonian as a function of the momenta and not of
the velocity, H(q,p,t).

To introduce these constraints in the action, we simply introduce Lagrange multipliers.

Then, the total action becomes

Srla(t), p(t), u( / (szq — H(g,p,t Zuem (¢p) ) (7.3)
i=1

The equations of motion are obtained by variational calculus on ¢, p, u, obtaining;:

. \ ,0¢y
z Z
7.4a
8;01 ; 3}%‘ ( )

i: ¢ am (7.4b)

¢e(q,p) =0 (7.4c)
or, by introducing an arbitrary function of the variable in phase space, F(q,p,t),

d

SCCRORES SEURRD TS (7.4d)
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where {-, -} are the Poisson brackets defined in (4.11). The primary constraints, beyond being
subject to regularity conditions, should also satisfy consistency conditions that guarantee

that the primary constraint surface M; does not change with time:

d
S ouat) p) =0, =1, (75)
Solving these equations yield four possibilities:

1) They result in an impossible equation (meaning that the Lagrangian does not give

consistent equations of motion);

2) They lead to a relation involving only the primary constraints ¢y (g, p), which reduces
to an identically true statement after imposing the constraints ¢.(q,p) = 0;

3) They impose a condition on the Lagrange multipliers u*;

4) They lead to a relation involving ¢, p independent of the primary constraints.

The third of these cases will give an expression u’ = u’(q,p) for £ € A C {1,...,L}, which

allows us to define the so-called first-class Hamiltonian:

Hl (Q7p7 t) déf H(Qupv t) + Z ué(qvp)QSZ(qvp)a (76)
LeA

whose relevance will come up later. On the other hand, the last case 4. introduces additional
constraints ¢;(¢,p) =0, with I =1L+ 1,...,L 4+ L/, called the secondary constraints. Joining

the primary and secondary constraints ¢¢(q,p) =0, with £ = 1,...,L+L’, the motion of the

particles of the system now should occur in the submanifold:
M, {(g.p) eT*Q | ¢e(q,p) =0, forall £ =1,...,L+L1} CT*Q.

Remark 7.1.3. When dealing with constrained system, one usually introduces the notion
of an weak equality, ~. This equality is defined so that, given two phase functions F,G :
T*@Q x R — R, one says F' ~ G if and only if F|r, = G|n,-

Example 7.1.4. Returning to the example discussed above, we can compute the Hamilto-

nian the following way:

H(qlaQQaplaPQ) = plql +p242 - L(ql,QQ,q.1742)
= (@' =i =@ =i - 5@ =)
1 2 1 2

71~1 2\2
—2(q Q) = 5P1 = 5P



FCUP
7.1. Introduction and Motivation for Dirac Structures from Physics 177

Then the equations of motion are

L OH 9 . OH 9o
1

= — _— = —_ - —r — O
§' =gy tug, =ptw Pr=—pga U =0
o OH ¢ , OH 8¢

2 _ _ - _ _ -
P o o, P2= "¢ Vo 0

0=¢(q",¢% p1,p2) = p1 + pa.
Moreover, the consistency condition (7.5) for the constraint ¢ gives:
¢ ={H, ¢} +u{s, ¢} =2p1 {p1.p1 + p2} =0
hence, we are in case 2. described above and so ¢ is the only constraint for the system. f

It turns out that when dealing with Hamiltonian theory with constraints, the notions of
primary and secondary constraints is not very useful. Instead, we introduce the notion of

first- and second-class constraints that result from the equivalent notion for arbitrary phase

functions:
Definition 7.1.5. Given a Hamiltonian system with constraints ¢.(q,p) = 0,
£ =1,...,L+ 1, a phase space function F' : T*Q x R — R (with possible explicit de-
pendency on time) is called a first-class function if, for all £ =1,..., L+ L/,

{F,¢¢} = 0, or, equivalently, {F,¢¢}|r, = 0. (7.7)

If at least one of these Poisson brackets is non-zero on M, the phase function F is said to

be a second-class function.

Remark 7.1.6. In more mathematical terms, taking A\ € QY(7T*Q) to be the Liouville 1-
-form on T*@Q, the pair (T*Q, —d\) is a symplectic manifold and, so, for any phase space
function F : T*@Q x R — R, we may still define the associated Hamiltonian vector field
Xp = (=d)\)?(dF). Then, we can express condition (7.7) as {F, ¢¢} |ar, = (Xr(¢¢)) = 0 for
all ¢ =1,...,L+L, which is equivalent to say that Xp|y, € I'( Z;, ker(dey)|ar,) = T Moa.
Thus, we conclude that a phase function is first-class if its Hamiltonian vector field Xp €
X(T*Q) is tangent to Ms.

Note that the first-class Hamiltonian introduced previously is an example of a first-class
function, since, by definition, the u‘(g, p), with £ € A are the solutions to (7.5). Applying
the previous definition to constraints, we now can reorganise our constraints into first-class
constraints, which we denote by ~,, with a = 1,..., A, and second-class constraints, denoted
by Xa, witha=1,..., A and A+ A =L+1L".
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When studying the effects of the first-class constraints, one obtains that these generate
gauge transformations of the system (for the interested reader, we refer to [22] for a proof
of this statement) and, so, since any possible physical motion should allow for an arbitrary
gauge transformation, we may introduce these first-class constraints into the Hamiltonian.
The resulting first-class function is called the extended Hamiltonian:

A
HE(qapv t) = Hl(vaa t) + Zua,y(“ (78)

a=1
where, once again, the u*’s are unknown Lagrange multipliers.

In relation to the second-class constraints, since these do not correspond to gauge gene-
rators, the natural way to treat them in the physical context is by changing the cano-
nical Poisson bracket in order to ‘eliminate’ these constraints. To do so, one considers
the matrix of Poisson brackets (Cag)i<a,s<a’ Whose entry «, 5 correspond to the Poisson
bracket {xa,xg}. As Dirac proved in [21], this matrix is invertible, with inverse denoted by
(C“B)1§a75§A/. Then, we define the Dirac bracket of two phase functions F, G by

(F.GY € {F,G} — {F,xa} C*" {x5,G}. (7.9)

Thanks to the properties of the canonical Poisson bracket, the Dirac bracket is also a Poisson
bracket. With this Dirac bracket, the equations of motion turn out to return to the familiar
version of the system without constraints by substituting the strong equality with a weak

equality, i.e. the dynamics of a phase function becomes

dF OF .
— = — Hg F . 1
at |, = o M2+{ B, P} |, (7.10)

To conclude this study, let us look at two final examples.

Example 7.1.7. Let us consider a system with coordinates (q,&1,&2,&3) and conjugate
momenta (p, 71, e, 73) with primary constraints ¢; def m =0 and ¢9 et mo = 0 and with a
Hamiltonian given by

H=e"¢"+ e ©p° + m3(ms + q).

Imposing the consistency conditions (7.5), we obtain,

0= d.)l = {H7 ¢1} + ul {¢17¢1} + ’LL2 {¢27¢1} = q2 {651771-1} = —€£1q2;
0= qbZ = {H7 (b?} + ul {¢17¢2} + U2 {¢27¢2} = p2 {6_62771—2} = 6_62]92.

Thus we obtain two secondary constraints ¢g def q = 0 and ¢4 def p = 0, to which, once
again, we impose condition (7.5):

0=¢3={H. ¢3} +u' {¢1,d3} +u* {2, 93} = e {p?,q} = 2pe™;

0=¢s={H, ds} +u' {¢1,0a} +u* {2, 1} = & {®.p} + s {q.p} = —2qe* — 73,
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. . . def . I . .
resulting in another constraint ¢5 = w3 = 0, whose consistency condition implies

0=¢5={H, ¢5} +u' {¢1, 05} +u? {¢2,¢5} = 0.

Thus, we have 5 total constraints and, with a quick computation of the Poisson bracket,

{m1,m2} = {m,q} = {m,p} = {m, m3} = {m2,q} =0
{m2,p} ={m2,m3} ={q,m3} ={p,m3} =0, {p,q} =1

we conclude that constraints ¢q, o, @5 are first-class, whilst ¢3, ¢4 are second-class. Thus,
the extended Hamiltonian is (note that, in this case the original Hamiltonian and the first-

-class Hamiltonian are equal)
Hp =e5¢® + e %2p? + m3(ms + q) + ulmy + ulmg + ulms,

and the matrix (Cyg)ap=2,3 of Poisson brackets of second-class constraints is ((1) _01 ) There-

fore, the Dirac bracket for two phase functions F, G is given by:
{F.G} ={F.G} = {F,q} {p.G} + {F,p} {4, G}
OF 0G oF oG
G =38 T ( 3Q> ( 317) t5 GHiem,

where the final Poisson bracket is the canonical Poisson bracket restricted to the coordinates

(51762753377—17’”2,71-3)' h

Example 7.1.8. A more physically interesting example is that of a particle of mass m in
R3 restricted to a sphere of radius R with a central force (as, for instance, gravity), whose
Hamiltonian is given by:

H (2,4, 2, o Pysp2) = e (02 + PR+ ) =
2m e VT ET 2

with k € R. The constraint for this system is ¢ & 22 +2%4 22 — R? = 0 and the consistency

condition implies:

0= = {H.6}+u {6} = —

5 ((20,)(20) + (29,) (29) + (29.)(22)) =

(ot pyy +p2z).
Considering the usual basis {e;, ey, e;} of R3 and the position and momentum vectors,
T=2xe,+yey+ze, and J= p, e, +Dpy ey + D: €5, respectively, the previous condition gives

—

. def - . .
a secondary constraint ¢’ = p'- ¥ = 0, where - represents the usual inner product in R3.

Then, the consistency condition of ¢’ gives

0=¢ ={H,¢'} +ui {6, '}

1 k
= %(2175 + 2pf, +2p%) + TR (=22 — 2 — 22) + up (=227 — 2y% — 222)

Lz k . R
:7||pH2__,7—2U1HT”2 == U} = — = _ A

m 1> om |72~ 2] [P
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where || - || represents the norm associated to the inner product - . Thus, we obtain the
first-class Hamiltonian:

1 7[> — R? k 7> — R?
H1=H+u1(b=2m||p||2<l—|—|| || )_(1+|| ” )

1712 17 172

1 k |72 — R?
~ (gl - ot ) (1+ 0,
(517~ 712

It is clear that both ¢ and ¢’ are second-class constraints, since {||F’||2 - R2p-7F} =
—2||7||* # 0 and, so, the extended Hamiltonian is equal to the first-class Hamiltonian.
Moreover, the matrix of Poisson brackets of the second-class constraints is 2/|7||?(? '),
thus the Dirac bracket of two phase functions F, G is

1

{F’G}* :{F’G}_W

({F 7P = R} {p- 7. G} = {F.5- 7 {IIFI* = R*,G} ). 4

Coming back to the side of Mathematics, if we consider a general Poisson manifold
(M, ), the equivalent to consider the constrained system is to take a general submanifold
and understand their structure. As we have seen, a submanifold of a symplectic manifold
is, in general, a pre-symplectic manifold, i.e. a manifold equipped with a closed 2-form
(not necessarily non-degenerate). For the case of a Poisson manifold, we have seen that the
Poisson structure can be equivalently defined by the Poisson bivector or by the symplectic
foliation on this manifold. Thus, assuming that any submanifold of a Poisson manifold inter-
sects each symplectic leaf into a submanifold, the result is a a pre-symplectic (sub)manifold.
This structure of a foliation by pre-symplectic leaves is what we call a Dirac structure on a
manifold. In the next section, we shall give a more abstract way to introduce Dirac struc-
tures and later prove that this abstract characterisation is equivalent to a manifold having

a pre-symplectic foliation.
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7.2 Dirac Structures

As explained previously, we shall now approach a more algebraic and also more abstract
definition of Dirac structures on a manifold. We start by introducing the notion of the

generalised tangent bundle.
Definition 7.2.1. Let M be a smooth manifold.

1) The generalised tangent bundle is the fibre product of the tangent and cotagent bundles

or, equivalently,

™ € TM e T*M = [[ (T,M & T; M). (7.11)

peEM

2) The canonical pairing in the generalised tangent bundle is (-,-) : TM & TM — R such
that, forp € M and v +o,w + 3 € T, M,

(v+a,w+ p) = F(v) + a(w). (7.12)

Remark 7.2.2. The above definition could be perfectly applied to an arbitrary vector space
V. In that case, we obtain the generalised vector space V= V@ V* and the canonical pairing

(-, : VxV — R with a similar definition from the one above.

Remark 7.2.3. With the definition of the generalised tangent bundle, we may consider the

two projections
prra : TM — TM d Prysar: TM — TM
an
vtar—v vtar—
Then, one can quickly check that (TM, pry,,) forms an anchored vector bundle.
In addition to this pairing, it is possible to define a bracket on the set of sections of TM

which was first introduced by T. Courant in [20] and later modified by I. Dorfman:

Definition 7.2.4. Let M be a smooth manifold. The Dorfman bracket is a bilinear bracket
[-,-] : T(TM) x T(TM) — T(TM) such that, for X +w,Y +n € X(M)® QY(M) =T(TM),
[X +w,Y +n] ¥ [X, Y]+ Lxn — iydw. (7.13a)

Remark 7.2.5. The Dorfman bracket can be alternatively written as
[X+wY+n]=[X,Y]+Lxn— Lyw+dw(Y)) (7.13b)
=[X,Y] +ixdn —iydw + d(n(X)) (7.13¢)

Remark 7.2.6. In the literature, it is sometimes convenient to define the Dorfman bracket
so to include a 3-form = € Q3(M). This defines the twisted Dorfman bracket the following
way for X +w,Y +n e T'(TM):

[X+wY+n] =[X Y]+ Lxn—iydw +ixiyE.
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Proposition 7.2.7. The Dorfman bracket satisfies the following properties:

(i) Anti-symmetric up to an exact form, i.e. for o1,09 € T'(TM),
[o2,01] = —[o1, 02] + d{01, 02);
(i1) Leibniz-like property, i.e. for o1,09 € T(TM) and f € C*°(M),
lo1, foo] = flow, o2] + proa(o1)(f)o2;

(iii) For all o € T(TM), [o,-] is a derivation of the algebra (TU(TM), [-,-]) or, equivalently,
for 01,092,053 € T(TM),

lo1, [o2, 03]] = [[o1,02], 03] + [o2, [o1, o3]];
(iv) Given o1,09,03 € I'(TM),
prra(01)({02, 03)) = ([01,02], 03) + (02, [01, 03])-

Proof. The proof of the previous proposition comes from direct application of the definition

of the Dorfman bracket. Q.E.D.

Remark 7.2.8. By this proposition, because the Dorfman bracket [-, -] is not anti-symmetric,
it is clear that (I'(TM), [+, -]) does not form a Lie algebra. In fact, the properties introduced
in this proposition are the defining properties of a so-called Courant algebroid. The discus-

sion of this type of algebroids is out of the scope of the present thesis.

The introduction of the Dorfman bracket allows us to define a Dirac structure the fol-

lowing way:

Definition 7.2.9. A Dirac structure on a manifold M is a vector subbundle . C TM of
rank m = dim(M) which is isotropic with respect to the canonical pairing (-,-) and whose

sections are closed under the Dorfman bracket [-,-], i.e. is a rank-m subbundle such that
(L,L) =0 and [I'(L),I(L)] € I'(L). (7.14)
Then, the pair (M,L) is called a Dirac manifold.

Remark 7.2.10. Given a Dirac structure . on M, the condition of isotropy is equivalent
to say that I C ]LL, where

Lt {ueT,M|pe M and (u,l) =0, forall | € L,}

denotes the orthogonal complement of L in TM with respect to the canonical pairing (-, -).
However, the condition that rank(IL) = m means that L. = L*. In the literature, a vector

subbundle L that is such that . = L' is called Lagrangian or mazimally isotropic.
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Relaxing the condition of (I'(L), [-,-]) being a subalgebra of (I'(TM), [-,-]) we say that
L is an almost-Dirac structure on M or, since these are just . C TM such that L. = L+, we
say that L is a Lagrangian subbundle of (TM, (-,-)).

Remark 7.2.11. For a Dirac structure L on M, since L is Lagrangian with respect to (-, )
and I'(L) is closed under [-,-], L is endowed with a Lie algebroid structure with Lie bracket

[-,-] and anchor a given by [o1,02] = [01,02] and a(01) = pryy(01), for all 1,09 € T(LL).

Example 7.2.12. The simplest examples of a Dirac structure are the tangent and cotangent
bundles. In fact, for the former, since the Dorfman bracket extends the Lie bracket of vector
fields, we can take L = TM @ {0 € T*M}, so that rank(L) = dim(M), (L,L) = 0 and
[P(L), T(L)] = [% (M), X(M)] € X(M) = T(L).

For the case of the cotangent bundle, taking L. = {0 € TM} ® T*M, once again
rank(L) = dim(M), (L,L) = 0 and the Dorfman bracket restricts to the zero bracket.
Thus, [['(L),T(L)] =0 € QY(M) = T(L). i

Example 7.2.13. A more interesting example occurs whenever we have a subbundle £ C

TM of the tangent space (or, in fact, one of the cotangent bundle). Then, if we denote
E°={aeT*M|a(v)=0, Vv e E}

the annihilator of E, we obtain that Ly = E @ E° is an almost-Dirac structure on M. For
Lg to be a Dirac structure on M, we must have that [I'(Lg),I'(Lg)] € T'(Lg). In more
detail, taking Xy + 11, X + 72 € T'(Lg), we have that

[X1+m, Xo+m2] = [X1, Xo] +ix,dne —ix,dn +d(n2(X1)) = [X1, Xo] +ix, dn2 —ix,dn,

where we used the fact that 7, € I'(E°) to conclude that 7;(X;) = 0. To conclude that
[X1 4+ m, X2+ n2] € T(E @ E°) we need only to show that ix,dns —ix,dn € T'(E°). For
that, let Y € I'(E). Then, using the definition of the exterior derivative (1.18b), we obtain,

(ix,dnz — ix,dn)(Y) =(dn2) (X1, Y) — (dm)(X2,Y)
= X1(n2(Y)) = Y(n2(X1)) — m2([X1,Y])
= Xo(m(Y)) + Y (m(Xz2)) +m([X2,Y])
= (Y, X1]) + m([X2,Y]),

which only vanishes if and only if [Y, X;], [X2,Y] € T'(E). Hence, we conclude that I'(Lg)
is a subalgebra if and only if I'(E) is a Lie subalgebra or, equivalently, if and only if E is
involutive.

In particular, for a foliation F, by Frobenius theorem, there is an involutive distribution
Dy C TM, such that TF = Dy and, therefore, Ly = Dr ® D% is a Dirac structure on
M. s
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Example 7.2.14. Consider a closed 2-form w € Q2 (M) on a manifold M (or equivalently,
let (M,w) be a pre-symplectic manifold) and define

Lo, = {v+iywry, ) € TM |v € TM} = gr(w”). (7.15)

We shall now prove that L,, is a Dirac structure (in fact, more in general, we will prove
that a L, defined in this way for arbitrary w € Q?(M) is Dirac if and only if w is closed).
Firstly, it is clear that rank(LL,,) = dim(7}, M) = dim(M). The fact that (L,,,L.) = 0 comes
naturally since, given p € M and u,v € T, M,

(0 -+ G0y 0+ i) = W (0) () + e (1) (0) = wp (v, ) + wp (1, 0) = 0.

As for the other condition, let Xy + m1, Xo + 12 € I'(L,,). Then, by the definition of L,

n; = ix,w for i = 1,2 and, furthermore,
[X1 +m, Xo +me] = [X1, Xo] +ix,dn2 — ix,dm + d(n2(X1))

X1, X5 —|—z'X1diX2w — indixlw + dixlix2w

]
= ]
= [X1, Xo] +ix, Lx,w — ix,ix,dw — Lx,ix,w + dix,ix,w + dix,ix,w
= [X1, Xo| + (ix,Lx, — Lx,ix, )w — ix,ix,dw

= ]

Xl,XQ +i[X17X2]w — ’iniX2dw,

where, in the last equality, we used Eq. (1.26). Thus, for I'(L,,) to be closed under the
Dorfman bracket, we must have that ix,ix,dw = 0, for all X7, Xo € X(M). This happens if
and only if dw = 0 or, in other words, if and only if w is a closed 2-form. Hence, we conclude

that any pre-symplectic manifold gives rise to a Dirac structure. s

Example 7.2.15. Following the same idea as of the previous example, we could now do
the same procedure but with bivector fields instead. Let m € X?(M) be a bivector field on
a manifold M and define

Lr = {iam+a|aeT M} = gr(n?), (7.16)
Then, rank(L,) = dim(7; M) = dim(M) and, given o, 8 € Ty M, we get that
(tamp + a,igm + B) = a(wgﬁ) + B(ﬂga) =mp(8, ) + mp(er, B) = 0.

For the Dorfman bracket, we take X7 + 11, X5 + 72 € I'(L,) and, noting that X; = 7rﬁm for
1= 1,2, we get that
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[X1 + 51, Xo + 1] = [0, 7 02] + Loty 12 — Losnym + A1 (7%2))
= [WumﬂTnnz] + E'n'ﬁnan - ‘C'lrﬁn2”71 - d<7r(7717772))
= [ 1, 7 n2] + [n1, m2)

hence I'(LL,;) is closed under the Dorfman bracket if and only if [x%n;, 7¥n2] = 7401, 72], i.e.,
if 78 (QY(M), [-,]x) — (X(M),[,-]) preserves the bracket structure. By Proposition 5.3.5,
this is only the case whenever 7, 7]sxy = 0, i.e. when 7 is a Poisson bivector. Therefore, we

conclude that all Poisson manifolds are also examples of Dirac manifolds. s

7.3 Properties of Dirac Structures

As we have remarked in the previous section, the definition of a Dirac structure L on a
manifold M implies that I becomes a Lie algebroid. This fact is what allows, as we shall
see, to prove the connection between the algebraic definition of a Dirac structure given in

the previous section and the noted link to pre-symplectic foliations, which we now prove:

Theorem 7.3.1. Any Dirac structure . on a smooth manifold M determines a singular
foliation F endowed with a leaf-wise pre-symplectic structure wr. Additionally, the Dirac

structure L is fully determined by its pre-symplectic foliation (F,wx).

Proof. From the discussion of Lie algebroids, we know that pry,,(L) is an integrable distri-
bution (so, in particular, it is involutive) and so, by Frobenius theorem, there is a (singular)
foliation F of M such that TF = pry,,(L). Then, each leaf F) of F naturally inherits a
2-form wy, € Q%(F)) such that

(wp)p(v,u) = a(u), for all v,u € T, Fy such that v+ a € L. (7.17)

To see that this 2-form is well-defined, let us first see that it is anti-symmetric and inde-

pendent of a chosen. If v+ aq,v+ ag,u+ 5 € L|, C T, M, then we get that
0= (v+a,u+p)=p3w) +a(u), and 0= (v+az,u+p)=p(v)+ as(u)

thus concluding that o;(u) = az(u) = —f(v). So, the 2-form wy, above is well-defined. To
show that wy, is closed, let X1, Xo, X3 € T'(TF) such that X; +n; € T'(L) for i = 1,2,3.
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Then,

wi([X1, Xo], X3) = (ix,dne — ix,dm + d(n2(X1)))(Xs)
= X1 (n2(X3)) — Xs(12(X1)) — m2([X1, X5]) — Xo(m (X))
+ X3 (1 (X2)) + m([X2, X3]) + X3(n2(X1))
= X1(n2(X3)) — Xo(m (X)) + Xs(m(X2)) — n2([X1, X)) + m([X2, X3])
= X1 (wL(X2, X3)) — Xo(wL(X1, X3)) + X3(wL(X1, X2))
— wr (X2, [X1, X3]) + wr (X7, [Xa, X3])
= (dwr) (X1, X2, X3) + wi([X1, Xo], X3),

where the terms in red cancel out. Thus, we conclude that (dwp)(Xi, X2, X3) = 0 and,
since X7, X5, X3 are arbitrary in I'(TF), wy, is a closed foliated 2-form and (F,wp) is a
pre-symplectic foliation of M.

As for the last part of the theorem, let (F,wz) be the pre-symplectic foliation of M
determined by a Dirac structure L. Then, writing F = {Fx}rca, we consider a vector
subbundle F C TM such that, for a point p € 7\, C M in the leaf F),

Fp={v+a€T,M|veT,Fx and a|r,r, = (w?_-)p(v)}.

The proof is concluded if we show that F, = L,, for all p € Fy C M and for all A € A. For
the inclusion L, C Fp, let p € M, A € A and v+ o € L, such that v € T, F). Then, for any
u € TpFy, we get

(Wr)p(v,u) = (wL)p(v,u) = alu),

where we used the fact that the pre-symplectic form defined in the leaves Fy of F is w €
Q%(F)) defined in (7.17). Since u € T, F) is arbitrary, we conclude that a|r, 7, = (w}),(v),
and, so, v+ a € F,. Conversely, if v + o € F),, given u € T, F),

a(u) = (@W5)p(v) (@) = (@F)p(v,u) = (w)p(v, v).
Thus, v 4+ o € L, and we obtain that F, = IL,, for all p, concluding the proof. Q.E.D.

Since Dirac manifolds include both symplectic and Poisson manifolds, we could now
question whether some of the important characteristics of these manifolds also extend to the
setting of Dirac structures. One such case is that of Hamiltonian vector fields. Indeed, it is

possible to introduce this notion for Dirac manifolds, however, more is required to do so.

Definition 7.3.2. Let (M,L) be a Dirac manifold. A function f € C°°(M) is called L-
-admissible if there exists a vector field X € X(M) such that X + df € I'(L). We shall
denote the collection of L-admissible functions by CP°(M).
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Remark 7.3.3. It is important to stress that the vector field in the previous definition needs
not to be unique. Regardless, we still call the vector field X in the definition a Hamiltonian
vector field related to f.

Remark 7.3.4. In the case of symplectic and Poisson manifolds, the collection of admissible
functions is the entire space of functions C*°(M).

Proposition 7.3.5. For a Dirac manifold (M,L), the collection of admissible functions
CP°(M) is a Poisson algebra.

Proof. Firstly, notice that CP°(M) C C*°(M) is an R-subalgebra. In fact, it is clear that
R C Cp°(M) and, if f1, fo € C°(M) and Aq, A2 € R such that X;df1, Xo+dfs € T'(L), then
AMX1+ A X+ d()\lfl + )\2f2) S F(L) and f1X2 + f2X1 + d(flfg) S F(]L) Then, introduce
the following anti-symmetric R-bilinear bracket {-,-} : Cf°(M) x Cp° (M) — C°(M) which,
for any f,g € CP°(M), is given by

{f.9} = X(9), (7.18)

where X € X(M) is a Hamiltonian vector field related to f. Let us prove that this bracket
is well-defined. Given a function f € Cf°(M), if X7, Xy are both Hamiltonian vector fields
relative to f, then if Y 4+ dg € T'(IL), we have that

Xi(g)+Y(f) = (X1 +df,Y +dg) = 0= (Xo +df, Y +dg) = Xa(9) + Y (/).

Thus, Y(f) = —X1(g) = —X2(g) showing that the right-hand side of Eq. (7.18) only depends
of f and g and not on the choice of X and, moreover, that {f, g} = —{g, f}. Furthermore,
we note that, if f,g € CP°(M) with X +df,Y +dg € I'(L), then

(X, Y] +d{f, g} =X, Y] +d(X(9)) =[X +df, Y +dg] € T(L). (7.19)

This shows that {f, g} € Cp°(M), with Hamiltonian vector field given by [X,Y]. So, {-,-}
is a well-defined R-bilinear anti-symmetric bracket on Cp°(M).

To finish the proof, we need to check that the bracket defined above satisfies the Leibniz
rule and the Jacobi identity. The former comes directly from the fact that X act as a
derivation on functions. Hence, given f,g,h € Cf°(M) and X € X (M) such that X +df €
(L),

{f.gh} = X(gh) = X(g)h+ gX(h) = {f, g} h+ g{f h}.
For the Jacobi identity, taking f,g,h € C°(M) and X,Y,Z € X(M) such that X +df,Y +
dg, Z + dh € T'(L), using Eq. (7.19), we get

{f:{g. hyy +{g:Ah f1} +{h A a3 = {,Y (W)} + {9, Z2(/)} = {h, Y (/)}
= -V, Zl(H+Y(2(f) - 2(Y(f) =0.
Hence, we conclude that {-, -} defined in Eq. (7.18) is a Poisson bracket and, thus (Ct°(M), {-,-})

forms a Poisson algebra. Q.E.D.
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Morphisms of Dirac Manifolds

Throughout the thesis, whenever we define some kind of new geometric structure, we
have always defined the respective morphisms that respect said structure. In the case of
Dirac manifolds, however, the introduction of such morphisms turns out to be much more
complicated, since there is not only one possible notion of a morphism. This comes from the
fact that, in symplectic geometry, there are two ways to describe the symplectic structure:

either as
(1) a pair (M,w), where w € Q% (M) is a closed, non-degenerate 2-form;
(2) a pair (M, ), where m € X?(M) is a non-degenerate bivector with [r, T]sny = 0.

These two descriptions arise from the fact that symplectic manifolds are specific cases of
pre-symplectic and Poisson structures, respectively. Hence, there are two ways of seeing
symplectic morphisms ¢ : My — M, according to the natural operations acting on forms

or multivectors:
(1) Asamap ¢: (Mj,w;) = (My,ws), such that p*ws = wy;
(2) Asamap ¢: (My,m1) = (Ms,m2), with @,m1 = 7.

These notions above, as it can be easily seen, coincide in the case of symplectic manifolds,
however, in general, they do not need to. Since both pre-symplectic and Poisson structures
are examples of Dirac structures, we conclude that there are two alternative notions of

morphisms for a Dirac manifold.

Definition 7.3.6. Let (M;,L;) and (Ma2,Ls) be Dirac manifolds and ¢ : M7 — Ms a

smooth map.

1) The forward image of Ly is the set
F,(Ly) [T {0 @) +a € TypM|v+aoe.p) € (L)} € " TMy. (7.20a)
peM
The map ¢ : My — My is called a forward Dirac map if ¢*Lo = F,(L1) C ¢*TM,,
i.e. for all p € My,
(L2)p(p) = (Fpa))p- (7.20b)

2) The backward image of Lo is the collection

B, (Lo) def ]_[ {v+aop.(p) € TyMi|p.(p)(v) + @ € (L2)y(p } € TM;. (7.21a)

peM;
The map ¢ : My — Mo is called a backward Dirac map if L1 = B,(Ls), i.e. for all
p € M,
(L1)p = (By(L2))y(p)- (7.21b)
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Proposition 7.3.7. Let N be a smooth manifold, (M,1L) a Dirac manifold and ¢ : M — N
and ¢ : N — M smooth maps. We have the following:

(i) If ker(T) NL has constant rank, then §,(L) is a Dirac structure on N;

(i1) If ker((T'¢)*) N ¢*L has constant rank, then B4(L) is a Dirac structure on N.
For a proof of this statement, one can check [23, Propositions 5.6 and 5.9].

Example 7.3.8. For a Dirac manifold (M, L), given a submanifold i : N — M, if LN(TN)°
has constant rank, then L|y & B;(LL) is the only Dirac structure on N such that 4 :

(N,L|y) < (M,L) is a backward Dirac map. i

Example 7.3.9. In a Poisson manifold (M, ), a Poisson-Dirac submanifold is an immersed
submanifold 7 : N — M equipped with a Poisson structure 7y such that ¢ : (N,L,,) —
(M,L;) is a backward Dirac map. i

We now proceed to introduce some important results that give sufficient condition for

when the two notions of forward and backward Dirac maps coincide:

Proposition 7.3.10. Let (M;y,1L) and (Ms,1Ly) be Dirac manifolds. If a smooth immersion

@ : My — Ms is a forward Dirac map, then ¢ is a backward Dirac map.

Proof. Let p € M and suppose that ¢ is a forward Dirac map. Taking v + a o p.(p) €
(B, (IL2))p(py- Then, by the definition of the backward image of Lo, 0. (p)(v)+a € (La)y(p) =
(§,(L1))p. Thus, since ¢ : My — My is an immersion, i.e. ker(p.(p)) = 0, by the definition
of the forward image of Ly, v + a0 ¢.(p) € (IL1)p, proving that (B, (IL2))ep) € (L1),.
Reciprocally, if u+ 3 € (1), since ¢ is an immersion, for any w € im(¢.(p)) C Ty () M2
M2
such that 8 = a o ¢.(p). Therefore, u + a o p.(p) € (L1), and, by the definition of

there is a unique v € T, M7 such that w = ¢.(p)(v) and, thus, there exists o € 17

the forward image of L1, ¢.(p)(u) + @ € (§,(L1))p. Once again, since ¢ is a forward
Dirac map, ¢.(p)(u) + o € (L2),(p) and, by the definition of the backward image of Lo,
u+f =u+aop.p) € (By(Lz))yp). This show that (B, (La))yp) 2 (L1)p, completing
the proof. Q.E.D.

Proposition 7.3.11. Let M be a smooth manifold, (N,LL) a Dirac manifold and ¢ : M —
N a smooth submersion. Then B,(L) is a Lie algebroid, isomorphic to the pullback Lie
algebroid @' LL.
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Proof. Consider the following vector bundle morphism covering the identity, id;:

P :B,(L) — 'L
v+ a0 .(p) — (v, 0u(p)(v) + )
This vector bundle morphism is well-defined (p.(p) = prya(w«(p)(v) + «)) and, since ¢
is a submersion, it is a vector bundle isomorphism. To conclude the proof, we need only
check that ¢ is a Lie algebroid morphism. Firstly, since the anchors of B,,(LL) and ©'L are,
respectively, pro,, and the projection onto the first factor, it is clear that, given v+aop.(p) €
B (L)p,
! .
@ proy 0 (v +aop.(p)) =v=idry oproy (v + o . (p))

hence, 1 preserves the anchors. As for the 1 being a Lie algebra morphism between
(B, (L)) and I'(¢'L), let X1,Xs € X(M) and 01,12 € QY(N) such that X; + ¢*n; €
I'(B,(L)), for ¢ = 1,2. Then, considering the bracket structure on I'(B, (L)) to be the

Dorfman bracket on TM restricted to the relevant space, we get

[X1+ @™ n, Xo + @™ ne] = [X1, Xa] +ix,dp"n2 —ix,dp"n + d((¢"n2)(X1))

= [X1, Xo] +ix,0"dn2 — ix, " dm + d(¢" (n2(¢" X1)))

= [X1, Xo] + ¢" (i x,dn2) — " (i x,dm) + @™ d(n2(" X1))
= [X1, Xo] + ¢ (igr x,dn2 — i xo i+ d(n2(9" X1)))

thus, applying ¥ to this expression yields

([X1, Xa], " [ X1, Xo] + ipe x,dn2 — i x,dmn + d(n2(¢* X1)))
= ([X1, Xol, [¢" X1, 0" Xo] + g x, At — i x,dm + d(n2(9" X1)))
([X1, Xo], [¢* X1 + m1, 9" X2 + 12])

= [(X1,¢" X1 +m), (X2, 9" X2 + m2)] o

= [(X1 +¢"m), (X2 + ©"n2)]pn

1/J(HX1 + ", Xo + <P*772ﬂ)

which shows that v is a Lie algebroid isomorphism. Q.E.D.

Corollary 7.3.12. For Dirac manifolds (My,1Ly) and (M3, Ls) and a submersion ¢ : My —
Mos, if ¢ is a backward Dirac map, then it is a forward Dirac map and Ly is isomorphic as

a Lie algebroid to ¢'Lo.

Proof. Since ¢ is a backward Dirac map, by the previous proposition, L; = B,(LLa) is
isomorphic as a Lie algebroid to ¢'Ly. To show that ¢ is also a forward Dirac map, let
p € M and take ¢, (p)(v) + a € (F4(L1))p. Then, by the definition of the forward image
of L1, v+ a o p.(p) € (L1), and, since ¢ is a backward Dirac map, (L1), = (B,(LL2))ep),
thus v + a0 p.(p) € (By(L2))y(p). By the definition of the backward image of Ly, since
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@ : My — Mj is a submersion, i.e. the map T,y M2 — T, M1, n — 1o . (p) is injective for
all p € My, we conclude that ¢, (p)(v) +a € (L2) (). This shows that (F,(L1))p € (L2)ep),
for all p € M;.

Conversely, if u+ 3 € (LL2),(p), since ¢ is a submersion, there exists v € T, My such that
u = p«(p)(v). Hence, since ¢ is a backward Dirac map, by the definition of the backward
image of Ly, v + B0 ¢.(p) € (By(l2))pp) = (Li)p,. By the definition of the forward
image of L.; we, then conclude that u + 8 = ¢.(p)(v) + € (F4(IL1))p. This proves that
(p(L1))p 2 (La)y(py, for all p € My, and so concludes the proof. Q.E.D.

The previous results lead us to the following proposition giving an equivalence of the

definitions of forward and backward Dirac map:

Proposition 7.3.13. Let (My,L;) and (Ms,Ls) be Dirac manifolds and ¢ : My — M a

diffeomorphism. The following conditions are equivalent:
(i) ¢ is a forward Dirac map;

(i) ¢ is a backward Dirac map;

(i) the lift of p to TM, given by

Ty : TM; — TM, (7.22)
v+a— To(v) + T p(a)

is such that Tp(LL1) = Ls.
Proof. (i) <= (ii): Since ¢ is a diffeomorphism, it is, in particular, an immersion and a

submersion, therefore, this equivalence comes directly from Proposition 7.3.10 and
Corollary 7.3.12.

(i) <= (iii): Let p € M. Then, we can obtain the image of T,¢ as follows:

Tp((La)p) = {Tpp(v) + Ty p(a) € Ty M |v+a € (L)}
= {pr(v) + T;Sa(ﬁ © Tp‘P) € Ttp(p)MQ }'U +pBo Typ € (]Ll)p}
={Top(v) + B € Ty Mo |v+BoTpp € (La)p} = (Fp(La))p,
where, in the second equality, we used that ¢ is a diffeomorphism. Then, we can

clearly conclude that T, ((L1),) = (L2),(p for all p € M if and only if ¢ is a forward
Dirac map. Q.E.D.

Remark 7.3.14. A diffeomorphism ¢ : M; — M, satisfying the equivalent conditions from

the previous Proposition is called a Dirac diffeomorphism.






Chapter 8

Splitting Theorem for Anchored
Vector Bundles

As mentioned in the Introduction, normal form theorems have been rather important to
differential geometry, as these results allow for a better understanding of the local geometry.
Throughout the thesis, we have explored some of the most notable (and well-known) nor-
mal form results, from Frobenius theorem, studied in Chapter 2, and Darboux’s theorem,
discussed in Chapter 4, to Weinstein’s splitting theorem for Poisson geometry, explored in
Chapter 6. In this chapter, following the treatment of [1], we explore another such example
of a normal form theorem, this time for anchored vector bundles, using Euler-like vector
fields to induce a splitting around transversals for these anchored vector bundles.

We start the present chapter by revisiting some notions introduced throughout the pre-
vious chapters and expand them focusing on the necessary results in order to understand
the statement and proofs of the most relevant theorems from [1]. For that, we introduce
the normal bundle to a submanifold as well as the notions and results pertaining to the
Euler vector field of a vector bundle and tubular neighbourhoods. To conclude this section,
we explore the notion of transversals and involutivity of anchored vector bundles. The last
section delves into the splitting theorem for anchored vector bundles proposed in [1], as well
as the uniqueness statements for the transversals of these anchored vector bundles. As this
chapter is based on an article recently published, we shall omit most of the proofs that are
presented therein opting instead to give proofs for results that are only stated or omitted
in [1].

193
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8.1 Prelude

We start the present chapter by introducing some additional concepts to previously intro-
duced contents that are required to a better understanding of the splitting theorem proposed
in [1].

Homogeneity Structures and Euler vector field

Following the discussion of homogeneity structures introduced in Section 1.2, we now
introduce the Euler vector field on a vector bundle. As we shall see, this vector field is
deeply connected to the homogeneity structure defining the structure of the vector bundle
and will be essential to understand its properties when discussing the splitting theorem in
Section 8.2.

Definition 8.1.1. Given a vector bundle E —2— M with homogeneity structure h : Rx E —
E and a point p € M, the Fuler vector field on E, denoted £ € X(F), is the vector field
such that, for e € F,,

ge = Vl(p,e) (6), (8.1)

where vl is the vertical lift of the vector bundle, defined as,

Vl(pﬁe) : Ep — TeEp
§r— e+ hi(9)]e

Remark 8.1.2. Locally, for a chart (U, = (z!,...,2™)) on M and adapted coordinates

e® on Ep, given § € E,, & = €*(§) % ¢ and €(&) = [€* +t&e = &%, ie.

0

E=c¢ Jed

(8.2)

Proposition 8.1.3. Let E 2Ly M be a vector bundle with homogeneity structure h :
R x E — FE and £ € X(E) the Buler vector field. Then the flow of £ is Flb = her.

Proof. Let (U, = (z%,...,2™)) be a chart of M and let (2%, ¢%) be adapted coordinates in
E|y = pr~}(U). Then, clearly, we have that

heo(p7 6) = hl(p7 6) = (p7 6) = Flg(p7 6)

As for the time derivative of h.t, writing

het(p7 6) = (Xz(et,p7 6)7€a(et7p76>) = (pz7et 6a)7
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we have the following:

d d . 0 d 0
_het(p7 6) = _Xz(et7p7 6) i + _Ea(etap7 6) aa
de dt ox i (etpre) dt Oe calet,pie)
_izi +i€t€a _etea 0
~att ox pi At o | i 0e| ¢ ca
= Ea(et,p, €) — =&, (p.e)-
e ca(et o) ot (ps€)

Since both Flfg and het obey the same Cauchy problem, by the uniqueness of the solution
of differential equations, we conclude that F lfg = het. Q.E.D.

8.1.1 Normal Bundle, Linear Approximation and Tubular Neigh-

bourhoods

One other important concept related to vector bundles is the concept of a normal bundle
to a submanifold N C M. This bundle essentially gives an orthogonal decomposition of
the tangent space to a manifold at points of a submanifold into the tangent space to the
submanifold and this normal bundle. Moreover, as we shall see, the concept of tubular
neighbourhoods is deeply connected to that of normal bundles and, so, it is important to

understand this bundle.

Definition 8.1.4. Let M be a smooth manifold and N € M a submanifold of M. The
normal bundle of N is the vector bundle with base N defined by

v(M,N) < TM|y/TN, (8.3a)
with the projection given by

npry :v(M,N) — N
w VM, N) (8.3b)

vp +TpN—p

Figure 8.1: Intuitive view of the Normal bundle at a point
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Remark 8.1.5. Considering Man? to be the category of pairs of manifolds whose objects
are pairs (M, N) where M is a smooth manifold and N C M is a submanifold and whose
morphisms f : (M,N) — (M’,N’) are maps f : M — M’ such that f(N) C N’, the
construction of the normal bundle as in Definition 8.1.4 introduces a functor:
v:Man? —— VB,
(M, Ny~ (M, N),

F (),

where the map v(f) : v(M,N) — v(M’, N') is a vector bundle morphism covering f|y such
that, for p € N and v € T, M,

V(f)(v + TpN) = f*(p)(v) + Tf(p)N/.

Proposition 8.1.6. Let M be a smooth manifold and N C M a submanifold. Then,
v(TM,TN) = Tv(M,N).
Proof. Both v(TM,TN) and Tv(M, N) have the following structure of double vector bundle:

Tv(M,N) 2P, N V(TM,TN) 2T, 7N
Tv(M,N) TN v(Tam) TN
V(IM,N) —5r™ N v(M,N) —5s

We want to find a DVB isomorphism between these two double vector bundles. Notice that,
T(TM]|y) and T?M |7y are subbundles of T?2M and, by the definition of the canonical flip
J : T?M — T?M of the double tangent bundle T?M of M, .J restricts to an isomorphism
between T(TM|y) and T?M|7x. Then, we may construct short exact sequences of double

vector bundles

0 TN TM|y v(M,N) 0
0 i TN i T2M|pn v(TM,TN) l 0
l N N N l N — N
TN TN TN TN TN
0 TN TM|y v(M, N) 0
/| -~ - — | /!
0 TN T(TM|y) Tv(M, N) 0
l | | | J J
N N N N — N
S S _— _— S
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and, moreover, we can construct

0 T2N T2M |y W(TM,TN) —— 0
JT2N| ,]Jvﬁ %
0 T2N T(TM|y) Tv(M,N) —— 0

Therefore, we obtain a double vector bundle isomorphism between Tv(M, N) and v(TM,TN),

as we required. Q.E.D.

By the definition and functoriality of v we also get the following result:

Proposition 8.1.7. Let M be a smooth manifold, N C M be a submanifold and let
f:(M,N) — (M,N) be a diffeomorphism of pairs. Then v(f) : v(M,N) — v(M,N)

is a vector bundle automorphism of v(M, N).
Corollary 8.1.8. Given a vector field X € X(M) tangent to N, then v(X) € auty(v(M, N)).
The previous results motivate the following definition:

Definition 8.1.9. The linear approzimation of a diffeomorphism f : (M,N) — (M,N)
preserving N is v(f) € Autyg(v(M, N)). Similarly, the linear approzimation of a vector
field X € X(M) tangent to N is v(X) € autyg(v(M, N)).

Another important concept we need to introduce for the statement and proof of the
splitting theorem is that of tubular neighbourhoods, These link the notions of a vector
bundle with that of the topology of the manifold, or, in more detail, associate to each
submanifold a vector bundle whose structure is closely related to the one of the normal

bundle, thus codifying the topological structure of a neighbourhood of the submanifold.

Definition 8.1.10. Let M be a smooth manifold and i : N < M a submanifold. A tubular
neighbourhood of N in M is a pair (E,v) where E -~ N is a vector bundle and ¢ : E — M

is a map such that

1) if 0 : N — E is the zero section, then 9 o 0 = i, i.e. the following diagram is

commutative:
E—Y M
N

2) there exist open sets U C E and V C M such that 0g(N) C U, N CV and ¢|y :
U — V is a diffeomorphism.
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Theorem 8.1.11. FEvery submanifold N of a smooth manifold M has a tubular neighbour-
hood.

The proof of this theorem requires the use of Riemannian geometry or the theory of sprays,
which are out of the scope of this thesis. In said proof, it is shown that we may take the
tubular neighbourhood to be (v(M, N), ) such that ¢ : v(M,N) — M is an embedding
and the vector bundle morphism v () : v(v(M,N),N) =2 v(M,N) — v(M, N) induced by
the map of pairs ¢ : (v(M,N),N) — (M, N) coincides with the map id, a7, 5). Thus, in
the sequel, we may always consider this to be the case and call ¥ a tubular neighbourhood

embedding.

Definition 8.1.12. A vector field X € X(M) tangent to N is called linearisable if there
exists a tubular neighbourhood embedding 1 : v(M, N) — M such that v(X) = ¥*X on a
neighbourhood of N.

Lemma 8.1.13. Let X € X(M) be a vector field such that X|n =0 and v(X) = &, where
E e X(v(M,N)) is the Euler-vector field on v(M,N). Then, X is linearisable.

The proof of the previous statement presented in [1, Lemma 2.4] is rather straightforward,

so we shall leave it out of the present review.

Definition 8.1.14. Let N C M be a submanifold. A vector field X € X(M) is said to be
Euler-like along N if it is complete, X |y = 0 and v(X) is the Euler vector field on v(M, N).

One of the first results we can introduce relating to the notion of Euler-like vector fields

is the following;:

Proposition 8.1.15. Let X € X(M) be an FEuler-like vector field along N. Then, the
tangent lift T°X € X(TM) is Euler-like along TN.

Proof. To prove that T%X is Euler-like, it is enough to show that 77X |ry = 0 and that
v(T%X) is the Euler vector field in v(T'M, TN). For the proof of the first of these conditions,
we note that, given the local expression of 79X, if p € N and v € T,N,

) L0XT D

b X 9
TEX(v) = X'(p) 55 p+v 5t D) 5o K

which vanishes because the first term is just X, = 0 and the second term contains v(X;) =0,

since X |y = 0.
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As for the second condition, by Lemma 8.1.13 and Definition 8.1.14, X is linearisable, i.e.
Y*X = &, for some tubular neighbourhood embedding 1 of N in M, where £ € X(v(M, N))
is the Euler vector field on v(M, N). Further

V(T°X) =v(JoTX)=v(J)ov(TX)=v(J)oT(w(X)) =v(J)oTE = J oTE = TE,

where we used the fact that v is functorial, that v o T = T o v and that v(J) = J' :
T?v(M,N) — T?v(M, N) is the canonical flip of the double tangent bundle of v(M, N).
Thus, to conclude the result, we need only to prove that TUE is the Euler vector field on
v(TM,TN) = Tv(M,N). Locally, if (U, = (2!,...,2™)) is a chart on N and (2%, n?) are
adapted coordinates on v(M, N), the Euler vector field on v(M, N) is given by E\HPYI_Vl(N) =
n® 82‘1 . On v(TM,TN), the adapted coordinates take the form (z%, v*,n% m?) and, thus,
the Euler vector field on this bundle is given by £ = n® -2 + m® 7?1“ and the tangent lift

one 14]
i 0 a _0 :
of an element v = u a7 | p +n% 5.7 |n is
. 0 9] 087 0 ;0E? 0
b _ ot a i v i
TiE(w) = &) ox'|, +&n) one |, T ox? (n) ol |, T ox? (n) ome |,
n a(%'i( )i a(%’b(n) 9]
T ana P Gy u T ona omb |,
a 0 a cb _ a 0 a 0
=0+n W‘n+0+0+0+n5a5mbn_ one |, aman’
which is precisely the local expression for the Euler vector field E. Q.E.D.

An important result regarding Euler-like vector fields is that these determine tubular

neighbourhood embeddings.

Proposition 8.1.16. If X € X(M) is an Euler-like vector field along N, there exists an
unique tubular neighbourhood v : v(M,N) — M such that v*X = &, for the Euler vector
field € € X(v(M, N)) on v(M, N). Equivalently, the following diagram commutes:

v(M,N) —&— y(TM,TN)

‘ |

M ™M

X
Idea of the Proof. The existence of a tubular neighbourhood embedding satisfying the con-
ditions of the statement comes directly from Lemma 8.1.13. As for the uniqueness, taking
h:Rxv(M,N)— v(M,N) to be the homogeneity structure encoding the bundle struc-
ture of v(M, N), one considers the flows of X and the Euler vector field £, Fl§ and h:,
respectively and note that one can extend Fll;(l(t) to t = 0, since v(Fly) = her. Thus, one
can define,

U={peM|lm FIZ" (p) exists and lies in N C M}, (%)



FCUP
200 Chapter 8. Splitting Theorem for Anchored Vector Bundles

Since v(v) = id,(a,ny and, by hypothesis, 1 o h; = FIIXn(t) o1, differentiating this expression
at t = 0 and applying the functor v, we get

d
—FIY (p)

d

+T,N,
o at

t=0

where n € v(M, N) is such that ¢(n) =p and z = tlir% Fll)r(‘(t)(p). Because %ht = idy (M, Ny
—

we finally obtain that the map ¢~! : U — v(M, N) can be written as

d

o (p) = =FleW(p)

T +T,N. )

t=0

Equations () and (f) depend only on the flow of X, thus showing the uniqueness of the
tubular neighbourhood embedding ¢ : v(M,N) — U. Q.E.D.

Following the previous result, we can now obtain the tubular neighbourhood determined
by the tangent lift of an Euler-like vector field. For the proof of said result, however, we

require the following lemma:

Lemma 8.1.17. Let ¢ : (M,N) — (M',N’) be a smooth map of pairs, X and X' be
Euler-like vector fields along N and N', respectively, such that To o X = X' o . Then,
if v v(M,N) - M and ¢’ : v(M',N') — M’ are tubular neighbourhood embeddings

determined by X and X', respectively, the following diagram commutes:

¥

v(M,N) M

o) 0
V(M/,N/) T’ M/

Proof. To check that the diagram above is commutative, we may, instead, show that
v(p) oy~ =9'~1 o p. Proving the commutativity of the diagram this way allows us to use
the definition of the inverse of the tubular neighbourhood associated with X from (the proof
of) Proposition 8.1.16. Let p € U = {q eM | }in}) Fll)?(t) (q) exists and lies in N C M} and
—
. T In(t)
write © = }1_1{(1) FI¢"(p). Then,

() 0w @) = i) ( PR

+T.N)
t=0

d ()
= ©x —Fl
eo(o) (TR0

)+%mN
t=0

+ o) N'-
t=0

d n
= (o FIx)(p)

Because T'p o X = X’ o ¢, we get, for all ¢, p o Fl§ = Fl, o ¢. Since ¢ is smooth, it is, in

particular, continuous, thus the previous expression can be extended for ¢ — —oo. So, given
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that ¢(N) C N’, we conclude that
ep)eU' ={q¢ e M| lim FIN (¢') exists and lies in N C M'}.
—
Therefore, we obtain that

p(@) = ¢ (Im FIRO (p)) = lim (12 0 FIR®) (p) = lim (FI 0 ) 1),

t—0
and, hence,
—1 d , d In(t) y
(U ow)p) = P ()] + TN = (9o Fly)(p)|  +TpmN
t=0 t=0
= (v(®) o™ ") (p),
which gives the intended result. Q.E.D.

Proposition 8.1.18. Let X € X(M) be an Euler-like vector field along N and ¢ : v(M,N) —
M be the tubular neighbourhood embedding determined by X. Then, T : v(TM,TN) —
TM is the tubular neighbourhood embedding defined by T?X .

Proof. Notice that 73, X = T*X by the following diagram:

™ X ey T2y

T™M TT M
TTm

M T™M

X

Thus, if ¥ : v(TM,TN) — TM and ¢ : v(M,N) — M are the tubular neighbourhood
embeddings of TP& and &, respectively, we have the commutative diagram below, which is

precisely the same commutative diagram for the derivative map T of .

Tv(M,N) = v(TM,TN) —%— TM

Tu(M,N) =V(TM)J' ™

v(M,N)

Hence, we conclude ¥ = T'. Q.E.D.
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8.1.2 Transversals and Involutivity of AVB

We recall that, given an anchored vector bundle (E 2 M ,a) and a submanifold
i: N — M, N is called a transversal of (E,a) if, for all p € N, T,M = T,N + a(E),)
and the pull-back bundle by i is i' E = a~'(T'N). Then we can introduce the following

lemma:

Lemma 8.1.19. Given a transversal i : N — M of an anchored vector bundle (E,a), we

have the following isomorphism of double vector bundles
v(E,i' E) = nprly i'E. (8.4)

Idea of the Proof. As seen previously, i' £ = a—!(T'N) which is a subbundle of E. Therefore,
we may consider the anchor to be a map of pairs a : (F,i'E) — (T'M,TN) and obtain the

following double vector bundle:

W(E,i'E) 2 y(TM,TN)
npri!El npry
B TN

a

To conclude the result, then, we construct a morphism of double vector bundles

v(a)

v(E,i'E) v(TM,TN)
™~ ]S
npr,i npr!Ni!E nprya TV(M» N)
npry
i'‘E - TN Tnpry
i'E TN

a

where, by identifying npr'yi' E as the bundle Tv(M, N) @i'E as bundles over TN, we define

f:v(E,i'E) — Tv(M,N) ®i'E

e > v(a)(e) + npryp(e)

which can be proven to be an isomorphism. Q.E.D.
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Lemma 8.1.20. Let (E -2 M, a) be an anchored vector bundle and i : N < M transversal
for (E,a). Then, there exists a section o € T'(E) vanishing on N such that X = a(o) is an
Euler-like vector field on M along N.

Idea of the Proof. From the definition of v(M, N) we get the following commutative diagram

of vector bundle morphisms, over idys, whose rows are exact (and so split):

0 TN TM|y —> v(M,N) — 0
| | |
0 i'E Elxy -2 y(M,N) — 0

Then, choosing o € I'(E) with oy = 0 such that v(o) : ¥(M,N) - v(E,M) = E|y is a
right inverse of the composition ¢ o a of the quotient map ¢ : TM |y — v(M,N) and the
anchor, i.e. it is such that g oa o v(0) = id,(as,n). To conclude the proof, one needs only
check that X = a(o) is Euler-like along N. Q.E.D.

Proposition 8.1.21. An anchored vector bundle (E, a) is involutive if and only if the anchor
a:I(E) — X(M) admits a lift 3 : I'(E) — autave(E) such that the following diagram
commutes:

autave(E)

The proof of this proposition requires the usage of connections which are out of scope of
the present work. For the interested reader, we refer back to Ref. [1, Proposition 3.17] for

the complete proof of this statement.
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8.2 Splitting Theorem

Now that we have introduced the necessary results, we proceed to state the splitting

theorem for anchored vector bundles:

Theorem 8.2.1. Let (E -2 M, a) be an anchored vector bundle and i : N — M be a

transversal.

(i) If (E,a) is involutive, then there exists an infinitesimal AVB automorphism X €
autavs (E) vanishing on i’ E = a=Y(TN) such that its projection X € X(M) is Euler-
-like along N;

(ii) Any X € autavs(E) vanishing on a= (T N) whose projection X € X (M) is Euler-like
along N determines an AVB isomorphism 1[) : npr!Ni!E — El|y with base map a tubular
neighbourhood embedding ¢ : v(M,N) - U C M.

The proof of this statement requires the use of most of the results introduced in the
precious section. However, instead of proving the theorem outright, we want to discuss why
we are using the notions of tubular neighbourhoods to induce a transverse structure on an
anchored vector bundle and, later, a local splitting for these geometric structures.

The idea for the introduction of the tubular neighbourhoods and Euler-like vector fields
is that, as in the case of Frobenius, Darboux and Weinstein theorems, we want to find a
local model for the neighbourhood of a submanifold N in M in which the local structure is
simplified. In the case of the well-known theorems mentioned, what is done is a substitution
of a neighbourhood of the manifold near a point with a vector space with an adequate choice
of chart/local coordinates (which is equivalent to find special local coordinates around that

point):

— in the case of Frobenius, we foliate the manifold by integral submanifolds which locally

have the vector structure of the distribution;

— for Darboux’s theorem, near a point, we approximate the structure of the manifold

with that of the canonical symplectic structure on R™;

— in Weinstein’s splitting theorem, the local model correspond to the sum of a symplectic
portion which, by the previous item, is the canonical symplectic structure, and a

‘remainder’ portion, such that the structures are disjoint.

Thus, when trying to find a splitting in the more general context of anchored vector bundles,
we want to find a normal form of the geometric structure near N C M and, similar to before,
we try to substitute a neighbourhood of N in M by a vector bundle over N by an adequate
diffeomorphism. This notion corresponds precisely to the notion of a tubular neighbourhood
of Nin M.
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As a corollary of Theorem 8.2.1, we obtain the aforementioned splitting theorem for

anchored vector bundles:

Corollary 8.2.2. Let (E SR M, a) be an involutive anchored vector bundle, p € M and
N C M a submanifold containing p such that T,M = T,N & a(E,). Then, E is isomorphic,
around p, to the direct product i'E x T(a(E})).

Proof. Firstly, note that, for a sufficiently small open set U C N C M containing p, TM |y =
U x T, M, therefore

v(M,N)|y = TM|y /TNy 2 (U x (T,N & a(E,)))/(U x T,N) = U x a(E,).

Therefore, the projection npry : v(M,N) — N is, around p € U, the projection onto
the first factor and, by the properties of the pull-back, we have that npr!Ni!E =i'E x
Ta(E,). Applying the previous theorem, we obtain an isomorphism of anchored vector
bundles between E|y and i'E x Ta(E,). Q.E.D.

As it was done in the case of Poisson manifolds, we can show that the transverse struc-
tures arising from the splitting theorem are actually unique (up to isomorphism). To obtain

those results, we introduce the following notions:

Definition 8.2.3. Let M, (Q be smooth manifolds, x : M — @ a submersion and denote
M, = x '(q), for ¢ € Q. A family of anchored vector bundles E, — M, is an anchored
vector bundle (E -2~ M, a) such that E|m, = Eg and a1 E — TM is tangent to ker(x.),
i.e. im(a) C ker(Ty).

Definition 8.2.4. A family of anchored vector bundles is said to be infinitesimally trivial
if every vector field X € X(Q) admits a lift Y € X(M) (such that Tx oY = X o x) which is
the base vector field of some Y € autavs (E).

Proposition 8.2.5. Let (F 2 M, a) be an involutive anchored vector bundle, x : N — Q
a submersion and ¢ : N — M a family of transversals, i.e. a smooth map such that
iqg = ¢|n, : Ny = X" Yq) = M is a family of transversals, for all ¢ € Q. Then, the family

of anchored vector bundles i;E — Ny is infinitesimally trivial.

Idea of the Proof. Using the fact that (¢'E, ¢'a) is involutive, by Proposition 3.1.19, we can
show that the fibres N, are transversals for ¢'E. Then, this transversality implies that
V.0 d'a: ¢'E — TQ is fibre-wise surjective. Thus, given any X € X(Q), we may find a
section o € T'(¢'F) such that 1, o ¢'a(c) = X o). Since ¢'F is involutive, ¢'a admits a lift
qgia :T(¢'E) — autave(¢'E), by Proposition 8.1.21. To conclude the result, one needs only

to show that ¢'a(c) restricts to an element of autays ( 11 zéE) Q.E.D.
q€Q
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Now, we get to the more interesting result, the following corollary which mirrors the

uniqueness of transversals for Poisson structures:

Corollary 8.2.6. Let (E BRLEN M,a) be an involutive anchored vector bundle, S C M
a leaf (i.e. an integral submanifold of a(E)) and po,p1 € S. Moreover, let N <y M be
transversals for (E,a) with dim(N,,) = dim(M) —dim(S) and i, (N)NS = {p,}, forn =0, 1.
Then, up to shrinking N,, around p,, there is an isomorphism of (induced) anchored vector

bundles i, E — i} E taking po to p1.

Idea of the Proof. Start by constructing a path v : R — S such that v(0) = pp and v(1) = py
and a family of transversals i, : N, — M with N, NS = {v(z)}. Then, the union of these

transversals gives a smooth map

NxR—RxM

Ny 3 q— (y,iy(q))-

Call  : N xR — R and ¢ : N x R — M the projections onto the first and second factors
of the displayed map above, respectively. Notice that v is a submersion, 1 oy = idg and,
additionally, im(v) is integral submanifold of ¢'a(¢'E).

By (the proof of) Proposition 8.2.5, there exists o € I'(¢'E) such that ¥ = @(0) €

autays(¢'E) restricts to an element of autays ( 11 Z;E) and its projection to X(N), Y =
z€R

¢'a(o), satisfies T oY = a% o1 and is tangent to the integral manifolds of ¢'a(¢'E) (V'
is one of the generators of ¢'a(¢'FE)). Thus, for every z € R there exists an open subset
U, € N,, which is a neighbourhood of v(z), where the flow F1} is defined for ¢t = 1. Since

| ¢'pr . y @'l o 1 | y
1] ¢,E —— N is such that i, F N, and Fly (i, E) C i, E, the flow of Y,
z€R
Fl’; . ] i"E — ][] i.E, which restricts to F1§>|igIE t i E — it ,F, can also be defined
z€R z€R '

for ¢ = 1 on a small enough neighbourhood of v(z) in N,. Therefore, F1§~,|%E cihE — i E

produces the desired isomorphism. Q.E.D.



Chapter 9

Conclusion

In this work, we have studied the several different geometrical structures, from tangent
distributions and symplectic geometry to Poisson and Dirac manifolds and Lie algebroids,
in order to better understand the local structure of these different geometries.

We started by the simplest of the above mentioned structures: tangent distributions.
These are defined to be subsets of the tangent bundle whose fibres at points of the mani-
folds are vector subspaces of the tangent spaces at those points. We then studied in detail
the case where these distributions are both smooth and with constant dimensions through-
out the fibres, the so-called regular distributions, including the notions of involutivity and
integrability, which reflect the possible Lie subalgebra structure of the sections of the distri-
bution and the possible existence of submanifolds whose tangent spaces are the fibres of the
distribution, respectively. The objective of the chapter was to prove Frobenius’ theorem,
which shows that the notions of involutivity and integrability of distributions are equivalent,
for regular distribution as well as for singular distributions (for the latter, so long as we add
that the rank of the distribution stays constant along the flow of sections generating the
distribution).

Following the discussion of distributions, we studied anchored vector bundles and Lie
algebroids which are the natural extension of vector bundles into bundles that have some
type of anchor to the tangent bundle of the base manifold. In the case of Lie algebroids, the
additional structure of a Lie algebra on the set of sections gives it a additional importance,
not only as the geometrical structure present in Yang-Mills theories in physics but, in the
mathematical side, as the infinitesimal version of Lie groupoids, a nice way to link back to
a structure (these Lie groupoids) which often gives a better geometrical picture of certain
phenomena. Both anchored vector bundles and Lie algebroids are known to have normal
form results and, in the case of the former, we give an overview of a splitting theorem around

transversals in the last chapter of the thesis, following the treatment done in [1].

207
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The fourth chapter deals with the first geometric structure to be highly influenced by
physical theories: Symplectic geometry. As it is well-known, symplectic manifolds are ob-
tained by introducing a closed, non-degenerate 2-form on a manifold, mirroring the case
of Riemannian manifolds where one introduces a symmetric element of I'(®? 7*M) which
is fibre-wise positive definite. For these manifolds, one can define many types of impor-
tant submanifolds and obtain many different results, however none larger that Darboux’s
theorem, which describes how, locally, all symplectic forms have a similar canonical form.

In the following two chapters, we explored Poisson manifolds and their local structure.
Also a geometry based on physics, a Poisson manifold is obtained by equipping a manifold
M with a bilinear, anti-symmetric bracket on C°°(M) satisfying the Leibniz rule and the
Jacobi identity, or, equivalently, by introducing a bivector field on M whose Schouten bracket
with itself vanishes. The introduction of this structure turns the cotangent bundle 7™M
into a Lie algebroid and we also showed that Lie algebroid structures on a vector bundle
A — M are in one-to-one correspondence with fibre-wise linear Poisson structures on A*.
This geometry can be described as a foliated manifold whose leaves of the foliation are
symplectic manifolds and, additionally, the transverse structure to the leaves of the so-
-called symplectic foliation of the manifold is unique up to isomorphism. Regarding the
local structure of Poisson manifolds, Weinstein’s splitting theorem shows that, around each
point of a Poisson manifold, the Poisson bivector field can be written as the sum of a non-
-degenerate Poisson structures (which is equivalent to a symplectic one) and a Poisson
structure vanishing at a point, thus greatly simplifying the local structure of such a manifold.

The final geometry we discussed was that of Dirac manifolds. These also arise from
physical theories but now of Hamiltonian systems with constraints. Mathematically, this
means that Dirac manifolds are the usual structure arising in submanifolds of Poisson mani-
folds and, since submanifolds of symplectic manifolds are usually pre-symplectic, a Dirac
manifold can be defined as a foliated manifold whose leaves are pre-symplectic. A different
(and in some sense easier to understand) description of Dirac manifolds arises by considering
it to be a subset of the generalised tangent bundle TM = T M ® T* M which is closed under
the Dorfman bracket and Lagrangian with respect to the natural pairing on TM. This more
algebraic description then allowed us to explore several properties of these structures, such
as the two distinct descriptions of morphisms of Dirac structures and the aforementioned
pre-symplectic foliation of a Dirac manifold.

Summarising, knowing the local structure of different types of geometries gives us a
better understanding of the geometry we are studying and, even when not dealing with
these kinds of problems, it is still worth understanding the methods employed in proving
normal form results. Even though this thesis showcases some of these results, many more can
still be uncovered around different types of submanifolds of these and other more generalised

geometric structures.
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