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Introduccion

Contexto historico

El objetivo principal de este trabajo es probar el Teorema de Reduccion de Lie-Poisson. Uno de los elementos
maés importantes para la demostracién del Teorema seran precisamente las estructuras de Lie-Poisson. Estas
estructuras fueron introducidas por primera vez por Lie en 1880 en su tratado de grupos de transformaciones.
De hecho, en esta obra introdujo el concepto de estructura de Poisson y luego trato el caso particular de las
estructuras de Poisson lineales en el dual de una algebra de Lie. Posteriormente, estas estructuras han sido
bautizadas por Marsden y Weinstein con el nombre de estructuras de Lie-Poisson debido a su historia.

Cabe destacar que el trabajo de Lie sobre estructuras de Poisson pasé inadvertido mucho tiempo e incluso
Elie Cartan no era consciente de este aspecto del trabajo de Lie que le habria ayudado con la descripcién
Hamiltoniana de algunos de los sistemas que estudié. No fue hasta la década de 1950 cuando se hace patente
la importancia de trabajar en los duales de algebras de Lie para la descripcién de la mecédnica Hamiltoniana.

Es en 1977 cuando se da la primera definicién formal de estructura de Poisson en un articulo de Lich-
nerowicz (véase [Lic]). Finalmente, en 1983 Weinstein [Wei] en su trabajo fundacional da un importante
impulso a la geometria de Poisson describiendo la estructura local de las variedades de Poisson.

Teorema de reduccion de Lie-Poisson

Es bien sabido que el espacio fase de momentos de un sistema Hamiltoniano es el fibrado cotangente T*Q
del espacio de configuraciéon ). Por tanto, usando la estructura simpléctica canénica de T*@Q y la funcién
Hamiltoniana H del sistema mecédnico se puede obtener el campo Hamiltoniano de H . La curvas integrales
de dicho campo vienen dadas por las soluciones de las ecuaciones de Hamilton para H (véase, por ejemplo,
[AbMa],[LeRo]).

En el caso particular en que el espacio de configuracién es un grupo de Lie G, la estructura simpléctica
canénica del espacio fase de momentos T*G es invariante bajo la accién usual de G en T*G. Ademds, si
la funcién Hamiltoniana es también G-invariante, se puede definir una funcién Hamiltoniana reducida en el
espacio dual g* del élgebra de Lie de G.

El espacio g* no es simpléctico pero si es una variedad de Poisson. Asi, usando la estructura de Lie-
Poisson de g* y la funcién Hamiltoniana reducida, obtenemos un nuevo sistema dindmico en g*: el sistema
Hamiltoniano reducido. Las soluciones del sistema Hamiltoniano original en T*G se proyectan a través de
la aplicaciéon momento en las soluciones del sistema Hamiltoniano reducido en g*. Esto es lo que establece
el teorema de reduccién de Lie-Poisson (véase, por ejemplo [MaRa]).

El proceso de reduccién de Lie-Poisson puede aplicarse a numerosos sistemas mecanicos. Uno de estos
sistemas es el sélido rigido (véase [MaRa]).

El objetivo principal de este proyecto es probar el teorema de reduccién de Lie-Poisson usando la teoria
bésica de grupos de Lie, la aplicacién momento y la geometria de Poisson.

El proyecto estd estructurado como sigue. Los capitulos 1 y 2 estdan dedicados a la revisiéon de algunas
definiciones y resultados bdsicos de la dindmica del sélido rigido (como ejemplo motivador) y a la formulacién
simpléctica de la mecanica Hamiltoniana, respectivamente. En el capitulo 3 se dara la teoria de grupos de
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Lie que se usara en el resto del proyecto. En la primera parte del capitulo se introducira el algebra de
Lie de un grupo de Lie y se tratardan algunos aspectos de la aplicacién exponencial y de subgrupos de Lie.
La segunda parte estd dedicada a acciones de grupos de Lie en variedades diferenciables. En el capitulo
4 introducimos la nocién de aplicacién momento, damos ejemplos y probamos algunas de sus propiedades.
La geometria de Poisson es tratada en el capitulo 5. Se prestard especial atencién a las estructuras de
Lie-Poisson y a la foliacién simpléctica generalizada de una variedad de Poisson. En el capitulo 6 probamos
el teorema de reduccién de Lie-Poisson. El proyecto se cierra con dos apéndices; el primero sobre el corchete
de Schouten-Nijenhuis de multi-vectores en una variedad diferenciable y el segundo sobre la integrabilidad
de las distribuciones generalizadas.



Introduction

Historical context

The main objective of the project is to proof the Lie-Poisson reduction theorem. One of the most important
elements needed to the proof are the Lie-Poisson structures. Such structures were first introduced by Lie
about 1880 in his treatise on transformation groups. In fact, in this work Lie introduced the concept of
Poisson structure and then considered the particular case of linear Poisson structures on the dual of a Lie
algebra. Subsequently, these structures have been called by Marsden and Weinstein Lie-Poisson structures
due to its history.

It is noteworthy that the Lie work on Poisson structures passed unnoticed and even Elie Cartan was
unaware of this aspect of the Lie work that would have helped him with the Hamiltonian description of some
of the systems that he studied. It was in the 1950s when it arose the importance of working in the dual Lie
algebras for the description of Hamiltonian mechanics.

It was 1977 when Lichnerowicz gives for the first time the formal definition of a Poisson structure (see
[Lic]). Finally, in 1983 Weinstein [Wei] in their seminal work gave a boost to the Poisson Geometry describing
the local structure of Poisson manifolds.

Lie-Poisson reduction Theorem

It is well-known that the phase space of momenta of a Hamiltonian system is the cotangent bundle T*@Q of
the configuration space ). So, using the canonical symplectic structure of 7% and the Hamiltonian function
H of the mechanical system one may construct the Hamiltonian vector field of H. The integral curves of
this vector field are just the solutions of the Hamilton equations for H (see, for instance, [AbMa],[LeRo]).

In the particular case when the configuration space is a Lie group G then the canonical symplectic
structure of the phase space of momenta T*G is invariant under the standard action of G on T*G. In
addition, if the Hamiltonian function H also is G-invariant one may define a reduced Hamiltonian function
on the dual space g* of the Lie algebra of G.

The space g* is not a symplectic manifold but a Poisson manifold. Thus, using the Lie-Poisson structure of
g* and the reduced Hamiltonian function, we obtain a new dynamical system on g*: the reduced Hamiltonian
system. The solutions of the original Hamiltonian system on T*G project, via the momentum map, over
the solutions of the reduced Hamiltonian system on g*. This is the statement of the Lie-Poisson reduction
theorem (see, for instance, [MaRal).

The Lie-Poisson reduction process may be applied to several interesting mechanical systems. One of
these systems is the rigid body (see [MaRal).

The aim of this project is to prove the Lie-Poisson reduction theorem using the basic theory of Lie groups,
momentum map and Poisson geometry.

The project is structured as follows. Chapters 1 and 2 are devoted to review some definitions, results
and basic constructions on the dynamics of the rigid body (as a motivating example) and the symplectic
formulation of the Hamiltonian Mechanics, respectively. In Chapter 3, we will present the theory of Lie
groups which will be used in the rest of the project. In the first part of the chapter, we will introduce the
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Lie algebra of a Lie group and we will discuss some aspects on the exponential map and Lie subgroups.
The second part is devoted to actions of Lie groups on smooth manifolds. In Chapter 4, the notion of a
momentum map for a symplectic action is introduced. Examples of such maps are presented and some of
its properties are proved. Poisson geometry is discussed in Chapter 5. Special attention is paid to the Lie-
Poisson structures and the generalized symplectic foliation of a Poisson manifold. In Chapter 6, we prove the
Lie-Poisson reduction theorem. The project closes with two appendices on the integrability of generalized
distributions and the Schouten-Nijenhuis bracket of multi-vector fields on a smooth manifold.



Chapter 1

Rigid body

We will start studying, from a physical point of view and using only the fundamental and basic mathematical
tools, the equations of motion of the rigid body. We will use this example as a reference throughout the
project that will provide the necessary mathematical tools to prove that such a case is part of a much more
general theory.

Before going further, it is important to underline that this chapter does not intend to study the math-
ematical concepts in great depth. Our goal right now is to present a first approach and, over next few
chapters, develope the idea further.

1.1 Lagrangian and Hamiltonian Mechanics

Let us begin recalling what the equations of motion are. Given a physical system, our aim is to describe the
behaviour of that system over time and we achieve it by means of the equations of motion. Formally, they
are differential equations which give the existing relationship between the time derivative of the variables
describing the system and the magnitudes which cause its evolution on time. As an example and starting
point of our next discussions we have the well known Fuler-Lagrange equations for a mechanical system

d 0L 0L
_——— = - = fori=1,... 1.1
795 0g 0 or i ) (1.1)

where ¢* = ¢(t) are the coordinates describing the position of the system, ¢ = % are the velocities and

L is the Lagrangian function L(q%, ¢*) = L(q*,...,q", ¢,...,4"). The space of the variables (¢%) is the
configuration space of the mechanical system and the space of the variables (¢¢,¢%) is the phase space of
velocities.

As we will show in the next chapter, the Euler-Lagrange equations arise from the principle of minimum
action' which states that every mechanical system is characterized by the Lagrangian function and satisfies
the following condition:

Let tg and t; be two instants of time where the system ocuppies two diferent and fixed positions, then, in
the time interval [tg,¢1], the system will evolve in such a way that the following integral is minimized

s= [ L. o (1.2)

Assuming this statement, some calculations lead to (1.1).
Before going further, let us study a very significant case of Euler-Lagrange equations. Suppose L is the

1Also known as Hamilton variational principle.
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kinetic minus the potential energy for a N-particle system, that is
1< 9
L(q’,ql)zigmiH(fH -V fori=1,...,N (1.3)
i—

where ¢ are the position vectors of the particles whose mass is m; and V = V(q') is the potential energy.
In this case, Euler-Lagrange equations are just Newton’s second law for this potential system, i.e.,
d g ov
—(mq') = ——
dt( ') oq*

fori=1,...,N

Even though we have introduced the Euler-Lagrange equations of motion, our main interest will be in
the Hamiltonian ones. Nevertheless, the Hamiltonian formulation can be obtained from the Lagrangian one,
and that is the reason why we first introduce Lagrangian. From now on, we will focus on obtaining Hamilton
equations.

Let L = L(q*,¢") be a Lagrangian, to pass to the Hamiltonian formalism define the conjugate momenta
as

oL
pi:@Tji fori=1,...,n (1.4)
and following that, introduce a change of variables
(¢".4") = (¢'.pi)  fori=1,....n (1.5)

called the Legendre transformation. The space of the variables (¢%,p;) is the phase space of momenta.
We remark that the matrix of the differential of the Legendre transformation is

I 0
52L 9L (1.6)
3007 940

O°L # 0. In this case, we will say that the Lagrangian is regular. If

D47 0¢7
the Legendre transformation is a global diffeomorphism, we will say that the Lagrangian is hyperregular.
From (1.6) we conclude that if a Lagrangian is hyperregular then it is regular. For instance, the Legendre
transformation asociated with (1.3) is regular since we are assuming non-zero masses,

which is invertible if and only if ‘

9°L " !
—— | = #0
0G*0¢?
0 my
and hyperregular due to the transformation is defined by p; = m;¢* which has inverse ¢* = --p;. Moreover,

myg
in this particular case, the conjugate momenta p; = m;q", are exactly the linear momentum.
Now, given any hyperregular Lagrangian L, define the Hamiltonian function as

H(qzapl) = ijqj - L(qiaqi) (17)
j=1

Note that the Legendre transformation is a diffeomorphism and, thus, ¢* may be seen as a real function on
the phase space of momenta. Therefore, H also is a real function on the phase space of momenta.
Keeping Legendre transformation in mind and making some rearrangements using (1.1), we obtain the

Hamilton equations
OH OH
= o pi:—aqi fori=1,...,n (1.8)

3

q
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In the following chapter, we will proof that, in the regular case, they are equivalent to Euler-Lagrange equa-
tions (1.1). Specifically, we remark that when the hyperregular Lagrangian is given by (1.3), the Hamiltonian
function coincides with the total energy of the system. Indeed, using the Legendre transformation calculated
above for this particular case and keeping in mind (1.3) we get

q 3pl - 2 . mz
i=1
which is the kinetic plus the potential energy, i.e., the total energy of the system.

Up to this point, we have worked with two equivalent but different ways of obtaining equations of motion.
The important fact is that the latter one allows us to reduce the order of the differential equations describing
the system. While Euler-Lagrange equations are second order ODE’s; in the Hamiltonian formulation the
equations of motion are given by first order ODE’s.

Hamiltonian mechanics is very suitable for studying conserved quantities and we achieve it by introducing
a new operation between functions called the Poisson bracket. Given two functions F(q*,p;) and G(q*, p;)
on the phase space of momenta, the canonical Poisson bracket of F and G is a new function in such a space
given by

"\ (OF 0G  OF oG
F.G} . = - — — - 1.9
tF.G} ; (3611 op;  Op; an> (19)
Then, for any function F and any Hamiltonian H, we deduce from (1.8) that F = {F,H},, along the

solutions of the system. As well, it is not hard to check that Hamilton equations (1.8) for a Hamiltonian
function H, are equivalent to

F={F H)} for all real function F' = F(q", p;) (1.10)

can

Finally, a conserved quantity for a given Hamiltonian is a function F(q‘,p;) such that it is constant along
any solution of the system. Particularly, F" is a constant of motion, if and only if, {F, H}_,,, = 0.
For more details on the above topics we remit to [AbMa], [LeRo].

Regarding our current concern, we do not expect the reader to comprehend these concepts in depth, but to
remember that the time evolution of a mechanical system might be described from both Euler-Lagrange and
Hamilton equations (see (1.1) and (1.8)). It would be also suitable to retain the Legendre transformation and
the canonical Poisson bracket in order to follow the next example. The next chapter will do a more through
revision of these concepts and will study them from a geometric point of view recalling the Lagrangian and
Hamiltonian formalisms.

1.2 Equations of motion for the rigid body

Once we have reviewed Lagrangian and Hamiltonian mechanics, we are ready to start dealing with the
particular case of the rigid body. Let us start defining it. A rigid body is any solid body in which the
distance between any of two of its points remains constant over time. Furthermore, we will assume no
external forces acting on the body and there is a fixed point we will call it the center of mass.

We set an inertial frame, called spatial coordinate system, in which the origin and the center of mass
coincides. We also fix the reference configuration and note with X the position of a given particle in this
configuration. Normally, X is called the label of the particle. Denote by z(X,t) and ©(X,t) (also denoted by
x(t) and #(t)) the position and velocity of the particle X of the body at time ¢ in the inertial frame. Since
the distance between any two particles is constant over time, the map which relates position x(¢) with X
must preserve the distance, so it is an isometry in R3. As it is known, any isometry in the three dimensional
space is obtained by composing a rotation with a translation. According to this, the resulting map might be
written as
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X —+RX+b

where R is a rotation matrix and b € R3. Imposing the extra condition that the center of mass is fixed, we
conclude that b = 0. Then, the relationship between x(¢) and X is given by

z(t) = R(t)X (1.11)
Since R(t) is a rotation matrix, it must be orthogonal and the following condition is satisfied
RORT(t)=1Id vVt = |R(t) ==+1
On the other hand, the motion is assumed to be continuous and R(0) = Id. Thus,
IR(t) =1 WVt (1.12)

that is, R(t) is a rotation matrix which preserves the orientation. Moreover, using again that R(t) is a
rotation matrix, we deduce that

RRT = —RRT (1.13)
which means that RRT is skew-symmetric. In other words, there exist wy, we, wz such that
. 0 —Ws wo
RRT = w3 0 —Ww1
—Wwy w1 0

On the other hand, taking derivatives with respect to time in (1.11) we get
i=RX=RR'z=RR"z
If we define w = (w1, we,ws), it is easy to check that,
z(t) = w(t) x x(t) (1.14)

which gives the relationship between linear velocity and angular velocity. As well, if we define the hat map
as

0 —Ws w2
W= w3 0 —Ww1
—W? w1 0
then, .
RR™'=0& and i(t) = o(t)z(t) (1.15)

It is interesting to point out that, later, in the next chapters, we will come back over the hat map but in a
much more general way.

Due to equation (1.14), the inertia tensor, I, which will depend only on the geometry of the body and its
mass distribution, can be introduced. Moreover, it can be shown that I is a symmetric and positive definite
matrix, a fact which will simplify our work in the following lines.

Now, we will set a non-inertial frame whose origin coincides again with the center of mass and which is
fixed in the body and moves with it. We will call it body coordinate system. Usually, our previous inertial
frame is chosen in order to match with the body frame at some instant of time ¢ . Notice that the position
of a particle in body coordinates will remain constant and will be equal to its label X. It is in this sense
that our new frame will be very useful to obtain the equations of motion of the body. Indeed, inertia tensor
in body coordinates remains constant unlike in spatial coordinates where its components depend on time.
Using all previous considerations it can be shown that the equations of motion of the rigid body in body
coordinates are given by

To+wxIw=0 (1.16)
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Where I does not depend on time. Since [ is symmetric and positive definite we can find a coordinate system
in which T is diagonal. Let I, I, I3 be the eigenvalues of I (which are positive), also called moments of
inertia, then, equation (1.16) is rewritten as

Ild}l = (12 — I3)w2w;3
Loy = (I3 — I1)wswr (1.17)
Igd)g = (Il — Ig)wlcUQ

These are called the Fuler-Poincaré equations for the motion of a rigid body and they are written in the
body coordinate system. They are equations of motion since the integration of them determines the angular
velocity w which enables us to obtain the position by integration of equation (1.14).

Finally, if instead of working with angular velocity we do with angular momentum II = Iw in body
coordinates, we still get another form for the equations of motion

H=1xw (1.18)

which leads us to

I, = 511, (1.19)

These equations are known as the Lie-Poisson equations for the motion of a rigid body and they are also
given in body coordinates. Finally, let us consider another form of writing (1.19) through the Lie-Poisson
bracket of functions and the Hamiltonian defined below.

Let f = f(II;,1I5,1I3) and g = g(II1, I3, II3) be two real functions. We define the Lie-Poisson bracket
for the rigid body as a new function {f, g} in the variables (II, II5, IT3) given by

0 0 0 0 0 0
{f7g} (H17H27H3) = _(H17H27H3) ((al—{l7al—{27 aﬁ];) X (851761—?27 853)) (120)

Next, we will introduce a real function h in the variables (IIy, I, II3) as follows,

1

h(Iy, T, T13) = ~ ( (1.21)

m I3 n§>
2

L L I3
and call it the Hamiltonian of the rigid body. By now, there is no reason for this name since, apparently, it
has nothing to do with the Hamiltonian H defined in section 1.1 (note that H is defined on a space with an

even number of variables and, moreover, h is a real function on R3). In any case, this new Hamiltonian is
needed in order to write (1.19) in a much more suitable way. In fact, now (1.19) can be written as

I = {I;,h} i=1,2,3 (1.22)
Last theorem in this chapter will help us, among many other things, to understand why this function is
called Hamiltonian.
1.2.1 Hamiltonian form

So far we have found the equations that describe the state of the system we would like to learn whether or
not they are Hamiltonian, i.e., if their canonical form can be written as (1.8). Obviously, since (1.8) has an
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even number of equations and (1.19) has an odd number, they can not be equivalent. However, we are going
to see that if we describe the rigid body using Euler angles, then the dynamical equations may be written
in a Hamiltonian form. Once we build the Hamiltonian form of the equations of motion, the only thing that
will be left is to study how the solutions of both systems are related. It will be our goal during the section
and we will reach it in the last theorem.

Denote by

cosp —sing 0 1 0 0 cosyp —siny 0
R,=1| sing cosp 0 Rog=| 0 cosf —sinf Ry = siny cosyp O (1.23)
0 0 1 0 sinf cosf 0 0 1

the rotation through an angle ¢, (6, ¥ respectively) about the axis OZ, (OX, OZ respectively). Denote also
by R,ey their composition

cospcost —sinpcosfsiny —cospsiny —singpcosfcosyy  sinpsinf
Ryoyp = | singcosty +cospcosfsiny —singsiny + cosgcosfcosyy —cospsinf (1.24)
sin @ sin ¢ sin ¢ cos ¥ cosf

Then, it can be shown that any rotation R which preserves the orientation can be expressed in terms of
@, 0, ¢, that is R = R . The angles ¢, 0, ¢ are called Fuler angles and they form a set of generalized
coordinates.

Back to our example and reinterpreting the equation (1.11) from a geometric point of view, we can think
it as a rotation from the body frame to the inertial frame . As in general this relationship depends on the
time, the matrix R which gives this rotation also does. Using the results we have just proved, we can write
R(t) = Ryyo(t)w(t)- Therefore, a long computation using (1.15) proves that

9cosw+¢sinwsin0
w=| —6@siny+ Hcosysind (1.25)
pcosf +

Or, in terms of angular the momentum II,

Il(é_(:os1/1+gbsin¢sin9)
II=| IL(—0siny + $cosiysin ) (1.26)
I3(¢ cos 0 + 1)

Now, we may introduce a new real function 7' = T(p, 0, ¥, &, 0, w) T is the Lagrangian function L on
the phase space of velocities (¢, 6, ¥, ¢, 0, 1). Indeed, using (1.21) and (1.26) we define T to be

T(p, 0, &, @, 0, ) = h (Il(écosw+gbsin1/1sin9), Io(—Bsin< + ¢ cossin ), 13(¢cos9+1/})) (1.27)

However, what we are looking for is a Hamiltonian function in the phase space of momenta. To do this we
can calculate the Legendre transformation according to (1.5) and (1.4) and verify that it is a diffeomorphism.
This allows us to ensure that we can solve for (¢, 8, 9) in terms of ¢, 6, ¥ and the conjugate momenta
Dy, Po and py.

If all indicated calculations and verifications are made, then we can rewrite (1.26) in terms of ¢, 8, ¥, Dy,
Do, Py as follows

$ ((pp — py cos @) siny + pg sin 6 cos )
M= =5 ((pp —pycost)costy — pgsinbsin) (1.28)
Py
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Now, using (1.21) and (1.28), the real function 7' may be considered as a Hamiltonian function in the phase
space of momenta, that is, a real function in the variables (¢, 0, ¥, p,, pg, py). H is given by

H(p, 0, ¥, py, po, py) =
1 (((p¢ — py cos 0) sin ) + pg sin 6 cos z/J)2 N ((pp — Py cos 0) cosh + pg siné’sinw)2 N pi) (1.29)

2 I sin? ¢ I, sin% ¢ I3
Now that we have defined the Hamiltonian function, do not lose sight of our goal. We want to express in a
Hamiltonian form the equations of motion (1.19) for the rigid body. First of all, we will need to relate the
variables ¢, 0, 1, p,, pe, py with the variables II;,IIp,II3. But we have already done it in (1.28). Just
define J, called the momentum map, as the map which gives this relation

y $ ((pp — Py cos 0) sinth + pg sin O cos 1)
(¢, 0, ¥, Py, Po, Py) —— Snd ((pcp — Py COS 0) cos 1 — pg sin @ sin 1)) (1.30)
Dy

From the definition above, it is clear that H = h o J. Moreover, recalling (1.9) it is easy to check after
some calculations that {f,g} o J = {foJ,go J}_.,,, where f and g are two real functions in the variables
Hla HQ; H3' Indeed7 if H’L = Ji((paeaw,ptp7p@7p’¢)) 1= 1) 2737

{fvg} o J(<p,6,w,ptpvp97p1b) = {fag} = (1:[171:[271:[3)

jafl

_ ﬁl(af o9 _ of ag)_

- - of 99 Of 89\ -~ (Of 89 Of dg
o 61_[2 61_[3 81_[3 61_[2 2

oll; OIl, oM, oIl ) s oI, O, Ol 011,

On the other hand, using that %l?pl = 861302 = %1303 = %H; = ‘31;5 = 681}; = 0, we deduce that

{f o J7g © J}can (w’ 9’ Q/Jﬂp@?p97p’¢’) =

_(9f 99 Of 09\ (0Ma\ (Of 09 _ Of 9g\(_ oM\

- \oI, 0l Ol13 011, ) \ 0 o3 OT1;  OI1, Ol oy

N of dg  Of dg oI, A1, N oIl oll, oIl 911, 011, Ol
O, Oll,  Ol, 011y ) \ 0¢ dpy 00 Opy  Opy OF  dpy 00

Then, the equality arises from
g, - Ol
1= 90
- oI
]
2 o0
fj, - 0oty 9L oM, oty Oty oI, Ol
7 0y Op, | 00 Opy  Opy, 00  Opg 00

So far, we have proved two of the three statements of the following theorem.

Theorem 1.1. Let h and J be the Hamiltonian and the momentum map for the rigid body and H be the
Hamiltonian function on the phase space of momenta. Let {, } .. be the canonical Poisson bracket and
{, } the Lie-Poisson bracket. Then,

i. H=holJ
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. If f and g are two real functions in the variables 111,115, 113,
{fag} oJ = {fO J,go ‘]}can

po(t), py(t)) is a solution of the Hamilton equations for the Hamilto-

iti. If o 2t — (@(t), 0(t), (1), py(t)
t),II3(t)) is a solution of the Lie-Poisson equations for h, i.e, a solution

nian H, Joo :t — (II; (), Ia(
of (1.22).

Proof. 1t is enough to check that,

~— =

IT;(t) = {II;, h}

is true under the assumption that Hamilton equations holds true for H, i.e,

,_ i o _om
%2 ap, Dy 95
gzaﬂ’ pez_aﬁ7

Opeg 00
. OH . OH

But using 4. and i. we obtain,

{Hia h} (1:[1, 1:[2»1:[3) = {sz h} o J(@ve,w,ptpvp%pw) = {Hl © Ja ho J}can (901 0) %Pwpe,pw)
={IL;,H},,,, (¢,0,%.pp. Do, Py)

Then, using the Hamilton equations we get the result

_ 0N OH | OUOH | 0N OH 0N 0H OI0H 0L 0
0y Opy 00 Opg 0y Opy Op, Op  Opg 00  Opy OV
oM BHiéJr ot . oI, . o1l; . oll; .

= 9o Y+ 20 a0 Y+ 8p¢p<p+ 8p9p0+ apwpab
s

{HivH}

can ~

O

The most important idea that we have to keep in mind after viewing this theorem is that the inital system
of ODE’s had three equations while the latter has six. In practice, usually, the fewer ODE’s the system has
the easier it is to solve. This is precisely the main motivation of the project, which aims to study under
what conditions the number of equations describing a system can be reduced, and obviously, the rigid body
is one particular case.



Chapter 2

Lagrangian and Hamiltonian
formalisms

After a first part which was, essentially physics, here we will start working with mathematics. Nevertheless,
this chapter will be, basiquely, a review of concepts which are already known. It means that we will look
over it quickly in order to set the mathematical basis that we will use later. Anyway, for more information
on these topics we remit to [AbMal,[LeRo], [Hol].

First of all, we associate to any mechanical system a structure of smooth manifold and we call it the
configuration space. It allows us to introduce the phase space of the velocities and the phase space of momenta
as the tangent and cotangent bundle of that manifold, respectively. Then, we will use the geometric structure
of the tangent and the cotangent bundle in order to develop the Lagrangian and the Hamiltonian formalisms
and their equivalence in the hyperregular case. But, before that, we will go over symplectic manifolds since
they will be essential in order to present some important propierties in the Hamiltonian formalism.

2.1 Symplectic manifolds

Symplectic manifolds are one of the main ingredients of theory that we are working up, and that is why we

give a brief overview. At first, we have that the cotangent bundle of any manifold has symplectic structure.

This will allow us to see the Hamiltonian formalism from a more interesting perspective. As well, when we

define Poisson manifolds, we will see that they have a symplectic foliation associated with them. These two

natural symplectic structures will be crucial in order to prove the most important results of the project.
Let us start with the definition of an almost symplectic manifold and its immediate properties.

Definition 2.1. An almost symplectic form over a manifold Q is a non-degenerate 2-form w. The couple
(Q,w) is said to be an almost symplectic manifold.

Proposition 2.2. i. If w is an almost symplectic form over Q, then @) has even dimension.
. If w is an almost symplectic form over @ and dimQ = 2n, then W™ = wA 7 Aw %0, that is,
w(z) =w@)A P Aw(z) #0 Yreq
iii. Any almost symplectic manifold (Q,w) is orientable.

Let w be any 2-form (not necessarily non-degenerate) defined over a manifold Q. It induces a vector
bundle morphism between the tangent bundle and the cotangent bundle b, : TQ — T*(Q as follows

bW‘TwQ:bw(I): TIQ — T;Q (2 1)
v = w)(v,) '

16
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Moreover, we have the following result.

Proposition 2.3. Let w be a 2-form over a manifold Q), then the following statements are equivalent:
1. w is an almost symplectic form over Q.
7. by, is an isomorphism of vector bundles.

Let (Q,w) be an almost symplectic manifold and b, the induced isomorphism. With the definition above,

b., induces a map between the sapce X (Q) of the vector fields on @ and the space Q'(Q) of the 1-forms on
Q,

by = X(Q) — Q(Q) (2.2)

denoted again by b, by abuse of notation. Indeed, for z € Q and X € X(Q) we define b,(X)(z) =
bu(z) (X (z)). With this definition, it can be shown that b,, is an isomorphism of F(Q)-modules. All those
results that we have just seen will be extensively used in order to characterize symplectic manifolds, so it is
important to bear them in mind.

After being working on almost symplectic manifolds, we will go on to symplectic manifolds.

Definition 2.4. An almost symplectic form w over a manifold @ is a symplectic form if it is closed , i.e,
dw = 0. The couple (Q,w) is said to be a symplectic manifold

Now, we will introduce the definition of a symplectic map.

Definition 2.5. Let (Q,w) and (S,«) be symplectic manifolds such that dim@Q = dimS = 2n. A map
h:@Q — S is called symplectic map if h*a = w, i.e.,

ap) = (TohX, TyhY) = w. (X,Y) Ve eQ and X,Y € T,Q
This last definition is telling us that if h is a symplectic map, then it is a local diffeomorphism.
Definition 2.6. Let (Q,w) and (S, «) be symplectic manifolds and h : Q — S be a symplectic map.
1. If h is bijective then h is said to be a symplectomorphism.
. If h is a symplectomorphism, w = « and Q@ = S, we will call h a canonical transformation.
Due to these definitions we can define a symplectic vector field as follows.

Definition 2.7. Let (Q,w) be a symplectic manifold. A vector field X over @ is called a symplectic vector
field if its flow consists on symplectic maps.

Since it is not at all easy to check that the flow of a vector field is made up of symplectic maps, we give a
last result which characterizes the symplectic vector fields in terms of the Lie derivative and the isomorphism
b,,. This result is proved by using the Poincaré lemma which is the reason motivating us to enunciate it. As
well, although it is not exactly part of the symplectic theory, it is very helpful to prove many results.

Lemma 2.8 (Poincaré Lemma). Let w be a closed p-form over a manifold Q. Then, for any x € Q, there
exists an open set U such that x € U and a (p-1)-form a defined over U, such that w = da in U.

Proposition 2.9. Let (Q,w) be a symplectic manifold and X be a vector field over Q. Then, the following
statements are equivalent:

1. X is a symplectic vector field.
1. The Lie derivative of w with respect to X is zero, that is, Lxw = 0.

1is. For any x € @, there exists an open set U in @ such that x € U and a smooth function f : U — R
such that b,(X) =df inU.
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Our review on symplectic geometry ends here (for more details on symplectic geometry see, for instance,
[AbMa], [LeRo]). Nontheless, before moving on, we will see an example of what we have been doing.
Specifically, we will show that given any manifold @, its cotangent bundle T*@Q can be provided with a
symplectic structure. Therefore, this will yield to plenty of examples and, at the same time, it will leave a
very rich theory from which we can keep working on.

2.1.1 Canonical symplectic structure of the cotangent bundle

From now until the end of this section assume that () is a manifold, T*(Q its cotangent bundle and Il :
T*@Q — @ the canonical projection. Let us begin defining the Liouville 1-form which is key in order to obtain
a symplectic structure in 7*Q.

Definition 2.10. The Liouville 1-form, is the I-form Aq : T*Q — T*(T*Q) over the cotangent bundle given
by
Ao(a)(X) = a(TWlg(X)) for aeT*Q and X € T,(T7Q)

It can be easly shown that if (U, ¢ = (¢, ..., ¢")) is alocal chart in Q and (ﬂél(U),f =(¢' ..., ¢ 1, Pn))
is the corresponding induced chart, then Ag can be expressed locally as

Ao = Zpidqi (2.3)
i=1

And not as easily, we have the following proposition which gives a characterization of the Liouville 1-form.

Proposition 2.11. The Liouville 1-form g is the unique I1-form over T*Q satisfying f*Ag = B, for any
1-form B on Q.

Now, let us define a closed 2-form wg over T%Q as wg = —dAg. Taking the same charts as before we
conclude

wg = Z dq' A dp; (2.4)
i=1

which implies that the 2-form is non-degenerate.

Definition 2.12. The 2-form wg over T*Q defined as wg = —dAg is called the canonical symplectic
structure of the cotangent bundle.

This symplectic 2-form is fundamental in order to prove the last result of this section. It will show a
property that satisfies any diffeomorphism defined over a manifold. But first, remember the definition of the
cotangent lift of a map.

Let F : Q@ — @ be a diffeomorphism. Define the cotangent lift of B, T*F : T*Q — T*Q as

TF=T"Fr.q: T;Q — Tpa,Q (2.5)
a = T*Fla) '
where T*F(a)(X) = a((Tp-1(5)F)(X)) for X € Tp-1(,)Q.

Proposition 2.13. If F : Q — Q is a diffeomorphism then the cotangent lift of F, T*F : T*Q — T*Q, is a
symplectomorphism.

With this proposition ends the part of the project dedicated explicitly to symplectic geometry. From
now on, we will use all these results in order to reach our goal.
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2.2 Mechanics on manifolds

We began the first chapter giving some basic background about Lagrangian and Hamiltonian mechanics.
These notions were enough to deal with the example of the rigid body from a physical perspective. Never-
theless, since our current concern is to go back to the example but from a mathematical perspective, what
we have introduced will not be enough. Thus, we will go over the same, but now, in a deeper way. The only
matter that we will see later is the Poisson bracket that will be discussed in the chapter of Poisson manifolds.

Just like before, our main interest is the Hamiltonian formulation but we will obtain it from the Lagrangian
formulation via the Legendre transformation. But first, we will focus on a fact that we have left out in the
first chapter: identify in what kind of spaces we are formulating our theories.

2.2.1 Configuration manifold, phase space of the velocities and phase space of
momenta

In the last chapter when we introduced the equations of motion, we referred to the variables describing the
system, but we did not specify what they are. Here we will go back into it in depth.

First of all, let us define the configuration space of a given mechanical system as the set of all possible
positions of the system. In general, it is not an Euclidean space but a manifold, and that is why it is also
known as the configuration manifold. Under this definition, the variables describing the system will be the
local coordinates of the manifold, noted as ¢°. They are known as generalized coordinates and their number
will determine the dimension of the configuration manifold which coincides with the degrees of freedom of
the system.

As an example, recall the case of a N-particle system that we have already seen. In this case, the
configuration manifold was R3Y since no restrictions were imposed over the positions of the system. A more
general case will be one in which the system is subjected to certain constraints, to adjust onto a given shape
or to verify some properties, for instance. In general, these constraints can be expressed as

fi(zi) =0 for i=1,...N and j=1,...k <3N

Here (x1,...,73y) are the standard coordinates on R3. Then, the configuration manifold is Q = {xl € R¥|
fi@i) =0}

However, it is not enough to determine the positions in order to describe the physical state of the system.
For this reason, we introduce the phase space of velocities and the phase space of momenta. The phase space
of velocities will be the set of all possible velocities of the system. Given a position ¢ € ), mathematically,
the set of all possible velocities in that position will be the tangent space at the point ¢ € @, that is, T,Q.
So, the phase space of the velocities is the tangent bundle T'Q with coordinates (¢°,¢"), since we are not
imposing any constraint to the velocities. In an analogous way, define the phase space of momenta as the
cotangent bundle T*Q of the configuration manifold with coordinates (¢*, p;).

We will spend the rest of the chapter studying two equivalent ways of obtaining the equations of motion
of an autonomous and conservative mechanical system. First, we will obtain them in the phase space of
velocities and after that in the phase space of momenta where we will use the symplectic structure that we
have seen before.

2.2.2 Lagrangian mechanics

As one can deduce from the first chapter approach, Lagrangian mechanics is formulated over the phase space
of velocities. We can define the Lagrangian function on it and deduce the Euler-Lagrange equations from a
variational perspective. Our purpose now is to accurately show that Hamilton variational principle leads to
the Euler-Lagrange equations for a given Lagrangian L.

From now on, suppose @ is the configuration manifold of some autonomous and conservative mechanical
system, T'Q its phase space of velocities and T*(@) its phase space of momenta. Let us define the Lagrangian
function of that mechanical system as follows.



CHAPTER 2. LAGRANGIAN AND HAMILTONIAN FORMALISMS 20

Definition 2.14. A smooth function L : TQ) — R is called a Lagrangian.

Suppose that L = L(¢’, ¢*) is a Lagrangian function and ¢*(¢y) and ¢*(t;) for i = 1,...,n are the positions
of the system in two given instants of time ¢y and ¢;. Our interest is to determine which is the physical
trajectory that the system takes between those instants.

To do this, consider the family of trajectories ¢’(t, s) parameterized by s € [—¢, €] such that ¢(to,s) =
q(to) and ¢'(t1,8) = ¢'(t1) Vs for i = 1,...,n. As well, we require that s parameterizes the family in a
smooth way which guarantees that % exists in the time interval [tg, t1]. Let us consider also the following
functional action

ty

S(s) = / L(g'(t, 5), 4 (1, 5))dt (2.6)
to

which depends on s since it depends on the trajectory and the trajectory depends on s. What the Hamilton

variational principle states is that among all possible trajectories, the system will take the one that minimizes

that functional. Let us try to put it in mathematical terms.

We can assume without loss of generality, that the minimum is reached when s = 0. Denote by § = 4

E\s:O
and call it variation. Then, the Hamilton variational principle states that the physical trajectories of the

system verify
ty1

6S=46 | L(¢",¢")dt=0 (2.7)
to
Due to the fact that the s-dependence of the second term comes form the s-dependence of ¢* and ¢* involved
in the Lagrangian, (2.7) is equivalent to

55:/ L, d)dt = 0 (2.8)
to
Now, using
(0L _, OL_.,
0L = -4q" -5¢" 2.9
;<aqzq+aqlq) (2.9)
and OL oL d d [OL d oL
54 = —0¢" = — | 2=0¢" | — | == | 0¢8 fori=1,... 2.1
a¢ !t T o at’ T @ {aqz q] [dt@cjl} ¢ el (2.10)
where the equality of the mixed partials has been used, we have
“~/[oL doL]., dIJoL_,
0L = - — ——— | 0q" + — 0q" | ) . 2.11
H([@ql dtaq'l} T [841 qD @11
Thus, inserting (2.11) to (2.8),
"\ (MToL  doL] ., "\ (" d [oL _,
0=08= — — ——| dq"dt — | ==0q"| dt 2.12
Z/ Bk +Zl/ i 5 (212)
The second term of the integral is 0 since ¢'(s,t) has fixed endpoints in to and t1, which implies d¢*(to) =
5q'(t1) = 0 for i = 1,...,n. Finally, because ¢’ are arbitrary, we conclude
d oL 0L
_—— = - =0 fori=1,... 2.13
dt aqz aqz Oor 7 ) , ( )

which are the FEuler-Lagrange equations. Then, we have just proved that a trajectory ¢'(t) verifies the
Euler-Lagrange equations if and only if it verifies Hamilton variational principle.
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Remark The proof above is not entirely general. In fact, the result is proved only in the case that the
two endpoints and the whole family of trajectories lie in the same chart (for instance, the result is proved
for Euclidean spaces). If that hypothesis was not true, we could break the trajectory into subtrajectories,
each one of them remaining in one chart. Also, we could do the same with the paths of the family ¢'(t, s).
These subpaths do not verify, necessarily, the propriety of leaving the endpoints fixed, so we could not use
the result that we have jut proved. Nontheless, from (2.12) and assuming that the endpoints are not fixed,

we get
n + n
' [OL d OL ;
- — —— | d¢"dt = E
Z/t L’?q’t dt aql] T
0 1=1

i=1

oL _ |
5q° 2.14
R (2.14)

1
to
Taking advantage of this result which holds for any path, it can be shown, without much work, that a
trajectory ¢'(t) verifies the Hamilton variational principle, if and only if, it verifies Euler-Lagrange equations
in every local coordinate system.

Finally, remember from the first chapter the definition of a regular Lagrangian.

oL
94'047

Definition 2.15. A Lagrangian L is regular if the Hessian matriz ‘ is invertible for every system of

local coordinates (q*,4") on TQ.

In the next section we will also remember the definition of a hyperregular Lagrangian, the one we need.
We are not giving it now because more definitions are necessary to do it.

2.2.3 Legendre transformation and Hamilton Equations
First of all, we will introduce the Legendre transformation associated with a Lagrangian function.

Definition 2.16. Let L : TQ — R be a Lagrangian, we define the corresponding Legendre transformation
Legr, : TQ — T*Q as
LegL‘TqQ s T,Q — T;Q
uqg — Legr(ug)
where

Legr(ug) :T,0 — R

vg — L(ug + tvy)

ds|s=0

Now, we are going to see that in local coordinates it has the same expression as the Legendre transfor-
mation defined in Chapter 1.

Let (U, = (¢*,...,¢")) be alocal chart in Q, (Tél(U),G = (¢4, ...,q" ¢, ...,¢")) be the corresponding
chart in T'Q and (ﬂél(U),g =(¢*,...,q",p1,-..,Pn)) be the corresponding chart in 7*Q. Then, (poLegro
® 1) is locally given by

., 7t _ Le _ $ _
p(rgt(U) 74 (U) % o' (U) — (g (U))
i i noi 9 n 9L '(¢.d") g i OL(@ '(d’.¢’
(@.¢) = Y Cog iy T 2im & 84(? Thdg sy — (@', 2 8:1(? =
(2.15)
Therefore, given a vector z € Tél(U) the matrix associated to the linear map T,Legr : T,(TQ) —
Treq, (T*Q)with respect to the bases {aqi o’ BT ‘z} and {8(11. \Legy (x)’ TP ‘LegL(m)} is

I 0
3L 9%L (2- 16)
8q°0¢7  94'oqg;
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Thus, the Lagrangian will be regular if and only if Legy, is a local diffeomorphism.

Definition 2.17. A Lagrangian L is hyperregular if the associated Legendre transformation is a global
diffeomorphism.

The hyperregular Lagrangians will be very important since they allow us to introduce the Hamiltonian
function of the system. First, we will introduce the Lagrangian energy associated with a Lagrangian function.

Definition 2.18. The energy function for a Lagrangian L : TQ — R is the function Er,, defined by

Er - TQ — R
v s Legr(v)(v) - L(v)

In the previous charts the local expression will be
Ep = E — L N, ¢ 2.17
L= = 1q 8q @) ( (¢,d")) ( )

Remark Notice that if the Lagrangian is the kinetic minus the potential energy as in (1.3), then the energy

function is N
n ) 1 . . n ) )
_ N AY R N&AYS 7\ NFAYA 7
EL—;mz(Q) Q;mz(q) +V(Q)—;mz(q) +V(d) (218)
that is, the kinetic plus the potential energy, so the total energy of the system.

Finally, we are ready to introduce the Hamiltonian function.

Definition 2.19. Let L : TQ — R be an hyperregular Lagrangian and Ej, the energy function associated to
L. Then, the Hamiltonian function H : T*Q — R is given by

H=FpoLeg, !

Again, assuming that Legr (¢*, ¢*) = (¢, p;), the local expression of the Hamiltonian function in the given
charts will be

H(q',pi) szq ¢, p;) — L(¢',d' (¢ pj)) (2.19)

which makes sense since the Lagrangian is hyperregular.
Taking partial derivatives in (2.19) we obtain

tL o oL 3¢ oL
=Y ni - Z T _ o (2.20)
j=1

aqj aq oq’

and,

- 3q7 3L 8q3 i

On the other hand, using Euler-Lagrange equatlons (2.13), we get,

oL d (OL\ _dp

which together with dd—q: = ¢%, (2.20) and (2.21), leads us to the Hamilton equations

. OH OH
Q=5 Bi=—gy  fori=l.n (2.23)
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Conversely, if t — (¢*(t),p:(t)) is a solution of the Hamilton equations for H, then t — (¢'(t)) is a solution
of Euler-Lagrange equations for L.
So, we have just proved the following theorem.

Theorem 2.20. Let L : TQ — R be any hyperregular Lagrangian, H : T*Q — R the corresponding
Hamiltonian function and o : I — @ be a curve on Q. Then, o is a solution of the FEuler-Lagrange equations
for L if and only if Legy, o6 : I — T*Q is a solution of the Hamilton equations for H.

As a result of the Legendre transformation, we have introduced Hamilton equations and we have shown
their equivalence to Lagrangian ones. Nevertheless, this way of viewing the Hamiltonian formalism has some
disadvantages since it has left some important properties of Hamiltonian systems out. In the next section,
we will see that one may associate a vector field to an arbitrary Hamiltonian function on 7*@Q. For this
purpose, we will use the canonical symplectic structure of the cotangent bundle.

2.2.4 Hamiltonian mechanics and the symplectic structure of the cotangent
bundle

Let @ be a smooth manifold. Denote by wg the canonical symplectic structure of 7*Q and by by, :
X(T*Q) — QY (T*Q) the corresponding isomorphism of F(Q)-modules.
It induces the following definitions.

Definition 2.21. If H : T*Q — R is a Hamiltonian function on T*Q then the Hamiltonian vector field of
H is just the vector field Xy on T*Q given by

_ -1
Xp = b3} (dH)
In other words, Xy € X (T*Q) is characterized by the following condition
ix,w=dH (2.24)
Definition 2.22. The triple (T*Q,wq, Xm) is called Hamiltonian system.

Notice that from Proposition 2.9 we conclude that any Hamiltonian vector field is a symplectic vector
field. The reciprocal is not always true, since the third condition of the proposition has local character.
Nevertheless, it leads us to introduce the definition of a locally Hamiltonian vector field on a symplectic
manifold.

Definition 2.23. A wvector field on a symplectic manifold (S,w) is said to be a locally Hamiltonian if for
every point x € S there exists an open set U of S, x € U, and a real smooth function H : S — R such that

boe(dH) = (Xn)ju

where by, : X(S) — QY(S) is the isomorphism of F(S)-modules induced by w. If U = S then the vector field
is said to be Hamiltonian.

Now, we will see that the integral curves of the Hamiltonian vector field of an arbitrary Hamiltonian
function H : T*Q — R are just the solutions of the Hamilton equations. In fact, form (2.4) and (2.24), we
deduce that the local expression of Xy is

- (8H o O0H 0 ) (2.25)

Xy =b (dH) = gL 9 92 Y
Thus, if 0 : (—€,¢) = T*Q is a curve on T*Q, then, o will be an integral curve of Xy if and only if
Xp (o) = &, which yields, almost immediately, to Hamilton equations (2.23).
On the other hand, it is easy to prove the following result.
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Proposition 2.24. Let h: Q — S be a symplectic map between two symplectic manifolds (Q,w) and (S, a).
Then,
Toh(Xpon(x)) = Xp(h(x))

for F € F(S) and x € Q.
From Proposition 2.24, we deduce the following corollary

Corollary 2.25. Let h: T*Q — T*Q’ be a symplectic map and F' : T*Q" — R be a real smooth function on
T*Q'. If v : I — T*Q is a solution of the Hamilton equations for F' oh : T*Q — R, then ho~y : I — T*Q’
1s a solution of the Hamilton equations for F'.

This last result may be very useful. In fact, if A : T*Q — T*(Q is a canonical transformation, H : T*Q — R
is a Hamiltonian function such that H o h = H and o : I — T*() is a solution of the Hamilton equations
for H, then o oh : I — T*(Q also is a solution of such equations. Thus, from a solution of the Hamilton
equations for H we may obtain a new solution of such equations.

This corollary ends the review on the Lagrangian and Hamiltonian formulation that we give. Over the
next chapters we will use many of the stated results, specially those related with the phase space of momenta
and Hamiltonian mechanics.



Chapter 3
Lie groups

The starting point of the study of any mechanical system is the configuration manifold. The theory we want
to develop in this project deals with mechanical systems which have as a configuration manifold a Lie group.
The properties that verify such manifolds will be key in order to obtain the most important results of the
project and that is why we dedicate this chapter to Lie groups.

The chapter is divided in two main parts. The first one deals with the notions of Lie group and subgroup,
its associated Lie algebra and the left invariant vector fields, group homomorphisms and the exponential map.
In the second one we will discuss the definition of an action of a Lie group on a manifold and we will consider
two particular actions: the adjoint and the coadjoint actions associated with a Lie group. These two actions
together with the Lie algebra and the left invariant vector fields will be fundamental issues over the next
chapters.

3.1 Lie groups

3.1.1 Lie groups and Lie algebras
Let us start defining a special type of manifolds, Lie groups, which are the fundamental tool of the chapter.

Definition 3.1. A Lie group G is a smooth manifold which is endowed with a group structure such that the
maps

GxG - G i: G - (@
(g:h) — g-h g — g

are smooth, where - is the group operation.

This last condition might be also reformulated in terms of the map p defined below:

w: GxG — G

(g.h) — g-h7! (3.1)

Indeed, the inversion map ¢ and the group operation are smooth, if and only if, 4 is smooth. In fact, if e is
the identity element and C, : G — G x G is the map given by C.(h) = (e, h), then, the following equalities
prove the result:

p=-o(ldg x 1), i=poC,, -=po (Idg x i).
Throughout the whole chapter G will denote a Lie group and e the identity element.

Example 3.2. i. Any vector space with the addition is a Lie group. Particularly, R” with the vector
addition is a Lie group.

25
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ii. Define the General linear group GL(n,R) as the set of all n X n matrices with non-zero determinant,
that is, GL(n,R) = det~*(R — {0}). Note that, GL(n,R) is an open subset of the set of the square
matrices gl(n,R), so it is a submanifold of gi(n,R). Thus, it can be easily checked that GL(n,R) is a
Lie group with the standard multiplication of n x n matries.

iii. If G and L are Lie groups, G x L is a Lie group with the product manifold structure and the induced
operation between them, that is (g1,11)(g2,l2) = (9192, l1l2) for g1,92 € G and 11,15 € L.

Next we will recall the definition of a Lie algebra and subalgebra and we will present some important
examples.

Definition 3.3. A Lie algebra is a couple (A,[, ]) where A is a vector space and [, ]: Ax A — Aisa
R-bilinear map such that

i. [u,v] = —[v,ul], Yu,v € A (skew-symmetry)
ii. [u, [v,w]] + [w, [u,v]] + [v, [w,u]] =0, Vu,v,w € A (Jacobi identity)

Definition 3.4. A Lie subalgebra of a Lie algebra (A,], |), is a subespace of A which is closed under the
bracket [ , ].

Clearly, a Lie subalgebra is also a Lie algebra with the same bracket.
Example 3.5. i. R? endowed with the cross product [u,v] = u X v is a Lie algebra.

ii. Any vector space V with the trivial bracket [z,y] = 0 for all z,y € V, is a Lie algebra. In particular,
R™ is a Lie algebra with such a bracket.

iii. If M is a manifold, then the standard Lie bracket of vector fields defines a Lie algebra structure on the
vector space X (M).

iv. gl(n,R) is a Lie algebra when endowed with the bracket
[A,B] = AB— BA VA,B € gi(n,R) (3.2)

As we pointed out, our current goal is to associate to any Lie group G a Lie algebra of finite dimension.
In order to do it we will show that given a Lie group G, it exists a distinguished Lie subalgebra of X (G).
Moreover, we will show that it is isomorphic to T.G and hence, the tangent space of a Lie group at the
identity element will also have Lie algebra structure. But before that we give two definitions.

Definition 3.6. Let G be a Lie group and g € G. Define the left translation and the right translation by g
as the maps given by

Ly: G - G Ry: G — (G
h — g-h h — h-g

From the definition of Lie group we can assure that L, and R, are smooth. Besides, since Ly, 0Ly, = Lg, 4,,
Ry, © Ry, = Ryg,g, and L. = Id = R., it is clear that (Ly)~' = L,-1 and (Ry)~* = R,-1. Therefore, L, and
R, are diffeomorphisms. It can be also easily checked that L, o R, = Ry 0 Ly,.

Now, we will introduce the notion of a left invariant vector field.

Definition 3.7. A vector field X € X(G) is called left invariant if
Tnly(X(h)) = X(g9-h) Vg,heG
that is TL, X = X.

Denote by XL(G) the set of left invariant vector fields.
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Proposition 3.8. X (G) is a Lie subalgebra of the Lie algebra (X(G),[, ]).
Proof. Let X, Y € X1(G), we have to check that [X,Y] € XL(G) or what is the same

TL (X, () = [X,Y](g - b) = [X, Y](L,(h) Vg,heG

But this equality holds true since X and Y are Lg-projectable to themselves by hypothesis.

Before seeing the next results, let us define another type of vector fields on a Lie group.

Definition 3.9. The left extension of any £ € T.G is a vector field X¢ given by
Xe(g) =TeLy(§) Vge G
It is easy to show that the left extension of £ is a left invariant vector field. Indeed,
ThLg(Xe(h)) = ThLg o TeLn(§) = Te(Lg © Ln)(§) = TeLgn(§) = Xe(gh)

Finally, we are going to provide T.G with a structure of Lie algebra. In order to do it, first we will show
that T.G is isomorphic to XL (G) and then we will use the Lie algebra structure of X7(G) to endow T.G
with such a structure.

Proposition 3.10. X (G) = T.G. In particular, X(G) is a real vector space of finite dimension.

Proof. 1t is enough to define

p: X(G) = T.G p2: T.G — X (G)
X - X(e) & - X
It is clear that p; and ps are linear maps and p; o p2 = Idr,g and p2 0 p1 = Idx, (q)- O

Remark 3.11. Let us recall the following property of real vector spaces: ”If V is a real vector space, then
T,V =2V Ve V” Itis important to keep it in mind because it will be largely used along the project.

Once we have that X1 (G) = T.G, we define a bracket on TG as follows
[€.n] = [Xe, Xyl(e) V€ meTG. (3-3)

It is immediate to prove that such a bracket defines a Lie algebra structure on T,G. On the other hand,
since

Pl(X[E,n]> = [§, 1] = [Xe, Xal(e) = pr([Xe, X))

we have

Xie) = [Xe, Xy). (3.4)

Definition 3.12. The vector space T.G endowed with the Lie algebra structure defined above is called the
Lie algebra of G.

We will use g to refer to TG or equivalently to X7, (G) with their Lie algebra structure defined previously.

3.1.2 Homomhorpisms of Lie groups and Lie algebras

In this section we present some basic results about the homomorphisms between Lie groups and Lie algebras.
They will be extensively used along this chapter because they allow us to relate different Lie groups (or Lie
algebras) and to regard some of them in a more suitable way. As well, the definitions and the results that we
will give are the basic background that we need in order to define and give the properties of the exponential
map in the next section.
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Definition 3.13. Let (G,-) and (H,+) be two Lie groups and f : G — H be a smooth map. [ is said to be
a Lie group homomorphism if it is a group homomorphism, that is,

flg-n)=flg)+ f(h) Vg,hed
Moreover, if f is a bijective then f is said to be a Lie group isomorphism.

Example 3.14. R — {0} with the standard multiplication of real numbers is a Lie group. Furthermore,
since |[AB| = |A|-|B]| for A, B € GL(n,R) the map det : GL(n,R) — R — {0} is a Lie group homomorphism.

Definition 3.15. Let (g,[, ]) and (h,[, ]") be two Lie algebras and f : g — b be a linear map. f is said to
be a Lie algebra homomorphism if

FU&) =[£©). fm)]) VE&neg

Moreover, if f is bijective then f is said to be Lie algebra isomorphism

Example 3.16. Denote by gl(n,R) the Lie algebra of GL(n,R). Then, gl(n,R) might be identified with
gl(n,R),[, ]), where [, ] is the bracket defined in Example 3.5. In fact, there exists a Lie algebra isomorphism
between gl(n,R) and gl(n,R). Let us prove it.

Let z;; be the generalized coordinates of gl(n,R) which are given by z;;(ar) = a;;. Consider the map

a: T.(gl(n,R)) — gl(n,R)
v = av)y = (v(zi))

and using that X7 (GL(n,R)) = gl(n,R) = T, (GL(n,R)) = T.(gl(n,R)) define g as

B: gl(n,R) — gl(n,R)
X o B(X)=a(X(e)
It is easy to prove that 3 is a vector space isomorphism. Therefore, the only fact that is left is to prove that
B([X,Y]) = [B(X), B(Y)] for any X, Y € XL(GL(n,R)) = gl(n, R).
Let A, B € GL(n,R) be matrices and X,Y € gl(n,R) be left invariant vector fields. First of all notice
that,

(wij 0 La)(B) = xi;(AB) = Y wi(A)z);(B)
k

Now, taking into account that X is a left invariant vector field we have

(X (3)))(A) = T.La(X(e))(xi;) = X (e)(ws; 0 La)
= X(e) (Z l’ik(A)Sij> = ZIzk(A)X(e)(ka)
k k
= Z]}ik(A)Oé(X(e))kj = ink(A)B(X)kj
k k

which means that

X(wij) =Y BX)kjTin.
k
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Finally, we obtain

6([X7 Y])z] = a([Xv Y](e))ij = [X7 Y](e)(azu)
= X(e)(Y(zi;)) — Y(e)(X(wij))

= X(e) (Z ﬁ<Y>ijm> ~Y(e) (Z 6<X>ijik>
k

(X(e)(wix)B(Y )k — Y(e) (i) B(X)rj)

= [B(X), BV}

At last, we give an interesting result that allows us to define a Lie algebra homomorphism between the
associated Lie algebras of two Lie groups provided that we have a Lie group homomorphism between them.
It is important to bear in mind its proof because it will be used further on.

Proposition 3.17. Let (G,-) and (H,+) be two Lie groups with identity element e and €' respectively. If
f:G — H is a Lie group homomorphism, then

T.f:T.G — ToH

is a Lie algebra homomorphism.

Proof. It T, f(Xe(9)) = X1, 5(¢)(f(g)) for all £ € TG and for all g € G, then

Tefl&,n) = Tef ([Xe, Xyl(€)) = (X1, 100, Xmopop|(€)) = [T f(€), Tef ()] V& n € T.G

Consequently, it is enough to prove that the previous equality holds. In fact, given any g, h € G, we have
that (f o Ln)(g) = f(hg) = f(h)f(g9) = (Lsn) © f)(g). Thus,

Tgf(Xﬁ(g)) = Tgf(TeLg(f)) = Te’Lf(g) (T.f(&)) = XTef(f)(f(g))'

3.1.3 Exponential map

We will introduce the exponential map, give some of its properties and study some important particular
examples. It is important to point out that those concepts will be widely used throughout the rest of the
chapter.

Let us give a first definition which will help us to characterize the integral curves of left invariant vector
fields starting at e.

Definition 3.18. A one-parameter subgroup of a Lie group (G, -) is a Lie group homomorphismy : (R, +) —
(G,).

Notice that since v is a Lie group homomorphism we have v(0) = e. Following this definition, the next
result gives the existing relationship between such homomorphisms and the mentioned integral curves.

Proposition 3.19. There ezists a bijective correspondence between the one-parameter subgroups of G and
the integral curves of the left invariant vector fields of G starting at e.
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Proof. Assume that ~¢ is a one-parameter subgroup of G' such that § = TO’YE(%\SZO) € T.G and X¢ is the

corresponding left extension. We have that v¢ o Ly = L, (1) 07¢ , where L; : R — R is the left translation by
t in the additive group (R, +) (see the proof of Proposition 3.17). Thus, it follows that

d d d
Tie <dt|t) =T (TOLt <d5s—o>> =Tolw o L) (dS|s—o>

d
=TeL, 1) (TO’Yg <dSS=0>> =TeLy(1)(§)
= Xe(7e(?))

Conversely, let X¢ be a left invariant vector field and 7¢ be its integral curve starting at e, i.e, 7¢(0) =e.
We have to prove that 7¢ is a one-parameter subgroup. Let U be an open set of G and I = (—¢,€) be an
open interval in R and consider the local one-parameter group ¢x, : U x [ — G associated with X¢. Clearly,
we have that v¢(t) = ¢x, (e, 1).

Given any g € G, define the curve o, : I — G as 04(t) = g - (). We claim that o, is the integral curve of
X starting at g. Indeed,

d d d
rioy () =070 (G5,) = ot (70 (35,

=Ty (1) Lg(Xe(e(1)) = Xe(g - ¢(1))
= Xe(og(t)).

Therefore, 0,(t) = ¢x,(g,t) for (g,t) € U x I. Thus, if ¢; and ¢, are small enough,

Ye(ty +t2) = dx, (e, t1 +t2)
= ((¢x )tz © (dxc)t)(€) = (dx)en (Ve(t1))
= (xc) (e (t1), t2) = O 1) (t2)
= Ye(t1) - ve(ta).

It proves that 7 is a local Lie homomorphism. However, using the same fact, it can be extended to the real

line defining
t n
Ye(t) = (W& (n)>

for n such that % cl. O

Remark 3.20. Let £ be an element of g and X, be the corresponding left invariant vector field on G. Then
X¢ is complete and its global flow is given by

oxc(9:t) = g 7e(t)

Once we have studied the integral curves of the left invariant vector fields let us move on to the exponential
map.

Definition 3.21. The exponential map expg : g — G is defined by
expa(§) = ve(1)
Proposition 3.22. i. expg 18 smooth.

ii. expa(te) = e(t).
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There exists an open neighbourhood U of 0 in g and an open neighbourhood V' of e in G such that
expg : U — V is a diffeomorphism.

Proof. i. Define a vector field Z on G x g as follows:

ii.

iii.

Z: Gxg — T(Gxg)
(g,§) — (Xg(g),O)

Its integral curve through (g, &) is given by t — (g - ve(¢), ). Thus its flow is

F: Rx(Gxg) — Gxg
t,(9:6) = (9-7(),¢)

Finally, if 7 : G x g — G denotes the projection onto G and (C1,C,, Id) : g — R x (G x g) is the map
given by £ — (1, (e,&)), we have that

expc =m0 F o (Cy,C,, Id).

Since m, (C1,Ce, Id) are smooth and F is also smooth due to the fact that it is a flow, we conclude
that expg is smooth.

By i. it is enough to prove that v¢(t) = y1e(1) = expg(t€). We will show that y¢(s) = ve(st) for all
s € R and choosing s = 1 we will get the result.

First of all, using the fact that ¢ and 7¢ are one-parameter subgroups, it is clear that v¢(0) = v¢(0) =
e. Then, the curves s — 7¢(s) and s — ~¢(st) satisfy the same initial condition. Moreover, given
g€Gq,

Xig(g) = TeLy(t€) = tTeLy(§) = tXe(9)

Therefore,

dv;gs(s) = Xie(ie(5)) = tXe(y1e(s))-

On the other hand,
de(st) _ drye

£ — 45 () = X)),

Therefore, s — v¢(s) and s — 7¢(st) are integral curves of the same left invariant vector field X, =
Xie. This implies that v.(s) = v¢(st) for all s € R.

It is sufficient to prove that Toexpg : Tog — TG is a linear isomorphism. Indeed, if it is true, using
the inverse function theorem we obtain the result.

Using that Tpg = g and 1T.G = g we might regard Toexps as a map g — g. Now, if £ € g then the
corresponding vector X € Tyg is given by

X = pe(0)
where pe : R — g is the curve defined by p¢(t) = t€. Thus,
Toexpa(X) = Toexpa(p:(0)) = (expa o pe)'(0).

By i, expg o pe = ¢, 50
Toexpa(X) =:(0) = ¢

O

From Proposition 3.22 and the previous proposition it follows that all one-parameter subgroups of G are
of the form t — expg(t€), with € € g.



CHAPTER 3. LIE GROUPS 32

Example 3.23. Let (V,+) be a vector space with the addition as the group operation. From Remark 3.11
its Lie algebra can be identified with V' and, easily one has that exp : V — V is the identity.

Example 3.24. If G is the general linear group GL(n,R), the exponential map is the usual exponential
map for matrices
exp(A) =ya(1) = ; T for A € gl(n,R) (3.5)

Let us see it. Consider the map
y4 R —  GL(n,R)
t o LA
Clearly v4(0) = Id. Define the curve

ora R = gl(n,R)
s — I+sA
and remark that
va(t) -ora :(—€€) — GL(n,R)
s = ya(t) + sya(t)A
Then,

TrLy,t)(A) = T1Ly, 1)(07.4(0)) = (Ly,t) 0 014)'(0)
= (ya(t) - 074)(0) = va(t) - A
Finally we have that
ti71

Yalt) = D A = all) - A= Tl o(4) = Xa(a(0)

n
=0

which proves that 74 is a one-parameter subgroup. Thus the exponential map is given by (3.5)
At last, we prove a last result which gives an useful formula for the exponential map.

Proposition 3.25. Let f : G — H be a Lie group homomorphism. If e € G denotes the identity element,
then
flexpa(§)) = expu(Tef(§)) VE<g

Proof. As we know (see the proof of the Proposition 3.17)
Ty [(Xe(9)) = Xr.pe)(f(9)) Vg e

Using this fact it is easy to check that if v, is the one-parameter subgroup associated with &, then f o~ is
the one parameter subgroup associated with T, f(£). Hence,

expr (Te f(€)) = v1.16)(1) = (f 0 7¢)(1) = f(expc(§)).
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3.1.4 Lie subgroups

Most of the Lie groups that one can find are, in fact, Lie subgroups of GL(n,R). That is why in this section
we give the formal definition of a Lie subgroup and enunciate the Cartan theorem which allows us to identify
such subgroups. Nevertheless, the theory that we are working up is focused on the Lie algebras of Lie groups,
so we need to study the relationship between the Lie algebra of a Lie group and the Lie algebra of a Lie
subgroup.

Definition 3.26. A Lie subgroup H of a Lie group G is subgroup of G such that the inclusion mapi: G — H
1S an immersion.

Theorem 3.27 (Cartan). Any closed subgroup of a Lie group G is a Lie subgroup.
Proof. See, for instance, [AbMa], [War]. O

Now, our interest is to relate the Lie algebra of G with the Lie algebra of a Lie subgroup H. The next
proposition gives this result, but we need a previous lemma in order to prove it.

Lemma 3.28. Let ¢ : N — M be a smooth map and ¢ : P — M be an integral submanifold of an involutive
distribution D in M such that o(N) C ¢(P). Let o : N — P be the unique map such that ¢po g = p. Then
wo 1s smooth.

Proof. See for instance [War]. O

Proposition 3.29. Leti: H — G be a Lie subgroup of G. Then Y is a Lie subalgebra of g and

b ={¢ €glexpa(t) € i(H) Vt € R}

Proof. Let e be the identity element of G. Since ¢ is an immersion, from Proposition 3.17 we have that
T :T.H>=hHh - T,G = gis a Lie algebra monomorphism. Therefore, T.i(h) is a Lie subalgebra of g
isomorphic to the Lie algebra b.

Let us prove the double inclusion:

C| Fix € = Tei(n) € Tei(h) = b with n € h. We have

expa(t€) = expa(tTei(n)) = expa(Tei(tn)) = i(expu(in)) € i(H) VteR

2| Suppose that expg(t€) € i(H) Vt € R. Then, expg(t€) = (i o ¢)(t) with ¢(t) € H.
Now, consider the distribution D on G whose characteristic space at the point g € G is,

D(g) = {Xe(9)€ € b}

From (3.4) we conlcude that D is involutive. Besides, taking into account that (H,%) is an integral subman-
ifold of D we can use the previous lemma and we conclude that ¢ is smooth. Moreover, since i is a group
homomorphism and expg (t€) = (i 0 ¢)(t), we have that ¢ is a one-parameter subgroup. It means that there
exists n € b such that

¢(t) = y(t) = expu(tn) VieR
Thus,
expg (t€) = i(expu (tn)) = expa(Tei(tn))
Consequently, & = Tpi(n), i.e, £ € Tei(h) = h. O

Let us use all those results to study the particular Lie groups we are interested in.
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Lie subgroups of GL(n,R)

As we know, the map det : GL(n,R) — R—{0} is a Lie group homomorphism (see Example 3.14). Moreover
we have the following result.

Proposition 3.30. The tangent map to det : GL(n,R) — R — {0} at A € GL(n,R) is given by

Tadet: Ta(GL(n,R)) =gl(n,R) — T4R—{0} =R
B —  |Altr(A"'B)

where det(A) = |A| and tr(A) denotes the trace of A.
Proof. Given B € gl(n,R) 2 T4(GL(n,R)) define the curve

ocag: R — gl(n,R)
t —- A+1B

Remark that since the determinant map is continuous, there exists an interval I C R such that cap(I) C
GL(n,R). Then, using the following equalities

|A+tB| = |A||I +tA~'B| I +tB|=1+tr(C)t+---+t"|C]
we conclude that,

Tadet(B) = Tadet(o'y5(0)) = (det o o ap)'(0)
d

=—  (|A[I+tA™'B
G (1Al + A7 B)
=|A 4 (1+tr(A™'B)t+ - +t"|A7'B|)
dt |t=0
= |Ajtr(A™'B)
O
Special linear group SL(n,R) SL(n,R) is defined as

SL(n,R) = det (1) = {B € gl(n,R)| |B| = 1} (3.6)

Thus, SL(n,R) is a closed subgroup of GL(n,R) and by the Cartan theorem we can conclude that it is a
Lie subgroup of GL(n,R).
From Proposition 3.30 it follows that the Lie algebra gl(n,R) of SL(n,R) is given by

sl(n,R) = Tr(SL(n,R)) = {B € gl(n,R)| tr(B) = 0} (3.7)

Orthogonal group O(n) A matrix A € gl(n,R) is called orthogonal if < Az, Ay >=< z,y >, for all
z,y € R™ where < , > denotes the standard scalar product on R™. Equivalently, A is orthogonal if
< Az,y >=< z,Aly >, being A’ the transposed matrix. It leads to A*!A = I, which implies that the
determinant of an orthogonal matrix A is +1. Indeed,

1= 1| = |A"A] = |A]?

Hence, A € GL(n,R).
Now, let us see that the set of the orthogonal matrices, O(n), has group structure and therefore it is a
subgroup of GL(n,R).

i. Obviously I € O(n).
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ii. A,B€O(n) = < ABx, ABy >=< Bz, By >=< z,y > for all z,y € R"” = AB € O(n)

iii. If A € O(n) and x,y € R™ we may define 2’ = A=tz and iy’ = A~1y. Then, < z,y >=< Ax’, Ay’ >=<
2’y >=< A~'x, A~y > which implies that A= € O(n).

Next, we will prove that O(n) is a Lie subgroup of GL(n,R). Define ¢ as

¢: GL(n,R) — S(n)
A —  AA?

where S(n) is the vector space of the symmetric matrices of order n. Clearly ¢ is smooth and the tangent
map in A € GL(n,R) is given by

Ta¢: Ta(GL(n,R)) =gl(n,R) — Taa(S(n))=5(n)
B =0/,5(0) = (¢o0ap)(0)
where o 4p is the curve defined previously in the proof of Proposition 3.30. In fact,

(pooap)(t) = AA* + t(AB' + BA") + *BB*

which yields to

Tad(B) = %”:O(AAt +t(AB' + BA") + t*BB") = AB' + BA'

Now, for A € O(n) and C € S(n) = Th4:S(n), if we put B = < we have

t t
TA¢(B>:AAt%+§AAt:19+91:9+§:

2 2 2 ¢

which proves that Ta¢ is a linear epimorphism. Moreover, O(n) = ¢~1(I) is a closed subgroup of GL(n,R).
Thus we conclude that O(n) is a Lie subgroup of GL(n,R) and, in addition, the Lie algebra of O(n) is

o(n) ={Aegi(n,R)|A=-A"} (3.8)

Special orthogonal group SO(n) Define SO(n) as
SO(n) ={A € 0On)||A| =1} (3.9)

In fact, SO(n) = det~1(1) where det : O(n) — {—1,1} is a Lie group homomorphism. It proves that SO(n)
is a closed subgroup of O(n), i.e, a Lie subgroup. On the other hand we have

SO(n) =0(n)NSL(n,R)

which tells us that SO(n) is an open subset of O(n) and that their Lie algebras coincide, that is, so(n) = o(n).
In particular, we are going to see that the Lie algebra s0(3) can be identified with the Lie algebra (R3, x)
via the hat map! defined as

E R? — 50(3)
0 —V3 (%]
v=(v,v9,v3) — o= w3 0 —u (3.10)
—v2 U1 0
Remark that
0 —v3 U2 w1
brw= U3 0 —u wy | =vXw

—V2 U1 0 w3

IRecall the section 1.2 where we have introduced the hat map for the rigid body.
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which, using the Jacobi identity for the cross product in R? gives

[, 0] - w= (40— 00) - w="14-(vxXw)—0-(uXw)
=uX (vXw)—vx(uxw)=(uxv)Xw
=uxv-w
Thus,
ux v = [i,d (3.11)

and the hat map is a Lie algebra isomorphism.

Remark 3.31. We recall that in section 1.2 (Chapter 1), we have shown that the position z(¢) at the time
t of a particle with label X of a rigid body is given by
z(t) = R(t)X

where R(t) is a rotation matrix which preserves the orientation, that is R(t) € SO(3). It means that SO(3)
is the configuration manifold of that mechanical system. On the other hand, if (p, 6, 1) are the Euler angles
on SO(3), we have that (¢, 0, ¥) are generalized coordinates for the rigid body. Consequentely, we deduce
that the configuration manifold for the rigid body is a Lie group of dimension 3. This fact will allow us to
work over its associated Lie algebra where we have properties helping us to reduce the number of ODE’s
that describe the system.

3.2 Actions of Lie groups

After studying the main properties of Lie groups and their Lie algebras we are ready to begin working with
actions of Lie groups on manifolds. In this section we introduce the main notions and results that we will
need further.

Let us start with the definition of action of a Lie group on a manifold and the first examples.

Definition 3.32. Let M be a smooth manifold and G be a Lie group. A (left) action of G on M is a smooth
map ¢ : G X M — M such that

i. ¢(e,q) =q for allqge M.

i. ¢(g,9(h,q)) = ¢(g - h,q), for all g,h € G and g € M.

Notice that if ¢ : G x M — M is an action and g € G, then ¢ induces a smooth map ¢, : M — M for all
g € G given by ¢4(q) = ¢(g, ¢q) for all ¢ € M. Moreover, this map verifies:

i ¢e = Idpy
. ¢goodn = dgn
i, (69)7" = Gy
Thus, ¢4 is a diffeomorphism and the action can be also seen as an homomorphism of G into the group of

diffeomorphisms of M. In particular, if M is a vector space and ¢, is linear for all g € G, the action is called
a representation of G on M.

Example 3.33. i. The flow F': Rx M — M of a complete vector field X € X' (M) is an action of (R, +)
on M.

ii. Given a Lie subgroup H of a Lie group G, consider the map

v: HxG — G
(h,g) — h-g

It is easy to prove that ¢ is an action of H on G.
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iii. There is an stantard action of the linear general group GL(n,R) on R™ given by (A4,v) — Av for
A€ GL(n,R) and v € R

Before going further, we introduce the tangent and cotangent lift of an action because we will need them
in the incoming chapters.

Definition 3.34. Let ¢ : G x M — M be an action.
i. The tangent lift of ¢ is the action ¢T given by

oT: GxTM — TM
(g,’Uq) — qu)g(vq)

for vy € Ty M.
ii. The cotangent lift of ¢ is the action ¢T  given by
T GxT*M — T*M
(g.0q) = T dg-1(0g)
for ag € Ty M.
It is easy to check that they are actions. For instance, we give the prove for the cotangent lift2.
i. Since ¢ is an action it is clear that ¢7" (e,a) = au.

ii. For any X € Ty, 4(q)M we have

&7 (h, 8" (9, 0))(X) = @7 (B, Ty g1 (g))(X) = T5 (01 (Ty g1 () (X)
=I5 04-1(0q) (Tpno0,()Pn—1 (X)) = aq (Tp, ()01 (Tonos, (@ Pn-1(X)))
=04 (Taﬁhg(Q)(d’g*l © d’h*l)(X)) = Qq (T¢hg(q)¢(hg)*1(X))
=T} Png)-1 (0g)(X) = ¢" (h- g,04)(X)

Consequently, ¢7" (h, o (9,aq)) = o1 (h-g,04)

Example 3.35. Assume that V is a vector space of finite dimension and ¢ : G x V' — V is an action of
a Lie group G such that ¢, is a linear isomorphism for every g € G. We will see that in such a case, the
tangent lift of ¢ under the identification TV =V x V is given by

T Gx(VxV) — VxV
(9, (w,0)) = (@g(v), Pg(v))

First, if u,v € V define a curve on V as follows

Quo: R — Vv
t — v+tu

Then one has that the isomorphism TV =2V x V is given by,

b (VxV) — TV
(w,0) = u(u) = ag,(0)

2Recall the definition of the cotangent lift of a map from section 2.1.1
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On the other hand, bearing in mind that ¢, is linear, one gets

Pg(un) = bg(v) 4 tog(u) = g, (), (v) (1)

which yields to
Tugg(u(u) = Togg(ai,,(0) = a:ﬁg(u)¢g(v)(0) = ¢¢g(v)(¢g (u))

that is, the following diagram is commutative,

v oy
dlvl lw%(u)
Tyg

Thus, we have that the diagram

is commutative and the result is proved.
Now, we introduce the definition of the orbit of a point with respect to an action.

Definition 3.36. Let ¢ : G x M — M be an action of a Lie group G on a manifold M, and g € M be a
point. The orbit of q is defined by

G-q={dy(q) | g€ G}

Example 3.37. Remark that the usual action of SO(3) on R3, (A,v) — Av, verifies that |[Av|| = ||v]|.
Therefore, the orbit of a vector v # 0 will be the sphere of radius ||v||.

One can define an equivalence relation in terms of the orbits. Indeed, two elements will be in the same class
if they belong to the same orbit, that is,

z,y € M x~y < g€ Gsuch that ¢4(x) =y

Thus [¢] = G- q and the equivalence class of ¢ is just the orbit of ¢. If we denote by M /G the quotient which
is induced by this equivalence relation we have the following results.

Theorem 3.38. Let ¢ : G x M — M be an action of a Lie group G on a manifold M and consider the
subset R of M x M defined by

R ={(q,04(q)) € M x M | (9,q9) € G x M}

Then, R is a closed submanifold of M x M if and only if the quotient space M /G is a smooth manifold such
that the canonical projection m: M — M/G is a submersion.

Proof. See [AbMal]. O

Proposition 3.39. Let M and N be two manifolds, G be a Lie group acting on M such that the space of
orbits M/G is a quotient manifold and 7 : M — M/G be the canonical projection. A map ¢ : M/G — N is
smooth, if and only if, pom : M — N is smooth.

Proof. =] It is obvious since ¢ and 7 are both smooth.

<] Let ¢ be a point on M. Due to 7 : M — M/G is a submersion, there exists an open set U C M/G,
7(q) = [q] € U and a local smooth section s : U — M such that s([q]) = ¢. As ¢;y = (¢ o) o s we conclude
that ¢y is smooth. O
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Now, we come to the isotropy group.

Definition 3.40. Let ¢ : G x M — M be an action of a Lie group G on a manifold M, and q be a point of
M. The isotropy group of ¢ on q is given by

Gq={9 € Gloglq) = ¢}
Using Cartan theorem we can prove that the isotropy group is a Lie subgroup of G.

Proposition 3.41. Let ¢ : G x M — M be an action of G on M and q be a point of M. The isotropy
subgroup of ¢ on q, Gy, is a closed Lie subgroup of G.

Proof. On the one hand we have that G, is a subgroup of G. Indeed, e € G, and
Log,heGy= ¢gn(q) = pg0bn(a) =g
. g€Gyq= ¢g-1(q) = dg-1004(q) = de(q) = ¢

Let us see that it is closed. Consider the following map

$q: G — M
g — dg(q) =9(9,9)

and remark that G, = (¢,) *(¢). Thus G, is a closed subgroup and by the Cartan theorem one has that
the isotropy subgroup is a Lie subgroup of G. O

Using theorem 3.38, it follows the next result.

Lemma 3.42. Let H be a closed subgroup of a Lie group G acting on H by left translations. Then, G/H
is a manifold and m: G — G/H is a submersion.

Remark 3.43. Note that G/H = {gH | g € G} and, however, the space of orbits of the action H on G by
left translations is {Hg | g € G} = H/G. Anyway, there exists a one-to-one correspondance between G/H
and H/G. So G/H is a quotient manifold if and only if H/G is a quotient manifold.

Now, it makes sense to define the manifold G/Gy = {[g] | g € G} where [g] = {g-h | h € G4} =g - G,.
Besides, with the notation above, for h € G4 one has that ¢4(g-h) = ¢g.n(q) = ¢g 0 dr(q) = d4(q) = d4(g).
Thus, it allows us to introduce the well-defined map

b,: GG, — M

3.12
g — o990 (3.12)
and we have following theorem.

Theorem 3.44. If ¢ : G x M — M s an action of a Lie group G on a manifold M, and q is a point of M,
then, ¢, : G/Gy — M is an injective immersion and ¢,(G/G,) =G - q.

Proof. Let m : G — G /G, be the canonical projection and consider the following commutative triangle

NV
J/" /‘*i;q

G/Gy

By the Proposition 3.39, we conclude that (i;q is smooth.
Now, let us see the injectivity. Suppose that ¢,([g]) = ¢4([h]) for g,h € G. Then,

Dq(9) = dq(h) = dg(q) = dn(q) = dg-11(q) =q = hg~" € Gq = [g] = [h]

Finally, we are going to prove that ng is an immersion but we need two previous steps:



CHAPTER 3. LIE GROUPS 40

i.

ii.

We show that g, = Ker(T.¢,), where g, = T.G, is the Lie algebra of G,,.

C| If £ € gq we have that (T.¢q)(&) = 0 since qﬁq‘Gq : G¢ — M is the constant map. Therefore,
¢ e Ker(Tepy).
2| Given & € Ker(T.¢q) consider the curve

age: R — M
t = gglexpa(ts)) = ¢q(e(t))

and note that if g € G

¢q © Leacpc(tﬁ) (g) = ¢(e$pG(t€) -9, Q) = ¢expc(t§) o ¢q(g) = ¢q © Lexpc(tf) = ¢eacpc(t§) o ¢q

Using it, we deduce that

e (t) = (Tye (1) (Ve () = (The () Dq) (Xe (Ve (1))
(Tye (tyPq) (TeLrg (1) (£))

(Tezpc(t§)¢q) (TeLexpG(t.f) (f))
(TqPexpe(te))(Tedq(§))

0

Therefore, oge(t) = aqge(0) = ¢q(e) = ¢, which means that expg(t§) € G, for all t. Consequently, by
Proposition 3.29, we have that £ € g,.

Let us prove that Tj, (G/G,) = %. From the previous lemma 3.42 we have that 7 : G — G/Gy

is an exhaustive submersion. Thus, if 7(g) = [g] for g € G,
T,G

11y (G/Gy) = Ker(Tym)

Now remark that 7 !(7(g)) = Ly(G,) which using the regular value theorem leads to
Ker(Tym) = Tg(ﬂ'il(ﬂ'(g))) = (TeLy)(TeGq) = (TeLg)(gq)

Hence,
T7,G

Tig) (G/Gy) = (T.L,)(a,)

Using i. and ii. we prove that ¢, is an immersion. Suppose that Xig € Tig) (G/Gy) and (T[g]d;q)(X[g]) =0.
Since 7 is a submersion there exists X, € TG such that (T,7)(X,) = X(4. Thus, it follows that,

0= (T[g]ng)((TgW)(Xg)) = (Tgﬁbq)(Xg)'

Now, define £ € g to be such that X, = (T.L,)(§) and notice that

0= (Tydg)(TeLg)(€)) = Te(dg © 0g)(€) = (Tydg) ((Teq) (€))-

Since ¢4 is a diffeomorphism, Ty ¢, is an isomorphism and (T.¢4)(§) = 0. Thus, £ € g4 = Ker(T.¢,) and
Xy € (T.Ly)(gq) = Ker(Tym), which yields to X5 = (Tym)(X,) = 0.

O
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3.2.1 Infinitesimal generators

We are going to associate to any action ¢ : G x M — M and any £ € g a vector field on M. These vector
fields will have some important properties that will help us over the project. In particular, they are the
last tool that we need in order to determine the tangent space to the orbits. Formally, they are defined as
follows.

Let ¢ : G x M — M be an action of a Lie group G on a manifold M and £ be an element of g. Define

h
e map ¢ RxM — M
(t,q) —  dlexpa(ts),q)

¢¢ is an action of R on M.
Definition 3.45. The vector field £y; on X (M) whose flow is given by ¢ is called infinitesimal generator

of the action corresponding to &, that is,

éurle) = 5 dieapa(to))

Notice that

ul) =05 (5 ) =Toteno0) (55, ) =Toon (e (5, )) =Tt 39

Using it we get the result that we are looking for.

Proposition 3.46. The tangent space to an orbit G - q at q is given by
Ty(G-q) ={8mla) | £ € 0}

Proof. From theorem 3.44 we deduce that Tj (5(1 (TG /Gy — Tég(q)G - q is an isomorphism for all g € G.
Taking g = e and using the previous equality we get

Tq(G ) q) = Teqj;q(T[e]G/Gq) = {Te(bq(f) | §€ 9} = {fM(Q) | §€ 9}-

Next, we will present an interesting example.

Example 3.47. Let G be a Lie group, £ € g, and consider the action ¢ of G on itself by left translations.
Then,
#: RxG — G
(th) — eapalte)-h

that is, gbi = Ry, o expg(t€). Hence, given g € G

fG(g) = Ted)g(g) = TeRg(f)

which means that the infinitesimal generator of our action associated with £ is the right invariant vector
field whose value in the identity element is &.

Now, let us introduce a particular class of smooth maps and discuss how they transform the infinitesimal
generators.

Definition 3.48. Let M and N be two smooth manifolds and ¢ : Gx M — M (respectively, p : GX N — N)
be an action of a Lie group G on M (respectively, N ). A smooth map f: M — N is said to be equivariant
with respect to these actions if

fod)g:@gof Vge G



CHAPTER 3. LIE GROUPS 42

Proposition 3.49. Let f : M — N be a smooth map and G be a Lie group. If ¢ : G x M — M (respectively,
¢ :Gx N — N)is an action of G on M (respectively, N) and f is equivariant with respect to these actions
then,

T, f(Em(q)) =én(flq)) §€gandge M

Proof. Given g € G and taking into account the hypothesis of equivariance one has

P1@)(9) = ¢4(f(a)) = (pg 0 f)(q) = (fodg)(a) = (fody)(9)

Using this fact and (3.13) we get

fN(f(Q)) = Te@f(q)(g) = Te(f o ¢q)(€) = qu(fM(‘]))
O]

Finally, we enunciate an important result that relates the elements of g with their associated infinitesimal
generators. However, we still do not have the necessary tools in order to give a proof. We will come back to
it in the next section.

Proposition 3.50. Let ¢ be an action of a Lie group G on a manifold M. The map £ € g — &y € X (M)
is a Lie algebra anti-homomorphism, that is

[§7U]M:_[§M7TIM] Vfﬂleg

3.2.2 Adjoint and coadjoint action

As we have already pointed out, we are going to study two specific and important actions. In particular,
they will help us to prove at the end of the section, the remaining Proposition 3.50. First, we will introduce
the adjoint action of a Lie group on its Lie algebra g and we will describe the corresponding infinitesimal
generators. Then, the coadjoint action will be defined in terms of the adjoint action.

We start by introducing the notion of the inner automorphism associated with an element of G.

Definition 3.51. Let G be a Lie group and g € G. The inner automorphism associated with g is defined by

Iy G — G
h — g-h-g!

Remark that I, is a Lie group homomorphism,
Ig(h- W)y=(g-h- g_l) (g1 9_1> = I4(h) - Ig(h/)-
Moreover, since Iy = R,-1 0 Ly, I, is diffeomorphism and the following definition makes sense.
Definition 3.52. Let G be a Lie group, the adjoint action of G on g is defined by

Ad: Gxg — g
(9:m) — Adg(n) =Tely(n)

Remark that from the Proposition 3.25 one has that for any g € G and & € g,
expa(Ady€) = g - (expgt) - g~ (3.14)

Now, let us see that given £ € g, the infinitesimal generator £, of the adjoint action corresponding to §
is given by &4(n) = [¢,n]. We will use the two following facts:
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i. Let X, Y € X(M) be two vector fields, ¢; the one-parameter subgroup associated to X and ¢ a point
of M. Then the following equality holds:

[X,Y](q) = lim T¢t(q>¢—t(Y?(q>) ~Y(q)

ii. The flow of the vector field X¢ € XL(G) is given by ¢(t,9) = g ¢(t) = Ry (1) (9)-
Thus,

[€,n] = [Xe, X,](e)
Tty Brye (-0 (X (6 () — Xy (e)

= lim
t—0 t
— i Tre® ety TeLney () — 1
t—0 t
i TelBe 1 0 Loe)(n) — 1
50 t
— lim Telyoty(n) —n
t—0 t

On the other hand, the one-parameter subgroup associated to &g is given by

Ad*: Rxg —» g
(t,n) = Adewpoie)(n) = Ady 1y (1)

Therefore,

Adé(t) — Adé (0 T.I —
(1) = Ad§(0) _ . Tely(n) —n

t—0 t t—0 t

which proves that &4(n) = [£,7)].

Before moving on to the definition of the coadjoint action let us see an interesting example.

Example 3.53. We have seen in section 3.1.4 that we can identify the Lie algebra so(3) of SO(3) with R3.
Now, we will prove that under this identification the adjoint action of SO(3) is the usual action of SO(3) on
R3, that is
¢: SOB)xR> — R3
(A, z) — Az

The adjoint action for SO(3) is given by

Ad: SO(3) xs0(3) — s0(3)

(Aa é) — TeIA(g)
where I4(B) = ABA~!. Taking a curve or¢ : R = SO(3) such that 0,¢(0) = I and O'/Ié(O) = £ we have that
Adaé =TIa(E) = L Li(oe(t) = % Aga(t)A~! = aéa™!
= 1e = — > = — O,2 =
A A dt |t=0 AN dtie=o ¢

Therefore, if w € R?

(AdAé)(w) = (AEA ) (w) = A(€ x A w) = A€ x w = Afw
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and we get ng = Ad,€. Finally, if we identify so(3) with R® we have the result

Ad: SO(3) xR3 — R3
(4,6 —  Adag = A

Moreover, under the same identification, the infinitesimal generator éRs of the adjoint action Ad : SO(3) x
50(3) — s0(3) corresponding to £ is given by

- d

Era(x) = a‘tzofyé(t)x —fr=¢(xa (3.15)

for = € R3.

Now, we have the necessary elements to introduce the coadjoint action and to determine its associated
infinitesimal generator.

Definition 3.54. Let G be a Lie group and Ad: G x g — g be the adjoint action of G on its Lie algebra g.
The coadjoint action of G on g* is defined by

Ad*: Gxg* — g*
(9:0) — Adi_(a)

where (Ad . (a))(§) = a(Ady-1§) for £ € g.

Let us show that the infinitesimal generator £y« of the coadjoint action associated with £ € g is given by
& (@)(n) = —al€, ] for a € g* and n € g.
Let Ad** : R x g — g be the flow of £-. Then,

E+ (@) () = (Ad"5)'(0)(n)
*€ (1) _ A€
_ (Hm Ad*(t) — Ad a(o)) -

t—0 t

(A, (@) (n) — aln)

= lim
t—0 t
Ad., —
=« <lim ) AP t)(n) 77)
t—0 t
Taking s = —t and using the proved results for the adjoint action we deduce that,

s—0 S

A s —
- (@)(1) = —o (hm d”(”)”) — ale

Example 3.55. We proved that the adjoint action of SO(3) is the standard action of SO(3) on R3. Likewise,
we are going to show that the same happens with the coadjoint action.
First, remark that the dual space s0*(3) might be identified with R? via the breve map as follows,
v R3 - 50%(3)
II = (Hl,HQ,Hg) — 11

where if € € s0(3), T(§) = I1 - € = I1,&; + I12&5 + Ms&s.
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The coadjoint action of SO(3) is given by

Hence, if € € s0(3),
Ad*(ATD)() = TI(Adg-1(6)) = TI(ATHE) =TT- A7 = ATL- € = ATI(€)
which means that Adz,llg[ = AIl. Thus, identifying s0*(3) =2 R3 we conclude that,

Adi_, . SOB3) x R3S — R3
(A,II) = Ady_,Il= Al

Finally, we will prove the propostion 3.50. For this purpose, we will use the following result.

Lemma 3.56. Let ¢ : G x M — M be an action of a Lie group G on a manifold M and q be a point of M.
If € € g, then

(Adg&)n(q) =Ty, g(Er1(dg-1(2)))

Proof. Denote by ¢A%¢ : R x M — M the one-parameter subgroup associated to (Adg€)rs. Thus, for g € M
and t € R,

¢Ady£(taQ) = ¢q(expc(tAdy(£))) = dq(expc(Ady(tE))) = dq(g - expa(tE) ‘971)
= (g - expa(t), dg-1(a)) = by, (9 expa(tE)) = (dg © ¢y _, , )expa(tE))
= (¢g© ¢§>g )(®)

—1(q)

where the equality (3.14) has been used. Now,

d

(Ady&)ni(q) = Togy s (dt“_o) =Toly0 05, ) (

d

dtt_o> - T¢9*1<q)¢9(€M(¢9*1(q)))~

Finally, we come to the proof.

Proof of Proposition 3.50. Replacing g = expg(tn) in the previous lemma we get

(Adexpc(tn)E)M(Q) = T¢expG(_m) ¢expc(t77) (gM ((bexpc(ftn) (Q)))
Then,

—[nar, Em)(q) = [=nar, Em)(q)

— lim T¢expc<—m>¢0xpc(tn) (En1 (Pexpg (—tm) (2))) — En(q)
T 150 t

_ iy Aldexpg e §)a(9) — Ea(a)
t—0 t

NG ) w

t—0 t




Chapter 4

Momentum map

Given an action ¢ : G x M — M of a Lie group G on a symplectic manifold M, under certain conditions
one can associate to it a map J : M — g* verifying some properties. Such maps are known as momentum
maps. For Hamiltoninan functions which are invariant under the action, momentum maps allow us to obtain
constants of the motion for the corresponding Hamiltoninan system. Furthermore, assuming some extra
hypothesis it can be shown that momentum maps are equivariant with respect to the original action and the
coadjoint action of the Lie group G. As regards the end of the project, we anticipate that such maps will be
fundamental to prove the Lie-Poisson reduction theorem:.

We begin the chapter with the formal definition of symplectic actions and momentum map and give
some examples. Then, we focus on the momentum maps associated with symplectic actions and we study
its properties. Finally, we introduce a particular case of such maps, but very useful for our current concern.
At the end we show how one can get momentum maps from the cotangent lift of an action and we have a
quick overview over some significant examples.

4.1 Definitions and examples

First of all, we introduce the notion of a momentum map.

Definition 4.1. Let (M,w) be a connected symplectic manifold, G be a Lie group and g its Lie algebra. A
momentum map for an action ¢ : G x M — M is a real function J : M — g* such that for every € € g, Epr
is the Hamiltonian vector field of the map J¢ defined as

in M — R
a — J(@©)

that is,
Xy =8&m

In other words, we have that J : M — g* is a momentum map if for all £ € g the following equation holds,
dJe = ie,,w

In such conditions we have the following definition.

Definition 4.2. (M,w, ¢, J) is known as a Hamiltonian G-space

Now, introduce the notion of a symplectic action because our interest is to obtain momentum maps
associated with them.

Definition 4.3. Let (M,w) be a connected symplectic manifold and G be a Lie group. A symplectic action
is an action ¢ : G X M — M of G on M such that ¢4 : M — M 1is a symplectic map, for all g € G.

46
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Remark 4.4. Although the chapter will focus on the study of momentum maps associated with symplectic
actions, it is not true that any symplectic action has a momentum map associated with it. In fact, if
¢: Gx M — M is a symplectic action and £ € g, we have that the flow of &;; preserves the symplectic form.
Therefore, the infinitesimal generators of a symplectic action are always locally Hamiltonian. Nevertheless,
we can not ensure that they are globally Hamiltonian and consequently the symplectic action may not admit
a momentum map.

Example 4.5. Following the previous remark, let us find a momentum map for a symplectic action ¢ :
G X M — M whose infinitesimal generators £y, are globally Hamiltonian.

Let {&1,...,&} be a basis of g and J; the Hamiltonian functions of the vector fields &;,,. Given any
E= NG+ ...+ 2", in g, \' € R, define the function Je = > | A'Je, : M — R. Notice that Jg, = J;.
Thus,

ng = Z )\Zd(J§7) = Z)\iigiMw = i(z;tzl Ai&.)Mw = z'ng
i=1 i=1

Example 4.6. Denote by ¢? the tangent lift of the usual action of SO(3) on R? under the identification
TR3 = R3 x R3. From Example 3.35 it is given by ¢%(q,v) = (Ag, Av). Given a vector v € R3, let < v, >
denote the corresponding covector under the identification of R® with R3" via the standard scalar product
<, >. Thus, if (Ag,w) € TAq]R3 is a vector, the cotangent lift 7 verifies

o7 (A, (¢,0))(Agq,w) = Ty da-1(q,0)(Ag, w) = (¢,0) (Tagda-1(Ag, w))
= (0,v) (¢¥4-1(Ag,w)) = (¢,)(g, A™"w)
=< v, A7 'w >=< Av,w >
= (Aq, Av)(Aq, w)
Then, under the given identification between vectors and covectors, ¢7  is given by

¢ (4, (q,v)) = (Aqg, Av)
From the definition of the cotangent lift and Proposition 2.13 it is clear that ¢7 is a symplectic action.
Let us show that ¢7  admits a momentum map J : T*R? — s0(3) and that it coincides with the angular
momentum. Given £ € s0(3),

. NS f 2
érao(a,v) (6r0y) (e(t) = (g é0) = (€ x 4,6 x v)

" dtp=o

where the identification of s0(3) with R3 has been used?.
The momentum map we are looking for has to verify X;, = {r+rs. Hence, from the local expression of the
Hamiltonian vector fields (2.25) it is equivalent to

0Je . e
an - (6 X q)l an -

(¢ xv); fori=1,2,3

Therefore,
Je(g,v) = (§xq)-v=(gx0v)-§
and J = (¢ x v) is the angular momentum.
It is worth mentioning that further on we will see that the cotangent lift is always a symplectic action

and admits a momentum map. This example will be a particular case of such a result. We will come back
to it later from another perspective.

Finally, we specialize the definition of an equivariant momentum map?. As we will see, this property is
satisfied by the particular momentum maps in which we will focus on.

1See the hat map in section 3.1.4
2See section 3.2.1
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Definition 4.7. Let (M,w, ¢, J) be a Hamiltonian G-space. J is said to be Ad*-equivariant if
Jopy=Ad,-10oJ VgeG

Example 4.8. Remember that the coadjoint action of SO(3) is given by o — Ac. As well, in last example
we have proved that the momentum map for the usual action of SO(3) on R3? is given by J(q,v) = ¢ x v.
Then, since

(Ag) x (Av) = A(g x v)

the angular momentum J is Ad*-equivariant.

4.2 Properties of the momentum map

We will center our interest on the momentum maps associated with symplectic actions. That is why we will
devote this section to study their main properties.

Proposition 4.9. If J and J' are two momentum maps for the same symplectic action ¢ : G x M — M,
then there exists u € g* such that J — J' = p.

Proof. If £ € g
ng = iEMUJ = dJé = d(Jg — Jé) =0
Since M is connected, Je — J{ = C(€), where C(§) is a constant. Thus the 1-form p that we are looking for
is given by
Bn:g —
§ = C@©)
O

Next, we will see that for a G-invariant Hamiltonian system the presence of a momentum map allows us
to obtain constants of motion for the system.

Lemma 4.10. Let M be a smooth manifold, X be a vector field on M whose flow is p; and F : M — R be
a smooth map. Then,
Fop,=F & X(F)=0

Theorem 4.11. Let (M,w, ¢,J) be a Hamiltonian G-space. Suppose that the Hamiltonian function of the
system H : M — R is invariant under the action ¢, i.e, H = H o ¢4 for any g € G. Then, J is a constant
of motion for H, that is,

Jop,=J

where @ is the flow of the Hamiltonian vector field X .

Proof. By the previous lemma it is enough to verify that Xz (J¢) = 0. Indeed, if this equality is satisfied
the lemma states that given £ € g

Jeopi(q) = Jeg) Vge M
which implies that,
J(pe(@)(©) =J()(&) VeeM = Jop, =J
Let us check that X (J¢) = 0. One the one hand we have,
Xu(Je) = dJe(Xn) = igyyw(Xn) = —ixw(n) = —dH (§ar) = =€ (H).

On the other hand we have seen in the previous chapter that the flow of &/ is given by ¢§ = ey ().
Then, since the Hamiltonian is invariant under the action, using again the lemma, we conclude that

0=—¢m(H) = Xu(Je)
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4.3 Momentum maps on the cotangent bundle

Let us end this chapter by giving a rule to obtain symplectic actions that admit a momentum map. It will
allow us to introduce several examples, within which we find the previous Example 4.6. We will achieve it
by means of the cotangent lift of a given action.

Theorem 4.12. Let (M,w) be a symplectic manifold such that the symplectic form w = —df is exact.
Suppose that ¢ is an action of Lie group G on M such that ¢y = 0 for any g € G. Then the map
J: M — g* given by

J(@)(€) = ig,, 0(q)

is an Ad*-equivariant momentum map.

Proof. Remark that (¢ (;))*0 = 0 for t € R and § € g. Thus, due to the fact that ¢, () is the flow of {y
we have that L¢,, 6 = 0 which means

d(ngG) = ing = dJE = ing

and J is a momentum map.
Now let us prove that J is Ad*-equivariant by showing that J(¢4(q)) = Ad;_,J(q) for every g € M. It is
equivalent to

J(9g(q)) = Adg 1 J(q) & Je(dg(q) = J(Q)(Adg-1§) & gy, 0(dg(q)) = i(aa, )0 0(q)
for £ € g. The last equality holds since using lemma 3.56
i(ad, 16, 0(@) = 0(0)((Adg-18)11(q)) = 0(a) (T, (9)bg-1 (611 (¢4())))

= (¢g-1)"0(04(0)) (€1 (2g(q))) = O(0g(a))En1(0g(q))
= i€M9(¢g(q))
O]

Once the theorem is proved we are ready to study the cotangent lift of any action and show its properties.
Corollary 4.13. Let M be a smooth manifold and ¢ : G x M — M be an action. Then,
i. T M x T*M — T*M is a symplectic action.
1. The map J : T*M — g* defined by
J(g)(§) = Je(ag) = aq(€ar(q)) for ag € TyM and £ € g
is an Ad*-equivariant momentum map.

Proof. i. Recall the Definition 3.34 of the cotangent lift of an action and the Proposition 2.13. Then, it
is clear that ¢ is a symplectic action.

ii. If mpy : T*"M — M denotes the canonical projection, remark that 7y, is equivariant with respect to
the actions ¢ and ¢. Indeed, if o, € T;M and g € G,

(9 (ag)) = mar(Tyd4-1(g)) = dg(a) = dy(mq(ag))

From Proposition 3.49 we have that T, 7 (§7+01 () = & (mar(yg)), so if Aps denotes the Liouville
1-form we have

ey A (ag) = Anr (o) (Erenr () = g (Ta,mar(Er-1(ag)))
= ag(Em(ma(ag))) = ag(§m(q))
= Je(ay)

Thus, using the previous theorem we can conclude that J is Ad*-equivariant momentum map.
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Remark 4.14. Note that the momentum map calculated in the Example 4.6 coincides with the momentum
map of Corollary 4.13 assuming that ¢ is the usual action of SO(3) on R?. Indeed,

Te(g,v) =< v,&r3(q)) >=0( x ¢) = (¢ x V)& = J(q;v) =g x v
As well, we have already proved in Example 4.8 that it is Ad*-equivariant without using the previous result.

Under the same conditions as in Corollary 4.13, assume that X is a vector field on M. Then, we can
define a real function on T*M as follows,

PX): T*M — R
Qg - aq(X(Q))

Note that if £ € g we have that
= P(&um)

Definition 4.15. The map P(X) is called the momentum corresponding to X .

Take local charts (U, ¢ = (¢,...,¢")) in M and (73, (U), ¢ = (¢*,....¢", p1,-..,pn)) in T*M. Assume
that the vector field X in these charts is given by

X = X'
=

Thus, if oy € Ty M,
P(X)(0y) = ag(X(@)) = g | 3 X (mar(0)) s sz (mar(ay))
i=1 ¢’ |7 (aq)
Finally, we give some interesting examples of momentum maps associated to lifted actions.

Example 4.16. Consider the action ¢ : R™ x R™ — R" given by ¢(t,q) =t + ¢. It is easy to see that given
& € ToR™ = R™ the infinitesimal generator is &gn(q) = £ for any g € R™. Using the previous corollary, the
cotangent lift of that action is symplectic and an Ad*-equivariant map is given by

q vz Z Uqu

Thus, J =>"1, v;dg® and the momentum map coincides with the linear momentum.

Example 4.17. Let ¢ : GL(n,R) x R™ — R™ be the action defined as ¢(A,q) = Aq. Given A € gl(n,R)
its associated infinitesimal generator is Agn(q) = Aq for any ¢ € R™. Again, the cotangent lift of the action
leads to a symplectic action whose associated Ad*-equivariant momentum map is

algh,v) = (Zvﬂq)

Example 4.18. Consider the left action of a Lie group G on itself (see Example 3.47) and its cotangent
lift. It is a symplectic action and its momentum map satisfies

Je(ag) = ag(TeRg€) = ((TeRg)" (g))(8)
for g € G, ay € T;G and § € g. Thus, the momentum map is J(a,) = (TeRy)*ay

As one can note, the previous result gives us a powerful tool to compute certain momentum maps.
Furthermore, the corollary guarantees that the obtained momentum map is Ad*-equivariant. Remark 4.14
is a good example of how this theorem makes the computations of the momentum map easier.



Chapter 5

Poisson manifolds

Poisson manifolds is the last topic that we need in order to enunciate and prove the Lie-Poisson reduction
theorem. We have already worked on them since, as we shall see, symplectic manifolds are a particular type of
Poisson manifolds. Not any Poisson manifold is sympletic, although they always admit a symplectic foliation
that will be a key issue for our next discussions. Specifically, we will need Poisson manifolds associated with
linear Poisson structures because the dual space of a real Lie algebra of finite dimension has such a structure.
In addition, this particular type of Poisson manifolds verifies very interesting properties.

We introduce Poisson manifolds from the Poisson bracket, or equivalently, the Poisson 2-vector. Then,
we study the particular case of symplectic manifolds and the linear Poisson structures on a real vector space
of finite dimension which are known as Lie-Poisson structures. Later, we see some important results on
Poisson morphisms and apply them to study Poisson vector fields. Finally, we prove that every Poisson
manifold has a symplectic foliation associated with it and we describe the leaves of the foliation in the case
of a Lie-Poisson structure.

5.1 Generalities on Poisson structures

There are two ways of describing the Poisson manifolds. From the dynamic point of view a Poisson manifold
can be described from a bracket of functions verifying certain conditions. Otherwise, from the geometric
point of view, Poisson manifolds are characterized from a 2-vector whose Schouten-Nijenhuis bracket with
itself is zero. Here we begin with the dynamic definition and after that we prove that the other one is
equivalent.

5.1.1 Poisson brackets

Definition 5.1. A smooth manifold M is said to be a Poisson manifold if there exists an operation { , } :
F(M) x F(M) — F(M) such that

i. (F(M),{,}) is a Lie algebra, that is, {, } is R-bilinear, skew-symmetric and satisfies the Jacobi
1dentity.
ii. {, } verifies the Leibniz rule, that is, {f,gh} = {f, g}t h+ g{f, h} for all functions f,g,h € F(M).
{, } is known as the Poisson bracket

Example 5.2. Any smooth manifold is a Poisson manifold with the trivial Poisson bracket {f, g} = 0 for
every f,g € F(M).

Example 5.3. If M = R? we have the canonical Poisson bracket defined as

_0fdg Of dg
{f’g}_%@_@% (5.1)

51
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In Chapter 2 we introduced the Hamiltonian vector fields on a symplectic manifold. However, it is
not necessary a symplectic manifold to define Hamiltonian vector fields but a Poisson manifold. For every
g € F(M) consider the map,

Xg: F(M) — F(M)
foo= X)) =1{fg}

For every ¢ € M, by the properties of the Poisson bracket, we have that X,(¢) is R-linear and satisfies the
Leibniz rule. Therefore, X (q) € T,M is a derivation and X, defines a vector field on M.

(5.2)

Definition 5.4. Let (M,{, }) be a Poisson manifold and f € F(M) be a function. The vector field Xy
defined above is known as the Hamiltonian vector field of the function f.

Further on we will prove that if M is a symplectic manifold, it is also a Poisson manifold and the
Hamiltonian vector fields defined by the symplectic form coincide with the Hamiltonian vector fields defined
by the Poisson bracket.

Using the properties that the Hamiltonian vector fields inherit from the Poisson bracket we have the
following result.

Theorem 5.5. Let (M,{, }) be a Poisson manifold and Xy be a Hamiltonian vector field. If g and h are
first integrals of Xy, i.e, X(g) = Xy(h) =0, then {g,h} is also a first integral of Xy.

Proof. We have to prove that X;({g, h}) = 0, which is nothing else that the Jacobi identity,

Xi({g,h}) = {9, h} f} = = {H{frgh ) = {{h, [} g} = {Xs(9), b} = {Xs(R), g} = 0
O

Furthermore, we have a Lie algebra anti-morphism between the smooth functions on M and the vector
fields on M.

Proposition 5.6. Let (M,{, }) be a Poisson manifold and Xy be the Hamiltonian vector field of the
function f € F(M) . There exists a Lie algebra anti-morphism ¢ between the smooth functions on M and
the vector fields on M defined by

In particular,
(X, Xg] = =X{1,0)

Proof. For any f,g,h € F(M) we have the following equality
(X7, Xgl(h) = X¢(Xg(h)) = Xg(Xp(h)) = {{h, g} [} = {{h, f} g} = {{[f, g} h} = = X4,y (R)
Thus, [Xf,Xg] = —X{f,g}. O

5.1.2 Poisson 2-vector

From the properties that the Poisson bracket satisfies, it is clear that it is a biderivation'. Thus, it defines
a 2-vector w : Q1 (M) x QY(M) — F(M) which is characterized by the condition

{f.9} = w(df,dg) (5.3)

Definition 5.7. Let (M,{, }) be a Poisson manifold. The 2-vector induced by { , } is known as the Poisson
structure of M.

1See Appendix A for a further explanation on these topics.
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If (U, = (q',...,q™)) is a local chart on M, the local expression of the Poisson structure is
0 0 1 0 0
where w;; = w(dg',dg?) = {q', ¢’} for all i,j = 1,...,m. Therefore,
3f 99

4,J

It is not true that any 2-vector defines a Poisson structure. Indeed, if w is a Poisson structure, then the
bracket defined by the previous equality (5.3) satisfies the Jacobi identity. Some calculations show that the
induced bracket by a 2-vector w verifies the Jacobi identity if, and only if,

> ( Whi 88 2L+ wy, %l;fj + whk ‘Z;j) =0 Vijk (5.6)
h
Our purpose now is to determine when a 2-vector is a Poisson structure without checking that the equality
(5.6) is satisfied. We will achieve it by using the Schouten-Nijenhuis bracket, that is, a R-bilinear extension
of the Lie derivative to an operation [, ] : XP(M) x X9(M) — XPT4=1(M). Here X" (M) denotes the space
of r-vectors on M (see Appendix A). Such an operation has the following properties:

i. For all P € XP(M) and Q € X9(M), [P,Q] = (-1)"[Q, P).
ii. For all P € XP(M), Re€ X"(M) and Q € X9(M), [P,Q AR] = [P,Q] A R+ (—=1)P7"9Q A [P, R].

ili. For all P € XP(M), R€ X"(M) and Q € X9(M),
(=1)Pr=DIP,[Q, R]] + (=1)1®=V[Q, [R, P]] + (=1)" @ VI[R,[P,Q]] = 0. (Graded Jacobi identity)

When p = ¢ = 2, using the previous properties it can be shown that the local expression of the bracket of
two 2-vectors w =}, wija%i A % and w' =37, . wﬁlk% A % is given by

ow ow} Owjg , Owg; ! Ow;;\ 0 0 0
ZZ w}”ah—i_ h]ah+whkah+ hlah+ h]8h+ hkaq aql/\aiqj/\aiqk

i<j<k h
(5.7)

Therefore, letting w’ = w a sufficient condition for 2-vector to be a Poisson structure is to
[w,w] =0 (5.8)
More details on these topics may be found in Appendix A.

Given a 2-vector w, it has associated an homomorphism #,, : T*M — TM that maps any covector
ag € Ty M to a vector #, () € T, M such that for any 3, € Ty M

Bq(#w(ag)) = w(ag, By)

In the same charts as before, if we denote by #,,(4) the restriction of #,, to T; M and oy = Dy aidqi‘q €
Ty M one has

Then, #.,(q) is linear.

By abuse of notation, we denote also by #,, the induced map between 1-forms and vector fields. If
a € QY(M) is a 1-form, the corresponding vector field #,, (o) € X(M) is defined by #.,()(q) = #w(a(q)),
for ¢ € M. Remark that for any f,g € F(M) we have

dg(#w(df))(q) = dg(q)(F#w(df (q))) = w(df(q),dg(q)) = —X;(9)(q) (5.9)
Thus, #.,(df) = —X.
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5.1.3 Symplectic manifolds and Poisson structures

If (M,w) is a symplectic manifold, we can define a Poisson bracket on M by

{fi9} =w(Xy, Xy) :inw(Xg) =df(Xy) = X4(f) (5.10)

where Xy and X, are the Hamiltonian vector fields of the functions f,g € F(M) with respect to the
symplectic form w. It is obvious that the bracket { , } is R-bilinear and that satisfies the Leibniz rule. Let
us prove the Jacobi identity. Using that the symplectic form is closed, given three vector fields X, X, X}, €
X (M) we have

0=dw(Xs, X4, Xp)
= X5 (w(Xg, Xn)) + Xg(w(Xn, X¢)) + Xn(w(Xy, X))
- W([vaXg]’Xh) - W([Xg’Xh]ﬂXf) - w([XhaXf]’Xg)
= Xr({g,h}) + Xg({h, [}) + Xu({f, 9}) + [Xg, Xg](h) + [Xg, Xn](f) + [Xn, X¢](9)
={{g,h}, [+ {1}, g} +{{/, 9} 1}
Xf(Xg(h)) = Xg(Xy(h)) + Xg(Xn(f)) = Xn(Xg(f)) + Xn(Xs(9)) — Xf(Xn(9))
=—{{g.n}, F+{{h, 1}, 9 +{{/, 9} . D)

Furthermore, from the definition of the vector bundle isomorphism b, associated with the symplectic
form w, and the homomorphism #,, associated with the Poisson structure w induced by the symplectic
structure (5.10), it is easy to show that,

H#o =" (5.11)

It means that the homomorphism #,, associated to a Poisson structure defined from a symplectic form is
an isomorphism. In particular, the Hamiltonian vector fields associated to the symplectic form w coincide,
with the Hamiltonian vector fields defined by the Poisson bracket { , }. In fact,

Xt = —#,(df) = b1 (df) = Xy for any f € F(M)
A more exhaustive explanation of these topics is found in Appendix A.

Let M be a smooth manifold and wj; be the canonical symplectic structure of the cotangent bundle. Set a
chart (U, = (¢,...,¢™)) on M and the corresponding induced chart (ﬂ'él(U),f =(¢' ..., ¢ D1, Pn))

on T*M. As we have already seen in Chapter 2, the Hamiltonian vector fields are locally given by

Xy = Z?zl ( g}i 8‘21. — g (fi B%i)' Thus, the local expression of the Poisson bracket induced by the canonical

symplectic structure is

—~ (99 of 99 Of )
=X = - — = 5.12
tror =50 =3 (G50~ acon (.12
It is worth mentioning, that if (M,w) is a symplectic manifold of dimension 2n, then there exist local
coordinates (¢',...,q",p1,...,pn) on M such that the local expression of w is
w= Z dq® A dp; (5.13)
i=1

This is the well known Darboux theorem (see [AbMa]). The local coordinates in which the symplectic form
takes its canonical form (5.13) are known canonical coordinates. It means that in a canonical coordinate
system, any Poisson bracket induced by a symplectic structure is locally given by the above expression (5.12).

In the results that follow we study which properties verifies the Poisson bracket when it is defined from
a symplectic structure.
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Proposition 5.8. If {, } is the Poisson structure associated with the symplectic manifold (M,w), it is
non-degenerate, i.e, for ¢ € M we have that

{f,9}(q) =0 Vge F(M) & df(q) =0

Proof. =] For any v € Ty M, consider the 1-form a € T; M given by a = b,,(4)(v). Let g € F(M) be such
that o = dg(q). Then,

df(a)(v) = df(a) (b34, (@) = dF(a) (b3, (dg(a))) = dF(a) (Xy(a)) = X,(f)(@) = {f. g} (@) =0

«<| For any g € F(M),
{f.9} (q) = X4(f)(q) = df ()(Xy(q)) =0
L]

Proposition 5.9. If (M,{, }) is a Poisson manifold and { , } is non-degenerate, M is a symplectic man-
ifold.

Proof. Consider the following map,
—1 . *
by TyM — T,M
o — Xf(q)

Remark that if df(¢) = 0, then X¢(¢) = 0. Thus, if a = df(¢q) = dg(q), one has that d(f — g)(¢) = 0 which
implies X7_4(q) = { , f — g} (¢) = 0. Therefore, from de R-bilinearity of the Poisson bracket,

Xi@) =1, ) ={,9}(a) = X4(q)

and bq’1 is well defined. Moreover, since the bracket is non-degenerate,

ker b;l = {aET;M | X¢(q) :O} = {df(q) ET;M|Xf(q) :0} = {df(q) eT;M | df (q) 20} =0

if o = df (q)

and bq_1 is an isomorphism.
Now, define a 2-form w on M as follows. For ¢ € M, put

bu(g) = bg : TyM — TFM

w(g

It is obvious that w is a 2-form, that is, w is R-bilinear and skew-symmetric. Using Proposition 5.6 we show
that it is closed as follows,

dw(Xy, Xg, Xn) = Xf(w(Xg, Xn)) + Xg(w(Xn, X)) — Xn(w(Xy, Xy))
—w([Xp, Xg], Xp) — w([Xg, Xn], Xy) — w([Xn, Xy], Xg)
= Xr({g:h}) + Xg({h. f}) + Xn({f. g})
— w(=Xqpg Xn) —w(=Xgny, Xy) — w(=Xqn 53, Xg)

=2({g,n} fr+{{n. fYgr +{{f,9}h}) =0

for any Xy, Xy, X, € X(M). Finally, we have to show that w is non-degenerate. In order to do that, it
will be enough to prove that b, g : TgM — T; M is a linear isomorphism. But this condition holds since
buw(q) = bg- Thus w is a symplectic form and (M,w) is a symplectic manifold. O

Notice that the Poisson bracket defined by the symplectic structure associated with the non-degenerate
Poisson structure, coincides with the original Poisson bracket { , }. Indeed, for any two vector fields X7, X, €
X(M)’

w(Xy, Xg) = inw(Xg) = df (Xg) = Xq(f) ={f. g}

The two previous definitions leads us to the following corollary.

Corollary 5.10. Let (M,{, }) be a Poisson manifold. The Poisson bracket { , } is non-degenerate if, and
only if, (M,{, }) is a symplectic manifold.

As we pointed out before, we have that symplectic manifolds are privileged Poisson manifolds.
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5.1.4 Linear Poisson structures

Now, we are going to study a particular type of Poisson manifolds. They have associated a special Poisson
structure that yields to many interesting properties. In addition, as we will see throughout the section, the
dual space of a Lie algebra admits such particular structure that we will need further on.

Definition 5.11. A linear Poisson structure is a Poisson structure on a real vector space V' such that for
any couple of linear functions f and g defined on V, {f, g} also is a linear function.

From the local expression of the Poisson bracket (5.4) we deduce that the condition of being a linear
Poisson structure is equivalent to its local components are linear, i.e,

wi; =Y ckig® ki eR Vi gk (5.14)
k

Notice that if f, g are two linear functions on a vector space V, then f,g € V*. Thus, if {, } is a linear
Poisson structure {f, g} € V*. It allows us to define a Lie algebra structure over V* as follows,

[L]: V*xV* = V*
(f,9)  — {f.9}

Conversely, we have the next result.

Proposition 5.12. Any Lie algebra structure (V*,[, |) defined on the dual space of a wvector space V,
induces a linear Poisson structure on V.

Proof. It f € F(V) and « € V, then df () € TV =2 V*. Thus, we may define the following bracket of real
functions on V'

{f.9} (@) = a([df (), dg(a)]) for f,g € F(V) (5.15)
It is easy to prove that {, } is skew-symmetric and satisfies the Leibniz rule. Therefore, { , } induces a
2-vector w on V. In fact, if {61, ... e”} is a basis of V* such that [e’,e/] = 3, ¢/ e¥, then

1 ;i 0 0

_ 2 i Y

v 2 ch ov? A ovJ

4,4,k

where {v'} are the coordinates on V which are induced by the basis {e’}. Now, using that [, ] is a Lie

bracket on V' we deduce that [w,w] = 0, which proves that w defines a linear Poisson structure on V.
O

Finally, the next corollary resumes what we have proved.

Corollary 5.13. There exists a natural bijection between the linear Poisson structures on a real vector space
V' of finite dimension and Lie algebra structures on the dual space V*.

In the next definition we specialize the definition of linear Poisson structures to the Lie algebras associated
with Lie groups.

Definition 5.14. In the case of V* being the Lie algebra g of a Lie group G, the linear Poisson structure
given by (5.15) is known as the Lie-Poisson structure of g*.



CHAPTER 5. POISSON MANIFOLDS 57
5.2 Poisson morphisms

As one can deduce from the first part of this chapter, the Hamiltonian vector fields play an important role
on the theory that we are working up. Right now, our goal is to study such vector fields in a deeper way.
For this purpose, we need some background about morphisms between Poisson manifolds.

Definition 5.15. Let (M,{, }) and (M',{, }) be two Poisson manifolds and ¢ : M — M’ be a smooth
map. If the pull-back * : F(M') — F(M) is a Lie algebra homomorphism, i.e.,

(o f.¢" gy =¢"{f.9}  Jor f,g € F(M)
@ is said to be a Poisson morphism.

Proposition 5.16. Let (M,{, }) and (M’,{, }') be two Poisson manifolds and ¢ : M — M’ be a smooth
map. If #., and #. denote the corresponding induced homomorphisms by { , } and {, }', the following
statements are equivalent:

i. @ is a Poisson morphism.
1. For every g € M, Typ o # © T;(q)go = Hur

iti. For any q € M and o, € T*( )M’ the following equality holds,
w(g) (T gy e(a), Ty p(8) = w'(v(q))(a, B)

Proof. First of all remark that for every o’ € T7} ) M’ such that locally o/ = df (¢(q)) with f € F(M’) and
for every v € T,M’

T3 (g (@) (v) = Ty 0 (df (0(9))) (v) = df (p(q)) (Typ(v)) = Ty (f © ©)(v)

Since it holds for any vector v € T,M we conclude that T;(q)go(o/) = T,(f o). Now, assume that o/, 5’ €

Ty M’ are such that o = df(¢(q)) and 3’ = dg(p(q)) with f,g € F(M').
i = iii. |
w(q)(T;(q)go(a/),T;(q)go(ﬁ/)) = w(q )(T (fop), q(g ) =w(q)(d(f o¢)(q),d(go¢)(q))

)
={fop.gov}(q) ={¢*f.¢ g} (@) =" {f, 9} (@) ={f.g} ¢(q)
= w'(¢(q))(df (), dg(q)) = w'(p(q))(/, 5")

11i. = 4. | Let us show that the following diagram is commutative

{
)

T M 25" T*M
»(q) q
#w’l l#w

T,oM &2 T,M
To be precise, what we will show is that §'(T,¢ o #4 © T*( Y2 o(a')) = B (#uw (). Indeed,
B'(Tap o #w o Ty p(a’)) = dg(p(a))(Taw © #w 0 Ty p(a’))
=Ty(g 0 @) (F#w o Ty (@) = w(g) (T, (), Ty(g o v))
= w(q) (T p(@), T p(B) = w'(p(9)) (e, B') = B'(Fw ()

Now, the proofs iii. = 4. and ii. = iii. are almost direct and are left as an exercise.



CHAPTER 5. POISSON MANIFOLDS o8

Remark 5.17. Given a smooth map between two smooth manifolds F : M — M’ and a point ¢ € M, F
induces a linear map

AkTqF: AkTqM — AkTF(q)M/

Given w, € A*T, M and o/bl(q), . 7o/lf(q) eT:

F(q)M’, the image of w, by A*T,F is

(AkTqF(wq))(a%(q), cen aa/sz(q)) = wq((T;'(q)F)(a/Fl'(q))’ SRR (T;(Q)F)(a/l?(q))>‘

Particularly, if F is a diffeomorphism, given a k-vector w on M, we can define a k-vector A*T'Fw on M’ as
follows,
ATFw(q') = N Tp-(yF(w(F~1(¢)) Vg € M’ (5.16)

Furthermore, it is obvious that the map ¢ of the previous proposition is a Poisson morphism if, and only if,

ATyp(w(q)) = w'(p(q)) (5.17)
Finally, we come to the definition of Poisson isomorphisms and give two examples.

Definition 5.18. Let (M,{, }) and (M',{, }') be two Poisson manifolds. A Poisson morphism o : M —
M’ is a Poisson isomorphism if it is a diffeomorphism.

Example 5.19. If ¢ : g — b is a Lie algebra homomorphism, ¢* : h* — g* is a Poisson map when g* and
h* are endowed with the Lie-Poisson structure.

Example 5.20. Any symplectomorphism is a Poisson isomorphism. In particular, if ¢ : M — M is a
diffeomorphism, the cotangent lift 7%y : T*M — T* M is a Poisson isomorphism.
5.2.1 Infinitesimal automorphims and Hamiltonian vector fields

In order to study the Hamiltonian vector fields of a Poisson manifold, we will define a more general type of
vector fields that we will call Poisson vector fields. We will see that in particular, the Hamiltonian vector
fields are always Poisson.

Definition 5.21. Let (M,{, }) be a Poisson manifold and w be the corresponding Poisson 2-vector. A
vector field X € X (M) is said to be a Poisson vector field if it is an infinitesimal automorphism of the
Poisson structure, that 1s,

ﬁxw =0

Remark that for any two functions f,g € F(M) and any point ¢ € M one has

Lxw(df,dg)(q) = X (w(df,dg))(q) — w(Lxdf,dg)(q) —w(df, Lxdg)(q)
= X(w(df,dg))(q) — w(dX(f),dg)(q) —w(df,dX(g))(q)
= X{f,9} (@) —{X(f) 9} (@) —{[, X(9)} (@)

Thus, X is a Poisson vector field if, and only if,

XAf g ={X(f). 9} +{f, X(9)} (5.18)

Moreover we have the next result.

Proposition 5.22. Let (M,{, }) be a Poisson manifold and X € X (M) be a vector field. The following
statements are equivalent:

1. X is a Poisson vector field.

1. The flow @ of X consits on Poisson isomorphisms.
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Proof. i. = ii. | Notice that for any «, 3 € Q' (M),

(Lx (A*Tpy,w))(a, B) = X (AT, w(er, ) — (A*Teprgw)(Lxax, B) — (A*Tp,w) (v, Lx )
= X(w((Ter,)" (), (Tory)"(8))) = w((Tepry ) (Lx ), (Tepry )" (B))
—w((Ter,)" (), (Tepry )" (£x3))

Thus, using that (Tyy,)*(Lxy) = Lx((Tes,)* (7)) for any v € Q1 (M), it follows that

(Lx (A*Tpr,w))(a, B) = Lxw((Ter,) (), (Tpr,)*(B))
= (A*Tps, (Lxw))(e, B)
Therefore, 0 = A*Tp; (Lxw) = Lx A>T, w and if ¢ € M,

0= ‘CXA2T<pt0w(q> (A2T4Pt(Q)<p*t) (AQTAPt—tO (q)Pto (w((ptfto (q))))

= oo
d 2

= G (PToc et wleeiu @)

d

" dt =t (AT, g 9—+) (wlee(a))

Then,
(AT, gy p—t) (w(pe(a) = (A*Tyo(q)0) (w(go(9)) =wlq) VYt Yg € M
which means that
A Typi(w(q)) = w(e(q))
1. = . | Using (5.17) we have
ATy, (g p—1(w(pe())) = w(q)

Hence,

d

= — w = O
dt |t=0 1

Lxu@) = Tt o-i(uler()

O

Now, let us focus on the Hamiltonian vector fields. If Xy is a Hamiltonian vector field, the equality (5.18)
is just the Jacobi identity,

Xf {h’g} = {{hag}vf} = _{{f7h}ag} - {{gaf}7h} = {Xf(h)vg}+{h’Xf(g)}

Thus, any Hamiltonian vector field is a Poisson vector field. In particular, the flow of a Hamiltonian vector
field is made up of Poisson isomorphisms. Furthermore, we have the following result.

Proposition 5.23. Let (M,{, }) and (M’,{, }') be two Poisson manifolds and ¢ : M — M’ be a smooth
map. The following conditions are equivalent:

i. @ is a Poisson morphism.
ii. For any f' € F(M') and any q € M, Typ(Xpop(q)) = X} (0(q))
Proof. We will prove that for any two functions f’, ¢’ € F(M') one has the following equivalence
{f/ o <p7g/ o Lp} = {f’7g/}/ op & thp(Xf/og,(q)) = X}, ((p(q)) forallge M

Since the first statement implies that ¢ is a Poisson morphism, by Proposition 5.16, the result will be proved.
Here we write down the right implication, and rephrasing it, we obtain the left one,

Typ(Xprop(@)(g) = Xprop(g 0 0) (@) = {9 o0, f o} (0) ={d, '} o pla) = X} (2(q))
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5.3 Symplectic foliation of a Poisson manifold

This last section is devoted to prove that any Poisson manifold admits a completely integrable distribution
whose leaves are symplectic manifolds. As well, we will describe the symplectic leaves in the case of the
Poisson manifold being the dual space of the Lie algebra of a connected Lie group. Here, the Hamiltonian
vector fields and their properties are crucial in order to define the distribution.

Definition 5.24. Let (M,{, }) be a Poisson manifold, w be the corresponding Poisson structure and ¢ € M
be a point. The image of #.,(q) = Cy is called the characteristic space at point q.

Remark that the dimension of Cj coincides with the rank of #, at g. Thus, the dimension of the
characteristic space is always even. If rank #,,,) = dim M we say that # is non-degenerate at the point q.
As well, if the rank of #,,,) does not depend on the point we say that w is a regular Poisson structure.

Example 5.25. Earlier, we have proved that a Poisson manifold M is symplectic, if and only if, the Poisson
structure is non-degenerate. Hence, the symplectic manifolds have regular Poisson structures associated with
them.

Another way of describing the characteristic space is in terms of the Hamiltonian vector fields,
Cq ={Xs(o) | f € F(M)} (5.19)

It is immediate that the two definitions are equivalent.
The characteristic space C,; of a Poisson manifold M, induces a generalized distribution. Indeed,

ge M — C, CT,M (5.20)

is a generalized distribution since it is generated by the Hamiltonian vector fields. We call it the generalized
distribution of the Poisson manifold and we denote it by C. The next result proves that C is a generalized
foliation on M and that the leaf of C through each point of M admits a symplectic structure. In order
to prove this theorem, we will use some results on generalized distributions (for more information on these
topics see Appendix B).

Theorem 5.26. The characteristic distribution C of a Poisson manifold M is completely integrable and the
Poisson structure induces symplectic structures on its leaves.

Proof. First, we prove that C is invariant and by the generalized Frobenius theorem we will deduce that it
is completely integrable. Since C, = (X(q) | f € F(M)) it is enough to check that for any f,g € F(M),

Tyor! (Xe(q)) € Clor (a)

where gof(f denotes the flow of the Hamiltonian vector field X ;. By Proposition 5.22 we know that cpi(f are
Poisson isomorphisms and by Proposition 5.23 we have that

Topr ' (Xo(@) = X, xs (1 (a) €Clep ' (9))

Thus, the characteristic distribution is completely integrable which implies that there exist a leaf through
each point of M. Let us prove that such leaves have a symplectic structure. Let L be a leaf, we prove that
{, } induces a Poisson structure on L as follows,

(.} FL)xFL) - F(L)
(f?g) — {f’g}L:{fﬁg}

where f,§ € F(M) are such that ﬂL = fand g = g. If ¢ € L we have,

(9. 1)1 (@) = X5(3)(0) = (Toea ()
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where cpff is the integral curve of the vector field X 7 with initial condition ¢ € L. In particular, if the
initial condition is in L, the whole integral curve remains on L and {, }, only depends on g. Likewise,
permuting f and g we obtain that {, }, only depends on f. Therefore, {, }, is well defined. Moreover,
easy calculations proves that { , }, is R-bilinear, skew-symmetric and satisfies the Jacobi identity and the
Leibniz rule. Thus, {, }, is a Poisson bracket on the leaf L. Finally, we will prove that such Poisson
structure is non-degenerate and by Corollary 5.10 we will conclude that L is symplectic. For this purpose,
first we prove that #,,, (4) : T;L — T,L is an isomorphism (here, wy, is the Poisson 2-vector on L). In fact,

T,L={X;(@) |f € FOM)} = {X4(@) | € FIL)} = Hup(0)(T; L)

proves that #,,, ) is exhaustive. Since dim Ty L = dim TyL, #,, (4 is an isomorphism. Hence, {, },is
non-degenerate which proves that L is symplectic.
O

Definition 5.27. The leaves of the characteristic foliation are known as the symplectic leaves of the Poisson
manifold M.

Up to now, we have proved that the leaves of the foliation of a Poisson manifold are symplectic but we
do not specify the symplectic form. Using that #,,, ;) is bijective, for any two vectors X,Y € T, L we have
X =, (g(a@) and Y =, ()(B) for some «, 3 € Ty L. Then, we define the symplectic form w in L as

w(X,Y) = B(X) = B(#uw,(g)(@) = wr(q)(a, B) (5.21)
Example 5.28. Consider the 2-vector w in R? given by

o 0 0 0 0 0
=T A+ Y A 2 A 5.22
YT oy "0 Ve Nor T T an " oy (5:22)
Easily, using the Schouten-Niejenhuis bracket we have that w is a Poisson structure and (R?,w) is a Poisson
manifold. Remark that the Hamiltonian vector fields are given by

of 0 af 0 aof 9] 0
X Rt (P A P
I~ o ( ay 82) * Oy ( 0z ax) * 92 \Yox 8y
Therefore, the characteristic space is

Ca = =

= 22 —yﬁ a:g —zi ya —xa (5.23)
) Y \(ayz) 0%y 02l@yz) 0Ty 0T|(xwz)  OY|(zy.s) '
To simplify we note C'(,. ,, .y = (Xo (2,9, 2), Xy (2,9, 2), X.(7,y, 2)), where X, X, and X, are the Hamiltonian
vector fields of x,y and z respectively. It can be shown that the symplectic leaves of that foliation are

I s if (w0, yo, 20) # (0,0,0)
((0.v0:20) ) (0,0,0)  if (w0, Yo, 20) = (0,0,0)

Here, S2 denotes the sphere in R? with center the origin and radius /7o, where 7o = 2§ +y§ + 23. A further
explanation about the computation of the leaves is found in Appendix B.

Since (R3,w) is a Poisson manifold, the leaves have symplectic structure. Let us find the induced
symplectic form. If u,v € T(x,y,z)SfO are two vectors, they are expressed locally as u = u1 Xy +u2 Xy +uz X,
and v = v1 X, +v2 Xy +v3X,.. We know that #,, : T*R3 — TR? sends dx (dy, dz respectively) to X, (Xy, X
respectively). Thus, if & = —ujdz —usdy —usdz and 8 = —vdx —vedy —v3dz, we have that #wsgo (o) =u=
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w Xy (2, y, 2) +us Xy (2,y, 2) +us X, (z,y, z) and #w330 (B) =v=v1Xe(z,y,2) +v2Xy(2,y, 2) +v3X. (2,9, 2).
Then, the symplectic form w is given by
w(u,v)(x,y,2) = Bu)(z,y, 2) = —v1u1 Xz (x) — rusXy(x) — rusX,(x)
— vou1 X (y) — vaua Xy (y) — v2uz X, (y)
— w31 X5 (2) — v3ua Xy (2) — vaus X, (2)
= V1U2Z — V1U3Y — V2U1Z + V2U3X + V3ULY — V3ULT

= —z(vzug — vausz) — y(viug — vsuy) — 2(vVauy — vViUg)
Note that using the usual identification between T(w,yyz)RS =~ R3, the symplectic form on Sfo is given by,

W(uav)(x’yaz) = _(Ivyaz) ’ (U X ’U)

5.3.1 Symplectic foliation of linear Poisson structures

This section is devoted to prove that the orbits of the coadjoint action of a connected Lie group G are
the leaves of the symplectic foliation of the Lie-Poisson structure of g*. Remember that the infinitesimal
generator of the coadjoint action Ad* : G x g* — g* of a Lie group G associated to £ € g, is given by
&= (@) (n) = —af€,n] for a € g* and n € g. Given two linear functions 7,¢ : g* — R, by duality, they can
be considered as elements of g. Then, recalling section 5.1.4 we have that the Lie-Poisson structure on g* is
given by {&,n} (o) = a([§,n]) for a € g*. Hence, if X¢ denotes the Hamiltonian vector field with respect to
the Lie-Poisson structure of g*, we have

Xe(n)(a) = {n, &} (a) = —a([§; ) = &+ ()(a)

Therefore, the Hamiltonian vector field coincides with the infinitesimal generator of the coadjoint action
associated to &, i.e,
Xe = & (5.24)

It leads us to the following result.

Proposition 5.29. The coadjoint action Ad* of a connected Lie group G is a Poisson morphism on g*.

Proof. Given ¢ € g, by the previous equality 5.24, the flow @f( ¢ of the Hamiltonian vector field X coincides,
with the flow Ad, ;) of {g+. In addition, we know X¢ is a Poisson vector field and by Proposition 5.22 we
know that their flow is made up of Poisson isomorphims.

O

In view of this result, it is natural to try describing the characteristic space in terms of the infinitesimal
generators. In fact, as C, = {X¢(a) | € € F(g*)} it will be enough to prove that,

Co ={Xe(o) | £ : g" — R is linear} (5.25)

Specifically, we will see that given a function & € F(g*), the local expression of its Hamiltonian vector field
is Xe = Ei’j %qu where X are the Hamiltonian vector fields of the coordinate functions ¢*. Indeed, if
w;; denote the components of the Lie-Poisson structure,

o0& 0 o0&
Xe= =2 ggiag ~ " oy

4,3

7] ¢
(vo) =S o
Y

Now, if ¢* are the coordinates on g induced by the basis {¢;}, it follows that ¢* is a linear function on g*.
Thus, X,i = (&)g+. Therefore, the characteristic space could be rewritten as,

Co ={&g- () | § € g} (5.26)

It gives us the main tool to prove the result we referred at the beginning of this section.
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Theorem 5.30. The symplectic leaves of the Lie-Poisson structure on g* are the orbits of the coadjoint
action Ad* of a connected Lie group G whose Lie algebra is g.

Proof. Denote by G -n = {Ad;(n) | g € G} the orbit of the coadjoint action. Recall from Chapter 3 that its
tangent space is given by,

To(G 1) = {&g= (@) [ € € 0}

Therefore, T, (G - 1) = Cl,, i.e, the tangent space to the orbit at « coincides with the characteristic space

at a. Then, since the orbit is connected, we conclude that it is the corresponding leaf of C through «.
O

Again, we described the symplectic foliation but we did not say anything about its symplectic structure.
If w,, denotes such a symplectic structure in the leaf G - i, then

wn () (€g+ (@), g+ (@) = wy(@)(Xe(a), X¢ (@) = —d((@)(§g- () = —&g- ()(C)

Example 5.31. Consider the coadjoint action of SO(3) on R3. Given é € g, we known that the infinitesimal
generator of the adjoint action under the identification s0(3) = R3 is &gs. Thus, if /) € g and & € g*, the
symplectic form of the leaves of the Lie-Poisson structure of s0*(3) under the identifications s0(3) = R3 via
the hat map and s0*(3) = R? via the breve map, is given by

(@) (s (&), figs= (&) = —Eo= (@) () = G([€,7]) = GE xn) = a- (€ x 1)

We have that the symplectic leaves of s0*(3) are the origin and the spheres centered on the origin. Indeed,
we proved that the coadjoint action of SO(3) under the previous identifications is the usual action of SO(3)
on R3. Moreover, we saw that the orbits of that action are the origin and the spheres centered in the origin.
The previous theorem 5.30 gives us the result.

Furthermore, notice that the symplectic form is, up to sign, the symplectic form of the Example 5.28.
In fact, the Lie-Poisson structure on the dual to the Lie algebra of a Lie group G can be also defined by
{f,9} (a) = —a([df(a),dg()]) for f,g € F(g*) (see Remark 6.2). In such case, the symplectic form of
50*(3) coincides with the symplectic form of the Example 5.28 which means that the Lie-Poisson structure
of 50*(3) is given by (5.22) and its characteristic distribution is (5.23).
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Lie-Poisson reduction theorem

At this point in the project, we notice that among all objects we have studied there are two spaces that stand
out for their interesting properties. On the one hand, the cotangent bundle of any smooth manifold has a
symplectic structure and hence, is a Poisson manifold. On the other hand, we know that the dual space of
the Lie algebra of a Lie group always has associated a linear Poisson structure that we called the Lie Poisson
structure. However, at no point during the project we have linked neither the spaces nor their structures. In
fact, the Lie-Poisson reduction theorem is the culmination of the project and gives us such a result. Given a
Lie group G, the theorem will relate its cotangent bundle 7*G with g* via a Poisson morphism. As a result
of this, the dynamics on 7T*G may be projected on g* and it is described with the half number of equations.

As one can expect, to prove this theorem we need most of the tools we have introduced. That is why we
give a quick overview to the whole project emphasizing the main results we will use. Once it is done, the
proof of the theorem is simple. Finally, we end by coming back one more time to the rigid body. Using the
examples we saw and the theorem, we will give its geometric description and we will see that it coincides
with the physical one. Then, we may conclude that our main objective is reached, and so on, the project is
completed.

6.1 Lie-Poisson reduction theorem

Let us summarize the most important results that we need:

Assume that M is a smooth manifold, G is a Lie group, g its Lie algebra and H is a Hamiltonian function.
Let (¢!, ...,q™) be the local coordinates on M and (¢',...,q™,p1,...pm) be the corresponding coordinates
on T*M.

1. From Chapter 2, the cotangent bundle T* M is endowed with the canonical symplectic structure wy; =
>oi, dg" Adp;, so that, it is a symplectic manifold. Besides, we showed that the dynamical equations
for the Hamiltonian function H : T*M — R are just the Hamilton equations,

,  OH . 0OH

qliapi pi:iaq’i fori=1,...,m

2. In Chapter 3, we proved that if ¢ : G x M — M and ¢ : G x N — N are two actions, and f: M — N
is an equivariant function with respect to them, then

Tof(€m(q) =En(f(q)) for{ €gand ge M

where &3 and & are the corresponding infinitesimal generators. As well, we showed that the infinites-
imal generator of the action of a Lie group on itself by left translations

L: GxG — G
(g:h) — Lg(h)=g-h

64
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associated with £ € g is the right invariant vector field, i.e, £¢(g) = T.R4(§), for all g € G.

We also introduced the adjoint action of a Lie group on its Lie algebra and we gave the expression of the
infinitesimal generator associated with £ € g, that is, {5(n) = [£, 7] for £, € g. Then, we introduced
the coadjoint action and described its infinitesimal generators which are given by &g+ () () = —a([€, 7))
for {,m € gand a € g*.

3. Chapter 4 was suitable to show that given an action ¢ : G x M — M, its cotangent lift is always a
symplectic action that admits an Ad*-equivariant momentum map J : T*M — g* given by,

J(O‘q)(g) = J&(O‘q) = ag(§m(q)) for ay € T;M and £€g
Thus, the Hamiltoninan vector X, is just the infinitesimal generator .

4. In Chapter 5, we saw that a Poisson structure w on M induces an homomorphism #,, : T*"M —
T'M that is given by B,(#w(ay)) = w(ay, By) for ay, B8y € Ty M. It allowed us to characterize the

Poisson morphisms. Indeed, ¢ : (M, {, }) = (M',{, }) is a Poisson morphism, if, for every ¢ € M,
Ty 0t o Togg)p = Hhor-

In addition, we deduced that a symplectic manifold is always a Poisson manifold. In particular, we
proved that the cotangent bundle of any smooth manifold admits a canonical Poisson bracket which is
locally given by

" (dg df g O
{f,g}zxg(f)zz(a;aé_a;ai)

i=1

On the other hand, we proved that g* admit a linear Poisson structure (the Lie-Poisson structure)
which is defined by

{f, 9} (a) = a([df (o), dg()])

for f,g € F(g*) and o € g*. In addition, the Hamiltonian vector field Xég* of the linear function
§:g" = Ris just &g-.

Now, let us apply all those results to prove the theorem.

Theorem 6.1 (Lie-Poisson reduction). Let G be a Lie group and g be its Lie algebra. For any £ € g, denote
by X¢ the corresponding right-invariant vector field. Let J : T*G — g* be the map given by

J(ag)(€) = ag(Xe(g))  forag € T;G and§ € g (6.1)
then,
1. J is an erhaustive submersion.

it. If on T*G (respectively g*) we consider the Poisson structure induced by the canonical symplectic
structure (respectively, the Lie-Poisson structure), then J is a Poisson morphism.

1. If h:g* =R and H=hoJ :T*G — R are two Hamiltonian functions and v : I — T*G is a solution
of the Hamilton equations for H, then Jo~y : I — g* is a solution of the Lie-Poisson equations for h.

Proof. i. It is sufficient to prove that J|T;G : TyG — g” is a linear isomorphism. It is clear that J‘T;G :
T;G — g* is a linear map. Furthermore, we have

ker Jir- ¢ = {ag €eT;G [ J(ag)(€) =0VE € g} ={ay €T;G | ay(Xe(g) =0V € g} = {ag € T;G g =0} =0

Moreover, dim 7T, G = dim g = dim g* so that J‘T;G is a linear isomorphism.
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7. Consider the action of G on itself by left translations

L: GxG — &
(g:h) — Lg(h)=g-h

Given £ € g, the infinitesimal generator of L associated with £ is,

alg) = TeRy (&) = Xe(g)-
Thus, {¢ = X¢. By Corollary 4.13 we know that LT .G x T*G — T*G is a symplectic action and admits
an Ad*-equivariant momentum map J : T*G — g* given by

j(ag)(f) = ay(c(9)) = aq(Xe(g)) for oy € T;Gand {€g

Hence, J = J and J is Ad*- equivariant Note that any £ € g = (g*)* can be interpreted as a linear function
¢ :g* — R. Therefore, if X1 €0 & denotes the Hamiltonian vector field associated to & o J with respect to the

Poisson stucture of T*G and X Eg denotes the Hamiltonian vector field associated to £ with respect to the
Lie-Poisson structure of g*, we have

TagJ(Xg:JG(ag)) = TagJ(X?I:G(O‘g)) = Tag J(fT*G(O‘g))
=& (J(ag)) = X§ (J(ay))

Let us use this fact to prove that for any oy € Ty G, T, J o #1+G oT}‘(%)J = #£4+, i.e, the following diagram
is commutative,

* * T‘;(D‘-‘?)J * *
Tio, 8 3 Tr (T7G)
#g*l J/#T*G

* TO‘QJ *
TJ(ozg)g — Ta (T G)

g

Let &1,...,&, be a basis of g. As before, {1, ...,&, may be considered by duality as linear functions on g*.
Therefore, for any 3 € g*, {d€1(8),...,d&.(B)} is a basis of T5g*. Then, from the linearity of the involved
functions it is sufficient to prove that the result holds for the elements of the basis, d€1(8),...,d&,(8). On
the one hand,

#o- (d6i(J (ag))) = —XE (J(ay))
On the other hand, for any v € Ty, (T*G)
T (ag) T (di( T (g)) (v) = d&i(J(0rg) (T, J (v) = Ta, (§i © J)(v)
So, Tj(ag)(dfi(J(ag)) =Ta, (& o J). Then,
To, Jo#rGoT5(0,) I (d€i(T (ag)) = (Ta, JoH 1) (Ta, (Gi0T)) = (Ta, Jottr-c)(d(E0T ) (ag)) = —Ta, J(XE 5 (ag))
Finally, as &, ...,&, are linear functions we conclude that
Ty © #1706 0 Tjo ) J(d€i(J () = =Ta, J(XE G () = =X& (J(ag)) = #q- (d&i(T(ag)))
#41. Using that J is a Poisson morphism we get,

Y(t) = Xiof (v(1)) = Ty J(1(8) = Ty (X7 f (1) & (Jo) (1) = X§ (J(+(1)))

Thus, if v : I — T*G is a solution of the Hamilton equations for H = ho J, then yo J : I — g* is a solution

of the Lie-Poisson equations for h.
O
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Remark 6.2. Its is noteworthy that here we have proved the ”right” version of the Lie-Poisson reduction
theorem. The ”left” version is obtained when the momentum map .J is defined in terms of the left-invariant
vector fields. Then, the theorem states that J is a Poisson morphism between T*G with the canonical
Poisson structure and g* with the minus Lie-Poisson structure, that is,

{f.9} (@) = —a([df (), dg(a)]) for f,g € F(g") (6.2)

The proof of this version is analogous to the one that we gave but considering right translations in stead of
the left ones.

6.2 Rigid body

We are going to obtain the dynamic equations of the rigid body in geometric terms and to prove that they
agree with the physical ones. Our first step must be identifying the configuration manifold.

Recall that a rigid body is any solid body in which the distance between any of two of its points remains
constant over time. As we showed, it means that the equation that describes the position of a given particle
X over time is z(t) = R(t)X, with R(t) € SO(3). Therefore, we have that this condition implies that the
configuration space of the rigid body is SO(3) with the Euler angles (¢, 6, ¥) as generalized coordinates.

Then, we may consider the corresponding coordinates (p, 0, ¥, p,, pg, py) on T*SO(3) . Moreover, as
we have seen in Chapter 5, the Poisson structure on a cotangent bundle induced by the canonical symplectic
structure is given by (5.12). We will denote by { , }_,,, such a structure.

On the other hand, the Lie algebra so(3) might be identified with (R3, x) via the hat map as we showed
in (3.10). Under such an identification, we proved in Example 3.53 that the infinitesimal generator of the
adjoint action of SO(3) associated with £ € SO(3) is &pa(z) = & x x for z € R3. As well, in Example 3.55
we saw that s0*(3) is identified with R3 via the breve map. Therefore, the infinitesimal generator of the
coadjoint action of SO(3) is given by

v

€ra- () (1) = —TI([€,7]) = —TI(§ x ) = —I1- (£ x n)

Hence, the minus Lie-Poisson bracket of s0*(3) is

{&n} ) =-11-(¢xn)

Remark that the above brackets { , } ., and {, } coincide with the canonical bracket and the Lie-Poisson
bracket defined in Chapter 1 for the rigid body.

Now, we may prove that the momentum map J : T*SO(3) — s0*(3) given by (6.1) is just the map J of
Theorem 1.1. Indeed, taking into account that the left-invariant vector fields of SO(3) obtained from the
canonical basis on R? 2 50(3) are

Sin’tﬂi_ sinwcosﬁi
sinf dp sinf Oy

X = COS@[J% +

: d cosy O cosycosf O
Xy, = -— — i -
2 sing 00 + sinf Oy sinf Oy
0
X3 = —
3 90
one has that the corresponding momentum map is
J: T*5S0(3) — 50*(3)
pg,% +p9+a%+pw% — ﬁ((pw—pwcos¢9)sinw+pgsinﬁcos1/))dl_[1

+=L= ((py — py cos 6) cos P — pg sin O sin ) dlls + pydlls

sin 6
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where II;,II5, I3 are the local coordinates on so*(3). Clearly, J coincides with the momentum map of
Chapter 1. Therefore, using the left version of the Lie-Poisson reduction theorem, we deduce that such a
map is a Poisson morphism, i.e,

{f.gtod={fod gol}.,,

As well, if h: g* — R and H = h o J are Hamiltonian functions and v : I — T*G is a solution of the
Hamilton equations for H, then J o~ : I — g* is a solution of the Lie-Poisson equations for h, which is
equivalent to the fact that

II; = {II;, h}
holds if,
_on o
¥ 3p¢, Py 8<P7
o 91 . od
_on o on

Notice that above statements are nothing but Theorem 1.1 from Chapter 1. It proves the equivalence
between the geometric formulation and the physics one and leaves us with a powerful tool to keep working
on.



Appendix A

Schouten-Nijenhuis bracket

A.1 k-vectors and k-forms

Let M be a manifold of dimension m and k be an integer such that 2 < k < m. Consider the vector bundle

AFTM = U AT, M = U {@q: TyMx k. xTyM — R | ¢, is R-multilinear and skew-symmetric }
qEM q€EM
(A1)

If (U, p = (ql,...,qm))isalocalchartinM,{8(;ii1| /\"'/\ag‘k‘ |1 <4y <...<ip <m}isabasisof A¥T, M.
q q

It implies that A*T'M is a smooth manifold of dimension m + (7;) A smooth function P : M — A*TM
such that P(q) € AkTqM for all ¢ € M is said to be a k-vector. In local coordinates a k-vector is given by,

0 0
Y P A a2

i1 <...<ip

where P;, _;, are local smooth functions. From now on, X k (M) will denote the space of k-vectors. Remark
that X°(M) = F(M) and X*(M) = X(M).

The sections of the dual bundle to A*T* M are known as k-forms. Likewise, a k-form is a smooth function
a: M — AFT*M such that a(q) € AkT;M for all ¢ € M, where

AFT*M = U AkT;M = U {gpq cTyMx . xT,M — R | ¢, is R-multilinear and skew—symmetric}
qeEM qeM
, , (A.3)
In the previous chart, {dqr; A dqll(’; |1 <i; <...<ir<m}is a basis of A’“T;M, which means that

AFT*M is a smooth manifold of dimension m + (ZL) If « is a k-form, it is locally expressed as
o = Z ail_”ikdqil /\/\q“C
i1<...<ig
where «;, ;. are again local smooth functions. Then, the pairing a(P) is a function given by
a(P) = Z 0y i Py
11 <...<tg
Given a k-vector P, consider the map P : Q'(M)x .k. xQY (M) — F(M) defined as

Plag,...,ar): M R
q

N
- P(al(q)avak(q))

69
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where a; € QY(M). Thus, one may regard a k-vector on M as a F(M)-multilinear skew-symmetric map
P:OQYM)x k. xQY (M) — F(M). Moreover, with this interpretation of the k-vector P, one can define a
R-multilinear skew-symmetric map P : F(M)x 5. xF(M) — F(M) as follows

P(fla'”afn): M — R
where f; € F(M). Remark that since d(fg) = fdg + gdf, the map P satisfies the Leibniz rule. Such a map

is said to be multiderivation. Conversely, a multiderivation P always define a k-vector by P(f1,..., fi) :=
P(dfy,...,dfx)(q) (see [Duf] for a proof).

(A4)

A.1.1 2-vectors

We specialize our discussions in the particular case when k = 2. According to the previous definitions, a 2-
vector is a F(M)-bilinear skew-symmetric map w : (M) x Q*(M) — F(M) or, equivalently, a biderivation
{, }: F(M)x F(M)— F(M) such that

w(df,dg) ={f, g} (A.5)

Any 2-vector define a smooth fiber map # : T*M — T'M. Indeed, for every oy € Ty M, #(ay) € TyM is
defined as

5(1(#(@(1)) = w(‘])(aqaﬁq) for B, € T;M (A.6)
Likewise, the map # might be seen as a morphism of F(M)-modules # : Q' (M) — X (M) defined as

#(): M — TM

¢ = #ae) (A7)

for a € QY (M).
With this definition, # can be extended to a morphism of F(M)-modules, # : Q¥(M) — X*(M). Given
a € QF(M), #(a) € X¥(M) is such that

#(): QY M)x k. xQY (M) — F(M) (A8)
(a1,...,01) - (=Dka(#(a), ..., #(ag)) '
It is easy to check that,
#ar A Aag) =#(a) A AF#(ar)  for a; € QM) (A.9)

The rank of a 2-vector w in a point ¢ € M is defined to be the rank of the linear map #|T;M TyM —
Ty,M. Remark that w(q) : T, M x Ty M — R might be seen as a 2-form on Ty M whose rank coincides with
the rank of #IT; m- Therefore we conclude that the rank of a 2-vector is always even.

The particular case of a symplectic manifold

Let (M,w) be a symplectic manifold. One can define a 2-vector on M as follows,

{,}: F(M)xF(M) — F(M)
(fvg) - {fvg}:w(vaXg)
where X and X, are the Hamiltonian vector fields of the functions f and g. Moreover, we have that the

2-vector w satisfies w(df,dg) = {f,¢9} = w(Xs,X,) and we can define the morphism of F(M)-modules
#:0Y M) — X (M) .

(A.10)
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Let b, be the corresponding isomorphism of F(M)-modules associated to the symplectic form w,

bo: X(M) — QM)

X — Txw (All)

We are going to show that
#=—bt. (A.12)

For every f,g € F(M),

(#(df))(9) = dg(#(df)) = wldf,dg) = w(Xf, Xg) = —w(Xg, Xj) = —ix,w(Xs) = =X;(9)
and #(df) = —Xy = —b;;'(df). Thus, for any a € Q' (M) such that o = Y, a;dg; for o, g; € F(M),

Zaz# dgz = Zaz dgz =-b Zaldgl __w ( )

Furthermore, if we consider the extension of # to Q2(M) , i.e., # : Q*(M) — X?(M) we have that
#w)=w (A.13)

Indeed, since #(w) and w belong to X2(M) it is enough to check that #(w)(df,dg) = w(df,dg) for any
f.9 € F(M),
#(w)(df, dg) = w(##(df), #(dg)) = w(Xy, Xg) = w(df, dg).

A.2 Lie derivative

As it is known, the Lie derivative of a 1-form o € Q!(M) with respect to a vector field X € X(M) is the
1-form given by
Lxa=1ixda+dixa (A14)

or, in other words,

(Lxa)(Y) = X(a(Y)) —a[X,Y] for Y € X(M) (A.15)

Now, let us introduce the Lie derivative of a k-vector P € X'*(M) with respect to a vector field X € X' (M).
Lx P is the k-vector defined as

LxP=[X,P]: QY(M)x k. xQ" (M) — F (M) (A.16)
(a1,..., ) = LxP(ay,...,ax) ’
where LxP(a1,...,05) = X(P(ag,...,a)) — Zle P(ay,...,Lxay, ..., o). Taking into account that P
is a k-vector and that X is a vector field, it is almost direct to prove that Lx P is skew-symmetric and
F(M)-multilinear. For instance, let us check that £x P is F(M)-multilinear. Let 3, a1, ..., o € Q1(M) be
1-forms and f € F(M) be a function, then
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EXP(B-'—fO[l,...,Oék-) :X(P(B—Ffoq,...,ak))—P(;CX(,B—FfOél),aQ,...,Oék)

k
*ZP(5+fOllw-wEXOéz"uwak)
i=2
=X(PB,...,ar))+ X(fP(a1,...,a1)) — P(LxB,aa,...,a1)
k
- P(X(f)aa +f‘CX0¢17042--~704k)_ZP(ﬂa-“a[’XO‘ia---vak)
i=2

k
_ZP(fOél,...7£X()éi7...,()ék)
=2

=X(P(B,....ar) + fX(P(a,...,ar) + Pla, ..., o) X(f)
— P(LxB,a9,...,ar) — X(f)P(a1,...,a5) — fP(Lxa1,as...,a)

k k
—ZP(ﬂ,...,EXai,...,ak)—fZP(al,...,LXai,...,ak)
i=2 i=2

:L'XP(B,...,ak)—|—f£XP(a1,...,ak)

It can be also checked that if X1,... X € X (M) are vector fields, then
k
Lx(XiA AX) =Y X1 A AX XA AKX (A.17)
i=1

So far, we have given the algebraic approach to the Lie derivative of a multivector P with respect to X.
Next, we give the dynamic definition in terms of the flow ¢ of X

d

(LxP)(q) = %nzo

<T¢t(q)¢—t) (P(9+(q))

A.2.1 Schouten-Nijenhuis bracket

Once we have had a quick overview on the Lie derivative of a k-vector and we have obtained the formula
(A.17), it is natural to extend it to an operation between g-vectors and p-vectors. In fact, there is a unique
R-bilinear extension of the Lie derivative to an operation

[,]: XP(M)x XI(M) — XxPra—1(}) (A.18)
satisfying the following properties:
i. For all P € XP(M) and Q € X4(M), [P,Q] = (—1)"[Q, P].
ii. For all P € XP(M), R € X"(M) and Q € X9(M), [P,Q A R] = [P,Q] A R+ (—1)P7+9Q A [P, R).
(

iii. For all P € XP(M), R€ X"(M) and Q € X9(M),
(—1)P=V[P[Q, R]] + (—1)1P~D[Q[R, P]] + (=1)"@~ Y[R, [P,Q]]. (Graded Jacobi identity)

Such an operation is called the Schouten-Nijenhuis bracket.

In order to prove this result, first we will prove that the Schouten-Nijenhuis bracket is a local operation,
that is, [P, Q];y only depends on Py and Q)y. Due to the fact that [, ] is skew-symmetric it will be enough
to prove that [P, Q1](z0) = [P, Q2](z0) if @1y = @2y in a neighbourhood U of .
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Consider a bump function f such that f = 1 in a compact neighbourhood of xy contained in U and f =0
outside U. Thus, from ii.

[P, fQil(z0) = [P, f] A Qi(zo) + f(z0)[P, Qil(z0) = [P, Qil(z0) fori=1,2

Since fQ1 = fQ2, we conclude that [P,Q1](zo) = [P,Q2](x9). Now, using that the bracket has local
character we can work on a local chart.
Remark that for any p-vector P and any Q1,...,Q, € X (M), from ii. we deduce that,

q

(@A AQy PI=) (1) Qi A...AQi A AQq N[Qi, P

i=1
and, for any Py,..., P, € X(M)
p q
[PLA. APy QA AQg] = (—1)PT Y N (1) TP QiIAPLA . APIA . AP,AQIA . AQ AL AQy
=0 j=0
Moreover,
[PAN APy fOQIN . ANQg =[PIN. . APyfINQINAN ... ANQqg+ fIPLA...APy, Qi A...ANQg]

P
:Z(—l)i+lpi(f)P1/\.../\Pp/\Ql/\.../\Qquf[Pl/\.../\Pp,Ql/\.../\Qq]

Let (U, = (z!,...,2")) be achart on M and (7, (U), % = (z!,...,2", &', ...,i")) be the corresponding
chart on TM. Any p- Vector will be given by P = >, - A and any g¢-vector by

11 <...<ip i1.0p 9gi1 Ered
Q = Ell <.<iy Qi ...i, 89:’1 Ao A aa?iq . Then, from the previous equalities it is clear how the bracket
operates on any p-vector and q—Vector. It proves the uniqueness in every local coordinate system. Thus, we
deduce the result. Note that the graded Jacobi identity for the Schouten-Nijenhuis bracket follows using the
fact that the standard Lie bracket of vector fields satisfies the Jacobi identity.
Let us study the particular case p = ¢ = 2. Assume that,

PZé%B‘j;m/\(gj Q:;hz’;@h’“aiﬁaik
Then,
7. zllg};k[P K aaz ’Qh’“aih aik}
:‘lli%k([P“;xiA;w’Q’”“Ma a%w”’“[ ”aa Aa?cg dan am)
:jl‘,%k([Qhk,Pij]aiiA;A(;;/\aiJer[Qhk,aa /\;%]Aa(;l/\aik
+Qhk[a%/\aa ij}/\aixi 8?5 +Qhk1:)z][aa /\aik Aa(‘)%/\aijo
:i ;}k( 1[Qnrs 84138 AaihAai Fiil@ne, 5 : ]ailAaimAa%g
+Qnk| ”’ai]aixk 8?52 88 — Qnk| sz%]% 81 5;)

I AN PRl L e A, A,

1 3Qhk 0 0 0 oP;; 0 0 0
:5 Z < A A J A /\>
J,h.k
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Hence,

oP;

OPy;

PQl= > > (Ph'ank +Ph‘ani +PhkaQij + Qnk

g J
ox ox ox
i<j<k h h h h

0

L+ Qny
T,

8$h

+ Qhns 3

oP;,

Th

)

0
a.’ﬂi
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Appendix B

Distributions

B.1 Regular distributions

Assume that M is a smooth manifold of dimension m. A regular distribution of dimension k on M is a map
g€ M — D(q) CT,M verifying:

i. D(q) is a subvector space of T,M such that dim D(q) = k.

ii. For every ¢ € M there exists an open neighbourhood U of ¢, and k smooth vector fields X7,... X}
defined on U such that
D(q) = (X1(q), - - -, Xk(a))

A vector field X € X (M) is said to be tangent to D if X(q) € D(q) for every ¢ € M.
Given a distribution D and a submanifold ¢ : N — M, N is said to be an integral submanifold of D if for
every ¢ € N
(T4i)(TgN) € D(q)

If for any ¢ € M there exists a local chart (U, ¢ = (¢',...,¢", ¢**1,...,¢™)), with ¢ € U, such that

0 0]
D@ =(=— ,...,=— VqeU
(@ <8q1|q 6qkq> !

then, D is said to be completely integrable. Furthermore, if D is completely integrable, then for any ¢ € M
there exists a maximal connected integral submanifold L, such that ¢ € L,. That is, L, is an integral
submanifold and if there exists a connected manifold N such that it is an integral submanifold of D and
q € N, then N C L,. Indeed, taking the previous charts and assuming that ¢©(q) = (¢9,...,q%,), we have
that
{(P_l(q17 s qk7 q2+1 ce qron) | (q17 s 7qk7q2+1 ce qu) € SO(U)}

is an integral submanifold of D which contains the point ¢. The maximal connected integral submanifold L,
is the known as the leaf of D through q.

If for any two vector fields X, Y € X (M) tangents to D, [X,Y] is also tangent to D, the distribution
is said to be involutive. Thus, since [a%i’ %] = 0 it follows that any completely integrable distribution
is involutive. As well, the Frobenius theorem proves that the converse also holds, i.e, a distribution D is
involutive if and only if, it is completely integrable.

B.2 Generalized distributions

Let M be a smooth manifold of dimension m. A generalized distribution (locally finitely generated) on M is
amap ¢ € M — D(¢q) C T, M verifying:
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i. D(q) is a subvector space of T, M.

ii. For every ¢ € M there exists an open neighbourhood U of ¢, and a finite set of smooth vector fields
X1,... X}, defined on U such that

D(q) = (X1(q), - -, Xi(q))

Remark that the unique hypothesis that is missing with respect to the regular distributions is that we are
not imposing any condition to the dimension.

The definitions of integrable submanifold and involutive distribution are the same for a generalized dis-
tribution. However, since there is no constraint on the dimension we have to rephrase the definition of a
completely integrable distribution. In fact, given a generalized distribution D, it is said to be completely
integrable if for every ¢ € M there exists maximal connected integral submanifold L, of D such that g € L,.
Just as before, L, is known as the leaf of D through g. While no constraints are imposed on the dimension,
the dimension of the leaves L, may change depending on the point ¢. Again, we have that integrability
implies involutibility. Indeed, if X,Y € X (M) are two vector fields tangent to a distribution D, and L, is
the leaf of D through g, then, since T, L, = D(z) for all z € L,, X|, and Y|r are tangents to L,. Therefore,

[X,Y](q) = [XiL,, Y]L,l(q) € TyLq = D(q)

Nonetheless, the reciprocal of the Frobenius theorem is not longer true and an involutive generalized
distribution D might not be completely integrable. Furthermore, in the case of D being a generalized
distribution a new definition arises. D is said to be invariant if for every vector field X tangent to D, the
following equality holds

To0:(D(q)) = D(¢e(q)) forallt andge M

where ¢ is the flow of X.

This new definition leads to the generalized Frobenius theorem which states that a generalized distribution
D is completely integrable if and only if, it is invariant. Thus, there exist leaves through every point of the
manifold M, if and only if, the distribution is invariant.

Let us give two examples that illustrate the previous ideas.

Counterexample

As we have pointed out, the regular Frobenius theorem might not be satisfied when dealing with general
distributions. In this counterexample we are giving a distribution which is involutive but not completely
integrable. The distribution is defined on R? by

0

z,y) € R2 — D(z,y) = ( — ,o(r)=—
(z,y) (z,y) <ax(z,y) o( )ﬁy‘(

> C Tp )R
z,y)

where ¢ : R — R is smooth and verifies

_Je(x)>0 ifxr>0
So(x)_{go(z)—O ifz <0

First of all notice that D does not have constant dimension since

i. Y(z,y) € R? such that 2 > 0, dim D(z,y) = 2 and D(z,y) = T(5 )R>

ii. V(z,y) € R? such that z <0, dim D(x,y) = 1 and D(z,y) = <%‘(m y)>
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So, D is a generalized distribution. Moreover, it is involutive. In fact,

dln 2 :
_ do g _ dwﬂgg(p(x)a—ylmy) ifx>0
dz |2 0Y | (2.4 0 ifx <0

@] (@)

Now, we are going to compute the integral submanifolds in order to see that D is not completely integrable.
Let (20, y0) be a point on R? and suppose that L is a connected maximal integral submanifold of D through
(z0,4y0). We distinguish cases:

1. 29 > 0. In such case, L verifies that T, )L = D(x,y) for all (z,y) € L and in particular T(,, )L =
D(z0,y0). Thus, dim L = dim D(xg,y0) = 2 and L is an open subset of R2. Moreover, since L is
maximal and D(z,y) = T(%Z/)]R2 for any (x,y) with > 0 we have that

{(m,y)€R2|x>0}§L

As well, the points of the axis OY can not belong to L because there dim D(0,y) = 1. Therefore,
using the hypothesis that L is connected we obtain

L={(z,y) eR*|z >0}

2. zyp < 0. With the same argument as before we conclude that dim L = dim D(zo,y0) = 1 and
Tzl = <8%|(a: y)>. It means that L must be a parallel line to the OX axis. On the other hand,
taking into account that dimD(z,y) = 2 for (x,y) € R? such that > 0 we deduce that

LC {(z,y) eR*|z <0}
Finally, as L is a manifold without boundary, L can not intersect the OY axis and

L={(z,y) eR*|z <0}

3. zop = 0. Proceeding as in the previous case, we have that dim L = 1, T, L = <%|(m y)> and

consequently, L is a parallel line to the OX axis contained in the half plane x < 0. Since the point
(0,yo) must belong to L, L has to be of the form

L= {(z,y) € R* |z <0}
which is not possible since the leaf of D through a point is a manifold without boundary.

So far, we have seen that D is not completely integrable, and by the generalized Frobenius theorem it implies
that D is not invariant. Let us check it.

First, compute the flows of the involved vector fields. Easily, ¢:(x,y) = (x + t,y) is the flow of % and
Pi(x,y) = (x, o(x)t 4+ y) is the flow of @(m)a%. Remark that,

0 0
Two.y0)Pto | P(T0) 5~ = ¢(z0) 5~
oorTe dy [(zo,y0) dy [(xo+to,y0)

If tg = —x0 with zg > 0, it is clear that T(,, y0)?—z, ((p(xo)a% )) ¢ D(p—_sy(x0,%0)) = D(0,y0) and D

. . . [(z0,y0
1s not Invariant.
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Example

Consider the distribution on R? given by

0 0 0 0 0 0
D(x,y,z) = x=— —z— S Y=— —r— S 2 —y— C T, ,ZR?’
( ) < 02 |(z,y,2) 0T |(2,y,2) ~ O |(2y,2) 3y\(z,y,z) 3y\(z,y,z) 02 |(z,y,2) (=3:%)

It is clear that dim D(xg,yo, z0) = 2 for all (x¢,yo, 20) € R? such that (z, 3o, z0) # 0 and dim D(0,0,0) = 0.
It means that the leaf of D through (0,0,0) is the point itself. Moreover, if we denote by X = x% - z%,
Y = ya% — xa% and Z = 28% — y%7 one can see that

(X,Y) ifz=0,2#0
D(z,y,2)=q(Y,Z) ifz=0,z=0 V(z,y,2) #0 (B.1)
(X,Y) ifz#0

Consider the map on R? given by,

F: R3 — R
(v,9,2) — 2% +y?+ 22
and a point (zo,yo,z0) € R* — {0} such that ro = 2§ + y§ + 23. Then, F~'(r¢) = S2, where 52 denotes
the sphere of radius /Ty centered in the origin. It is easy to see that T(_t,yyz)SfO =ker Ty y - F = D(x,y,2)
for (z,y,2) € S2,. Thus, if L denotes the leaf of D through (zg,yo,z0), we have that S7 C L because L is
maximal.

On the other hand, using that T, , .)F'(v) = 0 for any v € D(x,y,2) = T(4,,-)L and the fact that L is
connected, we conclude that Fj is constant. Thus, Fz(z,y,2) = F(x0, Yo, 20) = 7o for any (z,y,2) € L and
L C S2 . Therefore,

L=S2

Since there exist a leaf through each point, D is completely integrable and invariant.
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