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Abstract

In this thesis, we will discuss the local structure of symplectic manifolds in the form of Darboux’s
theorem, which tells us all symplectic forms are locally trivial. We introduce all the linear algebra
and differential geometry needed for the proof. Furthermore, we will discuss classical mechanics
both from a physics and a mathematical perspective. We will see that a symplectic manifold
combined with a smooth function lets us build a mathematical model of classical systems. We
will show how this mathematical formalisation can give results on the dynamics of classical
systems in terms of local and global behaviour.
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Chapter 1

Introduction

Any avid student of both mathematics and physics has come in contact with a manifold at some
point. The apt description of a space like the earth, a sphere which looks flat for us standing
on it, immediately paints the usefulness of an abstract object like a manifold in the description
of the real physical world. It is in this marriage of mathematics and physics that symplectic
geometry is born and where it was first found as a manifold with a geometric structure much
like a Riemannian manifold. Lagrange is known as the first who came upon these structures
in his research on constants of motion in 1808. It was first known as complex groups due to
their association with line complexes, but the inverter of this name, H. Weyl, noted that this
name seemed to imply a connection to complex numbers. He proposed to use the Greek calque:
symplectic, which is what we use nowadays. Even then, symplectic geometry only played a
role in the research of mathematical physics and it was not until V.I. Arnol’d posed some
interesting conjectures surrounding symplectic geometry in 1960 that it became a separate field
in mathematics.

In this thesis, we will focus our attention on the local structure of symplectic manifolds
and Hamiltonian systems. Therefore, it is of utmost importance that the reader is familiar
with the concepts surrounding smooth manifolds. There is a heavy focus on tensor fields and
differential forms, hence, one should at least be comfortable with their construction and the
definition of the exterior derivative. Furthermore, as many different authors have their own
notations for vector fields and flows, we have included an appendix discussing vector fields, flows
and time-dependent vector fields where all the notation is also defined. Good sources on all
the prerequisites are Chapters 1, 2, 3, 4, 8, 9, 12 and 14 [13] or the first 13 lectures of [18]
excluding Lecture 11. These sources are also used for most proofs in manifold theory. As these
sources do not contain adequate chapters on symplectic geometry, we will follow [4] for symplectic
geometry and Hamiltonian systems, and [1] for Hamiltonian systems. We will not assume any
prior knowledge on the topic of symplectic geometry, be it on vector spaces or manifolds, and all
necessary definitions and references are included in this thesis. At some points, we do assume
the reader is familiar with Riemannian geometry. However, these parts are never mandatory
to understand the results of symplectic geometry as they serve the purpose of adding context
to our results. Lastly, we work out a couple of examples of both mechanical and Hamiltonian
systems, including some figures of mechanical motions made with TikZ and Python.

Motivation

As mentioned in the introduction, any student of both the mathematics track and the physics
track comes in contact with manifolds at some point, as did I. In the previous year, I followed
a triplet of courses introducing the concepts of smooth manifolds, Riemannian geometry and
mathematical physics. It was in this last course that I was introduced to symplectic geometry as
a method in mathematical physics as a geometric method to classical mechanics. Meanwhile, in
the course on Riemannian geometry, we were studying a close relative to symplectic geometry.
Together this piqued my interest in geometry, more specifically symplectic geometry. Together
with my supervisor, loan Marcut, I proposed to investigate the basic geometry of a symplectic



manifold and then showcase how this geometry comes together with physics. This marriage of
physics and mathematics is what inspired me to choose this topic.

Besides this emotional note of motivation for this thesis, it of course also has a lot of math-
ematical merits. The flatness of all symplectic manifolds paints a stark contrast when put next
to its not-so-flat cousin Riemannian geometry. Furthermore, the study of Hamiltonian systems,
a simple variation on the structure of symplectic manifolds, let us find many useful results about
classical mechanics using a geometric point of view. Furthermore, this thesis gives an intro-
duction to the topic of symplectic geometry and can be used as a starting point for further
study.

Conventions

All notations and conventions on manifold theory are taken from [13], but as we already men-
tioned any vector field-related quantities are defined in Appendix A. We will follow the con-
ventions and notation of [4] for symplectic geometry as it forms the main source on this topic.
Furthermore, we assume that every manifold and vector field in this thesis is smooth, we usually
only mention the smoothness in the context of functions.
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me to find a topic which interested me. Furthermore, I would like to thank Klaas Landsman
for being my second reader. Secondly, I want to thank Rozemarijn for her feedback but more
importantly her support and ever-lasting willingness to be a listening ear. Furthermore, many
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Chapter 2

Linear Symplectic Geometry

Let us start with a chapter on the study of symplectic geometry on vector spaces, also called
linear symplectic geometry. The motivation for such a structure may not be apparent at first, but
it forms the foundation of symplectic geometry in general, which finds its application in classical
mechanics, see Chapter 5. In this chapter, we will introduce the basic definitions surrounding
linear symplectic geometry, i.e. symplectic vector spaces and linear symplectomorphisms. Along
the way, we will also give some noteworthy examples. We will then show that the study of linear
symplectic geometry comes down to the study of a simple model. In other words, there are no
special invariants in this theory. In this chapter, we will follow the structure of [4, Section 1.2].

2.1 Basics and Definitions

As mentioned, we will start with the basic building block of linear symplectic geometry, namely
symplectic vector spaces. Akin to any other geometric space, like inner product spaces and
normed spaces, this is a pair consisting of a vector space with a structural function, which is
called a linear symplectic form. In other words, a skew-symmetric and non-degenerate bilinear
form.

Definition 2.1. Let V be an n-dimensional real vector space over R and let Q : V x V — R
be a bilinear map. The map € is called a linear symplectic form if the following conditions
hold:

e Skew-symmetric: For all u,v € V' it holds that Q (u,v) = —Q (v, u).
e Non-degenerate: For all non-zero u € V' there exists a v € V such that  (u,v) # 0.

A pair of a vector space V and linear symplectic form Q : V x V — R, denoted by (V, ), is
called a symplectic vector space. //

Notice the similarities between an inner product, symmetric and positive-definitive bilinear
form, and a linear symplectic form, skew-symmetric and non-degenerate bilinear form. We see
that we simply switched the symmetry and imposed a different degeneracy condition. Due to
this resemblance, we will often compare symplectic vector spaces with inner product spaces.
The definitions of inner product spaces and symplectic vector spaces are not that far apart.
Both introduce a structural function that is a bilinear mapping with some symmetry constraint.
Furthermore, the non-degeneracy of the linear symplectic forms and the positive definiteness of
the inner products induce a mapping from the vector space to the dual space by S : V — V*:
v +— S (v,-), where S is either a symplectic form or an inner product. As the inner product
and symplectic form are non-degenerate, we can deduce that the induced mapping is invertible.
Before we proceed with the geometrical aspects, we will go over some examples. The first of
these will be the main object of this chapter.

Example 2.2. Let us define the trivial symplectic vector space of dimension 2n, denoted
by (RQ”, Qst,gn). For this we will use the identification of R?™ as R™ @ R", such that a vector



u € R?" can be written as u = (uy,uz) € R*@®R". If we then denote the standard inner product
on R" as (-,-),, we can define the mapping Qg 2, : R*™ x R?*" — R as

Qst,zn ((Uhuz) , (U17U2)) = <U1,7)2>n - <U2, U1>n .

It should be clear from the bilinearity of the inner product that this mapping is bilinear as
well and the symmetry of the inner product directly implies the skew-symmetry of Qg 2p,. Fur-
thermore, from the positive definiteness of the inner product, the bilinear form inherits its
non-degeneracy. Therefore, (s 2, is a linear symplectic form, called the linear trivial sym-
plectic form, and (RQ", angn) is a symplectic vector space called the trivial vector space.

//

Example 2.3. Let us define another symplectic vector space, (V & V*, Qcan), where V' is some
finite dimensional real vector space. Define the mapping Qcan : (V@& V*) x (VA V*) = R as

Qean (v, ), (v,9)) = ¢ (u) = ¢ (v).

It should be clear that this is a bilinear mapping as the elements of V* are linear maps. Fur-
thermore, it should be clear from the definition that this is a skew-symmetric map. The non-
degeneracy can then be shown in a basis § = {u1,...,u,} of V, which gives a dual basis
B* ={&, ..., &} of V*, such that &; (u;) = d;;. We can then define an isomorphism ¢ : V' — V*
by its action on § as ¢ (u;) = &;. Now suppose that (u,¢) € V x V* is non-zero, in other words
u # 0 or ¢ # 0. Consider the case where u # 0, such that ¢ (u) is also non-zero. We can then
consider the action of the bilinear form on (u, ¢) and (0, ¢ (u)), which results in

Qean ((u, @) , (0,0 (1)) = 1 (u) (u) # 0.

Using a similar argument we can deal with the case where ¢ # 0. We then consider (:7! (¢),0),
such that

Qean ((u,8), (171 (8),0)) = ¢ (.71 (¢)) #0.

This proves that Qcan is a linear symplectic form on V & V*, we call this form the linear
canonical form of V. //

Even though these examples are important and show that linear symplectic forms pop up
anywhere, we will now give a similar example that is not a symplectic vector space.

Example 2.4. Take the vector space R?"~! which we will identify with the R?"~!1 & {0} C R?".
Then define the bilinear form 2 = QSan}R%l_l. We now want to show that this bilinear form is
degenerate, implying that it is not a linear symplectic form.

To find a vector u for which Q (u,-) = 0, we use the standard basis for R?*~!. Then by
choosing the nth basis vector as u it should be clear that Q (u,v) = 0 for all v € R*~1
Therefore, € is not a linear symplectic form and (R**~1, Q) is not a symplectic vector space. //

The definition of a symplectic vector space is not only dependent on the bilinear form but
also on the vector space. As we might expect this is due to the non-degeneracy condition, which
we also saw fail in Example 2.4.

Furthermore, notice that Examples 2.2 and 2.3 look quite similar. If we were to adopt the
notation of (u,¢), = ¢ (u) for some v € V and ¢ € V*, we notice that the canonical form can
be written as

Q ((ua(b) ) (Uﬂ/J)) = <’LL,’L/)>E - <’U,¢)>e .

This is the same expression as that of (gt 2,. This can be explained as R2" o~ R™ x R" 2
R™ x (R™*). However, it is not really clear how (-,-), and (-, ), are related. This relation can be
made more clear by the use of certain isomorphisms, which we will discuss in the next section.



VixV, —3 R
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Va x Va

Figure 2.1: A commutative diagram where (V1,Q;) and (V2, Q22) are symplectic vector spaces and
¢ : Vi — Vs is an isomorphism. Here ¢ x ¢ denotes the isomorphism that maps (u,v) € Vi x V
to (¢ (u), ¢ (v)) € Va x Va.

2.2 Symplectomorphisms

The symplectic vector spaces form a new category of mathematical structures. Naturally, we
want to look for the functions that preserve this structure. In this section, we will introduce
such functions as linear symplectomorphisms. For these functions to be natural with respect to
the structure, they should preserve both the vector space structure and the symplectic structure.
Hence, it is clear that linear symplectomorphisms should be isomorphisms to preserve the vector
space structure. To preserve the linear symplectic form, we would want them to satisfy the
commutative diagram of Figure 2.1. This commutative diagram can be written formally using
the pullback of bilinear forms.

Definition 2.5. Let €5 : V5 x V5 — R be a bilinear form and ¢ : V; — V5 a linear map, then
the pullback of 25 by ¢, denoted by ¢*(s, is defined as

¢ Qo1 Vi x Vi = Rt (u,0) = Q2 (¢ (u), 9 (v))
It follows that ¢*{)s is a bilinear form on V7, by using that )5 is bilinear and ¢ is linear. //

The pullback of a bilinear form is comparable to the pre-composition in each argument. If
we compare this operation to the commutative diagram in Figure 2.1, we notice that this is the
exact operation for a linear symplectomorphism to make the diagram commute. This formalizes
the definition of linear symplectomorphisms.

Definition 2.6. Let (V1,Q) and (Va, ) be symplectic vector spaces. A linear symplec-
tomorphism between (V1,;) and (V3,Q5) is a linear isomorphism ¢ : V3 — V5 such that
@* Qo = Q. If such a linear symplectomorphism exists, then (V1,Q1) and (Va,s) are called
symplectomorphic. //

As isomorphisms are invertible and ((b’l)* o¢* =1d, it is clear that being symplectomorphic
is an equivalence relation. The study of linear symplectic geometry then concerns itself with
finding invariants of such linear symplectomorphisms. In the next section, we will look for such
an invariant. Firstly, let us consider the similarity we saw in the last section using the context
of symplectomorphism.

Example 2.7. Take the symplectic vector spaces (RQ”, stn) and (R™ x (R™*), Qcan). Remark
that there is a natural isomorphism ¢ : R® — (R™)" generated by the standard inner product, i.e.
¢ (u) (v) = (u,v),. By again using the identification of R*" as R" x R", we define the mapping
¢ as

¢ R = R™ x (R™)" = (u,v) = (u,t(v)).

We can see that this is an isomorphism as ¢ is an isomorphism such that ¢ is linear and the
inverse is given by ¢! : R” x (R")" — R?" : (u,¢) — (u,. ™' (¢)). Furthermore, it follows that
¢ Qean ((u1,uz2), (v1,v2)) = Qecan (¢ (u1,u2), ¢ (v1,v2)) = Qean ((u1,¢ (u2)), (v1,¢ (v2)))

= ¢(v2) (u1) = ¢ (u2) (v1) = (v2, 1), — (uz,v1),,
= <U1702>n - <1627?)1>n = Qst,zn ((Uhuz) ) (U17U2)) .

Hence, (R?", Qs 2,) and (R™ X (R™), Qcan) are symplectomorphic and ¢ is a linear symplecto-
morphism. //



2.3 Standard Form

In this section, we will search for an invariant of linear symplectomorphisms. The primary way
of doing this in linear algebra is by finding a suitable basis such that the linear symplectic form
is of some standard form. For example, the inner product of a real product space is symmetric
and can thus be represented by a diagonal matrix, see [8, Theorem 6.35]. We would also like to
find such a simple representation for an arbitrary symplectic form. The corollary of [8, Theorem
6.34] already shows that this can not be a diagonal matrix. Luckily, we can recognise that the
symplectic form of Example 2.2, (Rzn, Qst)gn) has a very simple matrix representation in the
standard basis.

1, j—t=nwith1<i<n,
QSt,Qn (61',6]'): —1, z—]:nvvlth 1 Sjgn,
0 otherwise.

0 I,
— o) =o"| G ]

This entices us to look for a basis of a symplectic vector space, such that its linear symplectic
form is represented in this form.

Theorem 2.8. Let (V,Q) be a symplectic vector space of dimension m, then there exists an
n € N such that m = 2n and a basis B = {u1,...,un,v1,...,0n} such that

Q(’U,Z‘,’Uj) :51‘]‘, Q(ui,uj) :O:Q(vi,vj).
In this basis, the action of the symplectic form on some u,v € V is given by

Q (u,v) = [u]?] {_OI . I(ﬂ [,

Such a basis is called the symplectic basis of (V,).

Proof. Let (V,Q) be a symplectic vector space of dimension m. Take V; = V. We know by the
non-degeneracy of the symplectic form that for any non-zero u; € Vi, there must exist a v; € V3
such that Q (u1,v1) # 0. As Q is bilinear, we may assume that Q (u;,v1) = 1. Then define the
following sets:

Wi = span{uj,v1}, W :={ueVi|Q(u,v)=0VYvecW}.

As Q is bilinear, we can deduce that W}! is a linear subspace of V. We will show that V =
Wy @ Wi, Take an arbitrary w € Wy N Wi, Because w € W we can find a and b such that
w = auy + bv;. However, as w € W}, we can also deduce that

0=Q(w,u1)=-=b, 0=0Q(w,v)=a.

Thus w = 0 and therefore W; N W{* = {0}. Secondly, suppose that w € V with Q (w,u;) = «
and Q (w,vy) = 8, then

w = (—avy + Bur) + (w + avy — Puq) .
Remark that —awy + Su; € span{vy,u;} = W. Using the bilinearity and skew-symmetry of the
symplectic form it follows that

Q(w + avy — Buy,ur) = Q(w,ur) + aw (vi,ur) — B (ur,u1) =a —a =0,
Q(w+ avy — Pug,v1) = Q(w,v1) + aw (vi,v1) — B (ug,v1) = — B =0.

Hence, it follows that w + avy — Puy € W and thus w € Wy + VVIQ This shows that V; =
Wi @ Wlﬂ



Now by choosing Vo = W}, we want to prove that (V5,Q|y,) is a symplectic vector space,
such that we can finish the proof using induction. It should be clear that €2y, is still skew-
symmetric. The non-degeneracy can be checked for an arbitrary element u € V5. As Vo C V
and the fact that 2 is non-degenerate, it follows that there exists a v € V such that Q (u,v) # 0.
We will now show that we can choose v € V,. We have already shown that v = v 4+ U, where
veW;andv e Vy = I/VlQ We can then deduce that

0#w(u,v)=2wo+7)=Q(u,0)+Q(uv) =2 (u,0)

Hence, there is some vector T such that Q|y, (u,7) = 0. This proves that |y, is non-degenerate
and a symplectic form.
As we mentioned, we can then iterate this process and create a chain of {Wi}le such that

V=W oW @ - &W oW

As the dimension of W; is two for all 4 and the dimension of V is finite, it follows that there is
some n such that W$? = {0}, implying that V = W, @ --- @ W,,. If we join all the bases for each
W;, we then get a basis for V, which is then given by {u1,...,upn,v1,...,v,}. The action of the
bilinear form on this basis is given by

Q(ui,vj)zéij, Q(ui,uj):O:Q(vi,vj), V=Wa---aW,.

Therefore, the bilinear form takes the following matrix form in this basis:

o) =} | Gy 5o

From this basis, it is also clear that dim V' = 2n. O

As we saw above, the symplectic basis for the trivial symplectic vector space of dimension
2n is the standard basis on R?". However, the symplectic basis tells us much more.

Theorem 2.9. A 2n-dimensional symplectic vector space is symplectomorphic to (RQ", Qst)gn).

Proof. Let (V,) be a 2n-dimensional symplectic vector space. By Theorem 2.8 there exists a
symplectic basis of R?”, call this basis 3. We now construct the function, which is our linear
symplectomorphism

¢p: VR v [ul,y.

As ¢g is the standard representation of V' with respect to 3, in other words, it constitutes the
choice of a basis, it is an isomorphism. Furthermore, from the definition of a symplectic basis,
it follows that Q = ¢5"Qst,2,. Thus ¢g is a linear symplectomorphism and therefore (V, Q) is
symplectomorphic to (R, Qg 2,,). O

Theorem 2.9 means that we can classify each symplectic vector space by its dimension. The
existence of such a simple invariant makes linear symplectic geometry quite straightforward as it
can be reduced to the study of the spaces (R2”7wst). Furthermore, we can use this theorem to
easily prove that some vector spaces do not admit a linear symplectic form, as their dimension
should be even. This then immediately implies that R?"~! can not be a symplectic vector space
and that the bilinear form in Example 2.4 is not a linear symplectic form.



Chapter 3

Symplectic Geometry on
Manifolds

In the previous chapter, we introduced linear symplectic geometry in terms of symplectic vector
spaces. Now we will evolve this to a more general geometric theory by extending it to manifolds.
This is done naturally by using the locally linear structure of the tangent space, hence, imposing
a symplectic form as a non-degenerate 2-form which we will also require to be closed. We will see
how this theory differs from its linear counterpart in the main focus of this chapter: Darboux’s
theorem. This is the non-linear version of Theorem 2.9, but it requires a much more involved
theory on differential forms. In this chapter, we follow the structure and definitions of chapters
1, 7 and 8 in [4]. Furthermore, we will use differential forms and the exterior derivative in this
chapter, the definitions of which are recalled in Section 3.3.1. If one is not yet familiar with
these concepts, one should refer to more detailed sources like [13,18,22].

3.1 Basics and Definitions

We will start this section with the definition of a symplectic manifold, followed by some examples.
As mentioned, we want to generalise a linear algebra structure to differential geometry. Hence,
we want to make use of the linear structure a manifold has in the form of its tangent space.
This method is comparable to that of Riemannian geometry, which generalises an inner product
space using a symmetric covariant 2-tensor field that is positive definite everywhere, such that
the tensor field is an inner product at each point. Similarly, we generalise the linear symplectic
forms by looking at a tensor that is a linear symplectic form at each point.

Definition 3.1. Let M be a manifold, a 2-form w is symplectic if it is closed, i.e. dw =0
and wp : TypM x T,M — R is symplectic for all p € M in the sense of vector spaces. The pair
(M, w) is then called a symplectic manifold. //

Once again we will go over some basic examples of symplectic vector spaces before we proceed.
The first two of these are the equivalents to Examples 2.2 and 2.3.

Example 3.2. Let us define the trivial symplectic manifold of dimension 2n. Take the
manifold R?" and take the global coordinates (xl, LR TL ,y”). Define the 2-form wst 2r,
as

n
Wst,2n = Z dz A dy'.
i=1
This form is symplectic as for each p € M the set

9
Ozl

0

Oz

9
p7 ayl

o
oy™

)

i

)" )"
P P



forms a symplectic basis for 7, M. Furthermore, one can easily check that this form is closed
with a calculation.

dwston =d Y _da' Ady' =" d(da’ Ndy') =) (d°) 2’ Ady' —da’ A (d%) y' = 0.

i=1 i=1 i=1
This proves that (RQ”,wsmn) is a symplectic manifold. We call wst 2, a trivial symplectic

form of which we sometimes mention the dimension. //

Example 3.3. Let M be an n-dimensional manifold and let T* M be its cotangent bundle,
which is defined as
M= [] (T,M)" = ] T;M.
pPEM pEM

Firstly, we define a tautological 1-form on T* M, denoted by atay, pointwise as

Qtau(p,g) = dw?p,é) €

We then define the canonical symplectic form on T* M, denoted as wean, as
Wean = —d0tay.

It should be clear that this is a closed and alternating 2-tensor. To show that it is non-degenerate

we will consider it in coordinates. Let us first look at the structure of T* M, which has some

natural coordinates induced by a chart on M. Suppose that (U, (z*,...,2™)) is a chart around

p € M. Via the differentials, (dz;, ..., dz}), we induce the following coordinates on T*U:
T*u — R2n : £1d$2|p — (xl (p) PR 7xn (p) ,517' c agn) .

In these coordinates the projection is trivial and the differential is of the form dn{, ¢) (dz) = da’.
Hence, in coordinates the tautological 1-form is given by
tan(z,6) = &ida".

As the charts are smooth, the tautological form is also smooth. Furthermore, the coordinate
form of atay implies that wean is given by

Wean = Z da’ A dg;,
i=1
in the coordinates (ml, ez €, ,fn). This form is locally equivalent to that of Example 3.2,

therefore it is symplectic by the same reasoning. It follows that (T*M, wean) is a symplectic
manifold.

Proposition 3.4. Every manifold admits a symplectic form on its cotangent bundle.

Proof. This follows directly from the construction of the canonical symplectic form in Exam-
ple 3.3. O

There are of course many different symplectic manifolds and even different symplectic forms
on a single manifold.

Example 3.5. Take the 2-sphere, denoted by S2. For the construction of the symplectic form,
we identify S? as a subset of R?, which we endow with the dot product, denoted by (-,-), and
the cross product, denoted by x. We then define the ¢ at a point p € S? as

Wyt TpS? x T,pS? = R : (u,v) = (p,u X v) .

By the skew-symmetry and bilinearity of the cross product and the linearity of the inner product,
it follows that &, is a symplectic form on T,S2. As the inner product and cross product are
linear in both components, it is also smooth. Due to it being top-degree, it is closed. It follows
that w is a symplectic form and (52,&) is a symplectic manifold. //

10



T M x TyM — g

‘ (wn),
dF,xdF,

l

TrpN x TrpN

Figure 3.1: A commutative diagram showing the way the symplectomorphism F : M — N
should commute with the symplectic forms. Here, dF}, denotes the pointwise pushforward of F'.

Example 3.6. Let us define a symplectic form on R? that is not the trivial symplectic form.
Take the global coordinates (z,y) of R? and define the 2-form weyp, as

Wexp = e~ (@ +0%) gz A dy.

We can quite easily recognise that this is a skew-symmetric non-degenerate form. Furthermore,
as it is of top-degree it is also closed. Therefore, (R2, wexp) is a symplectic vector space. //

With these examples, we will again go on to the geometric side of symplectic manifolds.

3.2 Symplectomorphisms

With this new category of structured objects, we look for a class of functions preserving our
structure, which we will call symplectomorphisms. As they should be functions preserving
manifolds they ought to be diffeomorphisms. Furthermore, they should preserve the structure
added to the tangent spaces as well. Hence, we want the function to satisfy the commutative
diagram of Figure 3.1. This is done using the pullback of differential forms, see [13, p. 360].
This then leads to the following definition.

Definition 3.7. Let (M7, w;) and (Ma, ws) be symplectic manifolds. A symplectomorphism
between (Mj,w;1) and (Mas,ws) is a diffeomorphism ¢ : M; — Ms such that ¢*ws = wq. If
such a symplectomorphism exists, then (Mi,w;) and (Ms,ws) are symplectomorphic.  //

For vector spaces, the next important result was Theorem 2.8, which described how we can
find a basis in which the symplectic form is written as

0 Id
o, = (5 0

Implying that any symplectic vector space is isomorphic to (R2", Qst,zn) for some n. However,
this runs into a problem when we try it with manifolds. For example, consider (R2, wst’g) and
(52,(:]) as in Example 3.5. If we could construct a symplectomorphism between these spaces,
it would in particular be a homeomorphism between S? and R2. However, as S? is bounded
and closed in R? it is compact and homeomorphisms preserve compactness. This would then
imply that R? is compact, which leads to a contradiction. Thus, a symplectomorphism between
(RQ,wSm) and (32,&) can not exist.

We might then expect that we should at least be able to find a symplectomorphism between
symplectic forms on the same manifold, but Example 3.6 showcases that this is also not true. If

a symplectomorphism ¢ between (RQ,wst,g) and (RZ,wexp) as in Example 3.6, would exist, it
should preserve integrals, see [13, Proposition 16.6]. Hence the following equation should hold.

/ Wexp:/ ¢*wexp:/ Wst,2- (31)
R2 R2 R2

Now we can calculate both sides of the equation. The integral of wst 2 diverges as wst 2 is a
positive constant on the whole of R%2. Meanwhile, the integral of wexp can be calculated using a
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simple change of coordinates and a substitution as in the proof of the Gauss integral.

00 0o 27 00 o]
/ Wexp = / / e (@ ty >dxdy = / / e_rzrdrd¢ = Tl'/ e "“du = T.
R? —o0 J —00 0 0 0

As this integral does not diverge, we can conclude from Equation 3.1 that a symplectomorphism
between (RQ,wst,g) and (R2,wexp) can not exist. Furthermore, this implies that these two
symplectic manifolds are not symplectomorphic.

From these examples, we can conclude that we can not simply study the global behaviour
of (RQ,wsm) in symplectic geometry. The construction of a symplectomorphism is not even
limited to the topological properties of the manifolds and may even fail for two symplectic forms
on the same manifold.

3.3 Normal Coordinates

We saw in the previous section that there are many symplectic manifolds which are not symplec-
tomorphic to (RQ”, wst,gn). This means we cannot encapsulate the global behaviour of symplectic
manifolds by just studying this simple model space. Luckily, the structure of a manifold lends
itself perfectly to studying local behaviour instead. To this extent, we will look for certain co-
ordinates in which the symplectic form is of a ‘nice’ form. Such coordinates are generally called
normal coordinates.

To get an idea of what is possible, we will once again compare symplectic manifolds to
Riemannian manifolds. We already remarked that they are constructed similarly; take a struc-
ture on a vector space and implement it at each point to a tangent space. For the symplectic
manifold, we use symplectic forms and for the Riemannian case, we consider inner products.
For both linear structures, there are no invariants that determine the structures, i.e. the inner
product is diagonal and the linear symplectic form is anti-diagonal and skew-symmetric, see
Theorem 2.8. We would hope that this simplistic structure would naturally be inherited by the
manifold structure locally. Riemannian manifolds already show that this is not necessarily true.
At a point, we can find a chart in which the metric becomes diagonal, but when extended to a
neighbourhood this fails. Instead of a diagonal form, it becomes a function of the Riemannian
curvature. We will not prove the following theorem, but one can refer to [9, Corollary 9.8] for a
thorough exposition and proof.

Theorem 3.8. Let (M, g) denote an Riemannian manifold with curvature tensor R;jr. Around
any point p € M there is a coordinate chart (U7 (xz)) centred at p, such that the metric is given

by

1 < 1 <
gijlu = 6ij — 3 > Ryaj (p) a*al — G > ViRiim; (p) a*ala™ + hoa,
ki=1 klm=1

where lim,_,0 h (alc)/||ac||5 =0.

This theorem tells us that a Riemannian manifold has some local invariant, namely the
curvature, that determines whether two Riemannian manifolds are locally isometric. We will
now prove this theorem as it is not in our current domain of study. However, we can give
an informal argument which explains why we expect to find such an invariant. This is called
the counting argument and was already given by Riemann in [19], see [20, Chapter 4] for a
translation. In this ‘proof’, he tries to count the number of degrees of freedom in the metric and
the amount we can determine under a transformation of coordinates.

Suppose that (M, g) is an n dimensional Riemannian manifold. Around a point p € M we
can write g is some coordinate chart (U, (z')) as glu = Yi_; gijda’da?, such that g is fully
determined in the neighbourhood U by n? functions. This implies that we have n? degrees of
freedom, but we lose n (n — 1)/2 degrees of freedom to the symmetry of the metric. Hence, there
are just n2 —n(n —1)/2 = n(n + 1)/2 degrees of freedom left. If we then take into account the
ambiguity of choosing coordinates, we lose another n degrees of freedom. This leaves us with
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just n(n —1)/2 degrees of freedom we can not determine further. Hence, we have shown that
there are some degrees of freedom in our choice of metric, which we conveniently capture in the
Riemannian curvature.

This goes to show that we can not ensure the existence of a chart in which the metric is
given by gly = Z?:l dr'dz’. A Riemannian manifold does therefore not directly inherit the
properties of the inner product locally. If there exists a map from the Riemannian manifold to
the Euclidean space which locally restricts to an isometry, we call this Riemannian manifold flat.
It should be clear that there exist some coordinates (U7 (a:z)) on a flat Riemannian manifold such
that the metric is given by gy = > i, dz'dz’. We can then find a direct connection between
the flatness of a Riemannian manifold and its Riemannian curvature tensor, something we will
again not prove here, but a proof can be found in [14, Theorem 7.10].

Proposition 3.9. A Riemannian manifold is flat if and only if its Riemannian curvature tensor
vanishes identically.

This is a rather simple condition for a Riemannian manifold to be flat. However, we will show
that this holds in general for symplectic forms in a theorem that is called Darboux’s theorem.
A proof of this was first given by Jean Gaston Darboux in 1882 [6], but later it was simplified
by Weinstein [23] based on a method developed by Moser [15]. This second proof is the one
we will follow in Section 3.3.2. This proof requires some more knowledge of the geometry of
differential forms and their associated operator. Moreover, even to make the counting argument
work for symplectic forms, we would need this extra knowledge. For now, we will simply state
the theorem and prove it after going into the prerequisites of differential geometry.

Theorem 3.10. Around every point on a symplectic manifold (M, w), there exists a neighbour-
hood (U, (1‘1, L TE y")) such that on U the symplectic form is given by

wly = zn:dxi Ady'.

i=1

Such coordinates are called Darbouz coordinates.

3.3.1 Operators on Differential Forms

Before we can prove Darboux’s theorem, we will delve a bit deeper into the structure of differen-
tial forms and operators on them. In this section we will prove general results for k-forms, which
are of course all applicable to symplectic forms as they are a special case with k£ = 2. We will
apply much of this theory in the proof of Darboux’s theorem. Specifically, we will first discuss
three operators: interior multiplication, exterior derivative and Lie derivative. Afterwards, we
look into their connection in the form of Cartan’s magic formula and prove Poincaré’s lemma,
which gives information on the local structure of closed differential forms. The definition and
proofs will mainly be taken from [13], but the proof of Cartan’s magic formula takes some in-
sights from [18] and the proof of Poincaré’s lemma is an adaptation of the proof of Corollary
13.2.14 in [18].

Firstly, we remind ourselves of the definition of k-forms. These stem from linear algebra,
namely the exterior algebra. A k-form on a manifold can be interpreted as putting an alternating
covariant k-tensor at each point in a smooth manner.

Definition 3.11. For a real vector space V, wecallamapw : V x --- x V — R an alternating
~———

k-times
k-form if it is multilinear,
w vy, a0 + @by ..., 0k) = aw (V1, Uiy ooy V) + aw (U1, Uy e oy V)
and it is alternating
w (%(1), e ,vo(k)) =sign (o) w (v1,...,vg).

We denote the space of alternating k-forms on V' as /\k V.
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On this space we define the wedge product A : A" V* x ALV — APy as
1

(aAPB)(v1y.e V1) = il Z sign (o) @ (vg(l) ... ,va(k)) B (vo(k+1), .. ,va(kﬂ)) ,
oceS(k+1)
where S (n) is the permutation group on n elements. //

Example 3.12. Suppose that V is a real vector space and «, 5 € /\1 V*. The action of a A
on v1,ve € V is then given by

(aAB)(v,v9) = % Z sign (0) a (vo(1)) B (Vo(2))

T oeS(2)
=a(v1) B (v2) —a(v2) B(v1) = (@® B — B & a) (v1,v2).
Hence, the wedge product of two 1-forms is given by a AB=a® - B a. //

As we can generate (k + [)-forms from a k-form and an I-form, we would want this operator
to be one of a single space. To do this we define a more general algebraic structure.

Definition 3.13. The exterior algebra of V* is defined as

AV —é/k\v*.

Furthermore, we extend the wedge product to a binary operation A : AV* x AV* — AV*

using a bilinear extension of A : A" V* x A'V* = A" V*. In other words, we decompose
a,B € ANV* as

i i
a=agt-tan,  ae AV, f=pt++h Bie ANV

Such that a A £ is then given by

k41
Oé/\ﬂ:Z Z Oéi/\ﬁj. (32)
n=0i+j=n
This defines the exterior algebra (A V*, +, A). //

Proposition 3.14. The triplet (A V*,+, A) is an graded-commutative graded associative unital
algebra. Meaning that N*V* A NV ¢ NP V* and for a € N*V*, 8 € N'V* the wedge
product satisfies a A f = (—1)“ BAa.

Proof. The fact that it is graded-commutative, and associative is a direct consequence of the
definition of the wedge product as in Equation 3.2. The unit is 1 € R, hence, it is unital. O

We can extend these alternating k-forms on real vector spaces to differential forms on mani-
folds by defining them pointwise.

Definition 3.15. An alternating k-tensor is an element of the set

k k
AT M= ] AT;M.

peEM

A differential k-form, or simply k-form, is then a smooth section of /\k T* M, where we

denote the set of k-forms by
k
QF (M) =T (/\T*M) .
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This naturally forms a real vector space with pointwise addition and scalar multiplication. We
define the wedge product A : Q" (M) x Q' (M) — Q¥ (M) pointwise by (w A7), = wp Anp.
Leading to the definition of the algebra

Q (M) :ém (M).
k=0

This gives us the algebra (2 (M), +,A), where A is the bilinear extension of the wedge product
above as in Definition 3.13 //

Proposition 3.16. The algebra (2 (M), +, A) is a graded-commutative graded associative unital
algebra.

Proof. This is a direct consequence of Proposition 3.14. In this case, the unit is given by the
functionf : M — 1 € C* (M), hence, it is a unital algebra. O

In any smooth chart (U, (z*)) we can write an w € Q% (M) as

w= Z Wiy i Az A A datE

i1 < <ig,

where w;, .., € C* (M). This notation is called ordered indices, but there are more possible
notations. Most importantly

W=D Wi dr A AT Wiy () = Sign (0) Wiy i, € CF (M),
1k

This is with unordered indices, which can be useful sometimes. Lastly, we may abbreviate our
notation for conciseness to
w= Z wrdx!.
I

Here w; € C* (M) and dz! is an abbreviation for dz* A --- A dz®*. All of these forms are
equivalent, but some may be more convenient to use. They can always be identified by how the
indices in the sum are written.

With the construction of the differential forms and structure of £ (M) more clear, we will
now look at some different operators.

Interior multiplication

The first operation we are interested in is interior multiplication. We will define this on the
exterior algebra of a real vector space, which is then naturally extended to differential forms.
The interior multiplication is defined such that it fixes the first argument of a k-form.

Definition 3.17. For an w € /\k V* and v € V we define the interior multiplication of w
by v, denoted as t,w, by fixing the first argument in w. This is more clear by considering its
action on some vq,...,v5_1 € V, then

Lyw (U1, .+, 0p—1) = w (V,01, ..., Vp—1) ,

and t,w = 0 if k = 0. The associated operator ¢, : A" V* — /\*71 V* is called the interior
multiplication by v or contraction by v. //

The most important property of this operator is that it respects the structure of the exterior
algebra and vector space.

Proposition 3.18. The interior multiplication is R-linear in v and w, i.e. ¢ :V X /\k V* —
ALV (0,w) = ow s bilinear.

15



Proof. The linearity in v follows from the definition, combined with the multilinearity of k-forms.
Suppose that w € /\k V* v,0,v1,...,v5-1 € V and a,a € R, then

tav+as (W) (U1, ..., 0p—1) = w (av + av,vy,...,V5—1)
=aw (v,v1,...,V—1) + aw (0, v1,...,Vk—1)
= aty (W) (v1, ..., vp—1) + ats (W) (v1,...,v6—1) .

Thus, ¢ is linear in its first component. For the second component, we use the definition of
addition and scalar multiplication of tensor fields. Hence, for w,w € /\k V* v,v1,...,05_1 €V
and a,a € R we have

Ly (aw + aw) (v1, ..., vk—1) = (aw + a@) (v, v1, ..., Vk—1)
= aw (v, v1,...,0k—1) + a® (v,v1,...,Vk—-1)
= aty (W) (V1,. .., VK1) + Gty (@) (V1, ..., Vp—1) -
Hence, ¢ is also linear in its second component. O

Besides respecting the vector space structure, it also works with the graded-commutative
graded algebra structure of A V*.

Proposition 3.19. The interior multiplication is a graded derivation of degree —1. In other
words, 1, : N*V* — N7 V* satisfies

Ly (WAN) = tyw AN+ (=1)*w A 1y, (3.3)
where w € N*V* and ne N'V*.

Proof. Take some v from a vector space V. As ¢, is R-linear as a mapping ¢, : A" V* — /\*71 v,
see Proposition 3.18, we may assume w = a!A---Aa¥ and n = o A- - APt where of € /\1 V.
We can then prove Equation 3.3 by evaluating it in some vectors v; ..., vg4+; € V and using the
inductive definition of the determinant, see [13, Proposition 14.11 (e)], and splitting the sum,

k+1
by (WAN) =ty (041/\~--/\oek+l):Z(—l)z_lai(v)al/\~-~/\ai/\-~-/\ak+l
i=1
k .
- (Z(l)z_la’(v)al/\-u/\a’/\u-/\ak) ARt A oF T
i=1

l
+ (=)' ANk (Z (=) PP () aF A NG A A ozkH)
=1

= Lw AN+ (=1 w ALy
As we mentioned, this is enough to prove that ¢, is an anti-derivation of degree —1. O

We can quite naturally extend the interior multiplication by recognising that a differential
form is an element of the exterior algebra of the tangent spaces at each point. Hence, the
interior multiplication can be implemented locally. To do this we should remark that we will
need a vector at each point to contract with, enticing us to make use of a vector field instead of
a single vector.

Definition 3.20. Let w be a k-form and X a vector field, both on a manifold M. We denote
the interior multiplication of w by X as txw and define it for a point p € M as

(Lxw), = Lx,Wp.

Here the right-hand side is the interior multiplication on the exterior algebra as in Definition 3.17.
Similar to the linear case, we call tx : Q* (M) — Q*~! (M) the interior multiplication with
X or contraction by X. //
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As this extension is done pointwise, it still holds the same properties as the interior multi-
plication on the exterior algebra.
Proposition 3.21. The mapping ¢ : X (M) x QF (M) — QF~1 (M) : (X,w) = ixw is R-linear
in both components.
Proof. This is a direct consequence of the definition of the interior multiplication, see Defini-
tion 3.20, and Proposition 3.18. We should check that for a k-form w the form ¢xw is indeed a
smooth section.

Suppose that M is a manifold and X € X (M). Take some w € Q¥ (M) and a chart (U, (z%)).
We can then write w locally as

Z 1 ; ; .
wlv = ﬁwil--.ikdxl AERAN Wo(iy)...o(ix) = SIET (o) wiy i, -

As the interior multiplication is defined pointwise, it follows that (txw) |y = tx (w|y). Hence,
we can express (Lxw) |y as

1 i i i .
(txw) |y = Z WX "Wiy i, dx A NdT Wa(iy). o (i) = SIEN(0) Wiy iy (3.4)

i1k

As X € X(M) and w € QF (M), it follows that X* and w;, ;, are both smooth functions.
Therefore ¢ xw has smooth coordinate functions, implying it is a smooth section of /\k_1 "M,
ie. it is a (k — 1)-form. O

Proposition 3.22. The interior multiplication is a graded-derivation of degree —1. In other
words, it is a mapping tx : O (M) — Q*=1 (M) such that

tx (WAN) =itxwAn+ (—l)kw/\LXn,
where w € QF (M) and n € W' (M).
Proof. This all follows from the fact that the interior multiplication is defined pointwise in
combination with Proposition 3.19. O
Exterior derivative

The second operator we introduce is the exterior derivative. This forms the extension of the
differential on a function. The definition follows from the fact that a 1-form that is exact,
meaning there exists an f € C> (M) such that w = df, necessarily is closed, meaning Ow; / ort —
Ow; / Oz =0 in any chart. We will first introduce the exterior derivative on a Euclidean space,
after which it can easily be generalised to a manifold.

Definition 3.23. For a k-form w = Y, wrdz! on R™ we define the exterior derivative of w,
denoted as dw, using the formula

dw =4d (Zwldxl> = Zdwl A d:cI,
1 I
where dw; is defined as the differential of a function. The associated operator d : Q* (M) —
Q**+1 (M) is called the exterior derivative on R™. //

In the definition, we used the shorthand notation as it gives a clean formula. For calculations,
the ordered notation will prove more useful. Translating the exterior derivative to this notation,
we get the expression

Owiy iy, i ik
dw = Z de:g Adx®t A - Adate
11<-<tp 1

Again this operator acts as a form of derivation on Q* (R™).
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Proposition 3.24. The exterior derivative on R™ has the following properties:
(1) d is linear over R.
(2) For an f € C™ (R™) and X € X (R™) is satisfies df (X) = X f.

(3) It is a graded derivation, i.e. for any w € QF (R™) and n € Q' (R") we have
d(wAn) =dwAn+ (=1 wAdny.

(4) Its square is zero, i.e. dod(w) =0 for any w € QF (R™).

More concisely, we might call it a graded derivation of the graded algebra Q2 (R™) of degree +1
with a vanishing square, which coincides with the differential on functions.

Proof. The linearity of d follows from the definition, the fact that d is linear on smooth functions
and that A is distributive over addition.

The second property follows directly from the definition. Take an arbitrary f € C° (R™) and
X € X (R™), a straightforward calculation of the action of df on X shows the second property.

_of of _
- Oxt =X/

dz' (X) = X*

To prove the third property, we will use the first property much like we did in the proof
of Proposition 3.21. Therefore, we only consider terms of the form w = w;dx! € QF (R") and
n =nydz’ € Q' (R™). By the fact that the exterior derivative is the differential on functions and
therefore satisfies the Leibniz rule, it follows that,

dwAn)=d (wande‘]) =d(winy) da' = ((dwr)ny +wr (dny)) A daz!,
= (dwy A dz") Anyda’ — (1) wrda® A (dny Ada?) = dw A+ (=1)*w A dn.
As we mentioned, by the R-linearity of d this implies that d satisfies the product rule with
respect to A.
To prove the last property, we will first consider the action of the exterior derivative on a

function. For an arbitrary f € QY (R") = C* (R™) we use the fact that the second order partial
differential is symmetric such that

— 87f L2 - 87f i azf J i
d(df)d(@xidx) d(@xl)/\dx 7@xi8xjdz A dzx',

0% f 0 f ; ;
= —— — ———— | da' Ada? =0.
;j <81:’(‘3x7 8x36x1> v Adr =0

Hence d o d = 0 on functions, luckily we can reduce the case on arbitrary k-forms to that of
functions as follows using

d(dw) = d (dwi,..i, Ada™ A~ Ada™),
= d(dwj,. 3) ANdaz™ A+ Ada®™ + dw;, g, Ad(dz A A dzt)

The first term is zero as we showed that d o d is zero on functions. The second term can also be
shown to be zero by using the following inductive argument

d(da:il/\-~-/\dmi’“):d(dxil)/v--/\dxi’“—dx“/\d(dxi"’/\~-~/\dxi’“).

The first term is zero by the same argument as before, the second term is zero due to the
inductive argument. Hence, we have shown that d (dw) = 0 for an arbitrary w. O

Besides these algebraic properties, the exterior derivative also works naturally with smooth
functions between open subsets.
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Proposition 3.25. For any U C R™, V. C R™ both open and function F : V — U we have
F* (dw) = d (F*w),
where w is an arbitrary k-form on V.

Proof. We can use the linearity of the exterior derivative, see Proposition 3.24(1), such that it
suffices to show this for w = w;, ;. dz™ A -+ A da'. Suppose that F': V — U, where U C R"
and V C R™ and w € QF (U), then

F* (dw) (wilu.ikOF)/\d(inlOF)/\~-./\d($ikoF),

=d
=d((wiy..iyo F)Ad(z" o F) A+ Nd (2" o F)) = d(F'w).

This proves our result. O

We can use the properties of the exterior derivative on R™, see Propositions 3.24 and 3.25,
to extend our definition to an arbitrary manifold.

Proposition 3.26. For a manifold M, there exists a unique R-linear operator d : QF (M) —
QL (M) for any k which satisfies the following:

(1) For a function f € C* (M) it is defined as the differential.

(2) It is a graded derivation, i.e. for any w € QF (M) and n € w' (M) we have
dwAn) =doAn+(-1)"wAdn.

(3) Its square is zero, i.e. dod(w) =0 for any w € QF (M).

Proof. Much like any unique existence theorem, we will first prove the existence and then prove
that this is also unique. The existence can be derived locally from the definition of the exterior
derivative on R™. The uniqueness is a consequence of the product rule.

Suppose that M is a manifold and w € Q* (M) for some arbitrary k, then let (U, ) be a
chart on M. We define dw locally on U as

(dw) v = (6" 0 do (671)") (wlu).

Remark that the d on the right-hand side is the exterior derivative on R".

As this defines the exterior derivative in a specific chart, we should now check the value does
not depend on our choice of chart. Let (V,%) be another chart on M, we will then calculate
dw|yny and show that it is invariant under coordinate transformations by using Proposition 3.25
ongoyp~t:p(UNV)—o(UNV),

*

(¢70de (67)") @lorv) = (¥ o (7)) 0 @™ 0do (671)") (wloav).
= <¢* odo (1/)71)* o¢*o (stl)*) (wluAv) ,
= (v odo (¥7)") wlunv)

Thus we have shown that the exterior derivative is independent of the choice of a coordinate
chart, which implies that it is well-defined globally. It is then clear from Proposition 3.24 that
it satisfies the properties mentioned locally and by construction everywhere.

For uniqueness, we will first show that any operator which is a graded derivation is a local
operator, i.e. if n € QF (M) satisfy 5|y = 0 for some open U C M, then dn|y = 0. This then
lets us prove the uniqueness locally.

Suppose that D is a graded derivation on Q¥ (M), and let 1 be some k-form for which there
exists an open U C M such that |y = 0. Take a p € U and take a bump function % such
that there exists an open neighbourhood V of p for which ¢| = 1 and supp (¢p) C U. We can
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then conclude from the fact that nsupp(p) = 0 that ¢y = 0. Hence, it follows with 7, = 0 and
¥ (p) =1 that
0= D (¢yn), = (D), Anp+ ¢ (p) A (Dn) = (Dn),, .

This shows that Dn|y = 0 if n|y = 0, and hence D is a local operator. Remark that this
specifically applies to the exterior derivative.

Now suppose that D : QF (M) — QF+1 (M) is an operator which satisfies the properties of
the proposition. We will then show that D coincides with d by first proving this for smooth
functions, and then showing that D vanishes on products of differentials. It should be clear that
for any f € C° (M) we have Df = df as they are both equal to the differential of f. Suppose
that f1,..., f¥ € C> (M), it follows from the properties of the proposition that

k
D(df' A---Ndf¥) =D (Df' A---ADf*) = (=1)" "' DfP A AD*fP A ADFF =0,

i=1

Take some arbitrary n € Q% (M) and p € M, and let (U, (%)) be some coordinates around p.
Construct some smooth bump function ¢ such that there exists an open neighbourhood V' of
p such that ¥|y = 1 and supp () C U. Furthermore, in these coordinates we can write 7 as
o =>,; nrdx’. Extend the functions z* and 7; smoothly using the smooth bump function to
functions #° and 7j; such that #‘|y; = 2|y and 77|y = nr|y. We can then define an extension of
nas f) = >, 7rdZ! such that it is defined on the whole of M and satisfies 7j|y = n|y. By the
locality of D and d it follows that (Dn) |y = (D7) |v and (dn)|v = (df) |v. As p € V, we can
conclude from the discussion above that

(Dn), = (D7), = (D > ﬁldfcf> = <Z Dy A dE" + &p A Ddi:1>
I I

p p

— (Z diir A d:zf> = (dn), = (dn),, -

p

As our choice of p is arbitrary, it follows that D = d on the whole manifold and thus that d is
uniquely defined. O

Definition 3.27. The unique operator d defined in Proposition 3.26 is called the exterior
derivative on M. It is the unique linear operator that is a graded derivation on Q (M) of
degree +1 with a vanishing square that coincides with the differential on smooth functions. //

The exterior derivative lets us define special classes of differential forms, namely closed and
exact differential forms. These play a much bigger role in the study of the de Rham cohomology
groups.

Definition 3.28. A differential form w € QF (M) is called closed if dw = 0, and exact if there
exists an a € Q=1 (M) such that n = da. Let Z* (M) denoted the set of closed k-forms on M
and B* (M) the set of exact k-forms, remark that Z* (M) = ker (d : Q% (M) — Q"1 (M)) and
B* (M) =Im (d : Q"1 (M) = QF (M)). //

We will now show a similar statement to Proposition 3.25, proving that the exterior derivative
on an arbitrary manifold is natural in the sense that it commutes with the pullback.

Proposition 3.29. For a smooth function F : M — N and an arbitrary w € QF (N), we have
that
F* (dw) =d(F*w).

In other words, the exterior derivative commutes with the pullback.

Proof. This follows directly from applying Proposition 3.25 to the coordinate representations of
F and w. O
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A last important property of the differential is the fact that it can commute with integrals
in a special manner that is reminiscent of the Leibniz integral rule.

Proposition 3.30. Given a smooth family of differential forms w; € QF (M), with t € [0,1], it

satisfies the following
1 1
0 0

where d is the exterior derivative on M.

Proof. We can assume that M has some global coordinates (ch) Next up, suppose that w; €
QF (M) is a smooth family of k-forms with ¢ € [0,1]. We can then use the fact that partial
derivatives commute with integrals of constant boundaries.

/01 (dwy) dt = /01 (d ((we); da')) dt = /O1 (%dwi /\dx’) dt,
— (/01 3((92?!@) dz’ A da! = 8(2:1' (/01 (we); dt) da' A da!,

:d(/ol(wt)ldt/\d;vl> :d(/olwtdt>.

Which was what we wanted. O

Lie derivative

The last operator we will introduce in this section is the Lie derivative of a differential form. This
forms a natural extension of the Lie derivative on functions and vector fields, see Definitions A.24
and A.26.

Definition 3.31. The Lie derivative of a differential form w € QF (M) along some X € X (M)
is defined as

d *
Lxw= — !
xw =g O )
The existence of the derivative is ensured by Theorem A.23. We call the operator Lx : Q* (M) —
0* (M) the Lie derivative along X. //

As the name implies, this operator is a derivation on € (M).

Proposition 3.32. The Lie derivative is a derivation of degree 0. In other words, for any
X € X(M) it is a mapping Lx : * (M) — Q* (M) such that

Lx(wAn) =LxwAn+wALxn,
where w € QF (M) and n € QL (M).

Proof. Let X be a vector field on M, w a k-form and n an [-form. Remark that the pullback
distributes over the wedge product, see [13, Lemma 14.16 (b)], i.e.

o (wnm) = (¢5w) A (o5 ).

Hence, we get

d * d * *
Lx@nm=g| @) @an]= g [(@65) w0 (6s) ).
d * d *
{dt (gth) w]/\ner/\{dt (qﬁtx) n}ﬁxw/\ner/\EXn.
t=0 t=0
This proves the proposition. O
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Now we can already make a simple connection between the Lie derivative and the exterior
derivative.

Proposition 3.33. The exterior derivative commutes with the Lie derivative.

Proof. Suppose X is some vector field on M and w € QF (M). Using Proposition 3.29, we obtain
our result

d . d
(Lxod)w= T . (d)g() (dw) = T

d ((qbg()*w) — (doLx)w.

t=0
As w is arbitrary, we get Ly od =do Lx. O

Besides this connection to the exterior derivative, the Lie derivative lets us have a natural
connection with the flow along a vector field.

Proposition 3.34. Let X be a vector field on a manifold M. If ¢% denotes the flow of X at
time t, then for any a € Q (M)

3| (@%) a=(6%)" (Lxa).

t=to

Proof. Let X be a vector field on a manifold M and o € © (M), we can write out the definitions
above for a point p € M, where we need to ensure that (¢g,p) € D(X). It then follows by
substituting ¢t = s + to and using Proposition A.22 and Proposition 12.25 (e) in [13],

|, = v T () e
= (7)) S e =(0%) Lxo
s=0
Which was what we wanted. O]

Cartan’s magic formula

The combination of these three operators comes in the form of Cartan’s magic formula. It tells
us that the Lie derivative can be expressed in terms of the interior multiplication and exterior
derivative. Concretely this is stated as follows.

Proposition 3.35. The Lie derivative of along a vector field X is given by
Lx =doitx +txod.

Before we prove this statement, we will go into some properties of the commutator of d
and tx, given by Dx =dotx +tx od.

Lemma 3.36. For a vector field X € X (M) and function f € C® (M), the action of Dx is
equal to the Lie derivative.

Proof. Let X be a vector field on M and f a function. By using the definition of the interior
multiplication, Proposition 3.26.(1), and Corollary A.25, it follows that

Dxf:(dOLx+LXOd)f:d(fo)+LX (df):df(X):Xfiﬁxf
Hence, this shows that Dx f = Lx f. O

Lemma 3.37. The operator Dx commutes with d, i.e. Dx od=do Dx.

Proof. This proof simply follows from the fact that the exterior derivative’s square is zero, see
Proposition 3.26.(3). We can see that

Dxod=(dotx+txod)od=doitxod=do(dotx +txod)=do Dx.

Therefore, d and Dx commute. O
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Lemma 3.38. For a vector field X € X (M), the operator Dx is a derivation on (M) of
degree Q.

Proof. Suppose that M is a manifold, X € X (M). We can easily verify that Dy : QF (M) —
QF (M) which implies it has degree 0.

To prove that it is a derivation, we will make use of Propositions 3.19 and 3.26.(2). Suppose
that w € QF (M) and n € Q! (M), then

Dx (wAn)=(dotx +txod)(wAn)
=d (LXw/\n—i- (—l)kw/\bxn) +x (dw/\n—i— (—1)kw/\dn)
=dixw An+ (=) " ixwadyp+ (=1 dw Auxn + (=) w Aduxn

+ixdw A+ (=) dw A uxn + (=1)F ixw A dn+ (=1) w A xdn
=(dowx+ixod)wAn+wA(dotx +ixod)n=DxwAn+wA Dxn.

This shows that, Dx (wAn) = Dxw An+w A Dxn and it is therefore a derivation of degree
0. O

We will now apply Lemmas 3.36 and 3.38 to prove Proposition 3.35.

Proof of Proposition 3.35. As all the operators satisfy the product rule, we can deduce that
they are local, see the proof of Proposition 3.26. If we combine this with the linearity of the
operators, we remark that we only need to consider a k-form w which we can write in a coordinate
chart (U7 (x’)) as w|y = wilw,ikdmil A --- Adx®. Then we can split this k-form into two parts
wly = a An with a = do™ and B = w;, ;. dx™ A --- Adx. Then remark that w is some
wedge product of an exact 1-form and a k — 1-form. By using the derivation properties of the
commutator and the Lie derivative, see Lemma 3.38 and Proposition 3.32, we can show the
equivalence on a k-form by proving the equivalence on exact 1-forms and using induction. To
prove the equivalence on exact 1-form, we will use Lemmas 3.36 and 3.37 and Proposition 3.33.

Dx (df) =d(Dx f) =d(Lx f) = Lx (df).

This is then enough to prove Cartan’s magic formula as we know that they coincide on 0-forms,
see Lemma 3.36. O

Poincaré’s lemma

Let us now apply Cartan’s magic formula to prove a basic statement on differential forms called
Poincaré’s lemma. This tells us that any closed differential form is locally also exact. We will
first prove this for differential forms on open subsets of R", which naturally extends to the
mentioned statement. Our proof consists of defining an operator that almost inverts the exterior
derivative, called a homotopy operator.

Lemma 3.39. Every closed k-form with k > 1 on a star-shaped domain of R™ is exact.

Proof. Suppose that V is a star-shaped domain of R” and let w be a k-form on V with k£ > 1.
Without loss of generality, we can assume that V' is star-shaped around 0. We want to construct
an operator h : QF (V) — QF=1(V) such that d o h = Id. This is impossible in general as
it would imply that every differential form is exact. Therefore we generalize our formula to
doh+ hod =1d, such that it is equivalent to d o h = Id for closed forms.

This operator h is defined using the contraction mapping m; : V. — V : x — tz, which is a
well-defined function as long as t € [0, 1] due to the star-shapedness of V. Remark that my =0
and my = Idy, therefore mo* = 0 and m;* = Idg(y) as well. Define h : Q% (V) — QF1 (V) as
follows

h (w) :/0 %mt* (txw)dt.
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where X = z° 8/ Oz’ such that m; = qﬁln(t . Remark that this integral is well-defined even
though we divide by t. This can be seen by writing the integrand out in coordinates, where we
assume w = w;, _;, dz’t A -+ Adz'™ in this calculation as every operation is linear. By noticing
that m, is simply the multiplication by ¢ in each coordinate and the fact that d is R linear, we
can calculate the action of the pullback in coordinates, see Lemma 14.16 (c) in [13], we see

1,
?mt (txw)

1 ) .
= ;mt* (LXwilmik dz" Ao A d;v”“)

k
= %mt* Z (—1)]'71 dzbi (X) wilv__ikdxil Ao Adabi=Y Adatt A A date
j=1
1" . . , .
- EZ( 17X (t2) (wiy i omy) d (b)) A= Ad (t271) Ad (b2 ) Ao Ad (ta™®)

1
k .
=¢h1 Z (-1 'x (29) (wiy...ip M) da™ Ao Adz'=1 Ada A A da’t
j=1

This shows that the integrand is well-defined for ¢t € [0,1] if k& > 1.
All that is left to show, is that this operator satisfies the equation

doh+hod=1d.

We can prove this by working out the calculation for some w. In this calculation, we will use
the fact that the integral is a linear operator and that the exterior derivative commutes with the
integral and the pullback, see Propositions 3.30 and 3.29

(doh+hod)w = / —mi* (txw)dt + h(dw),

/ —my™ (d (txw) dt+/ -my” (Lx (dw)) dt,
:/ ;mt* ((dotx + tx od)w) dt.
0

Now we use Cartan’s magic formula to rewrite this in terms of the Lie derivative. Furthermore,
we recognise m; as the flow of X and use the commutation property of the Lie derivative. Then
we obtain our results from the chain rule.

11 11 l(t) *
(doh+hod)w:/ fmt*(ﬁxw)dt:/ 7( I ) (Lxw) dt,
ot ot

B /1 1d
ot ds s=In(t)

SR 1COPBIEE TR

Hence, the operator h as defined above is exactly the operator we were looking for. By using
the fact that w is closed, we can deduce that d (h (w)) = w and thus w is exact on V. O

((¢%) w) dt,

Corollary 3.40. For every closed differential form w and point p on the manifold, there exists
a neighbourhood of p on which w is exact.

Proof. Let M be a n-manifold and suppose that w is a closed k-form on M and let p be a point
in M. Take a chart (U, ¢), such that ¢ : U — V C R" is a diffeomorphism. We can assume that
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V' is star-shaped because if it is not we can take an open sphere V contained in V as V is open,
the diffeomorphism ¢| 61 (V) then gives a new chart.

We would like to use Poincaré’s lemma now, however, this lemma only considers differen-
tial forms on R™. Therefore, we want to use the diffeomorphism of the chart to pullback the
differential form to a differential form on V.

To be able to do this use that the exterior derivative commutes with the pullback such that
(d)*l)* w|U a closed k-form on V. As we assumed that V' is star-shaped we can use Poincaré’s

lemma implying the existence of a (k — 1)-form 7 on V with the property that (gb_l)* w|U = dn.
By again taking the pullback by ¢, and using the fact that (qb_l o ¢)* = Idy, it follows that

w’U = <¢_1 °¢)*W‘U =¢" (((b_l)*W’U) =¢" (dn) =d(¢™n).

This implies that w is exact on U. O

3.3.2 Darboux’s Theorem

We are now able to prove Theorem 3.10. However, much like the Riemannian metric, we can
also give a short intuitive proof of this statement akin to Riemann’s counting argument given
above. It now deviates as we can use Corollary 3.40. When given a symplectic form w it can be
written is coordinates (z%) as w = df = d (#;dz"). This then leaves just n function we need to
determine, however with our n choices for coordinates we have these exactly covered and there
are no local invariants for a symplectic form.

Now we will give a formal proof, for which will restate the theorem once more. Then we will
go into the proof where we use linear symplectic geometry and extend its structure locally using
Moser’s trick, Poincaré’s lemma and Cartan’s magic formula.

Theorem 3.10. Around every point on a symplectic manifold (M, w), there exists a neighbour-
hood (U, (xl, L T y")) such that on U the symplectic form is given by

wly = idmi A dy'.

i=1
Such coordinates are called Darbouzx coordinates.

Proof. To prove this theorem for a point p on a symplectic manifold (M,w) we will do the
following. Firstly, we will use Theorem 2.8 to generate a basis for the tangent space at this
point. We will then extend this basis to a neighbourhood of this point, generating a chart.
Subsequently, we will show that part of this neighbourhood can be pulled back to the standard
symplectic form in these coordinates. This will then define coordinates that satisfy Darboux’s
theorem.

Suppose that (M,w) is a symplectic m-manifold and p € M. By theorem 2.8 there exists

a symplectic basis of T, M, denoted as {u1,...,up,v1,...,v,}. This also implies that m = 2n
such that M is even dimensional. Furthermore, the symplectic form w, can be written in the
associated dual basis {ul, 7L 72N 1/"} as

n
Wp = Zui AV
i=1

We will try to extend this basis to a coordinate chart (x17 L VL ,y") such that p' = da®

and v* = dy’. These can be found rather easily by taking an arbitrary coordinate chart
around p, (U, (&*,...,2", 5" ...,9")), and then remarking that both (u*,...,u" v, ... .v")
and (da?;,, el dfcz,dgzl), ..., djy) are both basis for T; M. Hence, there exists a basis transfor-

mation, which is linear and non-singular, given by some matrices A, B,C and D

' = ALdE + Bidjl, v = Cidi + Didg,
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Then define now coordinates (ml, oyl 7y") as follows
o' = ALE + By, ' =Cji + Dy

These form a coordinate chart, as they are the composition of a diffeomorphism and a non-
singular linear map. Furthermore, notice that by definition p' = dz;, and v* = dy,,. Thus we
have found a coordinate chart (U, ¢ = (xl, L TE y")) that satisfies

n
wp = Z dx; A dy;,.
i=1
We now want to compare w with the standard symplectic form w; = Y i | dz* A dy'. To do
this, we will have to restrict to some smaller neighbourhood of p than U. We will construct a
symplectomorphism ¢ between (V,w) and (V,w;) such that ¢ (p) = p. Let us set wy = w in this
process.

To construct such a symplectomorphism we use Moser’s trick. This comes down to construct-
ing an isotopy, which is amap p : U x[0,1] = U : (p,t) — p; (p) such that p; is a diffeomorphism
on U and pg = Idy. We will give a short exposition to motivate this construction. Suppose that
we are given an isotopy p; and a family of symplectic forms w; such that p;*w; = wy. Define
some vector field X; generated by p; as

_dn

X = dr Pt

Let us now consider the derivative of the pullback of w; by p;. We can rewrite this using
Proposition 3.34 and Cartan’s magic formula.

d * * dw * dw
=% _ (ps*ws) = pr (ﬁxtwt + dtt> = pt (d(bxtwt) + dtt> :

As p; is a diffeomorphism, we deduce the following equation called Moser’s equation:

dwt

dt -
Hence, an isotopy generates a vector field which satisfies Moser’s equation. Remark that we
could also recover the isotopy if we were given a vector field that satisfies Moser’s equation.
Hence, to generate an isotopy, we will try to solve Moser’s equation.

Consider the difference n = w; — wy and remark that this is a closed 2-form. Therefore, by
Corollary 3.40 we can find a neighbourhood Uy of p such that n is exact, i.e. there exists a
1-form o such that n = —da and we can assume that o, = 0 using the linearity of the exterior
derivative. Furthermore, we can assume that Uy C U. We will then consider the family of
symplectic forms w; with ¢ € [0, 1] given by

(douix,)wt =

wp = wp — tda = (1 — t) wo + tw .

This is again closed and as wy|, is non-degenerate and w; is smooth it follows that w; is non-
degenerate in a neighbourhood U; of p. Again, we can assume that U; C Uy. Thus we have
found a family of symplectic forms that we can enter into Moser’s equations to get the following

dw;
S dt
To solve this equation, it is sufficient to solve for tx,w; = a. By the non-degeneracy of w;, this
equation can be solved locally. As for an arbitrary Y € X (M) we can calculate this expression

(doutx,)wt = =wp —w; = —n =da.

in the coordinates (zl, 2 22”) = (:Ul, oyt ,y"). The left-hand side then
becomes
1 i j 1 ivj jy i
ix,wi (V) =we (X4, Y) = ; 5 (We)yy det Nd2? (X4, Y) = ; 5 (@i (Xth - XY ) ;
1 o i
] i,

26



Meanwhile, the right-hand side can be expressed as

aY) = Z a;d2? (V) = Z ;Y7 (3.6)

AsY is arbitrary, we can assume that there issome 1 < k < 2nsuch thatY = 9 / o2k . Combining
Equations 3.5 and 3.6 then gives us that ), (w);, X{ = ax. As w; is non-degenerate, (w;);, has

an inverse, which we denote as (w;)"". We can then express X; in terms of w; and «

X! = Z (we)™ .

k

From the smoothness of w; and «, and the fact that (wt)lk is a rational function of the coefficients
of (wy),;, it follows that X} is smooth as well. Thus we can smoothly solve for X;.

Remark that «, = 0 and therefore X (¢,p) = 0 which implies that QS’;’(O (p) = p for all
t € [0,1]. As the flow domain of is open, we can use the tube lemma, see [16, Lemma 26.8]
to find a neighbourhood Us of p such that ¢t)’(0 is defined on U, for all ¢ € [0, 1], where we can
once again assume Us C U;. Then by defining p, = (bg’(o, we get the isotopy we wanted as
po = qbgéo = Idy,, and we have already shown that this satisfies Moser’s equation. It follows that
1) = p1 defines a symplectomorphism on U, between wy and w; that preserves p.

We can now define the coordinate chart on V = U, by &' = 2% o1 and §* = y’ 0 ¢, then it
follows

STditadg =Y d(at o) Ad (40 o) = v (dewdyi) = ¢7wr = wo.
i=1 =t

i=1
Thus (&%,§") are the coordinates we wanted. 0O

Remark. The closedness of the symplectic form is necessary as wst 2, is closed. If w is sym-
plectomorphic to wst 2, in some neighbourhood, this symplectomorphism would preserve the
closedness. Hence, closedness is necessary for the symplectic form to be ‘flat’. //

The local theory is therefore always that of the trivial theory, however, this does not mean
that there are no interesting global phenomena to explore. We will not go in this direction now,
instead, we will discuss one of the main applications and the birthplace of symplectic geometry:
Classical mechanics.
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Chapter 4

Classical Mechanics as a Physicist

In the previous chapters, we discussed abstract geometrical objects called symplectic manifolds.
From this point forward, we will turn towards an application: classical physics. Using symplectic
geometry we can build a formal theory of classical mechanics, namely Hamiltonian mechanics.
As many mathematicians may not be familiar with the contemporary formulations of classical
mechanics past Newton’s formalism, we will first dedicate a chapter to introducing physics to
showcase the heuristic approach and create some intuition behind the methods. To do this we will
discuss three formalisms: Newtonian, Lagrangian and Hamiltonian. Each of these formalisms is
based on different principles, resulting in different methods of solving mechanical systems. For
anyone familiar with these descriptions of physics, this chapter can easily be skipped without any
continuity problems. This chapter is a combination of [21] and [2]. The translation of classical
mechanics to symplectic geometry will be dealt with in Chapter 5.

4.1 Newtonian Formalism

We will make our first step into describing classical mechanics by taking a look at Newton’s
formulation and basic principles in the form of his three laws of motion. Nowadays these still
form the foundation of classical mechanics. Newton was one of the first persons who saw that
we could describe physics using some general mathematical model, which can be seen as the goal
of classical physics nowadays: to predict the motions of a physical space using a mathematical
model. Before we go into the actual model Newton built, we will discuss how we can even
translate a physical space to a mathematical one in the first place.

4.1.1 Space, Time and Kinematics

As the goal is to describe the motions of mechanical systems mathematically, we should first
determine the types of systems we are studying and how we could translate these to mathematical
spaces. The assumptions in classical mechanics are that the objects are relatively large such
that there are no quantum mechanical effects and the speeds are relatively small to stay non-
relativistic. We then follow our intuition and suppose that positions in physical space are points
of a three-dimensional Euclidean space E2. We would like to induce some vector space structure
onto E3, which can be done by fixing an origin o € E3, also called an observer, and we then
identify a point s € E3 with the vector 65 € R, When working with these vectors, we then also
need to choose some basis vectors. We have some freedom of choice for what position acts as the
origin and how we arrange the basis vectors, depending on this choice the position of an object
may seemingly change, see Example 4.1. In a physical problem, we can often choose a reference
frame that uses the symmetries of a system.

Example 4.1. Let us assume that the reference frames are chosen such that the positions in
this example are constrained to R? x {0} C R3. Therefore, we will only consider the position on
a plane instead of a three-dimensional space. Suppose that we have a ball at a point p on E>
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(a) The space E* given by some grid on a plane (b) The reference frames and measurements of ob-

on which a ball is placed at position P and two server A and B. The reference frame of observer

observers are positioned at A and B. A is given in blue, and the measured position of P
is denoted by rpa. For observer B everything is in
red and the position is given by rppg.

Figure 4.1: Example of how to translate a physical situation, Figure 4.1a, to measurements in
different reference frames, Figure 4.1b.

and some observers A and B, see Figure 4.1a. We can then view the position p from both the
reference frame of A and B. We can then measure the position of P in both reference frames,
see Figure 4.1b. Observer A measures the position of P as rpa = (4, 72)T, while Observer B
measures P to be at rpp = (—1,2)". //

As we mentioned, we are not dealing with any relativistic effects in this theory, and hence,
we can identify time as a separate axis, called the time axis identifiable with R. This time axis is
important when talking about motion, as this is all about the position over time. We define the
motion of an object as some smooth function C : I — E?, where I is an interval on the time axis.
In our reference frame, we can obtain a function r : I — R? called the trajectory of the object.
Notice that this is the composition of the actual motion with our choice of reference frame, hence,
it is dependent on this choice which may differ over time. Using this mathematical trajectory,
we can describe some physical quantities as vectors. Namely, the velocity and acceleration, v
and a respectively, are defined as follows

v(t):%r(t):i“(t) and a(t):%r(t):i‘(t):i)(t).

The importance of these quantities stems from Newton’s laws of motion. However, before dis-
cussing these in detail, we should find a way to model more than just a single object in a system.
We have thus far described a position of a single object while we are often dealing with a system
that includes many bodies that are interacting. Intuitively we assign a single E? for each object
in the system, which can be formalised in terms of a product space. In other words, in an n-body
system a position of the system is described as a point in E3" = E3 x --- x E3. The position of
the bodies in the system is described using a single vector r = (r1,...,7,) € R3", implying that
the motion becomes a smooth map r (t) = (11 (t),...,7, (t)) € R3". The definition of velocity
and acceleration then still applies.

29



4.1.2 Newton’s Laws of Motion

Newton’s laws of motion determine the motions of a system through two important concepts:
momentum and forces. Momentum is a quantity of an object and is given for some object of mass
m by p = mwv. This is often intuitively thought of as the amount of movement an object has.
Forces on the other hand should be thought of as the interactions bodies have with each other
or the system. These come in many shapes and forms, for example, the gravitational force or
Coulomb force. All these forces are the product of some interaction between two physical bodies
and are described as some vector F' € R? acting on a body. As we will approximate motion to
our best capability, it will often be useful to neglect some forces acting on larger bodies, this
choice will make more sense in the light of Newton’s second law. Let us now state these laws.

1. If the sum of all forces acting on a body is zero, there exists a reference frame in which its
velocity is constant.

2. In any inertial frame, the time derivative of the momentum of a body is equal to the sum
of forces acting on it.

3. For every action, there is an equal and opposite reaction.

While the first law seems to follow from the second law, we still need to ensure the existence of
an inertial frame to use the second law. The second law then gives us the following equation,
also called the equation of motion

ZFi (T77;7t) :p(t)»

where F; are all the forces acting on the body, p (t) is its momentum at time ¢. We will often
denote the sum of all forces acting on a body with Fye. If we also assume that the body has a
constant mass this equation simplifies to

Fhet (t,7,7) = mi'.

If we generalise this to an n-body system, we obtain an equation of motion for each of the
bodies. In the case that the masses of all objects are constant, which is nearly always the case,
this results in the following system of equations:

(Z) _ (Mva(r,v,t)>’ M = diag (myIs, . .., mnls) . (4.1)

Remark that we have transformed the differential equation by substituting v = 7. This system
of equations is the one we solve most often in Newtonian mechanics. The process of solving for
the motions of a system uses the following steps:

a) Choose a reference frame, and initial values then determine which forces are at play.
b) Describe the forces in terms of the reference frame.
c¢) Solve the equation of motion.

Let us showcase this with a couple of examples.

Example 4.2. Suppose we have set up a cannon atop an h meter high cliff and we want to
determine the distance it can shoot a cannonball which weighs m kilograms, see Figure 4.2. We
would then want to find a mathematical model to capture the motion of the cannonball.

First, we need to determine a reference frame which we have already chosen in Figure 4.2 to
be at the foot of the cliff with the x corresponding to the horizontal direction and the y axis with
the vertical one. Next up, we determine the initial values of the system. From Equation 4.1, it
is clear that we need both the initial position and velocity of a system to solve for the motion.
In this case, the initial position of the cannonball can be considered to be the position of the
cannon, i.e. r (0) = (0, h)T. The initial velocities are determined by some parameters, such that
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— Trajectory

Figure 4.2: A sketch of a cannon atop a hill shooting a cannonball at some angle and speed. In
the figure, we plotted a trajectory which we calculated by numerically solving Newton’s equations
of a projectile motion in a constant gravitational field with linear and quadratic air resistance
using the SciPy package in Python. Our initial velocity for this trajectory was set to 15 ms™!
in the z-direction and 3 ms™* in the y-direction and the height of the cliff was set at 10 m. We
will see in our analysis that the mass of the cannonball is irrelevant to the problem. At the foot
of the cliff, the reference frame for the analysis is drawn as well.

v (0) = (vz0,vy0). Lastly, we need to determine the forces which we simply have to guess and
tune until we are satisfied with the model. In this case, we introduce just the force of gravity.

. 0
Fgrav (tyrvr):Fgrav: ( )

—mg

Here, g € R is the acceleration due to gravity. As this is the only force we will be considering,
we need to solve the following initial value problem:

. Vs 0010 0 0
e e ] o001 0 | oa
=11 =1 o [=]o oo oo “O={,,

Uy —g 0 00O —g Vy0

Remark that this equation is of the form @ = Au+b, thus we can find the solution by integrating,
see Theorem 2.4.1 in [17], such that

Uxot

t
H = +/ = Apgs — | P+ vwt = 9t2/2 |
0 Vz0

Vyo — gt

Therefore, we get the motion for the cannonball with gravity

_ Umot
We have plotted an example of such a motion in Figure 4.3. Here we see that our model is not
quite perfect, but it does approximate the trajectory quite well. //

Example 4.3. Let us consider an Atwood machine, which is a system of two stationary masses,
m1 and msy, hanging on a rope over a pulley, see Figure 4.4a. Assume that the rope and pulley
are massless, there is no friction in the pulley, the rope does not slip on the pulley and the length
of the rope is constant. Set the origin at the centre of the pulley such that the initial positions
of the masses are given by r = (—R, —ylo)T and o = (R, —yzo)T, where R is the radius of the
pulley.
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e Gravity

FGrav

Figure 4.3: The trajectory of a cannonball as predicted by Equation 4.2 and the calculated
trajectory of Figure 4.2. The same initial conditions were used in this figure. Remark that the
trajectories are rather close to each other, but we see that the model predicts the range of the
cannon to be further than the calculated range. Yet, our model is quite close to the numerical

analysis.

T

p 1111

B foreems

p 1110

F grav,mo

(a) The configuration of a pulley system with two (b) The Force diagram associated with Figure 4.4a.
masses of different sizes hanging from it. The reference frame is drawn at the centre of the

pulley.

Figure 4.4: Pulley system as described in Example 4.3 with both a sketch and a force diagram.
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The forces in the system are then the force of gravity acting on both the objects, such that
Faray,m; = (0, —mig)", and a tension force T' = (0,T)" which is the same on both objects by the
constraint on the length of the rope. These forces are drawn in Figure 4.4b. We can translate
this to the following equation of motion.

m10Gg1 0 0
miaqy1 _ T+ Fgrav,m1 _ T —mug
M0y 0 0
maly2 T+ Fgrav,m2 T —mag

We notice here that we can ignore the z-coordinates as there is no net force acting in this
direction. However, when solving this equation, we run into the problem that 7" is an unknown.
Luckily, we can recover it by remarking that a; = —as, which is a result of the fact that the
length of the rope is constant. We can solve this equation for T'.

T —mig T — mag
—_— = al = —a,2 = -
mi ma
moT — mimag = —m1T + mimag

2
o 2mms
m1+m2

Substituting this into the equation of motion, we get

(ay1> B (ngg/(rm +my) —g) _ <9(m2 —ma)/(m +mz>>.

ay2) — \2mag/(mi+ma) —g g (m1 —mgz)/(m1 + mz)

Solving this system is then rather simple and results in the motion of the masses.

71 (t)) (ym + Ngt2/2> mo — My
r(t) = = , =—. 4.3
®) (7"2 (t) Y20 — pgt? /2 B+ ma (4:3)
Here, we can see that the mass difference is the main factor in the dynamics. If the difference

is zero, the masses will stay stationary. If one of them is heavier, the greater mass will move
downwards. //

4.2 Lagrangian Formalism

In the last section, we discussed Newton’s formulation of classical mechanics. Here, we also
went over its application to two rather simple examples, Examples 4.2 and 4.3. We saw that it
can be quite cumbersome to work with the geometry of vectors and constraints. Hence, people
started developing scalar theories of classical mechanics. Lagrangian formalism is an example of
such a scalar approach to classical mechanics. Where Newton focussed on force and momentum,
Lagrange only need to account for the energies in a system. He can connect the motion of the
objects with the energies in the system through Hamilton’s principle, more accurately called
the principle of stationary action. From this principle, we are then able to extract the Euler-
Lagrange equations which form the equations of motion in this formalism. These Euler-Lagrange
equations are even stronger as they let us use generalised coordinates which cover the space of
configurations of the system. Before we go into the methodology of Lagrangian formalism, we
will shortly discuss the scalar quantity of energy.

4.2.1 Energy

Let us for now assume that we are still working on Euclidean space in Cartesian coordinates like
in Newtonian mechanics. We distinguish two categories of energy: kinetic energy and potential
energy. The first one is tied to the motion of an object while the second one results from the
different interactions between objects and the system. We will introduce both of these objects
through their interaction mechanism: work done by forces.
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Definition 4.4. Let F be a force acting on an object which is moving along a curve C, we define
the work done by F' on the object along C as

W_/CF-ds_/ti F(r(t),7(t),t)-7(t)dt,

where 7 : [t;,tf] — C is some parametrisation of the curve. //

Let us consider the work done by the net force acting on an object along the physical path
it follows using Newton’s equation of motion, we can then rewrite this integral

tr tr tr 1
W= [ Feo 0.0 i 0a= [Tnio-ioa= ["a(glior).
If we then define the quantity T (+) = m||#||>/2, called the kinetic energy, we can express the
work done on the object to be the change in kinetic energy of the object. If we add up the
kinetic energy of all objects in a system, we get the total kinetic energy Tiot, which we often
denote with just 7.

Meanwhile, we could also try to integrate the work done by a single force. In very few cases
is this of a neat form, hence, we will consider forces that lend themselves to an interpretation
much like the kinetic energy.

Definition 4.5. A force F : R3 x R3 x R — R3? is called a general conservative force if there
exists some U : R3 x R3 x R — R such that given some path r : R — R? we have

R0 0.0=5 (50 00.00.0) - 5200000, (1.4

Here, the subscript ¢ denotes the ith component of the force, position and velocity vector. The
function U is called the general potential energy of F. //

Example 4.6. Take the Lorentz force acting on a particle with charge ¢ moving along a path
r:R — R3, ie. the position is time-dependent, in an electric field E and magnetic field B. The
Lorentz force is then given by

Florentz (r,7,t) = ¢ (E (r,t) +7 X B (r,t)).
Assume we have a scalar potential V (r,¢) and vector potential A (r,t) that satisfy the following
0A

B(r,t) =V X A(r,t), E(nt):—VV(r,t)—E(nt).

We can show that the potential of F' in the sense of Equation 4.4 is given by
Uryrt)=q(V(r,t) —7-A(rt)).
We can check that this satisfies Equation 4.4 for the Lorentz force. The first component of the
vV 04 ; <8A1 8A2>

Lorentz force is given by
o 04, 04y 041 043
37'1 ot 87'2 8r1 87’3 37'1 '
Meanwhile, the first component of the right-hand side of Equation 4.4 can be expressed as
doUu oU dA, oV . 04A;
won o —Q<‘cu‘aﬁ+;”aﬁ>
0A, 04, . 04,
( S o +Za>

(oA oV qoa oA (o4 oA,
- ({97'1 (97‘2 (97'3 87‘1 '

It follows from similar calculations that the other components are equal as well. Hence, U is
indeed the general potential energy of the Lorentz force. //

FLorentz,l =q <_
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In the Lagrangian formalism, we do allow for generalised conservative forces. However, in the
case that the potential does not explicitly depend on time, even the work simplifies as follows.

W:/t‘fF(r(t),f(t),t)-r'(t)dt

3 ty
x|/
ziwlfLi(gyuomw%muO—gZ&wfﬁnﬂ@)

ou : :
gy, ()7 () -7 (1) ] dt]

[(i (gg (r(t) ﬂ'“(zf))) - g% (r(?) ,m))] a0 dt}

=§;§wamw»mm;—4fiwvmmw»4
3 ty iy
- ﬁwijwm»‘—mmmum_}

Even though such a force does lead to a closed form for the work done by it, it can still be quite
messy to work with. Therefore, we introduce the more simplistic conservative force, which is
a force F : R? x R — R? such there exists a potential energy U : R? x R — R which satisfies
F = —VU. In this case, the work simplifies to W = —AU.

Proposition 4.7. A force, F : R3 x R = R3, is called conservative if it can be written as
r
7|l

Fr,t)=f(rl,t) (4.5)

where f: R xR — R.
Proof. Suppose that F (r,t) is as in Equation 4.5 and ro € R3. Define U : R* x R — R as
U(rt) = f(s,t)ds.
lI~ll

We assume that this integral exists, however, as a potential is defined up to a constant the upper
limit can be chosen arbitrarily such that the integral does exist. We can deduce that

ou . d [* Al - o
&NW—MAJ@W“ 3, (0= = (el )

Hence, we can deduce that U is indeed the potential of F. O]

Example 4.8. Consider the force of gravity acting on an object placed at r; and exerted by an
object at ro, the force can be expressed as

Gmimg 19 —11

F(r1)

g = ol I =2l
We can define the potential energy U (r1) as

Gmim
U () = 1Mo

bz =l
Let us check that this is indeed the correct potential,

Gm1m2 o —T1

—VU (r) = .
(ry) 1 — 7o I — 72|
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Thus the force of gravity is conservative. See that it can indeed be written in terms of r = ro —rq,
ie. F(r) = Gmlmgr/HrHB. Furthermore, remark that the gravitational force on the second

body exerted by the first can be obtained by taking the gradient with respect to ry, i.e. if we
fix 71 and make ro a variable, we obtain
Gm1 mo TN — T2

F(re) =—-VU(rg) = =—F(r).
(r2) (r2) 1 — 7o) 1 = 72| ()

This is exactly Newton’s third law. //

Example 4.8 shows us that a potential is much more of a measure of the interaction rather
than a quantity tied to a body. We would like to define the total potential energy, Uiot in such
a way that OUiot/Or; is the net force on the i-th particle. Hence, the total potential energy
of a system is given by Utot = >, U;, where the sum runs over all the interactions.

4.2.2 Euler-Lagrange Equations

With the concepts of energy at hand, we can dive into Lagrangian formalism. This formalism
lends itself to working with constrained systems in a more natural manner. In Newtonian
mechanics, constraints led to imposing constraint forces, like the tension in Example 4.3. In
Lagrangian formalism, we work around these constraints by choosing suitable coordinates which
span all the possible configurations of the system. By choosing our coordinates wisely, we can
often reduce the apparent dimensionality of the system. Such a system of coordinates is often
denoted with ¢ = (q1,...,qn) instead of r = (r1,...,7r,). In such general coordinates, we can
state the basic principle of Lagrangian formalism: Hamilton’s principle.

Hamilton’s principle. The actual motion of a physical system, q : [t;, tf] — R3, is a stationary
point of the action integral defined as

S<q>=/;fz<q<t>,q'<t>,t>dt.

Where £ (q,q¢,t) =T (q,4,t) — U (g, q,t) is called the Lagrangian of the system.

Remark. Remark that in the previous section, the kinetic energy was only a function of 7, but in
general coordinates, we can have some dependence on the position. For example, if we use cylin-

drical coordinates, (z,y,2) = (rsinf,rsinf, z) one can deduce that T = %m (7*2 + 720 + 22).

Hence, it is dependent on both the velocities and the position. Furthermore, U can be considered
in the sense of a general potential and can therefore be dependent on the velocity. //

Remark. Remark that a Lagrangian only results in a well-posed mechanical situation if the
stationary point of the action integral is uniquely for some boundary conditions. One can
deduce that this implies that the Lagrangian must be a convex function in ¢, see [3, p. 57] or
[12, Section 1.4]. //

This principle is equivalent to the second law of motion posed by Newton. Finding the
stationary points of an integral may seem like a convoluted way of finding the motions, and it is
not even clear how this is equivalent to Newton’s formalism. Luckily, both these problems are
solved using the Euler-Lagrange equations.

Proposition 4.9. For a Lagrangian £, any stationary point q : [t;,ty] — R of the action

integral satisfies the following
0% _ doZ

dg  dt 9"

Moreover, any path that satisfies this condition is a stationary point.

(4.6)

Proof. Suppose we are given a Lagrangian % = % (q,¢,t). Let us define a stationary point of
the action integral. First, we define the notion of a variation of a path ¢ : [¢;,t¢] — R as a path
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n:[ti, ty] = R with n(t;) =0 =n(ty). We can then vary the path ¢ smoothly in the direction
of nas pay : [ti,tf] = Rt q(t)+an(t). For each variation 7, we can express S as a function

of a,
ty
Sy (a) = 5 (pa,n) = ZL (pan (t); pay (L)1) dt.

tq
We then call ¢ a stationary point of S if for every variation n we have dS,/da |a=0 = 0. Now

suppose that ¢ : [t;,tf] — R is a stationary point of S and 7 is some variation. Using the Leibniz
and product rule, we can deduce that

[a
a=0 B t; do

-/ (ajf (o 0) P 81 1(0) + S (8 (0,811 <t>) dt.

ds,
0= "1

(&Z (pan () pan (1), ())) dt

a=0

By rewriting po, (t) as ¢ (t) and using partial integration on the second term in combination
that n (t;) = 0=n(ty) we get the following.

ts 0L d 0%
0= t) | — t),q(t),t) — ——— t),q(t),t) ) dt.
[ (G @0.00.0 - 5% @0.00.0)
As we have chosen our variation n arbitrarily, this is enough to conclude that

2 4 @,00),0 - %22 (40,00 =0

Hence, any path ¢ that is a stationary point of the action integral satisfies Equation 4.6. More-
over, any path that satisfies this equation is a stationary point of the action integral by the same
logic. O

If we generalise this to a higher dimensional system with some general coordinates ¢ =
(q1,---,Gn), we conclude that the physical path satisfies

0z _doz
dq;  dt 9g;

, V1<i<n.

See [12, Proposition 1.4.1] for a formal proof of this statement. The Euler-Lagrange equations
show that given n generalised coordinates, we end up with n second-order differential equations
we need to solve in order to recover the physical motions of the bodies.

Remark. In Cartesian coordinates, the Euler-Lagrange equations are equivalent to Newton’s
second law.

0 doz v _a( . ou\_ . dou ou_,
dg _ dt 94 dq  dt a4 P=% 85  9q
Here we used that U is the general potential of the force acting on the body. //

Solving problems with this formalism is often seen as more straightforward and less error-
prone. In practice we need to go through the following steps:

a) Determine the kinetic and potential energies in an inertial frame.
b) Determine the Lagrangian and translate it to some general coordinates for the system.
c¢) Solve the Euler-Lagrange equation.

We will now showcase the power of Lagrangian formalism using two examples.
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Figure 4.5: Generalised coordinates of an Atwood machine.

Example 4.10. Let us consider the Atwood machine of Example 4.3 again, i.e. we consider
two stationary masses hanging from a rope which is suspended over a pulley. We assume that
the rope and pulley are massless, the rope does not slip on the pulley, the pulley can rotate
freely and the length of the rope is constant. We will now solve this using Lagrangian formalism.
Define the coordinates = and y as in Figure 4.5. As the rope has a constant length, say L, we
get the relation z +y+ Rm = L, implying that y = —z + C. Hence, the system can be described
using a single general coordinate x. The kinetic energy of this system is given by
1 1 1 )

T(J?) = §m1j32 + §m2y2 = § (m1 + mg) T°.

The potential energy is the sum of the gravitational potentials of both masses.
U= —migz —magy = — (m1 — mz) gz + C.

Here, we can set the constant to zero as a potential is determined up to a constant. This leads
to the following Lagrangian.

L (x,2) = % (m1 4+ ma) @2 + (my — ma) g. (4.7

If we enter this into the Euler-Lagrange equations we get the following differential equation:

(my —mg) g = (my + ms) Z.
This is solvable for x, which results in

1m1—m2

z (1) gt* + zo. (4.8)

- 2 mi + mo
This solves our system and we can see this is equivalent to the Newtonian case by comparing
Equation 4.8 to Equation 4.3. //

Example 4.11. Consider the case of a block of mass m; sliding on a wedge of mass mso that can
move horizontally as sketched in Figure 4.6, where we assume everything to be frictionless. If
we were to solve this problem in Newtonian mechanics, we would have to deal with the awkward
constraint force of the wedge acting on the mass and work out a lot of geometry. Luckily, we can
circumvent this problem by using the energy methods of Lagrange and imposing the constraints
through the coordinates we choose, as depicted with ¢; and ¢ in Figure 4.6.

We can set up the Lagrangian in the inertial frame, depicted by the x and y axes in Figure 4.6.
As these are Cartesian coordinates, this is quite simple.

L 1 . . 1 . .
L (w1,y1, 2, Y2, L1, Y1, T2, Y2) = 3 (&3 +97) + 52 (&3 + 93) + magyr.
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Figure 4.6: Sketch of a mass m; on a wedge of mass ms at an angle 6. Here, we allow the mass
to slide along the wedge, and the wedge to slide horizontally. The origin is placed such that
the right angle of the wedge coincides with it at t = 0, and the associated x and y-axis are also
given. The coordinates g; and ¢o are also drawn.

Next, we need to translate the Lagrangian to the general coordinates q; and ¢, this is given by
the following, notice that these are defined up to some constant.

T1 = —q2 + q1cosq, Y1 = ¢ Sin
T2 = —4q2, ys = 0.
With these coordinate transformations, we can translate our Lagrangian to the general coordi-

nates, resulting in

.. 1 . 1 . L. .
Z (a1, 02,41, 2) = 55 (M1 + ma) @ + 3 (67 — 2d1d2 cos ) + mygqr sina.

The equations of motion are then given by the Euler-Lagrange equations,

mygsina = mig§y — m1do COS (4.9)
0

(m1 + ma) G2 — m1dy cos a. (4.10)

We can express §o as an equation of §; using Equation 4.10 and entering this into Equation 4.9
we can recover a closed form for both §; and gs
. gsina .
i =—————5— and = —5 :
1_mlcosoz mq sin” o 4+ mo
mi + meo

m1gsin a cos o

Notice that both of these are constant, and one can thus easily solve these equations. We can
check that these satisfy our intuition in the cases that mg — 00, me =0, a =0or a = 7/2. //

4.3 Hamiltonian Formalism

Up until now, we have developed methods to solve an n-body problem using at most 3n differen-
tial equations, either Newton’s second law or the Euler-Lagrange equations. In the Lagrangian
formalism, we could lower the dimensionality of the problem by choosing generalised coordinates,
which use the symmetries of our problem. However, both Newtonian and Lagrangian formalism
end up giving us second-order differential equations, which are not very insightful. Hence, we
would like to reduce the order of our system naturally. We will show that we can do this by
introducing the general momenta of a Lagrangian system as the new coordinates, which results
in the Hamiltonian through the Legendre transform. Before we go this route, we will introduce
the Hamiltonian in Cartesian coordinates.

4.3.1 Cartesian Hamiltonian Mechanics

Let us consider an n-body system for which we have the total energy functional given by a func-
tion S (r1,..., nyD1,s---,Pn,t), where r; is the position of the ith body and p; the momentum
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of the ith body. We can write this in terms of the kinetic en potential energy, where we assume
that the kinetic energy is only a function of p; and the potential energy a function of r; and ¢

P}
— 2m;
1

%(rlwuarnapla“'vpnvt) :T(plvu'apn)+U(T1a"'arn7t) = +U(7"17...,Tn,t).

Remark that the potential is chosen such that F; = 9U/Or;, it then follows from the definition

of momentum and Newton’s second law that
3%_&_?;_ o  oU
6pi - m; Y 67“1‘ - 87“1' N

—F;, = —p;. (4.11)

This gives us 6n first-order differential equations to solve to obtain the motion of the n-bodies
described by the energy functional. Furthermore, using these relations we obtain

AH _ OAH | OH | IA_9A
a  ar, P Tt T ot

Hence, the Hamiltonian is conserved as long as it does not depend on time directly.

4.3.2 The Hamiltonian in Generalised Coordinates

We will now try to extend the discussion of the previous section to work with general coordi-
nates. Remark that the energy functional in the previous section was dependent on the position,
momentum and time. We would like to replicate this in general coordinates to obtain a similar
equation to Equation 4.11. To do this, we will first have to determine what our quantity of mo-
mentum is in generalised coordinates. We will define this in relation to a Lagrangian. Given a
Lagrangian . in some generalised coordinates (g1, . . ., g,), we define the generalised momentum
associated with a coordinate g; as
_0Z
b= %q,

This definition might seem odd, but it works correctly in Cartesian coordinates.

Example 4.12. Consider the Lagrangian of n non-interacting objects. In this case, the La-
grangian in Cartesian coordinates is given by

. . 1 .
g(’rh' "aTnarlw"vrnat) = 5277’&1“7“2”2
i

Hence, the generalised momentum associates with r; is simply the momentum of the object

0
oo

Di = m;T;.

The definition of the generalised momenta coincides with the usual definition when working in
Cartesian coordinates when working with non-interacting particles. //
We would then like to naturally transform the Lagrangian .Z (q1,...,¢n,q1,---,dn,t) to

a function %”(ql,...,qn,g%,...,%ﬂf) = (q1y--sqn,P1s---5Pn,t), such that there is a

change of dependent variable. This transformation can be formalised using the Legendre trans-
form.

Legendre Transform

Consider a function f : V' — R, most often we have V= R", we define the Legendre transform
of f as the function f*:S C V* — R for which

[ (@) = sup (@ (v) = £ (v)) -

veV

Remark that this function is defined for all & € V* for which the supremum is finite.
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Example 4.13. Consider the function f : R — R : x — e”, we can recognise that R* = R such
that we can define the Legendre transform as
f* (5) = sup 2"z — ¢7),
z€R
where z* € I* which is some domain that we still have to determine. Let us first figure out what

f* is by calculating the supremum using the derivative with respect to x and setting it equal to
Zero.

_d
T dz
Hence we see that z* = e* gives a critical point, and as —e” < 0 for all z it follows that we
achieve a maximum at z = In (2*). Thus we retrieve our Legendre transform

ff@)=("—1n(z").

Remark that this function only exists for z* € (0,00) = I'*. //

0

(x*x —e®) =a* —e”.

Example 4.14. Take a function g : R? — R : (2,y) — g (x,y) which is convex in y and for a
x € R defined f, : R = R :y— g(x,y). Remark that df,/dy (y) = 0g/0y (x,y). We can then
determine the Legendre transform of f,, which was defined as

5 (y) = Sup Wy — fa ().

We can again determine this supremum by differentiating with respect to y. It then follows that

d dfe «_ dfs
0=dfy(y*y—fz(y)):y*—d%(y)$ Zd";(y)~

As g is convex in y, it follows that y = (df, /dy)f1 (y*) is the maximum. We can now transform
g (z,y) to a function h (x, dg/0y) by defining

h (z Zz) =h(z,y)=f" W)=y (C;‘Z”)_l (") —g <x ((iif;) h (y*)> :

This leads to a natural transformation from g (z,y) to h (z, dg/0y ). Furthermore, the differen-
tials of g and h are given as

dg = udxr + vdy = dh = xdu — vdy.

Remark that this is not merely a coordinate transformation, but also a transformation of the
space on which the functions act. //

In the section on Lagrangian formalism, we remarked that a Lagrangian had to be convex in
q if it were to result in a well-posed problem. Hence, we can use Example 4.14 to transform the
Lagrangian in the manner discussed before. We define the Hamiltonian of a Lagrangian .Z as

o
©0g;

n
H(Qs - P1sPst) = D pidi — L (@1 Qs G, dnst) s P (4.12)
=1

Hence, the Hamiltonian can be seen as the Legendre transform of the Lagrangian. We can now
determine the differential along a physical motion in two manners: directly and using equation
4.12. If we calculate it directly, we find

O s OH oA
d%ﬂ_; P +; Fpr P+ gt (4.13)

However, if we calculate it using Equation 4.12, we find that

dA = Zpid%' + Z Gidp; — d2Z .

i=1 i=1
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We can further expand this expression by first determining the differential of the Lagrangian.
.Z
d¥ = Z dql + Z dql dt.

Combining these two equations results in the differential of the Hamiltonian:

- - " 0. "0 0.L
A = pidgi+ Y qidpi — Y ——dg; — ¢ — —dt.
i—1 i—1 i—1 9qi i—1 94i ot

Again remark that p; = 0.2/0¢; and that it follows from the Euler-Lagrange equations that the
physical path the motion follows satisfies p; = d/dt (0.£/9¢; ) = 0L /0q; .

dA = pidd+ > didps — > pidg; — > pidds — %dt
i=1 i=1 i=1 i=1
= Z Gidp; — Z pidg; — —dt (4.14)

Comparing Equation 4.13 and 4.14 gives us the 2n+ 1 equations called Hamilton’s equations:

L Y Y
ot ot Pz*aqia szapi»

V1l<i<n.
Solving a mechanical problem comes down to solving this system of equations, most importantly
the last 2n, to obtain the motion of the objects. In practice solving a problem goes as follows:
a) Determine the kinetic and potential energies in an inertial frame.
b) Determine the Lagrangian and translate it to some general coordinates for the system.

c¢) Derive the generalised momenta from the Lagrangian and solve for the ¢’s as functions of
p’s and ¢’s.

d) Determine the Hamiltonian using Equation 4.12.
e) Solve Hamilton’s equations.
Let us showcase this method using an example.

Example 4.15. Let us again consider the Atwood machine of Examples 4.3 and 4.10. We
already showed how to derive the Lagrangian in the coordinate described in Figure 4.5, see
Equation 4.7. To recover the Hamiltonian, we’ll have to determine the generalised momentum

_z—( + )
p= aib_ml mo ) X.

Using the Legendre transform, we then obtain the Hamiltonian

2

. . p mp — Mma
%”(x,p,t):px—f(x,x,t):2(m1+m2)— 7
This results in the following equations for & and p
X 4 D . 0
R P R— pz*%:(ml ma) g
We can see that these are equivalent to Equations 4.3 and 4.8. //
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Chapter 5

Mathematical Methods of
Classical Mechanics

In this chapter, we shall finally see symplectic geometry and classical mechanics come together
and we will show that interpreting Hamiltonian mechanics as a geometric theory leads to some
powerful results. To do this, we will first discuss how we let a symplectic form act on a smooth
function, where we are again heavily inspired by Riemannian geometry. We will then shortly
discuss Hamiltonian systems before diving deeper into the theory in terms of first integrals
and integrable systems. We will see that these first integrals, which are the constants of the
Hamiltonian flow, generate symmetries of the system and allow us to find Darboux charts that
make sense in terms of mechanics. This chapter is mainly based on the ideas from [4, Chapter
18] and [1, Chapter 10]. Remark that we will only discuss Hamiltonians which do not explicitly
depend on time.

5.1 Hamiltonian Vector Fields

We would like to determine some form of movement on a symplectic manifold with just a single
smooth function. Normally one encodes movement on a manifold with a vector field, hence, we
are looking for a manner of transforming a smooth function into a vector field. In calculus, this
is done by using the gradient, hence, we will search for a symplectic equivalent of this, which we
will call the Hamiltonian vector field of a function. Let us first consider how one does this on a
Riemannian manifold and then replicate this method on symplectic manifolds.

5.1.1 Riemannian Gradients
In Euclidean geometry, we may define the gradient as follows.

Definition 5.1. Let f : R" — R be a function and = € R", if the partial derivates of f exist at
a point z € R™, define the gradient of f in z = (2',...,2") as

grad f (z) = Z gjx (x) &,
i=1

where ¢é; denotes the i-th basis vector of R™. //

It should be clear that the gradient takes a smooth function on R™ to a vector field, in this
case, a function grad f : R™ — R™. To generalise this construction to a Riemannian manifold,
we consider the naturally defined differential of a function and map it to the tangent bundle
using the musical isomorphisms generated by the Riemannian metric.

Definition 5.2. Let (M, g) be a Riemannian manifold and f € C* (M) then define

grad f = (df)*.
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ere, n* =g~ "~ (n) with g : — 1s the induced map by the metric g.
H f=g! ith g : TM — T*M is the induced by th i

Remark. The isomorphism § : TM — T* M exists on the premise that g is non-degenerate. //

We should check that this is equivalent to the gradient in calculus when working on Euclidean
space. In this case we have (dxi)u = 9/0a", such that
B " of 0

L= 9zt Ozt
=1

of i\ _N~Of (i
df = (df) = ( =da') = - (da
grad £ = (@) = (') =3 5 (@)
We can then identify TR™ = R" with J / Oz — &;. This shows that this is indeed the vector
field we wanted.

5.1.2 Symplectic Analogue

To create a symplectic analogue to the gradient, we should take extra notice of the non-
degeneracy of the symplectic form and the Riemannian metric. The existence of the Riemannian
gradient was dependent on this non-degeneracy, and hence, we can replicate this construction
on symplectic manifolds. We will define the analogue, called a Hamiltonian vector field of a
function, implicitly.

Definition 5.3. Let (M,w) be a symplectic manifold and f € C* (M). We then define the
Hamiltonian vector field of f as the vector fields X that satisfies 1x,w = df. //

To see that this is the actual symplectic analogue of the gradient, remark that txw = & (X)
and thus @~ (df) satisfies this condition

wal(df)w = df

We can ensure the existence and uniqueness through the fact that w is non-degenerate. However,
this is not very insightful on the form of the Hamiltonian vector field. Therefore, we will prove
the existence and uniqueness in coordinates.

Proposition 5.4. For every function f € C* (M), where (M,w) is a symplectic manifold, there
exists a unique Hamiltonian vector field, X¢, and in a Darbouz chart (U7 (xl, Lyt ,y"))

it is given by
B " (0f 0 of 0
Xf|UZ(8yi drt Ozt a;ﬁ) '

i=1

Proof. Suppose that (M,w) is a symplectic 2n-manifold and f € C* (M). We can then solve
the equation tx,w = df in a Darboux chart (U, (a:l, . ,x”,yl,...,y")). To this extent we
write Xy|p = Y0 (X% 9/0z" + X; d/0y") and the differential of f is then given by df|y =

Dy (gfz dx’ + g—?ﬁdyi). The contraction of w by X¢ can be calculated using Equation 3.4,

Lxwly = Z (X;dxi — X;dyi) .

i=1

Setting this equal to the differential df|y results in 2n equations of the form

i Of ;. of
X, = By and Xy = o

Hence, the explicit expression of the Hamiltonian vector field of a function f in Darboux coor-

dinates is
B " /Of O _of 0
Xilo = Z (ayi Ori Oz 8yi> : (5.1)

i=1

Thus we verified that the Hamiltonian vector field always exists. Furthermore, any Hamiltonian
vector field of the function needs to satisfy this expression, implying they are also unique. [J
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Example 5.5. Take the manifold R?\ {(0, p) : p € R} with the global chart (g, p) and symplectic

1

form w = dg A dp. Consider the smooth function f (¢q,p) = §p2 —q *, notice that ¢ is never zero

hence it is smooth. We can then obtain the Hamiltonian vector field of f from Equation 5.1.

R )

I = opoq oqop Tag 1 ap

We can check whether this is correct by entering it into the formula tx,w (v) = df (v) for
v=2v70/0q +vP 3/0p.

9 5,0 0 » 0
tx;w () = w(Xy,v) =dgANdp (p(?q q —ap,v —aq—l—v 8p>
- of of
— poP 204 — 9 P —
pP +q vl =w 3q+v o df (v).

Thus, X indeed satisfies ¢x,w = df, which implies it is the Hamiltonian vector field of f. //

We have shown that every function has a unique Hamiltonian vector field, giving us a linear
mapping C>® (M) — X (M) : f — X, where the linearity is a direct consequence of Proposi-
tion 3.21. The question now arises whether this mapping is injective or surjective. The answer
to both is no.

Corollary 5.6. Two smooth functions on a symplectic manifold have the same Hamiltonian
vector field if and only if f — g is a constant on each connected component of the manifold.

Proof. Take some f,g € O (M), with (M, w) being a symplectic manifold. Suppose that their
Hamiltonian vector fields be equal. We can then conclude that

df = 1x,w=1x,w=dg.
Now suppose that their differentials are equal. Then we can conclude that
LX,w = df =dg = LX,W-

This implies, together with the uniqueness of Hamiltonian vector fields of functions, that Xy =
Xg. O

Corollary 5.6 shows that the mapping C>® (M) — X (M) : f — X induces a well-defined
injective mapping C*° (M) /Z° (M) — X (M) : [f] — X ;. However, this is still not necessarily
a surjection, as we showcase with Example 5.7.

Example 5.7. Consider the manifold (S*\ {1})2 and take the global coordinates, (6,¢). We
can then define the symplectic form wg = df A d¢ and the vector field X = 9/00. We can then
calculate that txw = d¢, implying that X is the Hamiltonian vector field of ¢.

Suppose that we were able to smoothly extend X to a Hamiltonian vector field of some
function T?. Notice that this function can not be ¢ as this is not defined on the whole of T?,
hence suppose it is f. If follows that df|r2\((1,1); = d¢. If we then integrate df over a closed
curve v, Stokes’s theorem tells us the integral is 0. Meanwhile, take the curve « : [0,1] — T? :
t — (0,exp (27t)). We then calculate

/ y*df = ~*dep = 2mwdt = 27 # 0.
[0,1] [0,1] [0,1]

Hence, we cannot extend X to a Hamiltonian vector field. //

Luckily, we can quite easily determine the range of this mapping, i.e. all the vector fields
that are the Hamiltonian vector field of some function.

Definition 5.8. A vector field X on a symplectic manifold (M,w) is called a Hamiltonian
vector field if ¢ xw is exact. The set of all Hamiltonian vector fields is denoted by Xyam (M).
The function h € C*° (M) such that txw = dh is called the Hamiltonian function of X. //
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It should be clear that these Hamiltonian vector fields are exactly the vector fields that are
the Hamiltonian vector field of some function. Furthermore, their flow preserves the structure
of our symplectic manifold.

Proposition 5.9. The symplectic form of a symplectic manifold is invariant under the flow of
a Hamiltonian vector field on that same symplectic manifold.

Proof. Suppose that (M, w) is a symplectic manifold and X is a Hamiltonian vector field with
a Hamiltonian function h. If we rewrite the Lie derivative using Cartan’s magic formula, we can
use that w is closed and ¢xw is exact. It then follows that

Lxw=(xod+doitx)w=1x (dw)+d(txw)=1x(0)+dod(h)=0.
This proves that the symplectic form is invariant under the flow of a Hamiltonian vector field. [

A well-behaved connection between the Hamiltonian vector fields and smooth functions can
be made through their respective bracket algebras, the Lie algebra and the Poisson algebra.

5.1.3 Bracket Algebras

This section will focus on the algebraic properties of Xyam (M) and C*° (M) and how we connect
these through the view of bracket algebras. We will define abstract Lie algebras and Poisson
algebras and see their connection with symplectic forms. We can get more grip on the behaviour
of the mapping C* (M) — Xgam (M) : f = X through these algebras.

Lie Algebras

It should be of no surprise that the algebraic structure of the Hamiltonian vector fields is familiar
to that of vector fields in general, in other words, it has a Lie algebra structure. Let us first define
what such a structure entails and then prove that the Hamiltonian vector fields are actually of
this form.

Definition 5.10. A Lie algebra is a pair (£,[,,]), such that £ is a real vector space and
[,]: £x £ — £is a bilinear map such that the following hold for all x,y,z € £

[$7y] = _[y?xL
[, [y, 2]] + [y, [z, 2]] + [2, [z, y]] = 0.

These identities are respectively called skew-symmetry and the Jacobi identity. We call [-, -] the
Lie bracket of the Lie algebra. //

Proposition 5.11. The bracket [X,Y] = XY — Y X defines a Lie bracket on the vector fields,
and hence a Lie algebra (X (M), [-,]).

Proof. See Corollary A.13. O

As the Hamiltonian vector fields are a subset of the vector fields on a symplectic manifold,
we would like to show that it inherits a Lie algebraic structure. In other words, we would like
to show that (Xgam (M), [-,+]) is a Lie subalgebra of (X (M),[-,:]). In this proof, we will use
the following lemma.

Lemma 5.12. Let X,Y be vector fields on M, then the following holds
tx,y) = Lxty —ivLx

Proof. The proof is similar to that of Cartan’s magic formula. Once again we can notice that
both sides are derivations of Q (M) with degree —1. Hence, if we check the equality on smooth
functions and exact 1-forms, we can extend it using induction to an arbitrary k-form.

Suppose that f € C® (M) and X,Y € X (M). By then remarking that f and Lx f are both
0-forms, it follows from the definition of ¢ that both sides vanish.
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Suppose that 7 is an exact 1-form, hence, there exists a smooth function f € C*° (M) such
that n = df. By using the definitions of the interior multiplication and Lie derivative, and
Proposition 3.33, it follows that

uxyn =uxydf =df ((X,Y]) = [X,)Y]f =XYf-YXf=X(df(Y))—-d(Xf)(Y)
=X (v (df)) — oy (d(X[)) = Lxvy (df) — vy (d(Lx f))
= ﬁxLy (df) — LyﬁX (df) = (ﬁxLy — Lyﬁx) .

Hence, by induction, this shows that (x y] = Lxty — 1y Lx. O

Proposition 5.13. The pair (Xgqm (M), [-,-]), where [-,-] is the Lie bracket on vector fields,
defines a Lie algebra.

Proof. Suppose that (M,w) is a symplectic manifold. As [,,+] is the Lie bracket on X (M), it
is clear that it is bilinear, skew-symmetric and satisfies the Jacobi identity. Furthermore, we
can easily show that Xy.m, (M) is a real vector space as it is closed under addition and scalar
multiplication in X (M). Take arbitrary X,Y € Xgam (M) and a,b € R, we can then write
txw = df and tyw = dg, it then follows using Propositions 3.21 and 3.26 that

laX+byWw = atxw + biyw = adf + bdg = d (af + bg) .

Thus aX + bY € Xgam (M) implying that Xgam (M) is a real vector space.
We then only need to show that Xypay (M) is closed under the action of [-,-]. Take some
arbitrary X,Y € Xgam (M) and apply Lemma 5.12 and Cartan’s magic formula.

Ux,yw = Lxtyw —tyLxw = dixiyw + ixdiyw — tydixw + tytxdw. (5.2)

The fact that txw, tyw and w are closed, implies that the last three terms vanish, leaving just
the first. Thus, Equation 5.2 simplifies to

tx,yw = d(txyw) = —d(w(X,Y)). (5.3)

Thus ¢[x yjw is exact and [X,Y] is a Hamiltonian vector field. Together this implies that
(Xgam (M), [+,*]) is indeed a Lie algebra. O

Poisson Algebras

Next up, we will introduce Poisson algebras. These are special cases of Lie algebras where we also
assume that the space is a commutative associative algebra and compatibility of the algebraic
structure with the Lie algebra structure. We will then show that the smooth functions on a
symplectic manifold have such a structure.

Definition 5.14. A Poisson algebra is a Lie algebra (P, {-,-}) such that P is a commutative
associative algebra over R and the bracket satisfies the Leibniz rule.

{f,gh}y ={f,gth+{f, h}g.

The bracket {-,-} : P x P — P is called a Poisson bracket. //

We will now show that C°° (M) admits a natural Poisson algebra structure on a symplectic
manifold.

Proposition 5.15. For a symplectic manifold (M, w), the pair (C*° (M), {-,-}) forms a Poisson
algebra, with

{1 O (M) x CF (M) = CF (M) = (f,9) = w (Xy, X)),

where Xy and X, are the Hamiltonian vector fields of f and g respectively.
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Proof. Let (M, w) be a symplectic manifold and define the bracket {, -} as in the proposition. It
should be clear that C>° (M) is a commutative associative algebra with pointwise multiplication.
The asymmetry is a consequence of the symplectic form being alternating, such that for
f,9€C> (M)
{fag} =w (Xfa Xg) =W (Xga Xf) = _{g, f}
To prove the bilinearity, we only need to do it in the first component as the second component
then follows with the asymmetry. By the linearity of the mapping f — X, we find that

{af + bg,h} =w (Xaf+bgaXh) =w (G,Xf —+ ng,Xh)
= aw (XfaXh) + bw (Xg7Xh) = (I{f, h} + b{ga h}

To prove the Jacobi identity we will use the fact that w is closed. Remark the following relation
between the symplectic form and Hamiltonian vector fields:

w(X5,Y) = (ux,w) (Y)=df (V) =Y. (5.4)

It follows from the definition of the bracket that {f, g} = X,f. We can then calculate the action
of dw on three vector fields using Proposition 14.32 in [13] and Equation 5.4. For some arbitrary
functions f,g,h € C*° (M) we find

0=dw (vaXga Xh) = Xfw (ngXh) - ng (Xfa Xh) + th (XfVXQ)
—w ([Xp, Xgl, Xn) +w ([ Xy, Xn], Xg) — w ([Xg, Xn], Xf) -

If we then set I(Xy, X, Xp) = Xyw (Xy, Xpn) — Xgw (X, Xp,) + Xpw (Xy, Xy), we can deduce
that

[(Xy, Xg, Xn) = Xyw (Xg, Xn) — Xgw (X, Xp) + Xpw (X, X)
= Xslg, h} = Xo{f,h} + Xidf, 9}
={g.n}, 1Y = {{f. 1}, 9} + {{/, 9}, 1}
=—{f{g. 13} — {9, {h. 13} = {h. {f. 93}

If we also take II(Xf, Xy, Xp) = —w ([Xf, Xg|, Xn) + w ([ X5, Xp], Xg) — w ([Xg, Xn], Xy), it
follows that

I (Xf’XQ’Xh) =—w ([Xf7Xg]th) tw ([XfﬂXh]ng) —w ([ngXhLXf)
= w (Xn, [X7, Xg]) —w (X, [Xr, Xn]) + w (X, [Xg, X])
= [Xp, Xglh = [ Xy, Xnlg + [Xg, Xnlf
=X Xgh— XgXih — X Xpng+Xp Xpg+ X X0 f — X0, Xy f
= Xp{h, g} — Xolh, [} = Xp{g, b} + Xidg, £} + X {f. h} — X0n{f. g}
={{h. g} 1t = Hn 1t g = g, 0} Y+ Hg. £ 0y + {7 0y g3 — S gb, R}
={fdg h}} +{g,{n. 11} +{F 9. h}} +{h. S, 93} + {9 {h. F}} +{h. {[. 9}}
=2{f {9, h}} +2{g. {h. f}} + 2{h. {f. g}}.

Hence, it follows from the fact that 0 = dw (X, X4, Xpn) = 1(Xf, Xy, Xp) + 11 (X, X4, X)) that

0= _{fv {gv h}} - {g’ {h’ f}} - {ha {f’ g}} + 2{f7 {97 h}} + 2{97 {h’ f}} + 2{h7 {frg}}
={f {9, h}} +{9,{h, f}} +{h.{f,9}}.

This proves that the Jacobi identity holds. Moreover, Equation 5.4 implies the bracket satisfies
the product rule. Take arbitrary f,g,h € C° (M), then by Proposition A.8

{f,gh} = =Xy (gh) = = (Xh) g — (Xfg) h = {f,h}g + {f, g}h.

We can conclude that (C*° (M), {-,-})is a Poisson algebra, where the bracket is defined by the
symplectic form. O
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Proposition 5.16. On a symplectic manifold (M,w), the induced Poisson bracket is given
locally in Darboux coordinates (U, (a:l, oyt ,y")) by

Z 8f Bg _Of 9y

Proof. Suppose that (M,w) is a symplectic manifold and (U (xl, L VU ,y”)) are some
Darboux coordinates. The result follows from a calculation in coordinates where we use the
coordinate expression of Hamiltonian vector fields of Equation 5.1 and the fact that {f, g} = X, f
as we mentioned in the proof of Proposition 5.15

B B af dg  Of g
ol =it = (£ 5 g k) 7= 5 e~ e

This was the exact expression we wanted. O

Combining Bracket Algebras

We have seen that a symplectic manifold induces a Lie algebra, (Xgam (M), [-,]), and a Poisson
algebra, (C* (M), {-,-}). The connection between both is by the algebra anti-homomorphism
created by taking the Hamiltonian vector field of a function.

Proposition 5.17. Given a symplectic manifold (M,w), we have an induced Lie algebra anti-
homomorphism, C*> (M) = Xgam (M) : h = Xy, with {-,-} ~ —[-,-].

Proof. Suppose that (M, w) is a symplectic manifold. We then have an induced map C*° (M) —
Xtam (M) : f — X;. To prove that this map is a Lie algebra anti-homomorphism, we argue it
is enough to check whether

Xy = TUX X)W

This is a consequence of the unicity of Hamiltonian vector fields and linearity of the interior
multiplication in X.
We can then rewrite ¢[x, x,jw if by using Equation 5.3 and get our result.

UXyp, Xg]W = _d( (Xf’ )) d{fag} = TiXapW

This proves Xy 53 = —[X, X,] and thus that the map is an anti-homomorphism of Lie algebras.
O

5.2 Hamiltonian Systems

Now that we have seen the interplay between symplectic forms, smooth functions and vector
fields, we can build their relation to physics. We will use symplectic manifolds in combination
with a smooth function to create a model of classical physics, more specifically Hamiltonian
mechanics. Such a triplet of a manifold, symplectic form and smooth function is what we will
call a Hamiltonian system and it is what we will use to model classical mechanics.

Definition 5.18. A Hamiltonian system is a triplet (M,w,.#). Such that (M,w) is a
symplectic manifold and . € C* (M) which is called the Hamiltonian. The associated
Hamiltonian vector field X ;¢ is called the Hamiltonian phase flow and its integral curves are
called trajectories. //

Using these systems, we can quite easily recover the Hamiltonian equations. Suppose we have
some Hamiltonian system (M, w, .7#) and Darboux coordinates (U, (z!,..., 2", y',...,y")). We
see that a trajectory of the system v (t) = (2 (t),y" (t)) satisfies

0t ; 0

B(0)= G @y) md i) =5 @),
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These are equivalent to Hamilton’s equations we saw in Section 4.3. Let us showcase how
we model physical systems using this method. In this method, we will most often consider
a configuration space, M, and then take the cotangent bundle with the canonical symplectic
form as the symplectic form. This gives a clear distinction between position, the coordinates on
M, and the moment, the coordinates in the cotangent spaces. When setting up a Hamiltonian
system as a model, we can still derive the Hamiltonian from the Lagrangian using a Legendre
transform. In this case, the Lagrangians are defined as functions on the tangent bundle of
the configuration space. The Legendre transform can then locally, at a point, transform the
Lagrangian to a Hamiltonian, see [4, Chapter 20] for a rigorous construction of the Legendre
transform. Here, we will work in coordinates, in which case the construction of Section 4.3 is
sufficient. Let us consider some simple examples using Hamiltonian systems as a model.

Example 5.19. Let us consider a free particle of mass m moving through three-dimensional
space. The configuration space is R3 and the phase space is the cotangent bundle with the
canonical symplectic form (T*R™,wean). In the global coordinates generated by the global chart
on R? we can write the Lagrangian as

L (x, ) = %mzu’cf

To transform this into a Hamiltonian, we first determine the generalised momenta of the La-
grangian.

07 . .
pi = o— (z, &) = md;.

8$i

Hence, we can derive the Hamiltonian for this system using the Legendre transform
. . 1 2
H (x,p) = Z:xlpz - L (x,2) = om zi:pi-

The Hamiltonian vector field is then given by

; 0
Xp=3 02
o m 9q;

The trajectories of the system are then the flow of the Hamiltonian phase flow. As the Hamil-
tonian phase flow is linear we find that the trajectories are as expected

¢x, ((¢:p),t) = (g + pt/m ,p).
//

Example 5.20. Let us consider the example of a particle with charge ¢ moving through a
transversal constant magnetic field and some electric potential. Due to the transversality of the
magnetic field, we can consider the system in just two dimensions: the ones perpendicular to the
direction of the magnetic field. Let us adopt the coordinates x and y to describe the positions of
the system. Hence, our configuration space is given by R? and the phase space by (T*RQ7 wcan).
We can derive from Example 4.6 that the potential energy can be expressed as

U(%y»i’y) = V($>y) _A(:L'7y)jj_ B(.’I,‘,y)y
In our case, we will choose the potential functions to be defined as

My Mz

V(x,y):qE(:E2+y2), Az, y) = 5 B(z,y) = ——. (5.6)

This leads to the following Lagrangian for the system:

(* +9%) —qF (2> + ) + Myx — Mar;y

Dg('r);l/7i‘7y.): 2 2

N | =
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Figure 5.1: A plot of the (z,y)-trajectory of a charged particle in an electric and magnetic
field, generated by the potentials in Equation 5.6. The equations in Equation 5.7 were solved
numerically using the SciPy package in Python, with the initial values of (x¢, yo,Pz0,Py0) =
(1,1,-2,2) and M =0.1, ¢ = 0.5 and F = 0.3.

From the Lagrangian, we obtain the generalised momenta associated with = and y.

_0Z _ . My _oz . Mz
Pe =55 = 2 BTy YT o

Using the Legendre transform, we can deduce that the Hamiltonian is given by
% (zyyvpxapy) = :Z:paf + ypy - ‘i/ﬂ (z7yvj:7y) )
B My\ LMz 1 My\* 1 +@2
=Pz | Px B Py |\ Py 9 9 Pz B 2 by 9
+

M My M
+qE(m2+y2)—2y( x—2>+2m<py

R e R

Remark that this is not the total energy, yet we recover the equations of motion from the
Hamiltonian vector field

My _
p$_77 =1,
Mx
py+73 a =y,
- py"’T ?—Q(JEI‘; o = Py,
M M
(pa: - 2y> 5 2qEYy, = Dy.

It is quite tricky to solve for the flow of this system analytically. Luckily, we can easily solve it
numerically, see Figure 5.1 //

5.3 Conserved Quantities
The last section introduced our basic model for classical physics: Hamiltonian systems. We

will now investigate a special class of functions which are conserved over the trajectories of the
system.
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Definition 5.21. An first integral, also called a conserved quantity or integral of mo-
tion, of a Hamiltonian system (M,w,.7) is a function f € C° (M) that is constant along all
trajectories of the system. //

It can be quite cumbersome to check this condition, as one would need to know the exact
flow of the Hamiltonian phase flow. Luckily, we can use the connection between C*° (M) and
the Hamiltonian vector fields to get an easier check for first integrals.

Proposition 5.22. If (M,w,5) is a Hamiltonian system, then a function f € C* (M) is a
first integral of the system if and only if {f, '} = 0.

Proof. Let (M, w, #) be an Hamiltonian system and f € C* (M). Using Proposition 3.34 and
Equation 5.4, we deduce that the change of f along the flow is given by

d * * *
& (f ° ¢thf> = ((ﬁt)gﬂé) EX%’f = (¢§?/f) LX%df = (gbg?/f) {f’ %}
t=to
This proves the equivalence of the two statements. O

Using Proposition 5.22, we can easily verify whether a function is a first integral of a system.

5.3.1 Symmetries

We will show that these first integrals give quite a lot of information about the physical system
in terms of symmetries. Here a symmetry of a Hamiltonian system is defined as an infinitesimal
symmetry, i.e. a vector field under whose flow the Hamiltonian and symplectic form are invariant.

Definition 5.23. A vector field is an infinitesimal symmetry of a Hamiltonian system
(M,w, ) if both w and S are invariant under its flow. //

Lemma 5.24. A vector field X is an infinitesimal symmetry of (M,w, ) if and only if X H# =
0 and txw is closed.

Proof. Let X be a vector field on a Hamiltonian system, (M, w, #). Suppose that X is an
infinitesimal symmetry of the Hamiltonian system, then by Theorem 12.37 in [13] we know that
the invariance under the flow is equivalent to

Exw:():ﬁ)(%. (5.8)

We can easily calculate the action of X on a Hamiltonian system by the definition of the Lie
derivative on smooth functions and Equation 5.8.

X =Lxs =0.

Furthermore, as the symplectic form is closed we can rewrite d o txw to a Lie derivative using
Cartan’s magic formula, such that

doixw=(dotx +ixod)w=Lxw=0.

This shows the implication one way. For the other way, suppose that X 7 = 0 and (xw is
closed. Calculate the Lie derivative of J# along X

LxH =(doix +ixod)H# =d# (X)=Xh=0.

Thus 77 is invariant under the flow of X. As for w, we can do a similar calculation and use the
fact that w and ¢xw are both closed

Lxw=(doitx +itxod)w=d(txw)=0.

This shows that the implication holds the other way as well. O
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We will now show that there is a correspondence between the first integrals of a Hamiltonian
system and the possible infinitesimal symmetries. This is a variation of Noether’s theorem,
which is most often stated in terms of moment maps and Lie group actions, see Chapter 24 in
[4]. The following theorem in terms of infinitesimal symmetries is Theorem 22.22 in [13]

Theorem 5.25. Let (M, w, ) be a Hamiltonian system. If f is a first integral of the system,
then its Hamiltonian vector field is an infinitesimal symmetry of the system. Furthermore, if
all closed 1-forms are exact, then all infinitesimal symmetries are generated as the Hamiltonian
vector field of some function, which is unique up to some function that is constant on each
component.

Proof. Let (M,w, #) be a Hamiltonian system and f € C° (M) a first integral of this system.
The Hamiltonian is invariant under the flow of X, by definition and w is invariant under the
flow of any Hamiltonian vector field, see Proposition 5.9.

Now suppose that all closed 1-forms on M are exact and let X be an infinitesimal symmetry
of (M, w, 5€). If follows from Lemma 5.24 that X5 = 0 and that ¢ xw is closed. By assumption,
this form is also exact and hence there is a function f such that X = X;. We can then easily
deduce that it commutes with the Hamiltonian

(A, [y =X =X =0.

Thus f is a first integral of the Hamiltonian system. Remark that f is defined uniquely up to
some element of Z° (M) as in Proposition 5.6. O

Example 5.26. Let us describe a spherical pendulum. This consists of a rigid rod of unit
length and negligible mass which has one point fixed in space around which it is free to rotate.
An object of unit mass is attached to the other end of the rod and is under the influence of a
constant gravitational field, whose acceleration constant we set to 1. No other external forces
are acting on the system. The position of the object can then be described as a point on S?,
which is therefore the configuration space. The phase space is then given by (T*SQ, wcan).

In Cartesian coordinates, we can describe the Lagrangian as

P+t + 2

$($7y7z’j77y72): 2

We can transform these to the more natural coordinates 6 and ¢ by the usual spherical coordinate
transformation,

x = sin (0) cos (¢) , i = cos (6) cos (¢) O — sin (0) sin (¢) ¢
y = sin () sin (¢) 3 = cos () sin (¢) 6 + sin (8) cos (¢) ¢
z=cos(0), s = —sin(6) 0.

Using this transformation, we can write the Lagrangian and the associated general momenta as

62 + sin? (9) $?
2

0L ;0L _

—cos (0), =— =
(), po %

2 (60,0.6,6) =
This lets us determine the Hamiltonian as

P+ csc® (0) v,

H(0,0,p0,D) = Pl + ppp — L = 5

+ cos (6) .
Now take the function J = pg, we can deduce that this is a first integral of the system using
Proposition 5.22 and the fact that the Poisson bracket is given by Equation 5.5

0 01 0K 0T A O 0 DT
90 Opy  Ope 00 06 Opy  Ops 06

{%7‘]}:

As J is only dependent on pg and 5 is independent of ¢, it follows that {5, J} = 0 and thus
J is a first integral of the Hamiltonian system. //
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5.3.2 Integrable Systems

Next up, we will research the solvability of a system depending on the first integrals. We already
saw that we were able to find the Hamiltonian phase flow of some systems, see Examples 5.19
and 5.20, but we could not always easily solve these equations. We will see that a system is
solvable if sufficient and well-behaved first integrals exist. We will see that we can find suitable
coordinates on such systems in which the motions are trivial and that the coordinates can be
constructed by quadratures. In this section, we will follow Chapter 10 of [1], however, more
general theorems are also found in Chapter 18 of [4].

Definition 5.27. A Hamiltonian system (M,w, 5) is called an integrable system if there
exist n = %dim/\/l first integrals, f1 = J, fa,..., fn, that commute, {f;, f;} = 0 for all ¢ and
j, and have linearly independent differentials. Such a system is denoted as (M,w, f), where
f= (A, fa..., fn). We abbreviate the flow of the Hamiltonian vector field of f; as ¢x, = ¢;

and also abbreviate (bg‘?; = ¢{") and o, =i //

Remark. In some other texts, [4] for example, the differentials of an integrable system are required
to be linearly independent on a dense subset instead of the whole manifold. Here, we follow [1]
which defines them to be linearly independent everywhere. //

Given an integrable system, we would like to show that we can determine the trajectories of
the Hamiltonian system. To do this, we will consider the following level sets of f,

Me=f""(e)={peM: Vifi(p)=c}.

Remark that this is a regular level set as f has a non-singular differential. This set has some
nice properties.

Proposition 5.28. Let (M, w, f) be an integrable system, then M. is a smooth manifold that
is invariant under the flow of any of the first integrals.

Proof. 1t is clear that M, is a manifold as it is a regular level set of f. Furthermore, we know
that any first integral f; is invariant under the flow of another f;, and thus for any p € M., we
can deduce that

fi (85 () = (85)" fi (0) = £ (p) = e

This implies that ¢§ : M. — M., and thus that M, is invariant under the flow of the first
integrals. O

As the flows of all the first integrals commute, we can sometimes define a general global flow
of an integrable system.

Definition 5.29. If (M, w, f) is an integrable system for which the Hamiltonian vector fields
of each first integral are complete on M_, we define the simultaneous global flow on M, as

gf:R"X./\/lc—>MC:(t7p)0—>(qf)ilo"'o(lﬁ{l)(p)'

We then also define g§pp) ‘R - M, 1t gy (t,p) and g‘} Mo — M. p gy (t,p), similar to

qbg? and ¢% in Definition A.21. //

By examining the behaviour of this flow we can uncover more information about the level
set. We will focus our attention on level sets that are compact and connected as these are of
physical interest. However, many results can be generalised to any system as long as all the
flows are complete, as this ensures the existence of the simultaneous flow, see [4] for more details
on this.

Lemma 5.30. Let (M,w, f) be an integrable system and M, is compact and connected, then

the simultaneous flow g}p) s surjective, but not injective.
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U,

Figure 5.2: Here an example of the path connecting two points py and p and how we cover this.

-1
Here, we also see how (g}p 2) |U2) maps elements from V5 to Us. Here, an element mapped by

—1
(g§cp 2)|U2) is denoted with a hat. We could also draw ¢5 as the vector between %5 and Z3.

Proof. Suppose we have some integrable system (M,w, f) and some level set M. which is
compact and connected. Remark that the flows of the first integrals then act on a compact

manifold and are therefore complete. We can thus define the simultaneous flow g¢ and let us fix

some py € M.. Remark that g;p °) can not be a bijection as it is continuous, R™ is Hausdorff but
not compact, and M, is compact. If it was a bijection, this would imply it is a homeomorphism

such that R™ would be compact. Hence, it is enough to show that g}p o) i surjective.

Firstly, we will show that we can take some small steps using g}p ) for any p € M to somewhere
in the neighbourhood of p. Remark that dggcp ) is non-singular as the differentials of the first
integrals are linearly independent. Hence, by the inverse function theorem, there exist some
neighbourhoods V' C M, and U C R” such that (gj(‘-p)|U)_1 1V — U exists and defines a chart.

For any ¢ € V we can then define ¢t = (g;p)|U)_1 (¢) such that

-1
o ) =g o (6lv) (@) =a

Suppose that ¢ is an arbitrary point on M,.. We know by the connectedness of M, that there
exists a continuous path v : [0,1] — M, such that v (0) = pg and 7 (1) = ¢q. Because v ([0, 1]) is
compact, we can find {pi}?:m with p, = ¢, such that for each p; there exists a neighbourhood
Vi € M. of p and neighbourhood U; C R™ of 0, such that g;p'i)|Ui : U; — V; is a diffeomorphism.
Furthermore, we can assume that V;_1NV; # 0. See Figure 5.2 for a visualisation of this process.
Let us now choose some points {mi}znzgl, such that g = pg, ; € Vic1 NV and 41 = q € V.

We can then step from z; to x;41 by using the flow of p;. Let us define a time step in U; as

ti = (gftpi))fl (wig1) — ( }p’:))*l (x;), such that

g (0) = g5 (6™ (i) = (6 )7 @0)) = i

Hence, we can walk from x; to x;11 with a time step ¢;. If we then add all of these steps together,

t = ZZO t;, we see that this lets us walk from zy = pg to x,,11 = ¢ using g}pO). This implies
that there exists some ¢ such that g}po) (t) = g, and thus that ggcpo) is surjective. O

Theorem 5.31. Let (M, w, f) be an integrable system. If M. is compact and connected, then
M. is diffeomorphic to T™.

Proof. Let (M, w, f) be an integrable system such that M, is compact and connected and take

(p)
f

some p € M,.. By Lemma 5.30 we know that g’ is not injective, such that we can consider its
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stable points defined as
F()—— teR™: g(p)(t)—— .
p f p

We can easily check that this is a subgroup of R™ as the simultaneous flow is also a one-parameter
group action. Furthermore, we can prove that it is independent of p. Given any ¢ € M,., we

know there is some s € R" such that g}p) (s) = q. Thus, for any ¢t € I' (p) we deduce that

95 (@) = g5 o g} (p) = g} 0 g% (p) = g7 (p) = ¢

This implies that I'(p) = I'(g), such that we can define some unique I' associated with gy.
This T’ has the structure of a discrete subgroup of R™. In other words, any point in I" has a
neighbourhood in the subspace topology which only contains itself.

We will first show the existence of such a neighbourhood around 0 € T" and we will use

translations of this neighbourhood to show that it works for any ¢ € I". First choose an arbitrary

p € M, as gj(cp) (0) = Id we know that 0 € T'. Now suppose U is a neighbourhood on which gj(cp) lv

is a diffeomorphism. For an arbitrary s € U N T we know that g](cp)|U (s) = po = g;p)\y (0) as

s € I'. By the injectivity of g;p)|U it follows that s = 0 and thus UNT = {0}. We can generalise
this to any element of I" by translating it using the flow. Take an arbitrary ¢ € I and define
q= g}p ) (t). We can then use the same neighbourhood U of 0 such that g}q) | is a diffeomorphism

and U NT = {0}. This neighbourhood can be transformed back to a neighbourhood around ¢
using (g;p ))*1 o ggfn. This shows that I' is a discrete subgroup of R and remark that we could
choose a single neighbourhood U such that each ¢ € T satisfies (t + U) N T = {t}.

We can now show that this group is generated by some basis {ej,..., e} such that any
element of I' is a unique integral linear combination of this basis. If T' = {0}, this would be
trivial, else we can take a 1 € T such that z; # 0. Consider the set Ay = {t € R™ : ||t|| < [|z1]|}-
Remark that we showed that there exists some neighbourhood U of 0 such that (¢ + U)NT = {¢}.
Hence, any element ¢ € A; N T is covered by t + U and as the volume of A; is finite, we
can conclude that A; NI only contains finite elements. We can then choose e; € Ray\ {0}
such that it closest to 0. Let us show that Ze; = I' N Rz;. Suppose this is not the case,
hence, there exists some u; € (I' NRx1)\Ze;. Then there must also exists some m € Z such
that uy € {(m+1t)er: t € (0,1)}, i.e. there exists some ¢ € (0,1) and m € Z such that
u; = (m+t)e;. It then follows for these ¢t and m that

lur —men]| = [[(m +t) ex — mer || = [[tea]| = t]lea]-

As t € (0,1) it follows that u; — me; is closer to 0 than e; but is also not the zero vector. This
is a contradiction with the construction of e; and thus we can conclude that Ze; =T’ N Rux;.

If Zey =T we are done, else we can choose an 25 € T'\Ze;. Let m be the integer such that the
projection of x5 onto Re; lies within Ay = {te; : 0 <sign (m)t < |m|}. If Ze; =T, we are done,
else we can find an 9 € I'\Ze;. Then there must exist some m € Z such that the projection
of x5 onto Re; lies within A; = {te; : t € R, 0 <¢ < m}. Now let Ay denote the set of points
whose projections onto Re; also lie in A3 and whose distance to As is smaller than that of x4, see
Figure 5.3. Remark that this set has some finite volume and thus contains finite points of I" as
we discussed above. We can therefore choose come e in Ay which is closest to Re; but not on it,
remark that this choice is not unique. We now want to show that Ze; + Zes = (Rey + Req) NT.
Suppose that this is not true, we can then find an us € (I' N (Rey + Rez)) \ (Zeg + Zey). Remark
that there exist my, mg € Z such that us € {(m1 +t)e; + (ma+5s)es : t,s € (0,1)}, i.e. there
exist some t,s € (0,1) and my,ms € Z such that u; = (my +1¢)e; + (ma + 8) ea. It follows
that the distance from u; — mye; — moes would be closer to Re; than e; and we can move this
vector to one in As by adding some multiple of e; while not changing the distance to Rey. This
would lead to a contradiction with the construction of es and we can therefore conclude that
Zey + Zes =T N (Rey + Res).

Again if this covers the whole of I', we would be done, else we can repeat the process but
look for a linearly independent vector closest to a higher dimensional plane, i.e. e3 would be the
closest point to Re; +Rey and e4 would be closest to Re; +Res+Res, etc. We iterate this process
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R™ Rey

/ . .

Figure 5.3: A plot of a Lattice with the dots representing the lattice points. Shown are the
already chosen vector e; and the line Re; this generates, which is drawn with a dashed line. An
arbitrary point 25 € I'\Re; is chosen, for which A, is drawn in red and Ay as the shaded area.
We can see that this contains finite points, and one point in I'\Re; closest to Re; is marked as
€. Remark that this choice is not unique.

to get a set {e1,...,er}. As this is a set of independent vectors, this process must terminate as
the dimension of R™ is finite. Thus we conclude that there must exist some 0 < k < n and a
basis {e1,...,ex} for I.

Using this basis, we will generate a difftomorphism between T* x R"* and M,. This
diffeomorphism should make the diagram in Figure 5.4 commute. To show the existence of this
diffeomorphism, we must of course first define the functions p and F.

Let us first define p : R® — T* x R®*. Remark that we can write a vector v € R" as a
vector v = (¢,y) € RF x R"~*. Notice that we have a surjective mapping p : R¥ — T* given by

(P15 0k) = ($1 mod 1,...,¢p mod1).

Remark that this function is well-defined as S! is diffeomorphic to R/Z. This mapping lets
us define a mapping p : R* — TF x R"™* : (¢,y) — (5 (¢),y). Remark that p is a local
diffeomorphism.

Next up, we can go on and define F. First, we choose the standard basis for R"” and denote
itas 8= {f1,..., fn}. Let {e1,...,e,} denote an extension of the basis {e1,...,ex} of T with
vectors from (3, see [8, Theorem 1.10]. Remark that the first k vectors in this basis are still the
basis for I'. We can then define a linear mapping F as the basis transformation F (f;) = e;. By
definition, this mapping is bijective and as it is linear also a diffeomorphism.

Using Theorem 4.30 in [13], we can show that there must exist a diffeomorphism F which
makes the diagram in Figure 5.4 commute. First of all, remark that p and g(p °) are smooth
submersions as they are both local diffeomorphisms, see [13, Proposition 4.8]. The existence of

smooth maps F and F~! with the properties that F o p = g;po) oF and F~'o g}po) =poF!
is then a consequence of the fact that the definition of F' implies that g}p ) 6 F and po F~1 are
constant on the fibres of respectively p and g}p °). We now have to show that £~ is indeed the

(o)
f

inverse of F, here we will use that p and g are surjective such that they both have a right

-1 ~
inverse, which we denote with p~! and (g}p °)> . We can see that F~! is the right inverse of
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Tk xRk F g,

Figure 5.4: Commutative diagram which describes the relation between F' : R® — R™ and

F : T* x R"* by the natural mapping p and the simultaneous flow g}p")‘

F using the property that they make the diagram of Figure 5.4 commute.

- - - —1 - —1
FOF—I _ FOF—I Og;PO) o <g}p0)) — FOpOFO <g§cp0)>
—1
:g}po)oF_loFo<g§cp°)) =Idpm, .

Similarly, we can deduce that F~1 is the left inverse of F.

F_loﬁ':F_loﬁ'opop_l:F_log}po)oF_lop_l:poFoF_lop_lzldianfk.

Hence, it follows that there exists a diffeomorphism F' between T* x R*~* and M,. Now remark
that M, is compact, implying that n = k which was the result we wanted. O

This shows that the trajectories of the integrable system all lie on M, and that this space is
homeomorphic to some torus. Furthermore, the maps in this proof let us define coordinates on
M. such that our simultaneous flow is of a simple form.

Corollary 5.32. There exists a chart on a compact and connected M. such that the flows of
the first integrals are linear.

Proof. Let (M, w, f) be an integrable system and let M. be compact and connected. Define F, p

and F' as in the proof of Theorem 5.31. Let us now consider the function (gj(cp °) o F)~1, where

po € M. We can define a chart around pg as g;p °) is a local diffeomorphism. The representation

of gr in these coordinates can be determined using the bases f; and e; for R™ as defined in the
proof of Theorem 5.31

(F—l o (gﬁpo))fl o g} ogj(t o F) <Z ¢ifi> F! (Z piei +t> = foh‘fi +ETH().

Hence, the flows of the first integrals are all linear. From this, we can easily deduce that the
flow associated with a first integral is linear. O

These coordinates are what we call angle coordinates as they correspond to the angles on
the torus. These angle coordinates give a representation on M,., but not on the whole of M.
We want to extend these angle coordinates to coordinates on M in a natural manner.

Theorem 5.33. Let (M,w, f) be an integrable system and suppose that M. is compact and
connected. Then there exist Darboux coordinates (¢1,...,¢n,¥1,...,%y), called the action-
angle coordinates, such that (¢;) are the angle coordinates described in Corollary 5.32 and
(15) are some first integrals.

We will now go over the proof of this theorem here, but it can be found in [1,7,10]. The
most important consequence of the proof given in [1] is the fact that we can solve an integrable
system using quadratures. This goes to show that any integrable system hence has a somewhat
‘nice’ solution. Let us consider a relevant physical problem: two bodies attracted by gravity,
also called the Kepler problem. We will show that this system is actually an integrable system.
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Example 5.34. Let us consider the Kepler problem which consists of two bodies with masses
m1 and mo with an attractive gravitational interaction and a stationary centre of mass. We
have seen in Example 4.8 that the potential for such a gravitational interaction is given by
Gmlmg
U(ry,re) = ———.
l72 = 7]
Here, we will assume that G = 1 for ease of notation. The Lagrangian in Cartesian coordinates
is then simply the kinetic energy minus this potential energy

mimsa

.. 1 .2 .2
L i, fa) = 5 (il +malia]) = PR

2

Let us consider the coordinate transformation to the centre of mass system, defined by

_ mary +marg

= y r=mrT9—17T1.

mi + Mo

Inverting this transformation leads to the following expressions for ry and 7o

ma . : ma
rn=R-—————r, mM=R——"—7
mi +ma mi + me
mq . : my
ro=R4+—"—r, ro=R+——7.
my + ma my + mo

Using this coordinate transformation we find that the Lagrangian in these coordinates can be

expressed as
. 1 2 mym
,%(R,r,R,f)—f - 7'"’ _ ame
2 7]

2

. m
B——"2 |l +my

mi +17”L2

. ml

R+

mi +m2

1 112 22
= o] | e e
2 mi + mo mi + mo
.12 mi . 2 2mimeo - . mima
—|—m2HRH + ma 7 R-7|—
my + mo my + mo IEdl
1 - 112 mimse .2 mims
== { (m1 +mq HRH + —|7 - .
2 <( ) my + M2 I I~

Now define M = my + mg and g = mymso/(m; + ms) and remark that R = 0 as the centre of
mass is stationary. It then follows that the Lagrangian reduces to

uM

Il

2 (Ror i) = 2 (r,) = Sl

We can see that we can model our configuration space with R?\ {0}, as we divide by the norm
of 7, and hence the phase space as (T* (R*\ {0}) ,wcan). The Hamiltonian can be obtained by
calculating the generalised momentum.

_9Z _
b=rgr =1

Hence, the Hamiltonian is given by

2 2 2
1 M M
w2 el 2 Il

Now let us define some function L on T*R"™ which represents the angular momentum

x Pz YPz — 2Py L,
L=rxp=|y) x|py|=1|20—2p: | =|Ly
z D= TPy — YDu L,
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We will now show that f = (%ﬂ, HLH2, Lz) gives an integrable system (M, w, f). Let us first

check the commutation relations between the functions, which also shows that the L. and ||L||?

are first integrals. We will start by reducing {jf , ||L||2} to simpler cases,

(AN} = {92, 02 + L2+ 12} = {0, 12} + {0, 12} + {12},

Remark that {5, L?} = 2{s, L;}L; for i € {x,y, 2}, hence, it is enough to determine {7, L;}.
Let us do this for ¢ = z as we have to determine this commutation relation directly as well,

Ly OH L OHOL. 0 DL. 0 OL.
LT 9 Op, Op, O dy dp, Op, Oy
:_quy_pxpy+quy+pxpy B

3 3 -
17l H 7 1

It follows that {7, L.} = 0, and thus {2, L2} = 0 as well. This follows similarly for i € {z,y}.
As the above calculation proves that {jf, ||L||2} =0 and {4, L.} = 0, we only have to check

{Izi? L. }.
{||L||2,Lz} = {Li + Lf/ + Lz,Lz} =2[{Ly,L.}Ly +{Ly,L.}L, +{L,,L.}L.]. (5.9)

Remark that {L., L.} = 0 by the skew-symmetry of the Poisson bracket. Hence, we only need
to calculate {L., L,} and {L,,L,}

OL,dL. OL,dL.

va Lz = - 5 =XPy — P2 = —L
oL, OL oL, OL
L, L.} = y_E Y22 —yp, — =L,.
{Ly, L2} Opy 0 Pz T Pv?

Oz Op,

Combining these with Equation 5.9 gives us the result
{ILIP L} = 2[~Ly Ly + LoLy] = 0.

So indeed {%7 ||L||2,Lz} is a set of commuting function. Let us consider the Jacobian of

f= (%ﬂ, ||L||2,Lz), which at a point (r,p) = (z,y, 2, Pz, Py, P-) is given by

_MMx _,uMy _,uMz Pa Py Pz
3 3 3
dF,, .\ = Il 7] il H 1 p
) = | 2[px L), 2[pxL], 2[pxLly 2[Lxr], 2[Lxr], 2[Lx7];]
0 P2 —Dy 0 -z y

where the subscript of [p X L] and [L X r| denote the i-th component. We can recognise that
this Jacobian has full rank on at least a dense subset of T* (R3\ {0}), as we mentioned one can
show that this is enough for the system to be integrable by quadratures, see [4, Section 18.4].
Please refer to [10, Section 4.4] for more details on this problem. //
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Appendix A

Vector Fields

Throughout this thesis, we assume the reader is familiar with vector fields on a manifold, and
even with time-dependent vector fields. In this appendix, we will discuss some of the main results
and showcase the notation we use. Furthermore, we will also introduce some theory regarding
time-dependent vector fields. We follow Chapters 8 and 9 in [13], but for flows, we follow the
approach of [18]. As a natural complement to these texts on manifolds, we also use some basic
existence and uniqueness theorems of solutions to ordinary differential equations, see for example
[11,17] or Appendix D of [13].

In this appendix, we will first discuss vector fields and their algebraic properties. Then
expand this to integral curves and flows and use these to take a special kind of derivative: the
Lie derivative. After which, we go into time-dependent vector fields and again discuss their flows
and derivatives.

A.1 Vector fields

Let us start by defining time-independent vector fields, or simply vector fields. Naturally, we
identify these as tangent vectors appended to each point of a manifold. This is formally defined
using sections of the projectile map 7 : TM — M.

Definition A.1. A rough vector field on a manifold is a section of the projection map
m: TM — M. More concretely, X : M — TM is a rough vector field if it is a continuous map
such that 7 o X = Id 4, in other words, X (p) € T, M for each p € M. We often denote X (p)
as X, and identify this as the tangent vector in T}, M.

If a rough vector field is a smooth function with respect to the natural smooth structure on
T M imposed by M, it is called a smooth vector field or simply vector field. The set of all
vector fields on a manifold M is denoted by X (M). //

Remark that we will use the name vector field solely for smooth vector fields and mention
roughness only for not necessarily smooth vector fields. If (U, (xz)) is some chart around the
point p € M, we can write

0

-
axp

Xp = X' (p)
The functions X? : U — R are called the component functions of a vector field. These give
us a more simple condition for the smoothness of vector fields.

Proposition A.2. Let X be a rough vector field on M and (U7 (ml)) be a coordinate chart. The
restriction X to U is smooth if and only if its component functions in this chart are smooth.

Proof. Let X and (U, ¢ = (J:’)) be as in the proposition. The coordinate representation of X is
then given by

X (x) = (xl,...,x”,Xl ((,2571 (x)),...,X" (dfl (x)))
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Here X are the component functions of X in the given chart. As ¢~ ! and all z* are smooth
functions, the fact that X is smooth is equivalent to each X* being smooth. O

Before we move on to more of the geometric structure of vector fields and their interactions
with the manifold, we will discuss some of the algebraic structures.

A.1.1 Algebraic Structures

We can induce many different algebraic structures onto X (M). Here, we will discuss its module
structure over C* (M) and its Lie algebra structure. In this process, we also discuss some inter-
mediate steps, namely, its vector space structure over R and the identification with derivations.

Vector Spaces

At each point, a vector field is a vector from a real vector space, namely the tangent space. This
lets us define the addition and scalar multiplication of vector field pointwise in each of these
vector spaces. For any X,Y € X (M), a,b € R and p € M define aX + bY as

(aX +0Y), = aX, +bY,.

Remark that this is well-defined as X,,, Y, € T, M. With these operations, we notice that X (M)
inherits the same structure as the tangent spaces.

Proposition A.3. The set of vector fields with pointwise addition and scalar multiplication
form a real vector space.

Proof. Tt is clear that for any X,Y € X (M) and a,b € R the function aX +bY is a rough vector
field. We can check the smoothness using Proposition A.6. The coordinate functions of a X +bY
are given by ‘

(aX +bY)" = aX" +bY".

As these are the addition of smooth functions, these are also smooth. O

Modules

However, what happens if we vary the scalar over the manifold using some smooth function?
We can then again define the multiplication pointwise, such that for any X,Y € X (M), f,g €
C* (M) and p € M we define

(fX +9X),=f(p)Xp+9(®)Yp.
Again we might ask ourselves what kind of structure this has.

Proposition A.4. The set of vector fields forms a module over C* (M) with pointwise multi-
plication.

Proof. Tt is again evident that addition and multiplication give back a rough vector field. The
smoothness is a result of Proposition A.6. Given some X,Y € X (M) and f,g € C>® (M), the
coordinate functions of fX + gY are given by

(fX +gY) = fX 4 gV

Which is smooth as C*° (M) is a ring. Hence, it follows that X (M) is a module. O
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Derivation

As a vector field is an element of the tangent space at each point, it inherits the derivation
property at each point. To extend this globally, we define the action of vector fields on smooth
functions.

Definition A.5. Let X be a vector field on M and f € C*° (M). Then define the function X f
pointwise such that (X f) (p) = X, f. //

Remark the difference between fX and X f, where the first one is a vector field, and the
second is a smooth function. Using the action of vector fields on smooth functions we get the
following result.

Proposition A.6. Let X be a rough vector field. If the function X f is smooth for each f €
C> (M), then X is smooth as well.

Proof. Suppose that X is a rough vector field. Firstly, we will prove that the assumption in the
proposition implies we only need to look at open subsets of M. We will then combine this with
Proposition A.2.

Suppose that the conditions in the proposition hold, i.e. if f € C*° (M), we can assume that
Xf e C®(M). Now suppose that U is an open subset of M and that g € C*° (U). For any
p € U, we can find a smooth bump function ¢ € C*° (M) and neighbourhood V of p such that
V Csuppy C U. We can then extend g to the whole manifold in a smooth manner.

_ . Jdg) ifpel.
g(p)—{

0 , else.

We can then conclude that X g is smooth by our assumption. It should be clear that Xg|ly =
Xgly. Hence, Xg is smooth in a neighbourhood of every p € U and thus on the whole of U. As
U was arbitrary, we conclude that for any arbitrary open subset U C M and f € C* (U) the
function X f € C* (U).

Take an arbitrary p € M and some coordinate chart (U7 (aﬂ)) around it. Notice that ' is
smooth on U and thus is X|yz* smooth as well. However, in these same coordinates, we can
write

, Ozt .
X|pz' = X' — = X"
lv oxI
Hence, every coordinate function of X is smooth in U. Therefore X is smooth on U by Propo-
sition A.2. As U was arbitrary, we can conclude that X is smooth on the whole of M. O

We can also recognise that the vector fields inherit the local structure of the tangent space
in terms of derivations as well.

Proposition A.7. Any X € X (M) induces a map X : C° (M) — C>® (M) using Defini-
tion A.5 which satisfies the following product rule

X (f9)=fXg+gX/f, (A1)
where f,g € C*>° (M).

Proof. First, we should check whether X f is indeed a smooth function. This can easily be done
in some chart (U, (:cl))

0

Xf(p)= (Xi () 57 o)

>f=Xi (p) 5 (P)-

As the coordinate functions are smooth and f € C* (M), we conclude that X f is smooth. The
fact that it is linear and satisfies Equation A.1, is a direct consequence of the definition and the
fact that X, is a linear derivation for each p. O
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We can even go further to say that any linear map D : C° (M) — C* (M) that satisfies
the product rule, we call these derivations, can be identified with a vector field.

Proposition A.8. A map D : C®° (M) — C*° (M) is a derivation if and only if it is of the
form Df = X f for some X € X (M).

Proof. Proposition A.7 tells us that any vector field induces a linear map that satisfies the
product rule. Hence, if D : C*° (M) — C*° (M) is a map for which there exists an X € X (M)
such that Df = X f it is clear that it is a derivation.
On the other hand, suppose that D : C*® (M) — C* (M) is a derivation. Then define a
rough vector field X at each p € M by its action of functions,
Xpf=(Df) ().

As D is a derivation, we can deduce that X, € T, M. It then follows from Proposition A.6 that
X is smooth. O
Lie algebra

Now, we will combine the vector space structure and the derivation property of vector fields
to create an algebraic structure. Let us define a multiplication using the composition of vector
fields as functions on C* (M), such that for some X, Y € X (M) and f € C>° (M)

XYf=X(Yf). (A.2)

We can verify that XY is not necessarily a vector field again, see Example A.9. Here, we make
use of the derivation property of vector fields and show that the composition of two is not
necessarily a derivation any longer.

Example A.9. Take M = R? with the global coordinates (Rz, (z,y ) Define the vector fields
X = 0/0x and Y = x 9/0y and the functions f (z,y) = = and g (z,y) = y. We then compute

XY (fg) =X (Y (zy)) = 6% (x;; (:cy)> — 8% (a?) = 2.

Meanwhile, if we write out the product rule, we get the following computation.

0 oy 0 or\  Ox o0
fXYg+gXstcax(xay>+yam<xay)x8$+yaxx.

We can then remark that XY (fg) # fXY g+ gXY f, and therefore XY is not a derivation. //
Surprisingly, even though this multiplication does not work, it is still salvageable.

Definition A.10. The Lie bracket of two vector fields X,Y € X (M) is defined by its action
on a function f € C* (M)
(X, Y]f=XYf-YX/.

The multiplication on the right-hand side is as in Equation A.2. //
Corollary A.11. The Lie bracket of two vector fields is again a vector field.

Proof. By Proposition A.8, it is enough to check whether [X, Y] is a derivation. Take two vector
fields X,Y € X (M) and smooth functions f,g € C* (M).

(X, Y](fg) = XY (fg) =YX (fg) =X (fYg+gYf) =Y (fXg+9X[f)
=XfYg+ fXYg+XgYf+gXYf—YfXg— fYXg—YgXf—gYXF.
= fXYg+gXYf—fYXg—gYXf=f[XY]g+g[XY]f

This proves that [X,Y] is a vector field. O
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Corollary A.12. For X,Y € X (M) we can write [X,Y] in a coordinate chart (U, (z%)) at a
point p € U as
OY7 0XT\ 0
=(X'—-Y'"— | —
U ( ot ot > OxI’
where X|U =X"0/0a" and Y|U =Y"0/0x".

[X,Y]

Proof. Let X and Y be vector fields and f € C° (M). Then take an arbitrary coordinate chart
(U, (xl)) of M. We then express X|y = X* 8/8xi and Y|y = Y? a?ni and consider the action of
[X,Y] on f.

X, Vlof = (XY =Y X)|of = X|u <yjf’f) Y <Xj8f)

oxI oxl
_ N Of : of N Of ; of
OV Of i 0% f ,0X7 0f i 0% f
=X Ox* Oxd Y Oxidx? Oxt Oxd OxIdx’
Y05 0% 0f
=X ozt fz Y oxt OxI
B ,0Y7 ,0X7\ Of
—<X e az)ax
This proves our result. O
We now use [-,] : X (M) x X (M) — X (M) as the multiplication on X (M). The pair

(X (M), [,]) is called the Lie algebra of vector fields.
Corollary A.13. For any X,Y,Z € X (M) the Lie bracket is:
(1) Bilinear, i.e. or any a,b € R
[aX +bY, Z] = alX, Z] + b]Y, Z]
[Z,aX +bY] = a|Z, X] + b[Z,Y].
(2) Antisymmetric
(X,Y] =-[Y, X].

(8) A derivation on itself
[X’ [Y, ZH = [Ya [X7 ZH + [[X7 Y]’ Z]'

Proof. The first two properties follow from the basic definitions of the Lie bracket and the
multiplication and addition of vector fields. The last property can then be proven by proving
the equivalent Jacobi identity:

(X, Y. Z]| + [V, [2,X]] + [Z,[X, Y]] = 0.

Which follows by writing it out and seeing that every term cancels out. O

A.1.2 Integral Curves and Flow

Let us turn back to the geometric picture of vector fields in the sense that they give a direction
on a manifold. We make use of this sense of direction by defining integral curves, which are
paths following the vector field.

Definition A.14. An integral curve of X, where X € X (M), is a function v : I — M, with
I being an interval in R, such that for each t € T

F(t) = Xy

Furthermore, if 0 is contained in I, we call v (0) the starting point of ~. //
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As our vector fields are independent of time, it follows that the integral curves are invariant
under translations in time.

Corollary A.15. Let y: 1 — M be an integral curve of X € X (M). Then for any b € R, the
curve ¥ :J > M it v (t+Db), where J={t e R:t+be J}, is also an integral curve of X.

Proof. Let v : J — M be an integral curve of an arbitrary vector field X € X (M) and suppose
that b € R. By defining 4 and J as in the lemma we can check that it is still an integral curve
by letting it act on f € C* (M).

B d - d .
Y6 f=g| Fen®) =g (fonNE+b)=9(s+b)f=X5f
t=s t=s
This shows that, 4 is an integral curve of X. O

The existence of these integral curves is a result of the existence of solutions for ordinary
differential equations. To showcase this connection, we will calculate the integral curves of a
vector field in an example.

Example A.16. Let M = R"” and let (xz) denote the global coordinates on R™. Take the point
z € R" with 2’ (z) = 1 for each 1 < i < n and define the vector field X = 2’ 9/dz".

We then look for the integral curve of X that has z as its starting point. Such an integral
curve v : J — R"™ should then satisfy, with 4 as the coordinate representation of v and 4* its
i-th component function

d4t 9 : 0]

| W= X =40 —|
dt Ox ox 5 ()

~(t)

and 4% (0) = 1 for each 1 <i < n.
This results in a simple autonomous system of first-order linear differential equations with
some initial values.

a(t) = (@ (@), () = @ @),ur @) | | =Tdu).
0 1

With the initial condition u’ (0) = 1 for all 1 < i < n. The solution curves to these initial value
problems are given by

w(t) = e (0) = e Tdu (0) = (ef,--- ,et).
Thus the integral curve starting at x are given by 4 (t) = et. //

Example A.16 shows that finding the integral comes down to solving the differential equation
generated by the vector field in coordinates. With this, we can ensure the local existence of
integral curves as the differential equation theory only ensures local solutions and this is done
in the local coordinates.

Proposition A.17. For a vector field X € X (M) and a point p € M there exists an € > 0 and
curve v : (—e,€) = M that is an integral curve of X with starting point p. Furthermore, it is
uniquely defined on this interval.

Proof. Take an arbitrary vector field X € X (M), point p € M and chart (U, ¢ = (x’)) centred
around p. The vector field can then be expressed in these coordinates as X = X* (‘3/ Ozt ’p.
Using this coordinate expression, we can translate our problem to an initial value problem on
R™.

W =X (¢ (u), u(0)=¢(p)=0.
We can ensure the local existence of a unique solution to this problem, i.e. there exists an
e > 0 and a function u : (—¢,€) — R™ that satisfies the initial value problem. We then define

y=¢ tou: (—€e€) = M such that it satisfies 4 (£) = X4y and is therefore an integral curve
of X. O
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We would like to show that the solution for an integral curve starting at a point is unique,
however, we can only show that the integral curves are unique on their domain. Therefore, we
will focus on a special type of domain and integral curve, whose existence is unique.

Definition A.18. An integral curve v : I — M of X € X (M) starting at p € M is called
a maximal integral curve if its domain cannot be extended to a larger open interval while
remaining an integral curve of X starting at p. //

Corollary A.19. Let X be a vector field on a manifold M and suppose that p is an arbitrary
point on M. Then there exists a unique maximal integral curve v, : I, = M of X starting
at p.

Proof. Suppose that X € X (M) and p € M. By Theorem A.17 we know that there exists an
integral curve of X starting at p.

Suppose that v; : I1 - M and v, : Is — M are both integral curves of X starting at p.
Then define the set of points where the integral curves coincide,

J:{tEIlmIQZ ’Yl(t):’}/g(t)}

Remark that this is a non-empty set as 0 € I1 NIy and 1 (0) = p = 72 (0). We can easily see that
it is closed by the continuity of the integral curves. Furthermore, we can prove that it is open
using Corollary A.15. Translate the integral curves by some t € J, for which we define o (s) =
vl (s+t) for any s € {t e R:t+ s € J}. Remark that ol (0) = v (t) = 72 (t) = 02 (0) := q.
Hence, by the uniqueness of Proposition A.17 it follows that o' = 02 in a neighbourhood of 0.
It follows that J contains an neighbourhood of ¢ in I; N I, hence J is open in Iy N I5. As J is
open, closed and non-empty in I1 N[5, it follows that J is the whole of I; N I5. This implies that
any two integral curves starting at p agree on the intersection of their domains.

Now let I, be the union of all the domains of integral curves starting at p. Then define v, (¢)
for some ¢ € I, be the common value of all integral curves starting at p whose domain contain
t. Then 7, : I, = M is maximal. The uniqueness of this integral curve follows from the fact
that any two integral curves must agree on their common domain and we can not extend I, any
further. [

Next up, we would like to not only consider the integral curve of a vector field at a point
but on the whole manifold simultaneously. This is motivated by the fact that we can generate
a vector field simply from a so-called global flow.

Proposition A.20. Given a smooth function ¢ : R x M — M, from which we also define
M= M:pe ¢(t,p) and P : R — M : t — ¢(t,p), which is a global flow. This
means that it satisfies ¢* o ¢° = ¢'° and ¢° = Idaq. There exists a vector field X such that
X, = ¢'><p> (0) and ®P) s the integral curve of this vector field with starting point p.

Proof. Let ¢ be as in the proposition and define X pointwise as X, = q-S(p) (0). We will prove
that X is smooth using Proposition A.6, as it is clear that X is a section of 7 : TM — M by
definition. Hence, let f be an arbitrary smooth function on some U C M and suppose that
p € U. We then calculate X f (p),

d

Xf(p)=X,(f) =0 (0) f = —

- = /6 (tp).

0

®) (4 ) —

o) =5 ~

As both f and ¢ are smooth this shows that X f is smooth as well. As f and U are arbitrary
this shows that X is smooth.

We should still check that ¢®) is an integral curve of X. This comes down to an easy

calculation on an arbitrary smooth function f.

t=0

X¢(p)(s)f = ¢(¢(S,P))f — % f (¢ (t, ¢ (S’p)))
t=0
= % t:of(¢ (t+s,p) = % uzsf(qb (u,p)) = P (s) f.
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This proves that X w) () = é(p) (s) implying that 6P are the integral curves of X. Furthermore,
the assumption that ¢ (0,p) = p implies that ¢(P) is the integral curve starting at p. O

We would now like to inverse these operations. Unfortunately, this is not always possible as
the flow of a vector field may not be global, i.e. not defined on the whole of R x M. Hence, we
weaken our condition and look for some local flow or flow as a function ¢x : D (X) — M where
D(X)CRx M.

Definition A.21. Suppose that X € X (M). Define D (X), which we call the flow domain of
X, as

D(X)={(t,p) eRxM: tel,},
where I, is the domain of the maximal integral curve starting at p. The associated map is called
the flow of X, ¢x : D (X) — M, and is defined as

dx (t,p) =7 (1),

where 7, is the maximal integral curve starting at p. Naturally, we can define two maps gbg?) :
I, > M:t— ¢(t,p) and ¢% : Z(X) = M : p ¢ (t,p), where Z (X) is a subset of M given
by 72(X)={peM: (t,p) e D(X)} //

Even though our definition is not algebraic, the flow does have some group structure and it
is therefore sometimes called the local one-parameter group action.

Proposition A.22. For an X € X (M) and arbitrary p € M. Then for any s € I,, we have
that t € Iy(s ) if and only if t + s € I,. Furthermore, the flow of X obeys the following

¢x (t,¢x (s,p)) = ¢x (L +5,p),
where s € I, and t € 1y (5 p)-

Proof. Let X, p, s and t be as in the lemma. Then call ¢ = ¢x (s,p) and 75 (t) =t + s. Then
it follows that v, o 75 : 75 (I;) — M is an integral curve of X starting at ¢ and therefore
T_s(Ip) C I; and vy 075 = ’7‘1|r, (1,)- This implies that P = dh 0 9.

In a similar manner, we can conclude that v,o7_5 : 75 (I;) — M is an integral curve starting
at p, and hence 7, (I;) C I,. But we had already seen that 7_ (I,) C I, hence 75 (I§) = I,. O

Lastly, we will go into some of the topological properties of the low and flow domain.
Theorem A.23. For a vector field X on M, the flow domain D (X) is open and ¢x is smooth.

Proof. Suppose that X is a vector field on M. For an arbitrary p € M with a surrounding chart
(U, o= (xz)), we can solve the flow in the coordinate representation

We know that there is some smooth solution to this differential equation exists, see [5, Appendix
C]. Hence, there exists a neighbourhood U of p such that ¢x is smooth on (—e,€) x U.

Suppose that we define the W C D (X)) as the set of all point (¢, p) such that ¢ x is defined and
smooth on some neighbourhood of (¢, p) of the form J x U. Then this is an open subset of R x M
and ¢x restricted to W is smooth as well. We will show by contradiction that W = D (X). The
idea is to find a point up until which the flow is smooth and then remark that we can extend
the flow smoothly using Proposition A.22.

Suppose that W = D (X) — W is non-empty, and assume that there is some (¢, po) € W with
t > 0. Define some 7 as follows

to=1inf (t € R>o: (t,po) € W).

Clearly, the flow is smooth in some neighbourhood (—¢g, €p) x Wy of pp, hence tg > 0. Now define
the point ¢ = ¢x (to,po). We can then assure the smoothness of the flow in some neighbourhood
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(—€q,€q) x W, of q. Now take some ¢; < to such that ¢t1 + ¢, > to. Then (t1,p9) € W such
that there is some neighbourhood (1 — €1, 1 + €1) X Wy € W. Thus the flow is smooth in this
neighbourhood, which lets us define the following mapping

7 ¢x (t,p) ifo<t<t
[0, 81 + €4) X W1 = M : (t,p) — ]
:0hte) ' (t.) {¢X (t—t1,0x (t1,p)) ift; <t <t;+eq.

This then forms a natural smooth extension of the flow in a neighbourhood of (to, po), which
was a contradiction with the definition of 5. Hence, it follows that W is empty, implying that
D (X) =W and that it is therefore open. O

Derivations along vector fields

With the interpretation of the vector fields as a sense of direction and the flow as the paths we
can walk along, we can see how different functions change in the direction of the vector field.
We call such derivatives the Lie derivative along a vector field. We can define these for both
functions and vector fields, and we will see that they coincide with some simpler expressions. In
Section 3.3.1, we go deeper into the action of the Lie derivative on tensor fields.

Definition A.24. For an X € X (M) and f € C°° (M) we define the Lie derivative of f
along X as
d

Lxf=— ) f
xf @l (o%)" f
The existence of this operator is ensured by the fact that the flow locally exists //
Corollary A.25. For a vector field X and smooth function f we have Lxf = Xf.

Proof. Take some arbitrary X € X (M) and f € C* (M). Remark that the pullback of a
function is defined such that

(%) F () = fo 02 (1),
We can calculate the Lie derivative at an arbitrary point p. This reduces to the derivative of the
composition f o (bg?),

d .
Lxf)p) = 2| Foold =df, (82 (0)) = df, (X,) = XF (p).
t=0
This proves that Lx f = X f as p is arbitrary. O

We can extend this definition to vector fields.
Definition A.26. Lie derivative of vector field Y along X is defined as

d

Y = &
Lx dt

(6%)"Y.

t=0

By the local existence of the flow, this is well-defined. //

We can also express this operator in simpler terms, namely in terms of the Lie bracket defined
in Definition A.10. This proof is based on Theorem 20.4 in [22].

Corollary A.27. For arbitrary vector fields X and Y, the Lie derivative of Y along X is given
by LxY =[X,Y].

Proof. Let M be an arbitrary manifold and suppose that X,Y € X (M) and f € C°® (M).
We know we can write the Lie bracket of X and Y in some coordinate chart (U, (z)) using
Corollary A.12.

) 0

» oz

oYy’

i ; 0X9
[X,Y], = (X o

oz’

p p
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So we just need to check whether the Lie derivative also satisfies this equation.

Sl (o) =4
0

dt
Y (6x (6.2)) (d6%") 4 1) (a

(LxY),

(d(b;(t) bx (t,p) (Yd)X (t,p) )

bx (LP))

9
oI

t=0 ’t_o

d

dt

t=0

d

) Ord o pt
Sl viex ) 20

¥
‘=0 or

Px (t,p)‘|

Using the product and chain rule, we can simplify this equation.

p

B [ oY 0z% o qbg?) 0x7 0 ¢% i) 9% o ] K2
I Oxk » ot o ozt |, oot | o 4iiep | 91,
[ oy - oxi|] o
axk) » (p) (p) axl p‘| ax] » [ ) ]p

O

Thus, we see that the Lie derivative has not yet given us any new operations in the sense
that Lx f = X f and LxY = [X,Y] were already defined. It does give us more intuition behind
the definition of these operators.

A.2 Time-dependent Vector Fields

Now we will generalise our theory of vector fields, to ones that change over time. These turn
up naturally in the proof of Darboux’s theorem, see Theorem 3.10, but their theory is slightly
more involved than time-independent vector fields. However, we can come to a nearly equivalent
result.

Definition A.28. A time-dependent vector field on M is a smooth function X : J x M —
TM, where J is an interval in R, such that for each (¢,p) € J x M we have X (¢,p) € T,M. In
other words, the map X; : M — TM defined by X; (p) = X (¢,p) is a vector field of M. //

We will not go into the algebraic structure of the vector fields here, but we solely focus on
the geometric interpretation.

A.2.1 Integral Curves and Flow

Much like time-independent vector fields, we can use a time-dependent vector field to generate
motion over a manifold in the form of an integral curve.

Definition A.29. Let X be a time-dependent vector field on M defined on the time interval
J. An integral curve of X is a curve v : I — M, with I C J, such that

Y (t) = X (t,7 (1)),
with ¢t € I. We define maximality similarly to Definition A.18. //

We should note that it is much harder to define a flow in this case, as different integral curves
may go over the same point without being equal to each other in a neighbourhood of this point,
see Example A.30.

Example A.30. Let M = R? and define X (¢,p) = —sin (t) 8/0x + cos (t) 0/dy.

Let 71 : [0,00] — M be the integral curve such that v, (0) = (1,0)". It then needs to be a

solution of the following differential equation

A(t) =X (t, (1) = (eifcrl(lgﬁt))
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Figure A.1

The obvious solution then is the following
_ [cos(t)
7 (t) = (sin (t))
Now suppose that v, : [1,00] — M is the integral curve such that v (x) = (1,0)". For time-

independent vector fields, this would lead to the same integral curve up to some time translation.
However, given our time-dependent vector field, we find a different solution to the differential

equation, namely
(24 cos(t)
72 (t) = ( — sin (¢) )

We can see in Figure A.1, that these are very different, even though they pass through the same
point, (1, O)T. This is very different from time-independent vector fields. //

The previous example clearly shows that it is not very informative to look at a single integral
curve passing through a point. We will instead focus on the more global behaviour over time in
terms of a time-dependent flow.

Theorem A.31. Let X be a time-dependent vector field on M defined on some open interval
J. There exists an open subset & (X) C J x J x M and a smooth function ¢x : & (X) - M
called the time-dependent flow with the following properties:

(1) For each to € J and p € M, the set &00P) (X) = {t € J: (t,to,p) € & (X)} is an open
interval containing ty. Furthermore, d);o,p) (t) = dx (t,to,p) is the unique mazimal integral
curve of V', with the condition ¢()§o,p) (to) = p.

(2) Foranyt, € &%P) (X) and q = (bgﬁo’p) (t1), we have &9 (X) = £toP) (X) and qbg?’q) =
(,bgf'mp) .

(3) For each (t1,to) € J x J, the set My, 1, = {p € M : (t1,t0,p) € &(X)} is open in M, and
the map qbgé’t“ s My, 1y — M defined by ¢§’t° (p) = dx (t1,t0,p) is a diffeomorphism from
My, 1o onto My, .

(4) If p € My, 4, and gzﬁt)é’t(’ (p) € Myy 1y, then p € My, 4, and

oo () = 98 ).

Proof. Let X be a time-dependent vector field on M defined on a time interval J. We can
translate this to a vector field X on J x M defined as follows

= 0
X(s,p) = (88 aX (S7p)> .
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We use s as the standard standard coordinate of J and remark that an element of T, ,,y (J x M)
can be identified in T,.J @ T, M. This vector field has a flow ¢ ¢ that is of the following form

¢5€ <t7 (S,p)) = (« <t7 (S,p)) B (t’ (S,p))) :

As it is the flow of X we can see that o satisfies the following initial value problem

Oa

5 Bp) =1 a0, (sp) ==

Hence, we get a (t, (s,p)) = s+ t. For § we then see it should satisfy the following

O (1. 5m) = X (145,80, (5,1)). (A3

Hence, we see that this can function as an integral curve of the vector field, enticing us to define
the flow of X, ¢x, as

ox (t,t0,p) = B (t — to, (to,p)) - (A.4)

The smoothness of ¢x is implied by the smoothness of ¢ ¢ and 5. The domain of this function,
& (X), can be made as large as possible by defining it as

£(X) = {(t.to.p) R X T x M (t—to, (to,p)) € D(X) }.
Remark that the function o maps D()N() to J, such that for any point (¢,tg,p) € & (X) we have
t € J, implying that & (X) C J x J x M. Similarly, we can deduce that & (X) is open from the
fact that D(X) is open.

Now take some arbitrary to € J and p € M and define &(*-P) (X) as in the theorem, which

is open by definition. If we define ¢(£t°’p)) = ¢ (t,to, p) we can see that it is an integral curve

by combining Equation A.3 and A.4. The uniqueness and maximality are direct consequences
of the definition of the flow of a vector field. This proves 1.

If we have some ty € J and p € M, we can take some arbitrary t; € &?) and define
q = ¢x (t1,to,p). Then gbggto’p)) and ¢g§t1,q)) are both integral curves that go through ¢ at t = ¢;.
Hence, by the uniqueness of the flow of X these are the same curve and hence &®o?) = £(t1.9),
This proves 2.

We will now skip to proving 4. Assuming p € My, +, and (bgé’to (p) € My, 4, then 2 implies
that

Ox (ta,t1, 0x (t1,t0,p)) = bx (ta, to,p) = ¢F" 0 d¢™ (p) = 6" (p).

This proves 4.
Lastly, take a look at 3. Suppose that (t1,%9) € J, the openness of My, ;, is implied by
the openness of & (X). We can easily define the inverse function of ¢%* as this is simply

@2, We should remark that for an arbitrary p € M;, ;, we know that &tor) = £(t0)

with ¢ = ¢" (p). Tmplying that ¢ € My, ;,, or in other words, ¢%*° (My, +,) = My, +,. This
concludes the proof. O

Derivations along time-dependent vector fields

With the existence of the flow, we can once again see how functions and vector fields change
along the vector field.

Definition A.32. The Lie derivative of f € C*° (M) along a time-dependent vector field X on
M at some t € J, where J is an open interval in R on which X is defined, is given by

d *
Lxf=q| (@)

s=t

The existence is ensured by Theorem A.31. //
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Proposition A.33. If X is a time-dependent vector field on M and s € J, then
d 50\, [ .t0\"
dSL_t (¢X) f= (QSX) Lx,f

for all f € C™(M).

Proof. Suppose that X is a time-dependent vector field on M and t € J, where J is the time-
interval on which X is defined. It follows for an arbitrary f € C* (M) from the definition
that

A ()= | (owedd) = 2] () oty
- (%) & )= (o) 2t
This proves our statement. .

Furthermore, remark that the action of the Lie derivative of a time-dependent vector field
can be calculated rather simply.

Proposition A.34. Let X be a time-dependent vector field on M defined on a time interval J.
The Lie derivative of an f € C*> (M) at t € J is given by

Lx, f=X:f.

Proof. Let X be a time-dependent vector field on M, defined on the time interval J. Take an
arbitrary f € C* (M), p € M and t € J, we can then conclude that

d sty * d
Ex) 0 =g @O F0 =g (roat”) e
= df, (657 () = dfy (X (t,p)) = (Xu) (D).
As p is arbitrary it follows that Lx, f = X;f on the whole of M. O

We can see that the Lie derivative along a time-dependent vector field acts in the same
manner as the Lie derivative of a time-independent vector field does.
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