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Abstract

Let (M,w) be a closed symplectic 2n-dimensional manifold that is symplectically
aspherical with vanishing first Chern class. The (weak) Arnold conjecture states that the
number of contractible periodic orbits Py(H) of the Hamiltonian vector field Xy associ-
ated to a Hamiltonian H is bounded from below by the Betti numbers of the manifold:

2n
P(H) > dim Hy(M; Zy).
k=0
These contractible orbits can also be viewed as the fixed points of a Hamiltonian diffeomor-
phism. The first goal of this thesis is to prove the Arnold conjecture using Floer homology.

Floer homology is an infinite-dimensional type of Morse homology where the peri-
odic orbits are described as critical points of the symplectic action functional Ag on loop
space. We prove that this homology is well-defined and does not depend on the choice
of the Hamiltonian H and almost complex structure J used to define it. To prove the
Arnold conjecture, we show that the Floer homology HF, (M) is isomorphic to the Morse
homology HM, (M) of M.

In the second part we explore several recent papers on Rabinowitz-Floer homology,
a Floer homology associated to the Rabinowitz action functional. The Rabinowitz-Floer
homology RFH, (3, W) is defined for an exact embedding of a contact manifold (X, £) into
a symplectic manifold (W, w). We look at two applications.

The first one is the existence of leaf-wise fixed points. These are generalizations of
fixed points, associated to a coisotropic submanifold. We prove an existence result for
leaf-wise fixed points for a hypersurface of contact type (X,¢) in a symplectic manifold.

The second application is orderability of contact manifolds. A contact manifold is or-

P

derable when there exists a partial order on Conty (X, £), the universal cover of the group of
contactomorphisms. We establish conditions in terms of the Rabinowitz-Floer homology
RFH. (X, W) under which a Liouville fillable closed coorientable contact manifold (X, ¢)
with Liouville filling (W, w) is orderable.
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CHAPTER 1

Introduction

1.1. Motivation and main result

In this section we give some motivation about fixed point theory, after which we state
the main result proven in the thesis.

The motivation comes from physics. There, a mechanical system is described as a
Hamiltonian system on phase space, which is the cotangent bundle of a configuration
space. An example is a particle whose dynamics are governed by time-dependent Hamil-
tonian function. The configuration space is R®. The phase space is T*R3?, consisting of
pairs (x,p) where p denotes the momentum of the particle. The Hamiltonian is a time-
dependent function H : R x T*R3 — R. This phase space has a symplectic structure.
This is a non-degenerate and closed 2-form w € Q*(T*R?). For T*R3, the sympletic form
is given by

3
w = Z dx; N dp;.
i=0
Using the non-degeneracy of w, there is a unique vector field Xy defined by
Lxyw = dH

called the Hamiltonian vector field. A particle in the Hamiltonian system (T*R? H)
moves according to the differential equation

(1.1) §(t) = Xnu(&(t))

where € : R — T*R3. It is conceivable that the particle returns to its original position
after time 1, which means £(¢) = £(¢t + 1) for all ¢ € R. This is called a periodic orbit of
period 1. A natural question about a given Hamiltonian system is the following.

QUESTION 1.1 (Periodic orbits). For a given Hamiltonian system, do any periodic

orbits exist. If so, how many at least?

Consider now a symplectic manifold (M, w) with a 1-periodic Hamiltonian H : ST x
M — R. Define

P(H) := {x: S* — M | x solves equation (T.1])}.

1



2 1. INTRODUCTION

When giving an answer to Question for contractible orbits, we look at the number of
elements in the set

Po(H) :={x € P(H) | x contractible in M }.
Elements z € P(H) correspond to fixed points of the time-1 flow of Xy as ¢} (x(0)) =

x(0). We discuss an example.

EXAMPLE 1.2. Consider S? C R3 be the unit sphere with symplectic structure w =
dz A df in cylindrical coordinates. Consider H = az. Then ¢k is a rotation through an
angle . In the case a < 27 the we have the following picture.

i (7)

Figure 1. The fixed points of a rotation of the sphere S2.

We see that ¢! (H) has precisely two fixed points: the north and south pole.

We look at periodic orbits that are non-degenerate.

Definition 1.3. Let H : S’ x M — R be a 1-periodic Hamiltonian and let = € P(H).
We say x is non-degenerate if for the time-1 flow ¢k we have
det(Id =Ty 0)5) # 0.

We say a Hamiltonian H is non-degenerate if all x € P(H) are non-degenerate.

The following famous conjecture was first stated in 1965 by Arnold in [Arn65] (for-
mulated differently, we formulate a homological version). It gives an answer to Question

int

Theorem 1.4 (Arnold Conjecture). Let (M,w) be a compact symplectic manifold of
dimension 2n. Let H : S*x M — R be a 1-periodic time-dependent Hamiltonian. Suppose
H is non-degenerate. Then

W) > S H (M, Z)

This non-degenerate version of the Arnold conjecture has been proven in full gener-
ality by Fukaya-Ono in [FO99] and Liu-Tian in [LT98]. We refer the reader to [MS12]
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page 278 for a historical overview of the proof of the Arnold conjecture. In the first part
of this thesis we prove the following version of the Arnold conjecture.

Theorem 1.5. Let (M,w) be a compact symplectic 2n-dimensional manifold such
that OM = (. Assume furthermore that

o For all a € C*°(S? M) we have [ ow = 0.

o For all a € C™(S* M), there exists a symplectic trivialization of the bundle
a*TM.

Then
2n

#Po(H) > dim Hy(M; Zs).

i=0
1.2. Overview of the topics covered

We prove Theorem using Floer homology. This is an infinite dimensional Morse
homology for the symplectic action functional. The proof is explained throughout the
first 6 chapters. First, we introduce the necessary symplectic topology in chapter 2. In
chapter 3 we discuss the properties of the symplectic action functional. Critical points
of this functional generate the Floer chain groups. We then discuss the grading of the
critical points by the Conley-Zehnder index in chapter 4, which is based on the Maslov
index for paths of symplectic matrices. In chapter 5, we give a rigorous definition of Floer
homology, with all technical machinery involved. In the following chapter, we establish
that Floer homology does not depend on the choices made and is isomorphic to the Morse
homology of M. We use these facts to prove Theorem

In the final chapter of this thesis, we give an overview of Rabinowitz-Floer homol-
ogy, a Floer homology associated to the Rabinowitz action functional. We discuss two
applications of Rabinowitz-Floer homology. The first application is an existence result
for leaf-wise fixed points in contact manifolds of restricted contact type. Leaf-wise fixed
points are a generalization of the fixed points studied in Floer homology. The second
application is a result about the orderability of contact manifolds. A contact manifold

is orderable if there exists a partial order on 6(\)/nt0, the universal cover of the identity
component of the group of diffeomorphisms that preserve the contact structure.

Throughout the text, we will reference to the appendix containing auxiliary results
and background theory.






CHAPTER 2

Symplectic geometry and the Arnold conjecture

2.1. Introduction to symplectic geometry

We give a short introduction to symplectic geometry to introduce the concepts men-
tioned in Theorem . We first define symplectic vector spaces and symplectic mani-
folds. We then discuss Riemannian metrics and almost complex structures and the notion
of w-compatibility. These concepts arise in the Floer equation (3.6) which is derived in
Chapter 3.

Definition 2.1 (Symplectic vector space). A symplectic vector space (V,w) is an
R-vector space V' equipped with a bilinear form

w:VxV =R
such that the following conditions are satisfied

(i) w is skew-symmetric, which means it satisfies w(u,v) = —w(v, u).

(ii) w is non-degenerate, which means that, for u,v € V| if w(u,v) =0 for all u € V,
then v = 0.

In the following example we equip R?" with the structure of a symplectic vector
space.

EXAMPLE 2.2. Denote v = (v1,...,vs,) and w = (wy, ..., ws,) two vectors in R?".
Let wy : R?™ x R?® — R be defined by

n
wo(v, w) = Z U2i—1W2; — V2 W2i—1-
i=1
The pair (R*", wy) is a symplectic vector space. The form wy is known as the standard
symplectic form on R?".

REMARK. Any symplectic vector space (V,w) must be even dimensional. This follows
from the fact that any real skew symmetric matrix of odd dimension must have a kernel,
which contradicts the conditions of Definition 2.11

For any linear subspace of a symplectic vector space, we can define its symplectic
complement.
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Definition 2.3. Let (V,w) be a symplectic vector space and W C V' a linear sub-
space. Then the symplectic complement of W with respect to w is defined as

We:={veV|w,w) =0 for all w € W}

By linearity of w, the subset W* is a linear subspace. Unlike the orthogonal com-
plement with respect to an inner product, where W+ N W = {0}, this is not the case for
W<« N W. There are several possibilities.

Definition 2.4. Let (V,w) be a symplectic vector space and W C V' a linear sub-
space with the associated symplectic complement W« C V.

e We call W isotropic if W C W«.
e We call W coisotropic if W« C W.

e We call W Lagrangian if it is both isotropic and coisotropic, i.e. W« =W,
e We call W a symplectic subspace if W« N W = {0}.

Linear endomorphisms of a vector space can preserve the symplectic structure.

Definition 2.5. Let (V,w) be a symplectic vector space and ¥ € End(V). We say
¥ is a linear symplectomorphism if

U = w.

Here, by the pull-back we mean that for v,w € V, ¥*w(v,w) = w(¥v, Pw). All linear
symplectomorphisms of a symplectic vector space (V,w) form a group denoted

WV, w).

We can transfer the definition of a symplectic vector space to smooth manifolds by
considering a 2-form w that equips every tangent space with the structure of an symplectic
vector space. Let M be a manifold, then denote

QF (M) = {Differential k-forms on the manifold M }.
We have the following definition for a symplectic manifold.

Definition 2.6 (Symplectic manifold). A symplectic manifold (M,w) is a pair where
M is a manifold and w € Q?(M) such that the following holds

(i) For every = € M, the bilinear map w, : T, M x T, M — R is non-degenerate.

(ii) The 2-form w is closed, i.e. dw = 0.
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The above definition ensures that for every point x € M, the tangent space T, M has
the structure of a symplectic vector space, as w, is non-degenerate, bilinear and skew-
symmetric.

Extending the definitions of a isotropic, coisotropic and Lagrangian subspaces to the
manifold setting yields the following definition.

Definition 2.7. Let (M, w) be a symplectic manifold and N < M be a submanifold.

e We call N an isotropic submanifold if for every x € N, the vector space T, N C
T, M is isotropic.

e We call N a coisotropic submanifold if for every x € N, the vector space
T,.N CT,M is coisotropic.

e We call N a Lagrangian submanifold if for every x € N, the vector space
T,N CT,M is Lagrangian.

e We call N a symplectic submanifold if for every x € N, the vector space T, N C
T, M is symplectic.

REMARK. Note that the Lagrangian condition can be rephrased. A submanifold
L C M is Lagrangian if and only if w|; = 0 and dim L = %dim M.
A diffeomorphism v : M — M can preserve the symplectic form.
Definition 2.8. Let ¢ € Diff(M). We say 1 is a symplectomorphism if
Vv = w.
All symplectomorphisms of a symplectic manifold (M,w) form a group denoted

Symp(M, w).

We define a Riemannian metric on a manifold M. In order to define Floer homology
we need a Riemannian metric on C*(S*, M).

Definition 2.9 (Riemannian metric). A Riemannian metric (M, g) is a pair where M
is a manifold with an inner product g, on every vector space T, M which varies smoothly
with x. That is, a bilinear symmetric positive definite form

Ge : TpoM X T, M — R
which depends smoothly on x.
Another concept that shows up in the Floer equation is that of an almost complex

structure. Of special interest is w-compatibility which constitutes a relation between g, J
and w.
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Recall that a complex structure J on a vector space V' is an automorphism J : V. — V

such that J? = —Id.

Definition 2.10 (Almost complex structure). Let M be a manifold. Then an almost
complex structure J is a complex structure on the tangent bundle 7'M . This is equivalent
to saying that J : TM — TM is a fiber-preserving map such that J? = —1d.

If M is a symplectic manifold, there is a concept of compatibility between the sym-
plectic form w on M and an almost complex structure J on M. We use this to construct

a Riemannian metric on C*°(S!, M) using an almost complex structure and a given w on
M.

Definition 2.11 (w-compatibility). Let (M,w) be a symplectic manifold and J an
almost complex structure on M. Then J is said to be w-compatible if the form
(«,):TMxTM — R
defined by
(v, w) = (v,w) = w(v, Jw)

defines a Riemannian metric on M.

We denote the set of w-compatible almost complex structures by
J (M, w)

REMARK. By proposition from [MS98][Proposition 4.1 (i)], we have J(M,w) # 0.
Hence, given w, we can always find an w-compatible almost complex structure, which then
induces a metric w(-,.JJ-) by definition of w-compatibility. We use this to find a metric
on CY(S*, M).

In the introduction we say that the fact that w is non-degenerate allows us to define
the Hamiltonian vector field Xy associated to a Hamiltonian function H : [0,1] x M — R
defined by

Xy = dH.

We expand on this and define the group of Hamiltonian diffeomorphisms.

We can also integrate the vector field Xy and consider its flow. Suppose that M is
closed E], then the flow of Xy is complete. Then Xy generates a 1-parameter family of
diffeomorphisms ¢t : M — M by

dly

dt OSOSLI:XH

with initial condition ¢% = Idy;.

From now on, we will say a manifold M is closed when M is compact and OM =



2.1. INTRODUCTION TO SYMPLECTIC GEOMETRY 9

Definition 2.12. Suppose H € C*°([0,1] x M,R) is a Hamiltonian with associated
Hamiltonian vector field Xy. Denote the flow of Xy by ¢%. Any map ¢ : M — M such
that there exists H such that ¢ = ¢k is a called a Hamiltonian diffeormorphism. The set
of Hamiltonian diffeomorphisms forms a group denoted Ham (M, w).

REMARK. There are several remarks to be made about the this definition.

e Note that this definition works also for non-compact manifolds. However, some
properties of Ham(M,w) are not valid in this case. In the non-compact case
therefore, often the restriction is made to Ham.(M, w), the subset of Hamiltonian
diffeomorphisms generated by compactly supported Hamiltonians. See Remark
10.5 in [MS98]for more details.

e A small computation shows that actually Ham(M,w) C Symp(M,w) is a sub-
group. In the case where M is closed, this subgroup is normal and path-
connected. See [MS98|] Proposition 10.2 for both the proof that it is a group
and normal and path-connected.

In the introduction we already mentioned that there is a bijection between x € P(H)
and the fixed points of ¢l;.
For any map ¢ : M — M denote

Fix(p) = {z € M | p(z) =}

the set of fixed points. Then the bijection between P(H) and Fix(pl;) is given by eval-
uation in zero, evy : P(H) — Fix(p}) where evg(x) = z(0). In this way, the Arnold
conjecture can be interpreted as a statement about fixed points of Hamiltonian diffeo-
morphisms. However, we prove the weak Arnold conjecture about Py(H), the subset
of contractable periodic orbits. In this case, the relation to fixed points of Hamiltonian
diffeomorphisms becomes more obscure. It may not be the case that for any loop of Hamil-
tonian diffeomorphisms ¢’ such that ¢° = Id, that for p € M the path z,(¢) := ¢'(p) is
contractible. It is true that this is the case, but the proof requires Floer homology. This
is the reason we state the Arnold conjecture as a statement about Py(H) instead.






CHAPTER 3

The action functional

3.1. The loop space

The following section is largely based on Section 6 of [AD14], a very detailed and
thorough book on Floer homology. Some inspiration is also taken from the excellent lec-
ture notes on Floer homology by W.J. Merry which can be found on his website.

The action functional Ay defined in the next section is defined on an infinite dimen-
sional path space which we define in this section. We define the space of contractible
loops.

Definition 3.1. Let M be a smooth manifold. Then we denote the space of loops
of class W1,p
LoM = {x € W'?(S' M) | x is contractible}.

By contractible here, we mean that z is homotopic to the constant map. All loops

and homotopies are with free endpoints. The choice for contractible loops is the choice
of a connected component of the space of all loops. In this case the natural choice is the
component containing the constant loops, which means contractible loops.
We need to restrict to this special class of functions instead of C* functions, as such spaces
would merely be Fréchet manifolds. By restricting to functions of class W1P(S!, M)
however, one can give LoM the structure of a Banach manifold, by application of the
inverse function theorem. The following remark describes the structure of a Banach
manifold on LoM.

REMARK. Let x € LoM. Then there is a symplectic trivialization of the pullback
bundle z*T'M, as this is a bundle over S'. For the definition of pullback bundle see
Definition [C.8] This is a map ® : #*T'M — S* x R?>". Then we set

WP (x*TM) :={Y € T'(S',2*TM) | &Y € WP (S R*")}.

One can show that the Banach manifold structure induced in this way does not depend
on the choice of trivialization ®. Let exp denote the exponential of a fixed Riemannian
metric g. The atlas on the loop space is given by the pairs

(Wl’p(:v*TM), exp,)

where WP (2*T'M) is a Banach space as above and exp, is the diffeomorphism. This
construction is independent of the choice of Riemannian metric g. See Section 6.8 in
[AD14] for more details, with Theorem 6.8.1 in particular.

11



12 3. THE ACTION FUNCTIONAL

Let us describe tangent vectors at some x € LM . Recall that a tangent vector X at
x is an equivalence class of paths u(s) through x with w(0) = x and @(0) = X. As u(s) is
a loop for every s € R we view it as a map

u:RxS'— M
(s,t) = u(s, 1)

Then by the above definition we have X (t) € T, M for every t € S'. Hence, philo-
sophically, a tangent vector X is a section of the tangent bundle along x. That is,
X € T(S',z*TM). One readily sees that a section of the bundle z*T'M is precisely what
we describe above.

Using this notion of a tangent space, one can also define a metric on LoM using that M
comes equipped with a symplectic form w. In the definition of Floer homology, we will

consider flow lines of the gradient V ; Ay with respect to the L*-metric. Let J € J(M,w).
Then by definition

gr=w(-,J-)
is a Riemannian metric. Then define the L?-metric.

Definition 3.2. Let © € LoM and X,Y € T, M. Define an metric on LoM by

(X,Y), = /Sng(X(t),Y(t)) dt

One readily checks that this is indeed a metric.

3.2. The action functional Ay

To define the action functional Ay we will need two assumptions already mentioned
in the introduction. We provide a few more details here. Let (M, w) be closed symplectic.

Assumption 3.3 (Symplectic Aspherical). For every smooth map a : S — M we
have [g,a*w = 0.

Symplectic manifolds with this property are called symplectic aspherical manifolds.
This can be rephrased in the language of algebraic topology as follows. Let

A(M) = im{h : mo(M) — Hy(M)} @ R

where h denotes the Hurewicz map. Denote (-, -) the Kronecker pairing then Assumption

is equivalent to
(w,o) =0
for all 0 € A(M).

Assumption 3.4 (Vanishing of ¢;). For every smooth map « : S? — M, there exists
a symplectic trivialization of the fiber bundle o*T'M.
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Again, in more algebraic terms this means that
<Cl<TM7 UJ), U) =0
for all o € A(M). For details on the Chern class, see the Appendix .

REMARK. By the algebraic descriptions of both assumptions, it is immediatly clear
that any manifold with m(M) = 0 satisfies both. Hence, an example of a suitable
symplectic manifold M in our setting would be T%" with its standard symplectic structure.

In order to define the symplectic action functional Ay we need the following lemma.

Lemma 3.5. Let x € LoM be a a loop and u,v : D — M such that uw(0D) =
v(0OD) = x(t). Then
/u*w = /v*w
D D

Proof.: We can define a function u#tv : S> — M by gluing the two disks on which
u and v are defined along their boundaries, where we have u(0D) = v(9D) to define a
map on S2. Then by assumption , we get that [o(u#v)*w = 0. However, we have
Jputw — [pvtw = [e(u#v)*w, so the integrals agree.

REMARK. Strictly speaking, u#uv as defined above may not be smooth. It is defined
as a map u#v : D#D — M, where D#D is diffeomorphic to S? with D := {2 € C | |2] <
1} is the unit disc in C. We need a small argument by smoothening such that there exists
e > 0 such that u(z) = u(j) and v(z) = v(+%) for all z € D such that 1 —¢ < 2z < 1.

||

Then we can glue these two discs to a sphere and the result follows.

We can then define the action functional associated to the Hamiltonian H.

Definition 3.6 (Symplectic action functional). Let H : S* x M — R be a time-
dependent 1-periodic Hamiltonian. The symplectic action functional

.AH : ,C()M — R
is defined by

(3.1) An(z) :/]Du*w+/0tH(t,x(t))dt

Here, u : D — M is an arbitrary extension of z : S* — M to the disk. More explicitly,
if D ={z € C||z| <1}, then u is a map such that u(e*™) = z(¢) for all t € S*. By
the above lemma [3.5] the right hand side of equation [3.6)is indepedent of the choice of u.
Hence Ay is well-defined. The functional Ay has the following interesting property.

Proposition 3.7. A loop v € LoM s a critical point of Ay if and only if x satisfies
(3.2) #(t) = Xn(2(t))
(i.e. € Py(H).
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ProOF. Let ©x € LoM. By critical points we mean critical in the variational sense.
Therefore, we define a smooth family z,(¢) := z(s,t) around z(t) in the following way.
Extend z to Z(s,t) such that

z(0,t) = z(t) and g—x|(0t = X (t).
Then we can compute the differential of Ay at x applied to X. Formally, we have
(3.3) dAg ()X = %}8’)(0)
To compute the right term, we need to slightly extend u to @ such that
u(0,2) = u(z) and u(s, e*™) = Z(s,t).
This allows us to extend X by setting X(z) = g—f\(o,z). We can now compute using

Lebesgue dominated convergence

Here in the third step we use Cartan’s formula
Lxoa = i1xdo+dixa

for any a € QF(M) for k > 0 and the fact that dw = 0. We compute the second term.
d '~ '
- / Hy(%(s,t)) dt|s—o = / (dHy)z0,0)(X () dt
s Jo 0
1
— [ (X0, X ()
0

An(7) = /uw+/Ht (5,1))

Then by the above calculation and equatlon . we have

We have
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Now a critical point x is such that dAg)(x)X = 0 for all X € T, M. By non-degeneracy
of w, this happens if and only if

2(t) = Xp, (x(t))
which is precicely equation This proves Proposition ([l

Using Proposition we see that critical points of Ay correspond to solutions of
equation (3.2). We now compute the gradient of Ay with respect to the metric (-, -),
defined above.

Recall the definition of the gradient. Let (N,g) be a smooth manifold equipped
with a Riemannian metric. Let f € C'(N,R). Then the gradient of f is a vector field
Vf eT(N,TN) such that for any vector field X € I'(N,TN) we have

92(Vaf, X (2)) = df ()X (2)
for all z € N. In our case for Ay : LoM — R with metric (-, -); the gradient V Ay is
then defined by
(ViAu, X))y =dAu(-)X
for any vector field X € I'(LoM,TLyM). We have the following proposition.
Proposition 3.8. For the action function Ay, with respect to the metric (-, ), we

have at x € LoM that
VAu(t) = J(x(t)2(t) + Vae He

PRrOOF. This is a direct computation using that g;(-, ) = w(-,J-). O

One can readily compute that the gradient of H; is the Hamiltonian vector field Xy,
composed with J(z) by definition, so that the above can also be rewritten to read

(3.4) ViAp(t) = J(@)(@(t) — Xu,(2(t)))
We look at negative gradient flow lines, which are maps
u:R— ,C()M
such that
d
(3.5) £u(s) = -V, Au(u(s))

where V ; Ay is give by equation (3.4). The gradient flow equation (3.5)) is an ordinary
differential equation on the loop space LoM. However, LyM is an infinite dimensional
space. Floer’s idea was to instead regard the map v as a map

u:Rx S"— M.
Then, equation (3.5) can be rewritten to a partial differential equation on the finite

dimensional space M. This equation is known as Floer’s equation

(36) O (P X () = 0
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This is the central equation in this thesis. We will analyze solutions to this equation,
which will be essential to defining Floer homology.



CHAPTER 4

The Conley-Zehnder index

The Floer chain complex used to define Floer homology is generated by critical points
of the action functional Ay. We saw in Chapter 3 that these critical points correspond
to periodic orbits x € Py(H). In order to grade the Floer chain complex, we index the
critical points using the Conley-Zehnder index, henceforth abbreviated as CZ-index. This
index is based on the Maslov index for a path of symplectic matrices. In this chapter
we give a description of this index. Furthermore, we work out one example where we
compute the index.

We define the CZ-index and calculate this index for a path of rotations in the plane.
This will be used in Chapter 5, where it is shown that the CZ-index equals the Fredholm
index of the vertical differential of the Floer operator.

4.1. Maslov index for paths ® : [0, 1] — Sp(2n).

We define the Maslov index for a path of symplectic matrices. In the following, let J
and wy be the standard almost complex structure and standard symplectic form on R?".
One can also view this as C" where Jy denotes multiplication by the complex variable 7.

Definition 4.1. We call the matrices
Aut(R®™, wy) = Sp(2n) = {A € R | A* JyA = Jo}
the symplectic group.

Note that this is the same as Sp(V,w) defined in Chapter 2, where now (V) w) is taken
to be (R?",wp), meaning Sp(2n) = Sp(R*", wy).

Define the subspace of symplectic matrices A that do not have 1 as an eigenvalue as
follows
Sp*(2n;R) = {A € Sp(2n; R) | det(A — 1d) # 0}.
Then the path space we look at are continuous paths that start at Id and end in Sp*(2n; R).
This space of paths is defined by

S = {® € C°(0, 1], Sp(2n)) | $(0) = I, B(1) € Sp*(2n)}.
We equip this space with the compact-open topology.

17
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There are several possible ways to define the Conley-Zehnder index. We follow the
exposition in [SZ92] and define a map p that we use to define the Conley-Zehnder index.
The determinant map

det : U(n) — S!

induces an isomorphism of fundamental groups by using the homotopy exact sequence of
the fibration SU(n) — U(n) — S*. Now Sp(2n;R)/U(n) is contractible, so 71 (Sp(2n; R)) ~

Z. (Some details here) This isomorphism yields a natural continuous map
p:Sp(2n;R) — S*

which extends the determinant map.

We will use the following notation. Suppose (Vi,w;) and (Vs,ws) are two symplectic
vector spaces. Define the product space

(V,CL)) = (‘/1 X VQ,wl X CUQ).

Let (W,w) = (W1 x Wy, wq X wy) be another product space. Then any A € Lin(V, W) can
be decomposed as A = A; x Ay where for v = (vy,v2) € V we have A; : V; — W, such
that

(4.1) A(vy,v9) = (Ayvr, Agvo)
Equivalently, A; is given by

Furthermore, we use Lemma 2.19 from [MS98| which says that any ¥ € Sp(2n; R)NO(2n)
is of the form

X -Y
i (¥ )
such that X7Y = Y7TX and XTX + Y'Y = Id. Note that this is equivalent to
X +1Y € U(n).

The formal definition of p is described by the following theorem.
Theorem 4.2. Let (V,w) be a finite dimensional symplectic vector space. Denote
Aut(Vw) = {® € Aut(V) | *w = w}.
There is a unique collection of maps
p:Sp(V,w) = S

one for each (V,w), satisfying the following conditions.
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Naturality Let (Vi,w1) and (Va,ws) be symplectic vector spaces. If T : Vi — Vs is an
1somorphism such that T*wy = wy then

p(TAT™) = p(A)
for any A € Sp(Vy,wy).

Product Let (Vi,wq) and (Vo,ws) be symplectic vector spaces and (V,w) the product
(Viw) = (Vi X Vo,wp X ws).
Then for the decomposition A = Ay X Ay as in the following holds
p(A) = p(A1)p(As).

Determinant Suppose A € Sp(2n;R) N O(2n) is of the form . Then
p(A) = det(X +Y).

Normalization Let A € Sp(V,w). Suppose that A has no eigenvalues on S* C C. Then
p(A) = £1.

We now construct the Conley-Zehnder index. We need a lemma.

Lemma 4.3. The set Sp*(2n) has two connected components
Sp(2n;R)* = {A € Sp(2n; R) | +det(Id —A) > 0}.
Furthermore, any loop in Sp(2n; R)* is contractible in Sp(2n;R).

PROOF. We refer to the proof of Lemma 3.2 in [SZ92]. O

We now define the Maslov index of a path ® € C°([0,1],Sp(2n)). Note that this
works for any path, meaning we do not require that ®(1) € Sp*(2n).

Definition 4.4 (Maslov index). Suppose ® € C°([0, 1], Sp(2n)). Choose a continuous
function ‘
a:[0,1] - R such that p(®(t)) = O,
Then define the Maslov index of ®

This assigns to any ® € C°([0, 1], Sp(2n)) some number.

REMARK. The author was not sure what to call this index. The definition relies on
picking a lift a of p(®(t)), meaning exactly that p(®(¢)) = €*®. Then the difference
a(1) — a(0) is independent of the particular choice of a lift: any two lifts differ only by a
translation by 2km in R which is irrelevant for the difference a(0) — a(1).
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The Maslov index usually refers to the above index in the case that ® € C°(S?, Sp(2n)).
Then the above index can be described as the degree of the path composed with the ro-
tation map p. We have

A(®) = deg(t — p(2(1))).
Note that this index is independent of the choice of a.

4.2. The Conley-Zehnder index of a path ® € S.

Let now ® € S. By definition, ®(1) € Sp*(2n). Now choose any path ¢’ €
C*([0,1],Sp(2n; R)*) such that ®'(0) = ®(1) and ®'(1) € {W*, W~} where

Wt =—-1d
and .
W= :diag(2,—1,...,—1,5,—1,...,—1).

in the following way.

Note that either ®(1) € Sp(2n;R)" or (1) € Sp(2n;R)~ by definition of S. We
choose ®'(1) = W whenever ®(1) € Sp(2n; R)*. Figure [1] depicts the construction of ®
and @’ as just outlined.

We can compute the Maslov index of @’ as in Definition From Lemma 3.2 in
[SZ92], it follows that A(®’) is independent of the specific choice of path ® and depends
only on the particular starting point ®'(0) = ®(1). We are now ready to define the
Conley-Zehnder index of a path & € S.

Definition 4.5 (The Conley-Zehnder index). Let & € S. Define a path &' as
described above. The Conley-Zehnder index of the path ® is defined by

The following Theorem [4.6] is Theorem 3.3 in [SZ92]. It lists several properties of
the Conley-Zehnder index defined in Definition [4.5]

Theorem 4.6. Let ucy be defined as in Definition[{.5 Then the following properties
hold.

(i) Let ® € S. The Conley-Zehnder index ez (P) is an integer.

(ii) Two paths ® and ¥ are homotopic in S if and only if
poz(®) = pez (V).
(i) Let ® € S. Then
sign det(Id —®(1)) = (—1)rez(®n,
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(1) = W+

- v

o(0)

Figure 1. The path used to compute pucy(®) for & € S

(iv) Let S € Sym(R?*™2") be a non-singular matriz such that ||S|| < 2w. Define a
path Y(t) = exp(JotS). Then ¥ € S and

poz (V) = ind(S) — n.
Here by ind(S) we mean the number of negative eigenvalues of S, counted with
multiplicity.
In this way, we have defined a map
Hcz - S — Z.

REMARK. There are two remarks to make here.
First of all, again this construction can be described as the degree of a map. Note that
(p(W*))? = 1. Given ® € S, let ®’ be constructed as above a path such that ®'(1) = W=,

depending on ®(1). Denote ® : [0,2] — Sp(2n) the path
~ D(t) 0<t<1
D(t) = ,
Dt—1) 1<t<?2
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Then

pen(®) = deg(t = (p(B(1))?).
The second remark concerns computability. The above construction is the easiest to
explain, but actually computing pcy of a path using this definition is hard. There is
another equivalent definition by Robbin-Salamon defined in [RS93|. Here, philosophically
speaking, it is counted how often a path ® € S ”crosses through” det(®(¢) —Id) = 0 with

some sign, which is the thick red line in Figure [l For this alternative definition, we refer
the interested reader to [RS93]| for details.

4.3. The Conley-Zehnder index for periodic orbits.

We have defined an index pcyz : & — Z for paths of symplectic matrices. Our goal is
to define an index

CZ : Po(H) — Z.

In order to do this, we associate to x € Py(H) a path of symplectic matrices ¥ € S, in
the following way:.

Recall that a symplectic trivialization of the bundle z*T'M — S* is given by a map
®: S xR = 2*TM

which intertwines the standard symplectic form on R?" and pulls back w to the standard
w on R*™. Writing ®; = ®(¢, -) this means

Diw = wy.
The following lemma tells us such trivializations exist.
Lemma 4.7. For any smooth map ¢ : D — M, there exists a symplectic trivialization
d:DxR*™ = *TM

Furthermore, any two such trivializations are homotopic via symplectic trivializations.

PROOF. For the proof of existence we refer to [MS98] Lemma (2.65). The proof is
basically an application of Gramm-Schmidt.
To prove that any two such trivializations are homotopic, let ¢ : D — M be given, and
let ®, & : D x R* — 2*T M be two symplectic trivializations.
Then by definition of symplectic trivialization, for every z € D,

P'(2)71d(2)

is a unitary matrix. However, any smooth map D — U(n) is smoothly homotopic to the
constant map z — Id. This proves that ® and &’ are homotopic. O
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Let © € Py(H). Choose any extension
o:D—-M
such that ¢ extends x to the disk DD, meaning
p(e™) = x(t).
where D is the unit disk in C. By Lemma (4.7) we can trivialize o*T'M. By restriction
to OD this gives a trivialization of 2*T'M defined by
(4.3) D, (t) == P(e*™) : R*™ — 2*TM

that is periodic.

We prove that this construction does not depend on the particular choice of extension

under Assumption ([3.4)).

Lemma 4.8. The homotopy class of ®, does not depend on the particular choice of
extension ¢ : D — M if M satisfies Assumption[3.4)

PROOF. Suppose we have two extensions, ¢ : D — M and ¢’ : D — M such that
z(t) = p(e*™) = ¢/(e*™), which the associated symplectic trivializations ® and ®'. We
will construct a map u : S? — M in the following way.

Assume without loss of generality, by shrinking a bit, that there exists ¢ > 0 such that

o(z) = 90(|—j|)
and
2(2) = B(r)

for 1 — e <|z| <1 and similarly for ¢’ and &’

Define u : S? — M as follows, under the diffeomorphism 5% ~ C U {oo}
Pz z| <1
uoy = ¢ K
() [=l>1
Under Assumption (3.4)), the bundle «*T'M is trivial. This yields a trivialization
©: 5% x R*™ — u*TM.

Now use the second part of Lemma . Restrict © to the upper hemisphere D and
lower hemisphere D~. This yields two new trivializations of z*T'M which are homotopic
as they agree along the equator D¥ N D™, by Lemma (4.7). Hence ®,(¢) and W/ (t) are
both homotopic to ©(e*). This proves that the trivializations are homotopic. O
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We are now ready to define the index of a solution. Let = € Py(H), and choose any
extension ¢ : D — M with the associated restriction ®,, which is a trivialization of the
bundle z*T'M as in equation (4.3)). Define a path of symplectic matrices associated to x.
(4.4) U, (t) := D,(t) " o Ty © @,(0) : R*™ — R*”

for t € [0,1]. Then ®,(t) € Sp(2n;R) for every t, as ® is a symplectic trivialization. Note
that the solution x € Py(H) is non-degenerate if and only if ¥, € S. Then define the
index of z.

Definition 4.9 (CZ-index of a periodic solution z). Let x € P(H) with the associ-
ated path ®,(t) as described by equation (4.4]). Then define the Conley-Zehnder index of
x by
(4.5) CZ(x) := pucz(®y,)
where p(®,) is the Maslov index defined in Definition

This index is determined uniquely by the condition that &, extends to a disc bounded
by the periodic solution z. To see this, let &/, be any other extension. Then by Lemma
@, ¢, and @’ have the same homotopy class. Then the same is true for the associated
U, and W’ . By Proposition CZ(¥,) = CZ(¥),). Hence, this way to define the index
is independent of the particular choice of trivialization .

4.4. Paths with a prescribed Conley-Zehnder index.

In the computation of the Fredholm index of the vertical differential of the Floer
operator, it will be important to use the existence of paths of matrices with a specific
index. We prove the following theorem.

Theorem 4.10. For every k € Z there exists a diagonal matriz Sy € M (2n;R) such

that the associated path given by
W(t) = elosk
is in S and satisfies pcz (V) = k.

The theorem will result from a reduction to the case n = 1. This is also our example
of a rotation in R%2. We consider matrices of the form

6 0
5= (O 9) .
Direct computation shows that

cosOt —sin6t
(4.6) W(t) = exp(tJoS) = (sin 0t cosBt )

Hence, we are computing picz(W) where U is a path of rotations in R2.

PrOOF OF THEOREM I4.10l In order to prove this we generalize the case n = 1, that
is S € M(2;R), to general n. We have the following claim in this case.
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Claim 1. Let S € M(2n;R) invertible and symmetric such that ||S|| < 27. Then
for W(t) = /0% we have
pez(¥) =ind™ (S) — 1.

Here ind™ (S) denotes the number of negative eigenvalues of S.

Note that this Claim is (iv) of Theorem 4.6/ For the sake of completeness, we prove
this Claim.
Proof.: Proof of Claim 1 It is a small calculation to verify that U(¢) € S. As S is
symmetric, it is diagonizable by orthogonal matrices. This means that there exists a path

s A(s) € OF(2n)
such that A(0) =1Id and S(1) = (A(1))"SA(1) is a diagonal matrix.

Let now
S(A) = (AN)TSA(N)
and define
\If)\<t) = etJOS(A).

Note that S(A) is a path of symmetric matrices that connects S = S(0) to a diagonal ma-
trix S(1). Then the number of negative eigenvalues of Sy, which we denoted ind™(S()\)),
does not depend on A. Also, ||S]| < 27 means that W,(1) will never have eigenvalue 1.
This reduces the proof to checking that the Claim is true for diagonal matrices. We can
scale so that without loss of generality, S is of the form

S =diag(e,...,e,—¢,..., —€).

where 0 < ¢ < 27 and we denote the number of negative terms k = ind™ (.59).

We now reduce to the case n = 1 by decomposing R?*" into n symplectic planes. Then
there are three fundamental choices of diagonal matrices.

e 0 e 0 — 0
p=(5 ) p(5 L) 2= (T )

It is now a matter of computing Conley-Zehnder indices for the associated matrices
Wi(t) = exp(tJoDy).

Let us do D, as an example. We have

oDy coset sinet
—sinet coset )’

Use now the determinant property of the rotation map p in Theorem [4.2] Then

plexptJoDy) = exp(—iet).
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As 0 < e < 2w, we have pcz(exp(tJoDy)) = —1. To see this, follow the definition of pcy.
It is immediate that A(¥) = ==, as p(¥(t)) = e *". Complete the path to the matrix
Wt = —1d as det(Id —=¥(1)) > 0 by
0 cos(1—tle+tn sin(l—t)e+tn
 \—sin(l —t)e+tm cos(l—t)e+tm)"
Then p(V'(t)) = e "((1=0=H™  Then A(¥') = <Z. Then indeed pcz(exptJoD;i) = —1.
Note that D; has indeed 2 negative eigenvalues, such that pcz(exptJoD;) = ind™ (D;) —1

is satisfied. Similar calculations for Dy and Dj show that indeed pcyz(exp(tJyS)) =
ind™(S) — 1 whenever S is a diagonal 2 by 2 matrix.

The general statement for a diagonal matrix S now follows from the product property
of p, which translates to multiplicativity of the Conley-Zehnder indices. This proves the
Claim.

We now go on to construct S; from the building blocks we saw in the above claim.
Im 0

Choose some odd integer [ € Z and consider S = (O Ir

). Then the associated sym-

plectic matrix is

U(t) = otJoS — < coslnt —sin l7rt>

sinlm —t  coslnt
This path ends at W(1) = W+. Then pucz(e'’0%) = —I.

For kK = n mod 2, consider the matrix
Sy = diag(—m, —7,...,—7m,—m,(n —k — D7, (n — k — 1)7).
This matrix is precisely such that pcz(exp(tJoSi)) = k.

For k =n —1 mod 2, consider the matrix
Sy = diag(—pi, —m,...,1,—1,(n — k — 2)m, (n — k — 2)7).
This matrix is also such that pcyz(exp(t.JoSy) = k.



CHAPTER 5

Floer homology and transversality

5.1. Definition of Floer homology
In this section we define the Floer chain groups CF,(H) and the boundary operator
J;. The homology associated to this chain complex is the Floer homology HF,(H, J).

We construct a chain complex from the periodic solutions x : S* — M of the Hamil-
tonian equation

(5.1) i(t) = Xu(2(t))

and flow lines of V ; Ay which were solutions u : R x S' — M of the Floer equation
ou ou

(5.2) o+ (W) <E - XH(u)> —0

Reminiscent of Morse homology, we want these flow lines to run between critical points.
Hence, we impose

(5.3) lilin u(s,t) = 2*(t), uniformly in ¢
S—» 00
with 2% € Po(H) and lim, 100 2(s,¢) = 0 uniformly in ¢. This condition can be

rephrased in terms of the energy.

Definition 5.1. Let u : Rx S — M be a solution to the Floer equation (3.6). Then
its energy is defined to be

(5.4) Bu) = /R »

The energy of a solution has the following properties.

Proposition 5.2. Let u : R x S* — M be a solution to the Floer equation .
Then

(i) E(u) > 0 and E(u) =0 if and only if u(s,t) = x(t) for some x € Py(H).

2

dsdt
J

ou

O0s

(ii) If E(u) < oo, then there exist x* € Po(H) such that
lim wu(s,t) = z%(t)

s—+oo

uniformly in t. Furthermore, E(u) = Ay(z™) — Ag(z™).

27
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Let H : S' x M — R be a Hamiltonian and J € J(M,w). We define the moduli
space of solutions running from 2~ to z™.

Definition 5.3.
M(z™, % J H) == {u: R x S" — M | u satisfies equations (5.2)) and (5.3)}

In Section of this chapter, we prove that for generic Hamiltonians, this space
is a finite dimensional submanifold of a particular Banach manifold. This follows from
application of the implicit function theorem. To prove that these spaces are manifolds,
we will need to prove that a particular operator (the Floer operator dV5H7 ; defined in
Section is Fredholm with index CZ(z~) — CZ(z™). This will be done throughout
this chapter. We assume that M(z~,2™; J, H) has some manifold structure for the time
being, and define Floer homology.

For u € M(z~,x%; H, J) we have the Conley-Zehnder index for the associated critical
points z¥ defined in Chapter 4. The chain groups are generated by the critical points and
graded by the Conley-Zehnder index.

Definition 5.4 (Floer chain groups). Let
Pe(H)={x e P(H)|CZ(zx)=k}.

CFn(H @ Zo

IEG'P}C )

Then

In general any £ € € Z, can be viewed as a function
z€Py, (H)

€:Pr(H) = Zs

such that &(x) # 0 for only finitely many = € Py(H). For any x € Pr(H), there is a
particular ¢, € CF(H) given by
1 y==
0. (y) :== { :

0 y#u
In this case, we can write
> &)
x€PL(H)
meaning that these maps generate the complex. We will abbreviate the function 6, by

(x). By the above description of an element &, it is enough to know what a map does on
the generators (z).

Associated to the complex CF,(H) is the boundary operator ;. It is defined on the
generators by
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Definition 5.5 (Floer boundary operator).
GJ : CFk_H(H) — CFk<H)

o((z)) = S @y
yEPo(H)
CZ(y)=CZ(2)—1

Here
(5.5) n(@,y) = #(M(w,y; H.J)/R)

Philosophically, it counts the number of solutions u running from x to y modulo transla-
tions in the s variable; we only count unparametrized trajectories.

To be precise, note that there is an R-action on M(zx,y;J, H). Let ¢ € R and
u € M(z,y;J, H). Then
(0 ’ U)(S, t) = U(U + S)t)
defines and R-action. Assuming, for the moment, that M (z,y; J, H) is a finite dimensional
manifold, we can define

M(a,y; J,H) = M(z,y,; J, H)/R

as the quotlent manifold equipped with the quotient topology. We will prove in Section
that M(x y; J, H ) is a compact 0-dimensional manifold whenever CZ(y) — CZ(z) = 1.

Hence n(z,y) = #M (z,y; J, H) as defined by equation (5.5) makes sense, as a compact
O—dimensional manifold is a finite number of points.

We define the Floer homology of (H, J).

Definition 5.6 (Floer Homology). Let the Floer chain complex (CF.(H),d;) be as
in Definitions [5.4 and [5.5] The homology of this complex is called the Floer homology of
(H,J):

HF.(H,J) = H.(CF.(H),d,).

We use this homology to prove the Arnold conjecture. To do this, we will show that
the above homology is well-defined and canonically independent of the choice of (H,J)
used to define it. We will see that the pair (H, J) will have to satisfy some conditions
to make the spaces M(z,y; J, H) into finite dimensional manifolds. However, it will turn
out these choices are generic.

Then we prove that for a particular Hamiltonian, the Floer homology and the Morse
homology of M coincide. The Arnold conjecture is then a straightforward consequence of
this.
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REMARK. Note that to properly define Floer homology as in Definition [5.6, we need

02 = 0. This is a consequence of the topology of the manifold M(z, z;J, H) where
CZ(z) = CZ(z) —2. It will be a consequence of Theorem [5.38, which involves complicated
machinery like elliptic regularity and gluing. It is then only after understanding this
Theorem that we can properly prove that 92 = 0. Using Theorem , proving that
92 = 0 will turn out to be a simple consequence of the fact that a compact 1-dimensional
manifold has an even number of boundary points. This is done in Corollary [5.40]

5.2. Solutions to Floer’s equation as a section

In this section, we consider solutions u : R x S* — M to equation . We describe
solutions to this equation as zeros of a section of a Banach bundle over a Banach space.
The goal is to endow the spaces M(z,y; J, H) for z,y € Py(H) with a useful manifold
structure. When we describe M (z,y; J, H) as the zeros of a section, we can use the im-
plicit function theorem in infinite dimensions to accomplish this.

Define the Banach bundle
EP — WH(R x S', M)
whose fiber over u is

£ == [P(R x S*, u*TM).

u

We define the Floer section.
Definition 5.7. Let &» — W!P?(R x S, M) be as above. Then the Floer section
Opg WHP(R x S M) — &P
is given by

Ou

EHJ(U) - O0s +

As said, we want to use the implicit function theorem. See Appendix Theorem
for the full theorem. Therefore, we need to compute the vertical derivative of the Floer
section O, ;. For the definition of the vertical derivative, see Definition .

Lemma 5.8. The vertical derivative
dV 0y (u) : WHP(R x SY,w*TM) = &, = LP(R x S, u*TM)
15 given by

_ )
A" Dy (W)Y = VY + J(u)V,Y + VYJ(u)a—;‘ — VyVH(u)
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PROOF. This is a small computation. Let uy with A € (—¢, ) denote a smooth path
in W?(R x S, M) such that ug = u and %L/\A(tﬂ,\:o =Y (t). Then

_ 9 _
dvaH,J(U)Y = ah:o <8H,J(UA)>
. 0 8%)\ aU)\
= gabo(Gy + )Gy~ V)
0 0 0

= V(G heo) + I (o) Vi (5 hmo ) + Vi (w0) 5t = Vy V Hy(uo)
=VY + J(u)V,Y + VyJ(U)% — VyVH(u)

Here we used that V is torsion free in the third line. O

In order to describe M(z~,z";J, H) as the zeros of the Floer section we need a
Fredholm section. Therefore, we need to restrict the Floer section to an appropriate
space

BY(z~,2") c WH(R x S', M).

These spaces are defined as follows.

Let u: R x ST — M and 27,2t € Py(H) with lim, 4 u(s, t) = 2%(t). We say u
decays suitably if there exist positive constants K = K(u) and § = é(u) such that

ou

5.
Definition 5.9. Let 2,21 € Py(H). Then

B (z7, 2%) = {(s,1) = expyep Y (s,t) | u: R x S decays suitably,Y € W'P(RxS', u*TM)}.

< Ke ol H% - XH(u)H < Ke ol
S

Let us fix x7, 27 € Py(H) and denote the Floer section
5]{7(} : Bl’p(l‘_, {L‘+) — &P,
Then its vertical derivative is a map

dV0g s (u) : WYP(R x ST u*TM) — &,.

There are several small things to verify.

First note that for u € B“?(z~,2%) we wish to know that 0y s(u) € LP(R x S*, M).
This is indeed the case. This follows immediately from Lemma 13.3.1 in [AD14].

Secondly, we wish to know whether M(z™,2~) C B"?(z~,z"). This is Proposition
8.2.3 in [AD14].

Furthermore, it is important to note that B'* is a Banach space with tangent space
T.BY(z~ zt) = WH(R x ST u*TM).
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The atlas is defined similarly to the one for Lo M. For full details we refer the reader to
[AD14] Section 8.2.d. We define charts in W?(R x S', R?"). Let w decay sufficiently.
Note that we can identify W'?(R x S, R?*") with WP(R x S' w*T'M for some suffi-
ciently decaying w. Furthermore, the injection W1P(R x S' R*") — L*°(R x S R?*") is
continuous by the Sobolev embedding theorem, hence

VLo < K[ [lwra-

Let R < p, where p is the injectivity-radius of the metric we use on M. For every
sufficiently decaying w, define

®, : {Y € WP TM)mid||Y ||wir < R/K} — B2 (7, 27)

given by
Y — exp, Y.

This is a smooth bijection on the image, as it is smaller than R. This forms an atlas.

5.3. The operator d" 0y ;(u) is Fredholm of index CZ(z~) — CZ(z")

Let u € B“(z~,z2%) such that dy j(u) = 0. In the previous section we defined
d¥'Op.j(u). The goal of this section is to prove the following theorem.

Theorem 5.10. The operator dVEHJ(u) defined in Lemma 1s Fredholm of index
CZ(z™) — CZ(z™).

To prove this we will transfer everything to a linear setting, using symplectic triv-
ializations. The operator in the linear setting will turn out to be a perturbed Cauchy-
Riemann operator. We will prove that this operator is Fredholm in the next subsection.
After this, we compute its Fredholm index arately in subsection [5.3.2] Recall that the

0.8

operator d”dy j(u) is given as in Lemma

Let @ : R x S' x R?" — w*T'M be a symplectic trivialization, with limits ®* =
®|1ooxst trivializations of the limits (2*)*T'M — S*. Then in the coordinates £ = @'Y,
we have that d" 0y ;(u) takes the form

€ 0/3
5.6 Dsé ==+ Jy—=+S5
(5.6) s€= 55 T Jog, +5€
where
0
(5.7) S(s,t) i= D (s,1) 0 (Vo® + J(u)V,® + VoI (1) =

ot

This is a direct computation, where Ds¢ = ®~1(d" 0y j(u))(PE) Here, we use that
V() = @% + (Vs®)¢ and likewise for ¢t combined with the fact that J& = &.J.
We separate the terms to find the operator of equation with S(s,t) as in equation

(5.7).

VeV H,(u)).
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For this S € C*°(R x S, End(R?"), the following is true.

Lemma 5.11. The limit matrices
SE(t) := lim S(s,t)
s—=+oo
given by
SE®) = (®F) ' o J(V,&F — Vgu Xy (2F)).

are symmetric

ProOF. Computing the limits is straightforward. To see that S* are symmetric,
we look at the matrix elements Sf; Let us omit the £-superscript for the moment to
avoid clutter. Let e; denote the j-th basis vector of R*" and define the symplectic basis
(§i)1<j<an by
§i(t) = @(t)e;.

Then the matrix elements of S(t) are given by

Sij = 95(&, J(Vi&§; — Ve, Xu) = 95(&, J[Xu, &)
Note that by definition

gJ(@', J[XH7 5]]) = w(&? [§j7 XH])

To get a term involving this Lie bracket, consider the cyclic identity
dw(&i, &, Xu) = §w(&, X)) + §w(Xa, &) + Xaw (&, &) + w(Xa, [&, &) + w(&, [§5, Xa]) +w(&, [Xa, ¢
Now note that

d*H (&, &) = &dH (&) — §dH (&) — dH (6, &)
so that the above equation becomes
dw(&i, &y Xu) = + Xaw(&i, §)+w(&i, [§5, Xu))+tw (&, [Xa, &) = w(&, (21, Xu])+w (&), [Xa, &)
As w is closed, we are left with

w(&, 5, Xn]) = w(&, [€, Xn))

so that
Sij = 95(&, J&, Xu)) = w(&, &, Xul) = w(&, &, Xul) = 9085, J[&, Xul) = Sji
Hence S is indeed symmetric. This proves Lemma [5.11} O

Let S : S — End(R?"). We define such an operator to be non-degenerate whenever
the symplectic matrices associated to it are.

Definition 5.12. Let S : S — End(R*"). Let R : [0,1] — Sp(2n) be given as the
solution of
dR(t)
Cdt
We say S is non-degenerate when

(5.8) = JoS(H)R(t), R(0)=1d

det(R —1d) # 0.
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REMARK. When given a loop S : S — End(R?") by the path of symplectic matrices
associated to S we mean R : [0,1] — Sp(2n) as defined by equation ([5.8)).

Note that the trivializations are isomorphisms. Hence, the following is true.
Theorem 5.13. The operator dV 0y ;(u) is Fredholm if and only if Dg is and
ind(d" 0y s (u)) = ind(Dg).

Hence, proving that dvéH,J(u) is Fredholm is equivalent to proving that Dg is Fred-
holm, which is what we will do. We prove the linear analogue of Theorem [5.10] We state
it for any S with the properties that S defined by equation (5.7 has.

Theorem 5.14. Let
Ds: W' (R x S',R*") - I’(R x S',R>")
with
Dgs& = % + Jo gf + 5¢
where S(s,t) is a symmetric matrix wzth non-degenerate limits S*(t). Suppose further-

more that U*(t) € S are the symplectic matrices associated to ST as in equation
Then Dg is a Fredholm operator with

ind(Ds) = pcz(¥~) — poz(¥).
REMARK. Compare this to Theorem [5.10, where the index is given in terms of
CZ(z*). A small computations shows that CZ(z*) = pcz(¥*) by the definition of CZ(z*)
in Definition [£.9]

To compute the Conley-Zehnder index in Definition we defined from &+ : S x R?™ —
(x%)*T M the matrices in equation (4.4)) by

U+ (t) := ((I)x:l:(t))_l o Tx(o))goiq o d,+(0).

We show that

AV .+ (t
(5.9) C;( ) _ JoSE()T = (¢)
so that the matrices associated to S* are W + (i.e. % = U, +).
Note that

D= (t) 0 Uuk (t) = To(oyply © Doz (0)
by equation (4.4)). Differentiate both sides of the equation to ¢ which yields

@i(t)%i@) + (V3@,) W, (1) = (V. iXH)

Use that ® is a symplectic trivialization, meaning ®,+(t) o Jy = J o ®,+(t). Therefore
AV .+ (t) AV« (t)
G+ (t)Jg——= = JV,x (t) ———
=g =g

= J(V(bmi Xy — vtq)xi)\pﬂﬁi (t>
= .+ (t)SE(1) W, (1)
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Using that ®,+(¢) is an isomorphism and JZ = —1Id we find that equation (5.9) holds.
Therefore, the matrices ¥* associated to ST are valid to compute the indices CZ(x™%).

5.3.1. Dy is Fredholm.
The aim of this subsection is to prove that Dg is Fredholm. This is the statement of the
following proposition. We will compute the Fredholm index of Dg in the next subsection.

Proposition 5.15. Let Dg be the perturbed Cauchy-Riemann operator
Dg: W' (R x S R*™) — LP(R x S*, R*")

given by
)% Y
5.10 DgY = — + Jo— + SY.
(5.10) s s +Jo BN +
Assume that SE(t) = lim,_,1o, S(s,t) exist, where the convergence is uniform in t, and

that these limit matrices are symmetric for all t € S* and ST are non-degenerate. Then
Dg s a Fredholm operator.

By the conditions on S(s,t), also ¥ and %—‘f converge, uniformly in ¢, as s — +o0.
Hence, we define the limits
(5.11) lim W(s,t) = UE(t).

s—+oo

To prove Proposition [5.15| we first consider the perturbed Cauchy-Riemann operator
Ds;, where ¥ : ST — Sym(R?") and

Dy : WHP(R x ST R*™) — LP(R x S* R*™)

is defined by
oY oY
DsY = — — + XY
> s o ot +

Suppose furthermore that ¥ is non-degenerate. We then prove the following lemma.

Lemma 5.16. For every 1 < p < oo, the operator Ds, 1s bijective.

Then using the semi-Fredholm Lemma, we prove Proposition [5.15 using Lemma/[5.16]

REMARK. By D,y we will always mean the perturbed Cauchy-Riemann operator
associated to the operator A. However, we are dealing with two possible domains for A.
To avoid confusion, by S we will always mean S : R x S* — End(R?*). Whenever S
is s-independent, we will denote it ¥ : S — End(R?"). In this way, we have the two
operators Dg and Dsy..

Proor or LEMMA [5.16l We prove Lemma [5.16|in two steps. First we treat the case
p = 2. We prove this by defining a bounded inverse. After this, we tackle the general case
p > 1 using a duality argument.
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Proof of Lemma [5.16| in the case p = 2:

Consider the operator
A WS R*™) — L*(S' R*™)

defined by
Yy
AY = Jp— + XY.
"ot ©

In fact, denote H = L?(S',R?*"). We will regard A as an operator A : H — H an
unbounded operator defined on the dense domain Wh2?(S!' R?*") C H. We have the
following claim about the operator A.

Claim 2. Suppose Y is non-degenerate (in the sense of Definition [5.12). Then the
operator A is invertible.

Proof of Claim Suppose v € H. We wish to find a unique u € W2(S*, R?") such

that
Au = .
Let W be given by equation ([5.8)). The equation Au = v implies
= Jo(Su —v).

We can then construct a solution u,, for any x € R?*", satisfying Au, = v and u,(0) = z.

ug(t) = V(t)(z — /0 () Jgu(r) dr)

for any z € R?". We wish now to impose periodicity on u,. This is the case if and only if

x=WY(1) (x — /OI\II(T)IJOU(T) d7'>.

Rewriting this yields

(¥(1) —Id)z = \Il(l)/o (1) Jou(T) dr.

By the non-degeneracy condition, this can be solved as the operator W(1)—1Id is invertible.
Thus, we have shown that A is invertible. This proves Claim [2]

We now decompose the Hilbert space H. We defined A as an unbounded operator
on H. First note that A is a closed operator with dense domain in H. Furthermore, A is
symmetric as X is symmetric. Note that by symmetric we mean that

(Au, vy = (u, Av)y.
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This is in the language of unbounded operators, where symmetric means that A agrees
with its adjoint A* on the domain of A. This is easily verified, using J; = —.Jy and
¥T = ¥. Hence, we can decompose H into positive and negative eigenspaces of A. Write

H=H"®H" .

Define
A* = A|HiﬁW1v2(Sl,R2n) .

Then A* are self-adjoint unbounded linear operators with dense domain. Now apply the
Hille-Yosida theorem, 13.37 from [Rud73] to A*.

Hence the operators A~ and —A™ generate families E_4+(s) € B(H") and E4-(s) €
B(H~). The decomposition of H comes with two orthogonal projections

pi:’H—YHi.

We define a path of linear operators.

) E_4+(s)p* s>0
K(s) = {—EA—(—s)p_ s <0

This path is continuous for s # 0 but discontinious at s = 0. Furthermore, we have the
following estimate.

K (s) ]l = [|E—a+ (s)p 2l < 7|l

for p the smallest element of Spec AT. Together with the same calculation for s < 0
yields, for the operator norm

(5.12) 1K (s)[| < e,

for some 6 > 0.

Define an operator
Q: L*(R,H) — W (R x S' R*™)
by integration

Qu(s,t) = /OO K(—o)v(s+ o,t)do.
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This operator is well defined, as it converges in L?*(R x S, R?") because of the estimate
of equation ([5.12)) used in the following calculation.

/RHK(—O')U(S+U,t)||L2(51XR) dO':/R(/RHK(—O')U(S-‘FO')”%Q(SQ) ds)%da
< /R(/]Rle26|S|HU(8—|—0>H%2(S1)d5>5 do

= /6_%|G|||U||L2(51xR) do
< +Roo
Now we claim that the operator () we defined is the inverse of Dy. Suppose v €
L*(R,H) and let w such that Qu = w. We can decompose
w=w"+w".
By definition
w(s) = / (s — pto(r) dr
and N
w(s) =— /oo Ea- (17— s)p v(r) dr.
Direct computation yields S

d S
d—w*(s) =ptu(s) — A*/ E_4+(s—T1)pto(r)dr
S —0o0
=pru(s) — ATw"(s)
The same computation shows
d

Ew’(s) =po(s)— A w (s).

Therefore, in general we have
“w=v—A
Y= w
which means Dy o @) = Id.

A similar calculation shows that Q o Dy = Id. Let v € W12(R x S1,R?"). We
decompose v = v + v~ such that

Av=ATv"+ A v,
We have

s +o0
Q(Av) = / E_+(s —0)Atv" (o) do — / Ex-(0—s)A v (0)do.

[e.e]
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We compute the first term.

/_;A+EA+(S — o))" (o)do = /s _%<EA+(5 —o)v*(0)) do

—00

_ _ 9 /_S E_j+(s—o)v+ (0)do +vt(s)

0s J_o
a 0
= 2 [ B opts t e ()
S J-x
0 av-l-
_ _/ B g (~0) (s +0) do + v* ()

An analogous calculation shows that the second term equals

400 400 Ov
_/ AEA(a—s)v(a)da:/ EAf(—o)a—(sta)da—l—v’(s).
s 0 S
Taking the sum we get
v
Av) = —Q(=
Q) = -Q(5
This precisely means ) o Dy; = Id. Hence we have proven that for p = 2, the operator
Dy is invertible. This concludes the proof of Lemma [5.16|in the case p = 2.
We now tackle the general case p > 1.

)+Y.

Proof of Lemma [5.16| in the case p > 1: The proof will consist of a series of in-
equalities that are listed as lemmas. Proving all these inequalities would be tedious, so
we refer to the relevant lemmas in [AD14].

We remind the reader we are still in the case where ¥ = 3(¢) does not depend on
s. The following two lemmas are technical and should be regarded as preludes to Lemma

0. 19

Lemma 5.17. Suppose p > 1. There exists a constant ¢ > 0 such that for every
k € R and every u € WHP(R x S1, R?*™) the following inequality holds.

HUHWLP([k,kH]xSl) < C(||DEU‘|LP([k7%,k+§]xsl) + HUHLP([kfé,kJr%]XSl))‘

Proof.: This is Lemma 8.7.11 in [AD14]. Consider first £ = 0, in which case the
inequality follows from the elliptic regularity results for the Cauchy Riemann operator.
This is Theorem [B.12] By translating the inequality is satisfied for all k. This lemma
leads to another inequality, this time for p > 2.

Lemma 5.18. Suppose p > 2. There exists a constant ¢; > 0 such that for every
k€ R and every u € WHP(R x S, R*™) the following inequality holds.

||u||W1vP([k,k+1}><Sl) < Cl(”DEu’|LP([k—1,k+2]><Sl) + ||U||L2([k—1,k+2]><51))-
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Proof.: This is Lemma 8.7.12 in [AD14]. It is sufficient to prove for kK = 0. We replace
the [lull 1o 13 by a Wh2-term using Theorem . The previous Lemma replaces this

with L?-terms. We require p > 2 to use Holder’s inequality to replace one of the L?-terms
by an L” term which gives the resulting inequality. The above lemma gives an estimate
of [Jul| for u € W'P(R x S') in terms of || Dyul|1(s1). This lemma is the central inequality
we will use.

Lemma 5.19. Suppose p > 2. There exists a constant ¢ > 0 such that if u €
Wh2(R x S' R*") and Dsu € LP(R x S',R?*) Then the following two conditions are
satisfied.

(i) w e WH(R x St R?")

(ii) “uHleP(]RxSl) < C||D2U||Lp(Rxsl)

Proof.: We refer the reader to the proof of Lemma 8.7.13 in [AD14]. Here, the inverse
@ constructed in the previous part of the proof (the p = 2 case) is used together with
Young’s and Holder’s inequalities. We can now first prove the following claim.

Claim 3. Dy is bijective for p > 2.

Proof of Claim Let u € W'P(R x ST, R?") N W12(R x S1,R?*"). Then by Lemma
[5.19| (ii), we have

(5'13) ||u||W11P(R><Sl) < CHDEUHLP(RxSl)

Then in particular, this inequality holds for u € C§°(R x S, R?"). However, the space
C°(R x ST, R?") is dense in W'?(R x S, R?"), see [Eva98] Section 5.3.2 or [MS12]

Appendix B. Hence the inequality (5.13)) is true for any v € WP(R x S!,R*"). This
implies that Dy is injective.

Also, WHP(R x S1 R?") is complete, so its image under Dy, in LP(R x S* R?") is
closed. It remains to show that Dy is surjective. By closedness of the image, it is suffi-
cient to prove the image is dense inside LP(R x S' R?").

Suppose v € LP(Rx ST, R*)NL*(R x S*, R?"). Note that the space LP(R x S', R*")N
L*(R x S*,R?") is dense in LP(R x S, R?"). Now we use that surjectivity of Dy, for p = 2
has been established, which gives us an u € W?(R x S', R?") such that Dyu = v. Then
by Lemma [5.19] (i), we have u € W'P(R x S, R?). This establishes that Ds; is surjective
and hence that Dy is bijective for p > 2. This proves Claim [3]

For the general case p > 1, it remains to show that Dy is bijective for 1 < p < 2.
This is a duality argument via the dual D5, and an application of Riesz’s theorem.

Claim 4. The operator Dy is bijective for 1 < p < 2.
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Proof of Claim The idea of the proof is the same as the case p > 2 in the sense
that we will derive again inequality in the case 1 < p < 2. Because of the density
argument (approximation by smooth functions), it is enough to show this inequality for
compactly supported smooth functions u € C§°(R x S*,R*"). To this end, introduce the
adjoint operator.

Let g be such that % + % = 1. Denote the adjoint
D% WH(R x ST R*™) — LY(R x S', R*)

defined by
o 0
fH—a—ﬁ”Oa—f*Ef'

A small calculation shows that the above operator is indeed the adjoint, in the sense that
for u € WIP(R x ST, R*") and v € WH4(R x S', R*") we have

/ <D2U,’U> = / <U, DE*U>‘
Rx St Rx St

We use here that ¥ is symmetric. Note that ¢ > 2 (as 1 < p < 2) and D% is of the same
form as Dy. Hence, the results we proved for Dy also apply to D5,. In particular, also
Dy, is bijective. This can be used to derive inequality for the case 1 < p < 2. We
refer the reader to [AD14] pages 282-283. The inequality results from some computations
using D5,. By inequality , injectivity is immediate.

For surjectivity, again one first shows that Dy has closed image. Suppose that its
image is not closed. Then by Riesz’s theorem, there would be a nonzero w € LI(R X
ST R?™) such that (w, Dyv) = 0 for all w € W'P(R x S1,R*"). Then Diw = 0. This
is a direct computation, preformed in [AD14] Lemma 8.5.2. As w solves a perturbed
Cauchy-Riemann equation, by elliptic regularity (Theorem [B.13)), w € Wh(R x ST, R?").
Therefore, w € ker(D3,) which means w = 0 as Dy, was injective. This is a contradiction,
which proves Claim [4f ~ Hence, we have shown that the operator Dy is bijective for the
general case p > 1 as required. The above claims therefore prove Lemma [5.16]

0

We now know that the operator Dy is bijective in the case where ¥ = X(¢) and is
symmetric. We now proceed to prove that it is Fredholm in the more general case of
theorem, using that Dy is invertible. Let us return now to the case where S = S(s, 1)

with limits lim S(s,t) = S*(t).
s—+o0

We start with a Lemma.

Lemma 5.20. Let Y € WY (R x S R*). Then there exists ¢ > 0 and M > 0
sufficiently large such that

(5.14) ||YHW1’P(R><51) < C(”DSYHL;D(RXSI) + ||Y||LP([—M,M]xsl))
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PRrROOF. From Proposition [5.16, we know Dy is bijective. By the Banach open map-
ping theorem, its inverse is continuous, hence there exists K > 0 such that

HYHleP(RXSl,RQ") < K“YHLP(RX517R2”-

Recall that there exists uniform limits S*(t) = lim, 4 S(s,t). For a constant M > 0,
truncate Y € WP(R x S, R?") by setting Y (s,t) = 0 for |s] < M — 1. By uniform
convergence
|DsY — DZYHLP(RxSl) < tSEUSIi |S(s,t) — Si(t)H’YHLp(RXsl) < £||Y||W1,p(R><51).

|s|>M

Therefore, there exists a constant C' > 0 such that
1Y [[wir@xsty < ClDsY || Le@xst)-
Choose a bump function g € C*(R, [0, 1]) such that
1 |s|]<M-—-1

5(8)_{0 5| > M

This way, we can write
Y(s,t) = B(s)Y(s,t) + (1 — B(s))Y (s,1).

Recall the estimate of Lemma 8.7.2 in [AD14], which is Appendix Lemma B.11 which
says that Z € WIP(R x S R?") satisfies

1Z|lwrr@xsty < C(I1DsZ]|Lr@xst) + 12| e@xst))-
Hence,
Y lwrr@xsy < C([[Ds(BY + (1= B)Y )| e@xsty + [1BY + (1 = B)Y [ e@xsy)
< C'(IDsBY || r@usty + [1Ds(1 = BY )| e@xsty + 1BY || o@xsty + [[(1 = B)Y || o@uxst)
Note that (8(s) — 1)Y(s,t) =0 for |s| < M — 1. Therefore, there exists K > 0 such that
1Y [wre@xsty < K[| DsY || Lr@xst)-
Then the above inequality gives
1Y lwre@xsty < C([[DsBY [|poexsty + (1 + K)[[Ds(1 = BY )| o@xst) + [|BY | zo@xst))-
Adding K + 1(||DsBY || Lr(mxsty + [|BY || rrxs1)) and choosing C' = C'(1 + K) we get
(5.15)  |IY[lwrr@xsty < C(|DsBY || o@xsty + | Ds(1 — B)Y) ||l o@xsty + |BY || o mxst))

Note that Dg(8Y) = BDsY + B(s)Y. For s € [-M, M], we have |3(s)| < R whereas
B(s) =0 for |s| > M. Hence

| DsBY || Lrxsyl| < | DsY ||Lrmxst + R|Y || o= a0 x5

|Ds(1 = B)Y || r@xsy|l < |1 DsY || rxst + RIY || o= ns,m)xs1)
. Plugging this into equation ([5.15)), we find a constant C5 such that

(516) ||Y||Wlﬂp(IR><Sl) S Cg(||D5Y||Lp(R><51) + ||Y||LP([7M,M]><SI)>
This proves Lemma, |5.20] 0
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We can now prove the Fredholm property of Dg, which was Proposition [5.15|

PROOF OF PROPOSITION [5.15] Let Dg be as in the hypothesis. We prove that
ker(Dg) is finite-dimensional, im(Dyg) is closed and coker(Dyg) is finite dimensional.
The first two follow from application of the semi-Fredholm Lemma [C.10] Lemma
gives a C' > 0 such that equation holds. By Rellich’s theorem, the restriction
operator to the truncated cylinder

K :WY(R x S",R¥) — LP([—-M, M] x S*, R>")

is compact. Then by Lemma [5.20] we see the hypothesis of the semi-Fredholm Lemma
[C.10]are satisfied for X = WLP(Rx ST, R?"), Y = LP(Rx S, R?™) and Z = LP([-M, M] x
St R?™). Therefore, ker(Dyg) is finite dimensional and im(Dg) is closed.

To prove that coker(Dg) is finite dimensional, we use a duality argument. Let ¢ € R be
such that % + % = 1. We consider the adjoint operator

D% : WH(R x ST R?™) — LIY(R x ST R*™)

given by
oY oY
DY = —— + Jp— + STY.
s o5 0o T

Let Z € LY(R x S',R?") such that (im(Dg),Z) = 0. Suppose that D5Z = 0, then by
elliptic regularity Z € WH(()R x S*, R*"), so Z € ker(D%). Denote

A:={Z € LY(R x S§',R*") | (im(Ds), Z) = 0}.

We conclude
A C ker(Dy).

Note that D% is of the same form as Dg. Hence, we can repeat the procedure of
the first part of the proof (applying the semi-Fredholm Lemma together with Rellich’s
theorem and Lemma to conclude that ker(D¥) is finite dimensional. We now use
the Hahn-Banach theorem to conclude that coker(Dg) is finite dimensional.

By Hahn-Banach, we find linear ¢ : LP(R x S',R?*") — R such that ¢(Z) = 0 for
all Z € im(Dg). By the Reisz representation theorem, ¢ is of the form ¢ = ¢x for some
X € LYR x ST, R?") with ox (V) = (X,Y). As all ¢ vanish on im(Dg), we have X € A.
However, A is finite-dimensional, so then coker(Dy) is also finite-dimensional. This proves
Proposition [5.15 O

5.3.2. The Fredholm index of Dg.
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In this subsection we compute the index of the operator Dg, where S = S(s,t) with
limits uniform in ¢ given by

lim S(s,t) = S*(t).

s—+oo
This we do as follows.
The first step is to replace S(s,t) by the matrix S, which is ST on either end. The index
of Dg, will be the same as that of Dg, provided that o is large enough, as the index is
invariant under small peturbations. This means

md(DS) = ind(DSJ).

In the second step we perturb Dg_  again. This time, S, is replaced by a diagonal
matrix ¥, = ¥,(s), such that it is a constant matrices ¥ for s outside [—o,o]. Then
another Fredholm invariance theorem (under homotopy) implies that

ind(Dsg) = il’ld(DZa ) .

We have then reduced the problem to the case of computing the index of Dy, which
we can do by hand using Section [4.4]

Lemma 5.21. Let 0 € R.g. Suppose the matrices S(s,t) are given with the uniform
limits S*(t). Define
S=(t) s< -0
Se(s,t) =1 S(s,t) —o<s<o
ST(t) s>o
Then
md(DS) = ind(Dsc).

PROOF. Let € > 0. As S*(t) are the limits of S(s,t) uniformly in ¢, there exists a
7 € R such that

(5.17) |1S(s,t) —S™(t)]| <e
and
(5.18) |S(s,t) — ST(t)|| < e

for all |s| > 7. Consider a smooth bump-function p : R — [0, 1] such that
R
We define a perturbation of Dg in the following way. Let
p(8)S(s,t) + (1= p(s))S™(t) s< -7
SP = ¢ S(s,t) |s| <7
p(s)S(s,t) + (1 —p(s))ST(t) s=7
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: p(s)S(sit) / p()S(5/t) :
S(t) + S(s,1) + S (1)
o Ja—ees @] Ja-eeps o]
—00 —27 —T T 2T o0
> S

Figure 1. The cylinder of matrices S7(s,t).

We rewrite Dg as a perturbation of Dge by some A(s,t), by noting that
DS = DSTP + A(S, t)

where
(1= p(s))(S(s,8) =57(1)) s< -
A(s,t) =<0 |s| <7
(1—p(s))(S(s,t) =ST(t)) s=7
By equation (5.17) and (5.18)), and the fact that |p(s)| < 1 for all s € R, it is immediate
that

[A(s, )] <e.

Heuristically speaking, 7 was chosen to be big enough such that the matrix A(s, ) is suf-
ficiently small. Then by Theorem (i) in the appendix, we have ind(Dg) = ind(Dgpe)
by choosing € as in the theorem. Note that this means that 7 depends on the choice of ¢.

We use that S? looks like Figure [1] as p(s) = 0 for |s| > 27. That is, it coincides with
S* for £5 > 27. However, 7 depends on the choice of € made. The goal was to relate the
Fredholm index ind(Dyg) to ind(Dg,) for some fixed o. Recall that the Fredholm index is
a continuous map on the set of Fredholm operators, which is an open subset of the space
Lin(W?'?, L?). Therefore, it suffices to connect S to S, defined by

S7(t) s<-—sp
Sso(s,1) = € S(s,t) —so<s<sg
ST(t) s> s
The Fredholm index is constant throughout this path if we pick it constant for s large.

This is the case as the Fredholm index is a continuous map on the set of Fredholm
operators, which is an open subset of the space of all operators. O
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We now modify S again. As S*(t) are non-degenerate and symplectic, the symplectic
matrices W*(t) given by equation (5.8)) have well-defined Conley-Zehnder indices. We
denote

poz () = k=,
The following lemma relates the index of Dg to the index of an operator of which we can
compute the Fredholm index by hand.

Lemma 5.22. Let ¥, : R — M(2n,R) be a path of diagonal matrices such that
Yo(s) =S+ s>o
and
Yo(s) =Sk s< —o.
Then
ind(Ds,) = ind(Dg).

REMARK. Here, by the matrices S+ we mean the ones defined in Section 4.4, They
are diagonal and defined such that for the associated paths of symplectic matrices W+

defined by equation (5.8)) we have pucz (Vi) = k.

PrROOF. We prove that there exists a path of symmetric matrices that interpolates
between W+ and U+ in the following way.

Claim 5. There exist maps
S*:10,1] x S* — Sym(2n, R)
such that

(i) The path S*(s, -) : [0,1] — Sym(2n,R) is such that the path of symplectic ma-
trices associated to it (by equation (5.8)) is in S for all s € [0, 1].

(ii) The symplectic matrices associated to SE(0,t) are UE(¢).

(iii) The symplectic matrices associated to S*(1,t) are W+ (t).

Proof.: Note that
poz(Vpe) = k* = pog (UF).
Then by Theorem 4.6 (ii), these paths of matrices must be homotopic. Hence there exist
C' homotopies
H*:[0,1] x [0,1] — Sp(2n)
such that H*(s, ) € S for all t € [0,1] and H*(0,¢) = U=(¢) and H*(1,t) = U+ (1).
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Let p € C*([0,1], [0, 1]) be such that p > 0 and for a small ¢ > 0 we have p(t) = 0 if
t<ecand p(t)=1ift >1—e¢.

There exists a homotopy
A :]0,1] x [0,1] — [0, 1]
between p and Id (i.e. A(0,t) = p(t) and A(1,t) =t).
Note that
W) _ Joh (5% (0= (A1)

dt
dUE(t)

using the chain rule and the fact that === = JoS*(t)U*(¢). Hence associated to the

composition WE(A(t)) are the matrices
Ay(t)S*.

We want these to be 1-periodic, which happens precisely when we choose the homotopy
A such that for every s

dA,
o (0 =—-(1)

The condition in equation ((5.19)) ensures that when we view that homotopy W*(A,(t))
between W(¢) and W(p(t)), all associated matrices will be periodic. The same holds for

Ut (Ag(2)).

(5.19)

The second step is to homotope from U= (p(t)) to ¥, (¢) using the homotopy H* by
precomposing with p.
Define
G*:[0,1] x [0,1] = Sym(2n,R)
by
G(s,t) = H*(s, p(t)).
Now note that we picked p(t) such that p(t) is constant around ¢ = 0 and ¢ = 1. This

implies that the matrices associated to G*(-,t) will be periodic for every s € [0,1] as
these associated matrices will be zero around ¢t = 0 and £ = 1.

The third and final step is to homotope from W+ back to W+ (¢) like in the first step.
The condition in equation ([5.19)) ensures that all associated symmetric matrices will be
1-periodic.

Concatenating these three steps yields a map S* : [0,1] x S' — Sym(2n,R) that
satisfies all the required properties. This proves Claim [5]
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We use this path to interpolate by introducing a parameter A € [0, 1] in the following
way. We can define a map

S:00,1] x R x S* — Sym(2n; R)
that satisfies

S(s,t)  A=0
St(\t) s>o
S(A, s, 1) =
4 ,1) S=(\t) s< —ay
S(s) A=1

This can readily be done. By Lemma 5.21, we know we can assume S to be independent
of s for |s| large. We can use the map that we obtained from Claim [5| to modify S(A, s, ?)
at both ends (for |s| large). Modifying the middle part is easy; as long we make sure
the ends extend, we can modify S on this compact subset of R x S! without changing
the Fredholm index. This is due to Theorem C.14, which implies that changing on this
compact set only, we change Dg by a compact operator. Then Theorem C.11 states that
this operator has the same index.

Write Sx(s,t) := S(A,s,t). Then the family of operators Dg, are all Fredholm
operators and all have the same index by the above explanation. Note that Sy = S, and
S1 = X,. Therefore,

ind(Dg) = ind(Dg,) = ind(Ds,)
where we used Lemma for the first equality. This proves Lemma, [5.22] O

Our aim is to compute the index of Dy_, so that by Lemma we know ind(Dg).
We prove the following lemma.

Lemma 5.23. Let ¥ : R — M (2n,R) be as in Lemma[5.29 Then
ind(Dy,) =k~ — k™.

In order to prove this lemma, we will reduce to the case R?. Therefore, we mention
the following lemma.

Lemma 5.24. Let p > 2 and
Fs: W' (R x ST, R?*) — LP(R x S', R?)

defined by
9) 9)

Suppose
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where

= < —

o 82> 8
to impose the limit behaviour of S and furthermore suppose that oi ¢ 2nZ. Then
(i) If a1(s) = as(s) = a(s). Then
dimker Fis =2#{l € Z | a~ <27l < a™}
and
dimker Fi§ =2#{l € Z | a* < 2ml <a™}.
(if) If super [[S(s)[| <1 then
dimker Fig = #{i € {1,2}|a; <0,a;] > 0}
and

dimker F§ = #{i € {1,2} | af < 0,a; > 0}.

The proof of this lemma is a computation involving power series. We refer to [AD14]
page 293 for the proof. We now prove Lemma [5.23

PRrROOF. To compute the Fredholm index of Dg, we use that coker Dg, is isomorphic
to ker Dy , where the adjoint is defined as

Dg : WH(R x ST, R*™) — LY(R x S", R*")
by
5 —> __S + Jo— + St(s)f

with % + 5 = 1. Hence, it is enough to only compute kernels of operators of this type.
()
1 0
()
Recall Jy = 10 As Jy only has 2 x 2-blocks, we
0 —1

1 0
can reduce to the R? case. As above, we have a diagonal matrix defined by

5= (" ailo)

o, s< —s
ai(s) — { 1+ — 0
3

where

o 8§ 2> 8g

to impose the limit behavious of S.
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We can now explicitely compute the dimensions of the kernel. This is a case distinc-
tion in the parity of kT —n and k= —n, which leads us to four cases. As the computations

are totally analogous, we only treat the case kK~ = n mod 2 and k* = n mod 2. The
diagonal matrices S+ are in this case

Sp- = diag(—m,...,—m,(n—=1—k7)m,(n—1 -k )m)
and

Spy = diag(—m,...,—m (n—1—k")m, (n —1—k")7).

Then we are in case (i) of Lemma [5.24. This lemma then gives
dimker Dy, =2#{l€Z|n—-1—k <2l<n—-1-k"}

. This means

k= —kt k™ >kt
0 k= <kt
Similarly, by case (i) of Lemma we find

dimker Dg,, = {

R S -
dimker D5, = {]g b Z+ z :— :

Then
ind(Dyx) = dimker Dg,, — dim coker Dj_
hence by the above
ind(Dg,) =k~ — k™.

This proves the lemma in one parity case. The other three follow by applying Lemma
appropriately and doing the same computation. This proves Lemma [5.23] O

5.4. A manifold structure on M(z~,z"; J, H) using transversality

In this section we prove that for a generic choice of non-degenerate H, the spaces
M(x~,a%; J,H) are manifolds of dimension CZ(z~) — CZ(x%). We primarily follow
[FHS94].

We consider a non-degenerate Hamiltonian Hy € C*(S! x M,R). Define the space
of perturbations of H, that have the same periodic orbits.

Definition 5.25. Let Hy be non-degenerate. Then for [ > 2 define
C'(Hy) := {H € CY(MxS",R) | H agrees up to second order with H, around every = € P(Hy)}.

The space C'(Hp) is a Banach space. We are interested in pairs (H,J) that are
regular in the following sense.
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Definition 5.26. We say (H, J) € C*(S" x M,R) x J (M, w) is a regular pair if H is
non-degenerate and the Floer operator dV 9y ;(u) is surjective for all u € M(z~,z"; H, J)
for all =, 2" € P(H). We denote the collection of regular pairs by

(H X T)reg .= {(H,J) € C=(S' x M,R) x J(M,w)| (H,J) is a regular pair}.

By application of the implicit function theorem, this means that for a pair (H,J) €
(" X T )reg, the spaces M(z~,x%;J, H) are all finite dimensional submanifolds of the
Banach spaces B"?(z~, xT) of dimension CZ(z~) — CZ(z ™). We prove that after picking
aJ € J(M,w), this happens for generic Hamiltonians H.

Theorem 5.27. Let Hy € C=(S' x M,R) be non-degenerate and J € J(M,w).
Then the set

Hreg(Ho) :={H € C*(Hy) | (H,J) € (H, T )reg}
is of the second category in C*°(Hy).

This says that for a generic choice of H, we may assume that the spaces M (z~,2%; H, J)
are manifolds of dimension CZ(z~) — CZ(x™), by application of the implicit function the-
orem.

The proof of Theorem reasons by the Sard-Smale transversality theorem of a
projection (u, H) — u. We follow [FHS94], taking several technical results in this paper
for granted. The first step is defining a space Z(x,y; H) of pairs (u, H) that satisfy the
Floer equation Oy j(u) = 0 for H with u € BY“P(x,y). We will prove that the space
Z(x,y,J) is a Banach manifold for = # y. The strategy is again to describe Z(z,vy, J)
as the zeros of a section of a Banach bundle over a Banach manifold. We then apply the
Sard-Smale Theorem to the projection (u, H) — H and show that the regular values
of this projection are precisely the H such that dV5H7 s are surjective. By the Sard-Smale
theorem, such regular values are of the second category.

To prove Theorem [5.27] we need two additional lemma’s. We need that for solutions
u € M(z,y), the set of (s,t) € Rx S! where u is injective is dense. We make the following
definitions.

Definition 5.28 (Critical points). Let u € M(z,y). A point (s,t) € R x S! is called
a critical point of w if either 2%(s,t) = 0 or u(s,t) = x(t) or u(s,t) = y(t). We denote the
set of critical points of u inside R x S! by C'(u).

Definition 5.29 (Regular points). Let u € M(x,y). A point (s,t) € Rx S is called
a regular point of u if it is not a critical point and wu(s,t) # u(s’,t') for every s # so. We
denote the set of regular points of u inside R x S* by R(u).

The critical and regular points defined in Definitions and have the following
property. This is Theorem 8.2 in [SZ92] or a combination of Theorem 4.3 and Lemma
4.1 in [FHS94).
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Lemma 5.30. Assume x,y € Po(H) and x # y. Let uw € M(x,y). The set C(u) is
discrete and the set R(u) is open and dense in R x S*.

Note that Lemma [5.30| is highly non-trivial; it is the main content of the paper
[FHS94]. The following explaination should be interpreted as philosophical in nature.

The fact that C(u) is discrete follows (in [FHS94]) from the Carleman Similary

Principle (Theorem 2.2 in [FHS94], Theorem 2.3.5 in [MS12]). An immediate Corollary
says that, roughly speaking, if u satisfies a perturbed Cauchy-Riemann equation, then its
derivative must be non-vanishing on some small ball. If u satisfies the Floer equation,
we look at the local flow of Xy denoted ¢%. We then compare u to v = (p4) tu.
Heuristically this is a reduction to the case Xy = 0. Then v satisfies a perturbed Cauchy-
Riemann equation. Using the Carleman Similarity Principle, dv is non-vanishing on a
ball, which implies that % vanishes on a discrete set only.
The fact that R(u) is dense is even more involved and uses a unique continuation lemma
for solutions of a perturbed Cauchy-Riemann equation that follows from the Carleman
Similarity Principle. For more details, we refer the reader to the relevant Lemmas and
Theorems in [FHS94].

We now give a proof of Theorem [5.27] using these Lemma [5.30]

PROOF (of Theorem. Let Hy : S* x M — R be a Hamiltonian non-degenerate
Hamiltonian and let J € J(M,w). Let C'(Hy) be as above. Let x,y € P(H,) and
Z(z,y; J) be the space of pairs (u, H) such that u satisfies dy ;(u) = 0. We prove that
this space is an infinite dimensional manifold, so that we can apply the Sard-Smale theo-
rem to the projection (u, H) — H.

Let p > 2 and [ > 2 and let B'?(z,y) be as described in Definition We construct
a bundle over B'"? x C'(H,). This is the bundle £ whose fiber over (u, H) is

Ewmy = LP(u'TM).

Define a smooth section of this bundle
o BY(z,y) x C'(Hy) — &

by setting

o(u, H) = 9y s(u).
We prove that the vertical differential of this section is surjective, which is equivalent to
saying the section is transversal to the zero section.

Note that
TyCY(Hy) = {h € C'(S*xM,R) | h vanishes up to second order around points z(t) for = € Py(Hy) }.



5.4. A MANIFOLD STRUCTURE ON M(z~,z";J, H) USING TRANSVERSALITY 53

By direct computation the vertical derivative of the section o
do(u, H) : W (u* T M) x TyC'(Hy) — LP(u*T M)

given by
d"o(u, H)(& h) = d" Oy ()€ — Vh.

We prove that this map is surjective whenever o(u,h) = 0.

Let 110 + % = 1 and suppose n € LY (u*T M) is non-zero and orthogonal to the range
of d¥o(u, H), meaning

/ (d"o(u, H)(&,h),n)ydsdt =0
Rx St

for all (&, h). That is, suppose d” o (u, H) is not surjective. This happens if and only if

(5.20) d" 0y s (u)n =0

and

(5.21) / dh(u)n dsdt =0
RxS1

for all h € TyC'(Hy).

By elliptic regularity and duality, n is smooth. We will show that for any n €
Li(u*T'M) such that equation (5.21) is satisfied for all h, we have n = 0. This is then
a contradiction with the fact that dVo(u, H) is not surjective. We prove the following
claim.

Claim 6. There exists a smooth function A : R x S'\ C(u) — R such that for all
(s,t) € R x S we have

n(s,t) = )\(s,t)%(s,t).

PROOF. Suppose that % and 7 are linearly independent at some point (sg,ty) €
Rx S'. By Lemma 5.30, we may asusme (sg, o) € R(u). We can construct a neighborhood
Uy C M x S of the point (u(so,t),to) with the property that the open set

Vo= {<S7t) | (U(S,t),t) € UO}

is a small neighborhood of (s, t9).

Suppose this is not the case, then there would exist a sequence (s,,t,) such that
t, — to and u(s,,t,) — u(se,to) and |s, — so| > § (i.e. it converges in Uy but not in
Vo). The sequence s, must be bounded because u(sg,to) is regular, or u(sg,ts) would
be one of the end-points. Assume it converges to some s’. Then |s" — 59| > ¢ for some
d > 0 and u(s',ty) = u(se,to) so u ¢ R(u) by definition of R(u) in Definition This
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contradiction proves the existence of 1} for some small Uj.

We can embed a sufficiently small ball inside Uy. Let € > 0 be sufficiently small and
t close to to such that g; : B.(0, s9) — Uy given by

9e(r;8) = expy (s 0 (r1(s, 1))
is an embedding. Then ¢:(0,s) = u(s,t) and w = n(s,t). We use this function g¢; to
generate a Hamiltonian function h;.

Let §: R — [0, 1] be a cut-off function equal to 1 near 0. As g; is an embedding, we
can construct h; : M — R supported in U, that is of the following form

hi(gi(r; s)) = 15(r)B(s = s0)B(t = to).

The Hamiltonian h; has the property that it vanishes outside Uy and h(u(s,t)) = 0.
Furthermore, by differentiating we see that

dhy(u(s,t),t)n(s,t) = p(s — so)p(t — to).

In particular, we have that equation (5.21)) is not satisfied for this particular h. This is a
contradiction, which proves Claim [6] O

We claim that A(s, ¢), which exists by virtue of Claim [6] has the following property.

Claim 7. The function A(s,t) is such that 2> = 0.

PROOF. Assume that 22(so, o) # 0 for some (sg,to) € R x S\ C(u). As n(s,t) # 0
everywhere but a discrete set, we may assume \(sg,t9) # 0. Furthermore, by Lemma
we may assume (So,tg) € R(u). Choose some small neighborhood Vj of (so, to) such
that on A(s,t) # 0 and $X(s,t) # 0 for all (s,t) € V5. Construct a compactly supported
function « : Vj — R such that

(5.22) /‘/)\(s,t)g—j(s,t) dsst # 0

As above, we can construct a Hamiltonian h : M x S' — R such that
hi(u(s,t)) = a(s,t)
for all (s,t) € Vp. This yields

dhi(u(s,t),t)n(s,t) = A(s, t)g—j(s, t)

for all (s,t) € V. Again, together with equation (5.22)) this implies that the integral in
equation ([5.21]) is non-zero. This contradiction proves Claim . 0J



5.4. A MANIFOLD STRUCTURE ON M(z~,z";J, H) USING TRANSVERSALITY 55

Since C'(u) is discrete, an immediate consequence is that A(s,t) = A(¢) such that

n(s,t) = )\(t)%(s,t).

Assume 7 # 0. Then (s, t) vanishes on a discrete set only as it satisfies (0 s (u))*n =
0 together with Corollary 2.3 in [FHS94]. As n # 0, we have A(t) # 0 for all t € S*.
Assume that A(t) > 0. We can then compute

ou t ou
(5.23) / (S (s, t)om(s 1)) dt = / M0 o5, 0.
On the other hand we have
(5.24) dngvJ(u)% =0 and (d" 0. (w))n = 0.
We claim that
Ju
(5.25) 2 <as (s,1), n(s,t)>Jdt =0
This requires a small computatlon. Note that
_ 0
(dV By (W) = =V + J(W)Ven + VyJ 2 — V,VH(u).

ot
Hence, the part except for V, is self-adjoint. Write dV5H7 J(u) = V4 + A,. Therefore, we
can compute

a <ZZ(S ), n(s,t)>Jdt - /01<<V5%(5,t),77(s,t)>]+ <%(s,t),vsn(s,t)>J) dt

N T ~ 0
- / (n.d" By () 5" = ASE )+ (Aun+ (d B glw)'n, 52 ) db
0 J J

Js Js 0s
! Ju = ou
d"o —((d" N, =) dt
= [t ons) ~ (@ Bnst)n G,
=0
Combining equation ((5.23) and equation (5.25) we find by integrating over t that
+oo 1 au

(5.26) /_Oo /0 (05, 0),m(s,0)) dt =

However, this contradicts the assumption that 9* € LP(u*TM) and n € LI(u*TM).
Hence, this contradicts the assumption that 7 is non-zero meaning that for any 7 such

that
+o0
/ / dV (u, H)(€, 1), > dtds = 0
for all (£,h) € WHP(&*TM) x Ty CY(Hy) we must have n = 0.
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Therefore, d” o (u, h) is indeed surjective whenever o(u, h) = 0.

Let
Z(x,y; H) == {(u, H) € B""(z,y) x C'(Ho) | o(u, H) = 0}.
By the implicit function theorem and the above conclusion, Z(x,y; H) is a Banach sub-

manifold of BY(z~,z%). Hence, we can apply the Sard-Smale theorem to the following
projection. Consider the projection

w: Z(x,y; H) = C'(Ho)

defined by
(u, H) — H.

This map is a Fredholm map between two Banach manifolds of the same index as
dV5H7 7. By the Sard-Smale transversality theorem, Theorem it follows that the
regular values of 7 are of the second category in C'(Hy). We show that the regular values
of 7 are precisely H € C'(Hy) such that (H,.J) is a regular pair.

Suppose H is a regular value of 7 and let u € M(x,y; J, H). Suppose d" 0y ;(u) is
not surjective. Then there exists a non-zero n € L (u*T'M) such that

(5.27) /R @ D)) dsat =0

for all £ € WHP(u*TM). Surjectivity of dr(u, H) implies that for every h € C'(Hy) there
exists an £ € WHP(u * T M) such that d"o(u, H)(&, h) = 0. This is the case as

Tt Z(x,y: H) = {(&,h) € WH(u'TM) x C'(Ho) | d"o(u, H)(&, h) = 0},

In the proof above, we already showed that for this £ we cannot have that equation (5.27))
is satisfied for a non-zero 7. This contradiction shows that d¥'0g ;(u) is surjective.

Conversely, suppose that d 9y ;(u) is surjective for all u € M(z,y; J, H). Suppose
h € C'Y(Hy) is given. By surjectivity we can pick ¢ such that d¥ 0y j(u)¢ = —Vh. This
means that ({,h) € T mZ(x,y; H) and dr(u, H)({,h) = h which means dr(u, H) is
surjective.

This proves the statement of the theorem in C!. For completeness we still need to
extend to C*°. This is done via an argument due to Taubes (according to [MS12] from
personal communications, hence no reference given) and explained more thoroughly in
[MS95] in the proof of Theorem 3.1.2 (ii). Here however, a result is proven for a general
J-holomorphic curve instead. For a discussion in the Floer setting, we refer the reader to
the proof of Theorem 5.1 (i) in [FHS94] where the extension to C* is made in the case
of a perturbation of J on page 18. The argument in the case of a perturbation of H is
analogous. This proves Theorem [5.27] 0J
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REMARK. As stated, the above argument to extend to the C* case is due to Taubes.

One can prove Theorem without this argument, which is done in [AD14] Section 8.5
and 8.3. This uses an argument originally due to Floer in [F1o88].
Here one considers a Banach space C2°(Hy) of perturbations h of Hy such that the norm
|Alle = D 4s0 € sup |d¥h(z, t)] is finite. The sequence e is chosen such that C is dense in
C*. Then one considers the above argument where the Banach space C'(H,) is replaced
by the Banach space C>°(H,) of Hamiltonians H = Hy + h where ||h||. < +o0.

5.5. Broken trajectories and gluing

Suppose from now on we are in the case where we have fixed the pair (H,J) €
(H X J)reg)- By the previous sections, the moduli spaces M(z,y) are manifolds. In
this section we discuss the compactness of M(x,y). A priori, this manifold can not be
compact as we can translate in the s-parameter. That is, let u € M(z,y). Then there is
an action

R x M(z,y) = M(z,y)
given by
(o,u(s,t)) — o-u(s,t) =u(s+ o,t).

We can quotient by this action to define the space M (x,y).
Definition 5.31. Let z,y € Py(H). Define
M(z,y) = M(z,y)/R
equipped with the quotient topology.

The space M (x,y) is the space of unparametrized trajectories of finite energy running
between x and y. We saw 1ts topology is instrumental in defining the Floer boundary

operator 0 in Definition |5.5, The space ./\/l(x y) has the following unique limit property.

Lemma 5.32. Let x,y € Po(H). Let (u,) C M(z,y) be a sequence with two se-
quences (sy), (0,) C R such that

lm u, (s, + s, ) = us € M(x, z)

n—o0

and
lim u, (o, + s, ) = u, € M(x, 2,)

n—oo

for two ug,u, € Po(H) distinct from x. Then
(1) zs = 2.

(ii) Denote z := zs = z,. Let m: M(x,y) — M\(x,y), then m(us) = m(uy). This is
equivalent to the existence of T € R such that

us(T 4 8, t) = uy(s,t).
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For a proof we refer to [AD14] Proposition 9.1.2. Note that this immediately implies
that M(z,y) equipped with the quotient topology is a Hausdorff space.

We denote the space of all flow lines by
M(J,H) =M :={u e C*(RxS", M) | u is a contractible solution to equation [3.6 and E(u) < +oo}.

This is the space of all possible solutions to Floer’s equation with finite energy. By
Theorem 6.5.6 in [AD14], if u is such that F(u) < +oo, then there exist * € Py(H)
such that

. ) — ot
sglinoo U(S’ ) v
in C°°(S*, M). This implies that M is the union of all the moduli spaces.
M H)= ) M@ .27 H).
=, xtePy(H)

To study the topology of M (z,y) we will want to prove a compactness theorem about
M. 1t is this theorem that is the central reason why we assume the manifold M to satisfy

Assumption [3.3]

Theorem 5.33. The space M is compact in the C};.-topology.

Theorem [5.33] can be interpreted as a ”"No bubbling” result. It asserts that no bub-
bles are formed. Such bubbles form an obstruction to the compactness of the space M.
Assumption [3.4] will prove crucial in proving this result.

REMARK. We give a brief explanation of what is meant by "bubbling” in the more
general sense. We follow the introduction of Section 4.2 in [MS12]. Let (M,w) be a
compact symplectic manifold and S(X, jx) be a closed Riemann surface. In our case this
is the surface R x S!, which is of course not closed. However, our additional assumptions
on M fixes this. LEt J € J(M,w). Suppose we are given a sequence of J-holomorphic
maps u” : ¥ — M such that their derivatives are unbounded, i.e. sup |[du”|p~ = oc.

Suppose we look at sequence with uniformly bounded energy (this is the case in M).
Then we can rescale the sequence u” to a sequence v¥ : U — M where U is some ball
around 0 in C by passing through a coordinate chart. Using the limit v of the sequence
v” we obtain a map that extends to the Riemann-sphere v : CU {c0} — M by removing
a singularity around 0. This map is called a bubble. It is a non-constant J-holomorphic
map with positive energy.

The proof of Theorem requires the following technical result.
Theorem 5.34. On the space M, the C)_ and the C5°-topologies coincide.

loc
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PRrOOF. The proof is results from elliptic regularity combined with a bound on the
gradient of v € M (Lemma below). We refer the reader to the proof of [AD14]
Proposition 6.5.3. ]

The central point in proving Theorem [5.33|is proving that the derivatives of u € M
have a bound. This is described by the following Lemma. Note that Assumption [3.3] is
required in the hypothesis.

Lemma 5.35. Suppose M is closed and satisfies Assumption|3.4. Then there exists
C' > 0 such that for all u € M we have

|Vu(s, t)]]; < C.

PROOF. For a proof we refer the reader to [AD14] Proposition 6.6.2. The proof
reasons by contradiction by considering a sequence (s, t) and a sequence (u;) C M such
that

lim HVuk(sk,tk)HJ = +00.
k—o0

Then define a rescaling of u; denoted v, using the half maximum lemma. This v, by
application Arzela-Ascoli, using compactness of M and elliptic regularity, converges to
some smooth J-holomorphic v (meaning it satisfies ¢ + J(v)%% = 0). One can compute
that v has finite energy (Lemma 6.6.4 in [AD14]). The contradiction is then obtained
by proving that whenever Assumption [3.3] is satisfied, there exist no non-constant J-
holomorphic w : C — M with finite energy. O

Let us give an outline of the proof of Theorem [5.33]

PRrOOF OF THEOREM [5.33 Consider a sequence (u,) C M. Note that the bound
in Lemma [5.39] is independent of u, hence this inequality asserts the equicontinuity of
u € M. By Arzela-Ascoli, the closure M C C°(R x S*, M) is compact. Hence, (u,) has

some subsequence that converges to some uy in Cp (R x S, M).

By elliptic regularity, ug is of class C*°. O

Recall that our goal is to define the boundary operator 0 : CF, — CFj.; such
that 0o 0 = 0. To do this we first consider M(z,y) for which the index difference is 1:

CZ(x) — CZ(y) = 1. To prove 0 o 9 = 0 we consider M (x,y) where the index difference
is 2.

5.5.1. M(z,y) is compact 0-dimensional if CZ(z) — CZ(y) = 1.

We start by proving compactness of M (x,y) in the case where the index difference
is 1.

Theorem 5.36. Suppose CZ(y) = CZ(x) + 1. Then the space M(x,y) is compact.



60 5. FLOER HOMOLOGY AND TRANSVERSALITY

—_

Figure 2. An picture of Theorem in the case [ = 1.

This theorem implies that this space is a finite set, as it is compact and zero dimen-
sional. Then the number 7(x,y) defined in Definition [5.5|is a well defined finite number.

We attack this problem in the following way. Consider M\(x,y) for an arbitrary
index difference. Suppose (u,) C M\(x,y) is a sequence. It might be that (u,) has no
convergent subsequence. However, we will show that there always exists a subsequence
that converges to a broken flow line from x to y. This is an collection of intermediate
critical points x = x, ...,z = y together with solutions uy, € M(z, xg11). The following
theorem gives a precise description of this behavior.

Theorem 5.37. Let (un)nen be a sequence in M(z,y). Then there exists a subse-
quence of (u,) and with

o Critical points 2° = x, 2!, ... 2! 2t =y

e Sequences (s¥) CR for1 <k <l

o Elements u* € M(x*, 1) such that for every k =0, ... 1, we have
lim w, - s* ="
n—oo

in the Cp. topology.

Figure[2] depicts the situation. We will prove now prove this theorem and then explain
how it solves Theorem [5.36]
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Figure 3. The definition of s’ as the sequence of numbers for which u, leaves the ball
B(z%¢).

PROOF. Let £ > 0 be sufficiently small such that balls with radius ¢ centered around
the critical points of Ag are disjoint. This is possible as there are only finitely many
critical points. Let (uy)nen C M be a sequence.

If we view u,, as a path in LM, then it must leave B(z,¢) at some point, for it goes
to y # x. Denote 2° := 2. Define

(5.28) sl =inf{s € R | doo(un(s, -),2%) > &}

Here d,, is the distance function inducing the C* topology. Loosely speaking, s! € R
such that u, leaves the ball B(z%;¢) for the first time. Figure [3| depicts the situation.
By compactness of M, we can extract a subsequence such that the sequence (u,, - s})nen

converges to some u! € M.
By definition of s® (5.28)), we must have

u'(s, ) € B(2%¢)
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for all s <0 and
u'(0, ) € OB(2%¢).
To see this note that if s <0, then s + s} < sl for all n € N. Therefore
doo(u' (5, ), 2%) = doo (lim wu, (s + 55, - ), 2°)
n—oo
= lim doo(u,(s + s,ll, ), 2%)
n—oo
<e

where we use s + sl < sl and the definition of s} (5.28]).
This means that u' is a trajectory from 2° = x to some other critical point, as it exits

the ball B(z",¢). Hence, u* € M(2°, x') for some x' € Crit Ag. We have two cases.
If 2! = y we are done. This is the case where [ = 0.

If 2! # y we proceed by induction. This means that we have found

e Sequences (59),en, - - - (85)nen

e Trajectories u/ € M(x7~1, 27) such that 27 # y for 0 < j < k with the property
that

lim wu, - s}, = v’
n—oo

forall 0 <j <k.

We consider the last trajectory u*in(z*~1, 2*) which tends to 2* as s — oo. This implies
the existence of an s’ € R such that

uF(s, ) € B(a*;¢)
for all s > .
Note that u, (s’ + sk, -) converges to u*(s', -) by the induction hypothesis. Therefore, for
n sufficiently large,
un(s' + 8%, -) € B(a¥;¢).
However, the trajectory (u,) tends to the orbit y, where y # x*. Hence u, must leave
B(xy;€) for some s > s* + s’. We define the first point s € R at which this happens.

(5.29) sFT = sup{s > s + 5" | u,(r) € B(ap;e),s" + 5" <r < s}

This is the point at which u, leaves the ball B(z*;¢) for the first time, as illustrated in

figure 4} By compactness of M, extract a subsequence such that u, - s**1 converges to

some u"t! € M. It remains to show that u**1 € M(z* 2**1) for some 2+ #£ 2*,

Claim 8. We have sf™1 — 58 — 00 as n — oo.



5.5. BROKEN TRAJECTORIES AND GLUING 63

Figure 4. The definition of s¥ as the sequence of numbers for which u,, leaves B(z¥;¢) for
the first time.

Proof.: Assume s**! — sk < C for all n for some C € R. The interval s/, s**1 — 5] is

n
contained in some compact interval K. On this compact interval, u,, - s*

n converges to u”
uniformely. Then for any s € [s', s** — s*] we have u,(s* + s, i x*. e). However,

n

u,(sFT1) € OB(a*, ), whih is a contradiction. This proves Claim

Let s € Rg. If n is sufficiently large, by Claim [§ we have

sh s’ < sF s < i
By definition of s**! and s < 0 we have

u, (5T + 5, ) € Bz e).
This holds for any s < 0. Therefore,

u, (sFT1 ) € B(a®, e),
which implies
T ((=00,0), -) C B(aF, e).

Note that for s = 0,
u, (sF ) € OB(2", €).
Taking the limit we have
u"(0) € OB(a*, ¢).
This means that u*! leaves the ball B(z*, €) as required. This proves Theorem [5.37, [
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The proof of Theorem [5.36| is a straightforward consequence of Theorem [5.37]

PROOF. Proof of Theorem Let x,y be as in the hypothesis and et (u,) C M(x,y)
be a sequence. Then Theorem [5.37| ensures the existence of a subsequence with properties
as in the hypothesis of this theorem. However, the index difference is 1, so that there
can be no intermediate critical points (M (x,y) = () whenever = # y and CZ(z) = CZ(y))
ensuring that the sequence (u,) has a convergent subsequence. U

We use this same idea to study the structure of the space M (x, z) whenever CZ(z) —

CZ(z) = 2. In this case, a sequence (u,) C M (x, z) either has a convergent subsequence
or converges to some broken flow line in M(z,y) x M(y, z) for CZ(x) < CZ(y) < CZ(z).

The idea is to ”compactify” M\(x,z) be adding the limits of sequences converging to
broken trajectories. This is done in the next subsection.

5.5.2. The compactification of M\(:U,z) is compact 1-dimensional.

We add the broken trajectories to M (x,z). We have the following theorem about
the resulting space

Theorem 5.38. Suppose (H,J) € (H X T )y Let x,2 € Po(H) such that
CZ(z) — CZ(z) = 2.
Define the compactified space of trajectories by
(5.30) Mz, 2) := M(z,2) U ( U Mz, y) X M(y,z))

y€Po(H)
CZ(z)<CZ(y)<CZ(z)

Then M(x, z) is a compact 1-dimensional manifold with boundary. The boundary is given
by
OM(z, ) = U M(z,y) x My, z).

yEPo(H)
CZ(z)<CZ(y)<CZ(z)

We already know that the space M(x,z) is compact, by Theorem . We also
know that M(z, z) is a manifold of dimension 1. Therefore, we only need to study what
happens around the boundary points. Hence, Theorem [5.38| is a result of the following
gluing statement.

Theorem 5.39. Let z,y,z € P(H) such that
CZ(x)=CZ(y)+1=CZ(2) + 2.

Let (u,0) € .//\/\l(a:, y) X ./\//\l(y, 2). Denote 7 : M(x,z) — M(x, z) the projection. Then for
some pg > 0 there exists a differentiable map

W+ [po, +00) = M(z, 2)
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such that for the induced map

J=moy
we have that

(i) The map ¥ is an embedding

~ —~

W+ [po, +00) = M(z, 2)

such that

lim ¥ (p) = (4,9) € M(z, 2).

p—r00

(ii) Suppose (w,) C ﬂ(:c,z) is a sequence that converges to (u,v). Then for n
sufficiently large, there exist p, € R such that 1(p,) = W,.

PRrROOF. The proof of Theorem [5.39| is too long to give a full proof here. The proof
relies on using a parametrized version of the Floer equation to interpolate between two
solutions v and v of the Floer equation using a parameter p. We then exponentiate along
these interpolations w, in order to find ). However, elliptic regularity is required to prove
that such solutions indeed converge to true solutions of the Floer equation. We refer the
reader to Sections 9.3,9.4,9.5 and 9.6 in [AD14] for a thourough proof. U

Using Theorem [5.39 Theorem [5.38| can be proven. We now have the tools to prove
that the Floer boundary operator as defined in Definition has the required property
dy o 0y = 0, thereby proving that Floer homology is well defined. This fact is now a
straightforward Corollary using Theorem [5.38|

COROLLARY 5.40. Let 05 : CFy1(H) — CFr(H). Then 050 0; = 0.

PROOF. We compute 9% of some generator x € CFy,1(H). Recall that 9; was defined
on the generators and extended by linearity. Some notation is ommited.

o) =0( Y. nla.yy)

CZ(y)=k

= > nlz,y)dy

CZ(y)=k

- > n(ﬂf,y)< Z>

CZ(y)=k (z)=k-1

= > ( n(z, 2)n(z, y)>y

CZ(z)=k—1 CZ(y)=k
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By definition, 5(a, b) = #M(a,b). Note that
n(@ 2)n(zy) = Y #Mx,y) x My, 2)

CZ(y)=k CZ(y)=k
=#( U My x M.2)
CZ(y)=k
=0 mod 2
Here we used that OM(x,z) = Uczy)=+ M\(x,y) x M(y,2). Note that M(z,z) is a

compact 1-dimensional manifold. Therefore, 9M (z, z) contains an even number of points.
We conclude that indeed 9% = 0 which proves Corollary [5.40] O



CHAPTER 6

HF,(M) is isomorphic to HM,(M)

In this chapter we prove that there exists an isomorphism between Floer homology
and Morse homology. This is the final step in proving the Arnold conjecture. This can
be done in several ways. Here, we construct a particular Hamiltonian H, small in some
sense, such that the Floer complex CF,(H, J) and the Morse complex CM, (H, J) agree.
This is what we do here, so that we can disregard the invariance of Floer homology with
respect to the choices made.

6.1. Invariance of Floer homology

In this section we give a brief summary of the proof of the following theorem.
Theorem 6.1. Let (H,J),(H',J'") € (H X J)eg- Then
HF.(M;H,J) ~HF.(M; H', J).

Many of the techniques required to prove this theorem have already been used
throughout the text. We give a brief summary of the proof.

Let (H*, J*), (H?,J?) € (H X J)reg- Consider a smooth homotopy
. (H*, J*) ~ (H",J?)
by which we mean a map
r*? R — C=(S' x M,R) x J(M,w)
such that

s (H*,JY) s<-—-R
(6.1) " (s) = O JP) s> R

The main ingredient of the proof of Theorem [6.1]is associating to such homotopies a
chain map that induces an isomorphism in homology.

Proposition 6.2. Let % =T : (H®, J%) ~ (H", J?) as above. There exist a chain
map

o' CF(H®) — CF(H?)
with the following properties.

67
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(i) Let (H*,J*) € (H X J )y For the constant homotopy I'*(s) = (H®, J*) we
have
o =1d.

(ii) Let (H®,J%),(H®,JP),(H?,J7) € (HX T ) ey, and let TP (H*, J*) ~ (HP, J?),
87 (HP, JP) ~ (H?,J7) and T : (H*, J*) ~ (H",J"). Then
O is homotopic to®""" o T
REMARK. By a chain map, we require that in every degree
95 0™ = ™" 095
This means that the chain maps induce maps in homology
O™ HF,(H®, J*) — HF,(H", J?).

Then property (ii) implies that

From Proposition it follows immediatly that gora’ﬂ depends only on the end points
(H®, J*) and (H?, J?) and that ¢’ is an isomorphism.

We will give a brief description of the proof. We will see that many techniques used

in previous chapters make a reappearance, hence we can be concise. For more details we
refer the reader to Chapter 11 in [AD14]

Let I'(s) = (Hs, Js) be a given homotopy between some given regular (H*, J") and
(H~,J~). Associated to the s-dependent Hamiltonian is the Hamiltonian vector field X,
given by

Lx,,w=dH,;.
We look at solutions of the parametrized Floer equation.
ou ou
(6.2 o ) ()~ Xeulw) =0

The energy of a solution to equation (6.2)) can be defined just as in Defintion , where
we now use the metric

95 =91, = w(+, ).
We look at moduli spaces for I' defined by

MY = {u e C®(S* x R, M) | u solves equation (6.2)), is contractible and E(u) < +oc}.

Let now 2= € Po(H™) and 2+ € Py(H'). We can consider the component of M" of
solutions running from z~ to z+ defined by

MY (27 2T = {ue M| sggloou(s,t) =2=(t)}.
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We can describe these spaces as finite dimensional submanifolds of a W!?-Banach mani-
fold in the same way as M(x~,z"; J, H).

Let
Op : BY(z7,2™) — &P
be a section given by 5 5
= u u
Fr(u) i= 5=+ Jy(u) (57 = X))
where the fiber over u is given by £ := LP(R x S',u*TM) as before. We have the
following analogue of Theorem [5.10]

Theorem 6.3. Let (H',J%),(H ,J7) € (H X J )y and x*= € Po(H*). Let T :
(H-,J") =~ (H*,J%). Then at every zero u € M"(z~,a"), the vertical derivative
dVOr(u) is a Fredholm operator of index CZ(z~) — CZ(x™).

The proof of Theorem is very similar to that of Theorem [5.10 Recall that in
order to prove Theorem [5.10, we transfered to a linear setting, in which the vertical deriv-
ative was a perturbed Cauchy-Riemann operator, with some peturbation S. We showed
that the Fredholm index of this operator only depends on the assymptotic ends S*. In
this case, for s large, we are in this situation as well, as the homotopy I' is constant for
|s| > R. We refer the reader to Theorem 11.1.7 in [AD14].

If the vertical derivative d” 0p(u) is surjective, we know by the implicit function the-
orem that 5;1(0) = MY(z7,2") is a smooth submanifold of BY?(z~,2") of dimension
CZ(x™) — CZ(x™). The following transversality result shows that for generic I, surjectiv-
ity is satisfied. It is the analogue of Theorem 5.2

Consider h : R x S x M — R with compact support such that ||h||,arepsilon < oco.

Theorem 6.4. There exists a countable intersection of dense open subsets of Hye,
inside a neighborhood of 0 in C2°, such that for h € H,e, we have that for I'y, == (H +
h,J), the vertical differential d¥ O, (u) is surjective for every u € MY (z=,z%) for every

+ +

REMARK. Note that for every h, we have that T';, connects (H—,J~) and (H*,J"),

as h has compact support.

The proof of this statement is easier than that of the analogous Theorem [5.27, We
refer the reader to Theorem 11.1.6 in [AD14]. The proof again proceeds by looking
at a section of £ — WH(R x SYu*TM) x C>*(Hy). Again, we want to prove that if
(i, Vh) = 0 for some 4 € LY (u*T M), then & = 0. Suppose that @ is non-zero somewhere.
We can now let h depend on s. Picking an h supported around this point immediatly
proves the theorem.
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By the above transversality result, the moduli spaces M (2=, ") have a nice mani-
fold structure for generic I'; via the implicit function theorem.

We now sketch the definition of ®*”. Let z € Po(H?). Then for 2 € CFy(H®), we

have
o.p
o (2) = P =y
yEPo(HP)
CZ(y)=k
where

n" (z,y) = #M" (z,y).

Here, two important properties need to be verified.

First, we need to prove that n' is well defined, meaning that M" (z,y) is finite. This
will again be done by proving it is a compact 0-dimensional manifold.

Secondly, we want d'” to be a chain map, so that it induces a map in homology.
This means we need to check that

(6.3) O 08 = Dys 0

This will be done in a way similar to proving that for the Floer boundary we have 92 = 0.
We will describe terms that arise when computing equation (6.3) as boundary points of
some 1-dimensional compact manifold.

Both these properties rely on compactness results for the spaces M (x,y). These
are more Slifﬁcult to prove than compactness results for trajectory spaces of the Floer
equation M (z,y). Like in the unparametrized Floer case, the main tool is to compactify
M (z,y) by adding the limits of sequences that converge to broken trajectories. This
is similar to the construction of the compactified M(z,y) of Theorem m However,
the definition of a broken trajectory is more involved, as the intermediate critical points
belong to Py(H®) at one end and to Py(H”) at the other end. Roughly speaking, the
trajectory consists of two broken trajectories; one inside M(H®, J*) that ends at some
critical point z), and one in M(HP?, J?) that starts at some critical point yo. These two
are connected by a cylinder w € M (2, y0). We will only state the compactness result
and the existence of the gluing map.

Theorem 6.5. Suppose (u,) C MY (z,y) is a sequence.
Then there exists a subsequence of (u,) together with critical points x = xg, x1,. .., Tk of
Apge and critical points yo,y1, ...,y =y of Ays.
These critical points are accompanied by sequences (si), C R for 0 <i <k —1 such that
st — —oo and (62), CR for 0 < j <1—1 such that o) — +o0.
There exist elements u' € M(x;, v H* J*) for 0 < i < k — 1 and elements v/ €
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M(y;,yj1; H?, JP) for Oleqj <1 —1 and a w € M (xy,yo) such that for 0 <i < k—1
and 0 < j <1l —1 we have

~ i
lim w, - s, =u',
n—oo

; J — 4
lim w, 0] =v
n—+oo

and
lim u, = w.

n—oo

For a proof we refer to [AD14], Theorem 11.1.10. A key result in understanding
n"(z,y) is the following lemma. It gives a bound on the number of broken flowlines
between two critical points.

Lemma 6.6. Let k and | be as in Theorem[6.3. Then
CZ(z) — CZ(y) > k + 1.

This is an immediate result from the manifold structure of M(x,y; H, J). From the
conditions of Theorem [6.5] it is immediate that if CZ(z) = CZ(y), then M"(z,y) is com-
pact of dimension 0 (by Theorem hence n' (x,y) is well defined.

Furthermore, property (i) of Theorem is also satisfied immediately. Let k =
CZ(z) = CZ(y) and I" = Id. Then
M (2, y) = M(z,y; H., J)

so that
0 z#y

1 2=y

i (z,y) = {

Therefore, ®} = Id for every k.

We still want to show that ®' is a chain map. To do this, we need to compactify
the space M"(z,2) where CZ(z) — CZ(z) = 1. This is the statement of the following
theorem, which is an analogue of Theorem [5.38

Theorem 6.7. Let x € Po(H®) and z € Po(HP) with CZ(x) — CZ(y) = 1. Then the

space
Mr(x, z) = M (2, 2) U Mr(a:, 2)

18 a compact 1-dimensional manifold with boundary 8mr(x, z) = M given by

Ma=( U MayH ) x M@)o U M@y) x My, 2 H,J%).

yEPo(H®*) y' €Po(HP)
CZ(z)-CZ(y)=1 CZ(y")=CZ(x)
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This is Theorem 11.1.15 in [AD14]. Now, one can check that ®' is a chain map, as
by the above Theorem [6.7], we have

oo @y )= D 0@y,

yEPo(H®) y' €Po(HP)
CZ(z)—CZ(y)=1 CZ(z)=CZ(y')

is satisfied modulo 2. These terms arise when computing equation (6.3). However, these

are precisely terms that count the boundary components of MP (x, z) which is a compact
1-dimensional manifold, by Theorem [6.7, which has an even number of boundary points.

Hence, the main point is to prove Theorem This is done by the existence of a

gluing map, as we already know the components of Mp(x, z) are manifolds of the right
dimension. This is an analogue of Theorem [5.39

Theorem 6.8. Let v € Py(H®) and y,z € Po(HP) such that
CZ(z) = CZ(y) = CZ(2) + 1.
Let u e MY(z,y) and € M\(y, z; HP | JP). Then, there exists for py > 0 an embedding
Y [po, +00) = M (z, 2)

such that
lim (p) = (u, D)

pP—00
and if (wy), C MY (z,2) is a sequence that tends to (u,0), then there exist p, such that
Wy, = Y(pn) for n sufficiently large.

Note that by ¢(p) converging to (u, ) we mean that it converges to the broken flow
line as in Theorem [6.5] In this way, the gluing statement Theorem shows that the

compactified space M (z, 2) is a 1-dimensional compact manifold with the right bound-
ary, as claimed in Theorem [6.7]

This concludes the sketch of the proof of Theorem [6.1] We have defined the required
chain maps that induce isomorphisms in homology, and shown that they are well-defined.

6.2. Small Hamiltonians

We have defined what the chain groups CF,.(H,J) are. Here, we denote CM,(H, J)
the Morse complex associated with the Morse function H and the vector field V ; H defined
with respect to the metric g;. The goal of this section is to prove the following theorem.

Theorem 6.9. Let (M,w) be a compact symplectic manifold satisfying Assumptions
and [34] There exists a non-degenerate Hamiltonian H : M — R for which we can
find a J € J(M,w) such that both the Morse and Floer complexes exists and

CF.(H,J)= CM,.,(H,.J).
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By Section we know that if the above choice is such that (H,J) € (H X J )req
then we can prove the Arnold conjecture. For all regular pairs (H, J), the Floer homology
groups are isomorphic, so it is sufficient to prove the Arnold conjecture for this particular
choice, which is straightforward using Theorem [6.9 We will say a few words about the
proof of this theorem.

We accomplish this by starting with a non-degenerate Hamiltonian H,. Note that we
have two notions of non-degeneracy here. On the Floer side, H, is non-degenerate when
its periodic trajectories are non-degenerate. On the Morse side, Hy is non-degenerate if
all of its critical points are non-degenerate. In this case Hj is a Morse function. In order
to prove Theorem our aim is to find H with the following properties.

(i) Crit(Apg) = Crit(H)
(ii) H is nondegenerate both in the Floer and Morse sense.
(iii) For x € Crit(H), we have the index formula indy (z) = pcz(z) + n.

(iv) The differentials of both complexes exist and coincide.
We start with Hj a non-degenerate Hamiltonian in the Floer sense, and consider
H = Hy/k

for k sufficiently large. The first three items (i),(ii) and (ii) are relatively easy. Item
(iv) is the hard part. Hence, for the first three items we refer the reader to page 360 in
[AD14], which refers to the relevant results. These are Proposition 6.1.5, Proposition
5.4.5 and Proposition 7.2.1 in [AD14]. The first three items imply that as vector spaces,
CFy(H, J) and CMy,(H, J) are indeed the same. We will say a bit more about item (iv).

To define the trajectories used in Morse theory, we need a Morse function H together
with a vector field X satisfying the Morse-Smale condition. We therefore want X to be
the gradient of H with respect to the metric g; for J € J(M,w). Hence, we need to
pick a J such that this is satisfied. We need the following transversality result, which is
Theorem 10.1.2 in [AD14].

Theorem 6.10. Let H be a Morse function on a symplectic manifold M. There
exists a dense subset Jreqo(H) C J(M,w) of almost complex structures such that the pair
(H,—JXp) is Morse-Smale (i.e. H is a Morse function and —JXpg is a gradient-like
vector field satisfying the Smale condition).

Using Theorem [6.10, we choose a J such that (H,—JXp) is Morse-Smale such that
we can define the Morse complex, as in the Appendix Section We compare solutions
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to the Floer equation to trajectories of the vector field —J Xp.

Note that if u solves the Floer equation, but does not depend on ¢, then u is a tra-
jectory of Xp.

Let H, = H/k with k sufficiently large. Consider the following proposition.

Proposition 6.11. For k sufficiently large, then any v € C®(R x S, M) such that
Oym, (u) =0 connecting two critical points x and y such that

indg, () —indg, (y) <2
15 independent of t.

By the above Proposition , trajectories of the Floer equation associated to (H, J)
connecting = and y coincide with the trajectories of the vector field —J Xy which was a
Smale vector field (by choice of J). We need to verify that the spaces M(x,y; H,J)
can still be constructed as before. This is done by the following Proposition, which is
Corollary 10.1.8 in [AD14].

Proposition 6.12. Suppose H is a sufficiently small Hamiltonian. Then the Fred-
holm operator d¥ 0 (u) is surjective along every trajectory of —J Xpg.

Therefore, the spaces M(z,y; H, J) are manifolds by the implicit function theorem
as before. In this way we can define the Floer complex CF.(H,J). The above two
propositions then show that the differentials of both complexes agree, hence Theorem
holds.

6.3. The Arnold conjecture

We can now prove the Arnold conjecture. In Section 4.9 of [AD14], it is proven
that the Morse homology of a manifold coincides with the cellular homology in Theorem
4.9.3. We will exploit this now. The cellular homology of the manifold is isomorphic to
the singular homology H,(M;Zs,).

PRrROOF OF THEOREM [LLAl Suppose M is as in the hypothesis of the Arnold conjec-
ture. This means M is closed, symplectically aspherical and with vanishing first Chern
class. We have for a regular pair (H, J) there is a well defined Floer complex C'F,(H, J)
and associated to it the Floer homology HF,(H,J). Recall that C'Fy(H, J;Zs) is gener-
ated by the periodic orbits of the Hamiltonian equation with coefficients in Z,. Hence,

2n
#Po(H) =Y dim CFy(H, J).

k=0
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It follows that ,

#Po(H) > dim HFy(H, J; Z).
By Theorem and invariance of Floe];:ﬁomology, we have
2n
#Po(H) > dim Hy(M; Z).
This proves Theorem [I.5] the Arnold corl;j:(e(]c:ture. O






CHAPTER 7

Rabinowitz-Floer homology

In this chapter we will describe a flavour of Floer homology defined relatively re-
cently. The Rabinowitz-Floer homology is a Floer homology associated to a hypersurface
of contact type in an exact symplectic manifold.

We will first give an overview of the contact topology required to define Rabinowitz-
Floer homology.

After this, we give the definition of the Rabinowitz-Floer homology groups RFH, (M, ¥).
We sketch the definition given in [CF09] and point out the central points in the definition.

Secondly, we consider a perturbation of the Rabinowitz action functional. We show
that it gives rise to leaf-wise fixed points, which are a generalization of the fixed points
encountered in Hamiltonian Floer homology as described in the main body of the thesis.
We give the proof of an existence result of leaf-wise fixed points due to P. Albers and U.
Frauenfelder in [AF].

In the final section, we describe another application of Rabinowitz-Floer homology.
We show that non-vanishing of the Rabinowitz-Floer homology of a manifold implies that

it is orderable. Orderability means that there is a partial order on Contg (X, &), the uni-
versal cover of the group of contactomorphisms of a contact manifold (X, ). This result
is due to P. Albers and W. J. Merry in [AM14].

The notation and conditions on our manifolds will vary throughout this chapter, as
every paper requires its own conditions. We will try to make clear what the set-up is in
each separate case.

7.1. Preliminaries on Contact Topology

7
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Rabinowitz-Floer homology is defined for a coisotropic submanifold of contact type.
We follow the exposition in [Gei08] to introduce contact manifolds.
Let M be a differential manifold of dimension 2n + 1.

Definition 7.1. A contact structure on M is a maximally non-integrable hyperplane
field ¢ C TM.

Recall that non-integrable has two interpretations. Geometrically, it means that there
is no hypersurface in M that is tangent to ¢ along an open subset of the hypersurface.

Non-integrable can also be described in terms of 1-forms. For every neighborhood
U C M there is a form a € Q1(U) such that £|y = ker . We refer the reader to [GeiO8]
Lemma 1.1.1. The hyperplane field ¢ is non-integrable if for every locally defining 1-form
a we have

a A (da)™ # 0.

REMARK. There exists a global o € Q(M) such that £ = ker« if and only if £ is
coorientable. Recall that coorientability means that the bundle (7'M /€)* admits a global
section. Pulling this section back to T*M via the projection 7 : TM — T M /¢ yields the
form a. Conversely, a such that ker o = ¢ yields a non-zero section of TM/€.

Whenever we assume & to be coorientable we call this global a the contact form. Note
that this is slight abuse of language, as any o’ such that o = fo/ with f : M — R\ {0}
has the property that £ = ker o/

When defining these structures it is natural to give a name to maps that preserve
such structures.

Definition 7.2. Suppose (Mi,&;) and (Ms, &) are two contact manifolds. A con-
tactomorphism ¢ is a diffeomorphism ¢ : M; — M, such that for dy : TM; — T M, we
have dp(&;) = &. If a contactomorphism ¢ : My — M, exists, M; and M, are said to be
contactomorphic.

REMARK. In the case that (M, &) and (Ms, &) are coorientable with contact forms
& = ker oy for ¢ = 1,2 we can rephrase what it means to be contactomorphic in terms of
the contact forms. M; and My are contactomorphic if and only if there exists a nowhere
vanishing function f: M; — R\ {0} such that

vrag = fay.

Note that this is sufficient, as it is sufficient for p*as and s to define the same hyperplane
field, so they differ a nonwhere vanishing function at most. In the special case that f = 1,
© is sometimes called a strict contactomorphism.

When considering a contact manifold (M, &) the contactomorphisms ¢ : M — M
form a group when equipped with the composition of functions, which we denote

Cont(M, &)
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Associated to a contact form « is the Reeb vector field.

Definition 7.3. Let « be a contact form on M. The Reeb vector field R, is the
unique vector field defined by

(i) tp,da=0

(ii) a(Ry) =1

REMARK. The fact that the Reeb vector field defined as such is well-defined and
unique follows from linear algebra. Condition (i) determines the direction of R, while
condition (ii) provides a normalization. We refer the reader to Lemma/Definition 1.1.9
in [Gei08].

Suppose that (W,w) is a symplectic manifold.

Definition 7.4. A Liouville vector field Y on (W, w) is a vector field satisfying the
equation
Lyw=w

Such a Liouville vector field connects contact geometry and symplectic geometry in
the following way:.

Lemma 7.5. Suppose (W,w) is a symplectic manifold and let Y be a Liouville vector
field. Define o € QY (W) by
o= Lyw.
Then the form « is a contact form on any hypersurface ¥ C W transverse to Y. A
hypersurface with this property is called a hypersurface of contact type.

PrOOF. The proof follows from the Cartan formula, dw = 0 and the fact that w”
is a volume form when restricted to the tangent bundle of . We refer the reader to
Lemma/Definition 1.4.5 in [GeiO§]. O

This yields a particular class of hypersurfaces inside a symplectic manifold that we
will study in the upcoming sections. Another required concept relates Hamiltonians on a
contact manifold to vector fields fixing the contact hyperplanes.

Definition 7.6. Let (M, &) be a cooriented contact manifold with associated contact
form o and let X be a vector field on M. Denote ¢% the flow of X [] Then X is called a
contact vector field if

dol (&) =€ for all t € R.

If the contact form is preserved, i.e. (¢%)"a = a for all t € R, then X is called a strict
contact vector field.

INote that the domain may not be the full manifold.
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REMARK. The above definition can also be characterized in terms of the Lie deriv-
ative. A vector field X is a contact vector field of £ if and only if Lxa = Aa for some
function A : M — R. This condition is independent of the choice of contact form «.

The following lemma describes a relation between Hamiltonians and contact vector
fields.

Lemma 7.7. Let (M,§ = kera) be a contact manifold. For a fived o there is a
bijective correspondence between contact vector fields X on M and Hamiltonians H :
M — R. This correspondence

{contact vector fields X on M } «— {Hamiltonians H : M — R}

1s given by the two maps
X — Hx := a(X)
and
H+— XH

where Xy is defined uniquely by o(Xy) = H and 1x,do = dH(R,)a — dH

Using this lemma, we can speak of contact Hamiltonians as Hamiltonians that are
associated to a contact vector field. That is, a Hamiltonian H with the property that
there exists a contact vector field X such that H = Hy = «a(X). This means that the
above gives a bijection between the set of contact vector fields and the set of contact
Hamiltonians. Note that Xy defined as such is unique as da is non-degenerate on &,
whereas R, € ker(dH(R,)a — dH).

Lemma is useful in the following setting. Let (M, «) be a closed contact manifold,
and H : [0,1] x M — R a time-dependent family of Hamiltonians. We have an associated
time-dependent contact vector field X;. Then the flow of X;, denoted ¢, is globally defined
(by closedness) and is such that

o=
for A: [0,1] x M — R,. Hence, we can construct from a Hamiltonian a contact isotopy.

7.2. The Rabinowitz action functional and Rabinowitz-Floer homology

We define the Rabinowitz action functional. The Floer homology associated to this
functional gives rise to Rabinowitz-Floer homology. We follow the exposition in [CEFQ9]
where the Rabinowitz-Floer homology was first defined. We first describe the setting.

Let (V,A) be an exact convex symplectic manifold that is connected and without
boundary. By exactness we mean that the two form w := dX is symplectic. By convex we
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mean the strong version of convex (at infinity) as outlined in [MS12]. This is Definition
9.2.6 combined with Remark 9.2.7.

Definition 7.8. Let (M,w) be a symplectic manifold. Then it is called convex (at
infinity) if there exists a pair (f,J) with J € J(M,w) and f : M — [0,00) a smooth
proper function such that for

wy = —d(df o J)

we have that w = wy globally.

Note that this is the stronger definition of Remark 9.2.7. In [CFQ9], convexity is de-
fined differently. Here (V,w) is convex if there exists an exhaustion | J, Vi, = V of compact
sets Vi, C Vi1 such that A|gy, is a contact form. We will however adhere to Definition
. This Definition implies the one in [CEF09]. To see this, we refer to the computation
in [F'S03] on pages 2 and 3. Using f, we can construct an exhaustion as the inverse image
of an exhaustion of compact sets in [0, 00) (which are compact as f is proper), if we avoid
singular values, which has the required properties. This is the case as the gradient of f

is a Liouville vector field that defines the same contact structure as A on the boundaries
(see Exercise 9.2.9 (ii) in [MS12]).

Define a vector field Yy by ty,w = A. We say (V, A) is complete if Y, is complete. We
say that (V,A) has bounded topology if Y # 0 outside some compact set.

REMARK. It is important to note that (V,\) is complete and of bounded topology
if and only if it looks like a contact manifold with a cylindrical end attached”. To be
precise, there exists and embedding ¢ : M x R, — V such that ¢*\ = e"ay; with contact
form anr = ¢*A|axqoy such that V' \ (M x Ry) is compact.

We will consider a hypersurface (without boundary) inside (V, \). We say ¥ C V is
exact convex if there exists a contact form on « such that o — A|y is exact and V \ X
consists of one compact and one noncompact component. Note that we can modify A to
A = A+ dh such that w = dX\ and o« = A|yz. Hence, we can consider the following general
setting.

From now on, let (V, \) be a complete exact convex symplectic manifold with bounded
topology. Suppose ¥ C V is an exact convex hypersurface with contact form « so that
)\‘2 = Q.

REMARK. By Lemma 1.4 in [CF09|, the hypothesis that V' be complete and of
bounded topology are superfluous as this can always be arranged. However, we mention
these conditions as they are needed to define the Rabinowitz-Floer homology.

Let FF: V — R be a smooth time-independent Hamiltonian with associated Hamil-
tonian vector field Xp by tx,w = —dF.
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Recall the definition of the loop space LM := C*°(S, M).

Definition 7.9. The Rabinowitz action functional is defined as

AP LM xR — R

(z,n) — A" (2,n) := /Slm*)\ - 17/0 F(x(t))dt

Similarly to Floer homology, we look at critical points of the functional Af. A
computation shows the following.

Proposition 7.10. Let (z,n) € Crit A". Then (x,n) satisfies

(7.1) i(t) = nXp(x(t), vt € S*
and
(7.2) / 1 F(z(t))dt =0

PRrROOF. To get the first equation (7.1)), we compute the differential of A" analogous to
the computation as in the proof of Proposition . The second equation ([7.2] arises from

the variation in 7, which is just linear in the term 7 fOIF (x(t))dt. This yields equation

72 O

An immediate corollary is the following.

COROLLARY 7.11. Let (z,n) € Crit AY. Then (z,n) satisfies

(7.3) i(t) = nXp(x(t), vt € S
and
(7.4) F(z(t)) =0Vt e S!

PROOF. We have equation (|7.1)) which implies that z(¢) is the reparametrized flow of
the vector field Xr. Denote the flow by ¢%. Then equation (7.1) implies that

z(t) = ¢ ((0)).

By definition of the Hamiltonian vector field Xp, its flow ¢t : M — M leaves level sets
of F invariant. Therefore equation ([7.2) implies that

F(z(t)) =0,vt € S*.
This proves Corollary O
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Hence, critical points of the Rabinowitz action function A" are periodic orbits of the
Hamiltonian vector field X with period 7 that lie on the hypersurface ¥ := F~1(0).

Consider a Hamiltonian F' : W — R such that 3 = F~!(0) such that Xz has compact
support and agrees with R = R,,, the Reeb flow of «, on X.

Consider A* for such a Hamiltonian. Then critical points are precisely Reeb orbits
@(t) = nR(x(t)).

We will give a consise explanation of the following Theorem, which is Theorem 1.1
in [CF09).

Theorem 7.12. Let (V,\) with hypersurface (X,a) be as above. Let F define ¥
as above. Then we can define the Floer homology of AY denoted RFH(AY). The Floer
homology RFH(AY) is independent of the choice of F used to define X, so that we can
speak of the Rabinowitz-Floer homology RFH(3, V).

We will look into some details of the proof of the above theorem. Most important
are the conditions on ¥ and V, as this ensures that flow lines of A" will be compact
modulo breaking, so that the definition of the Floer homology is standard (i.e. as in the
Hamiltonian Floer homology in the main body of the thesis). The only difference is that
AP is Morse-Bott so that we define the homology using flow lines with cascades. This
requires a non-degeneracy assumption on the Reeb orbits of the contact manifold (X, ).

Assumption 7.13. Let T € R and denote #; the Reeb-flow of R,. Then the set of
closed T-periodic Reeb orbits Ry C X is a closed submanifold with the rank of da on Ry
is locally constant and T, Ry = ker(7,0r — Id) for all p € Ry.

This assumption is generically satisfied, meaning we may assume A’ to be Morse-
Bott. See page 11 of [CF09] for more details.

Consider the metric gy on LV x R given by

(7.5) Y ((Z1,71), (T2, 72)) 52/0 w(Z1(t), Je(x(t))Zo(t)) dt + M

for (z,n) € LV x R and (&1,7), (#2,72) € Tz (LV x R). The gradient of A" with
respect to this metric gives rise to the following PDE for the gradient flow lines. They
are maps (z,7) € C*°(R x S1, V) x C*°(R,R) that solve

Ox Ox

25 T Ji() <E - UXF(x)) =0

% + /011{(9;(75)) dt =0

In the Floer case, to prove that the moduli spaces of flow lines were compact up to
breaking, we showed bounds on solutions u of the gradient flow equation. The same can

(7.6)
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be done here. Note that in the Floer case, we assumed our manifold to be compact. Here,
V' is generally not compact, so we need to additional condition that V' is convex to find
these bounds. Furthermore, we need bounds on derivatives of u. Here we use that V'
is exact so that no bubbling occurs. However, we also need a bound on n € R. This a
central Proposition in [CF09].

Proposition 7.14. There exists € > 0 such that for every M > 0 there exists a
constant cyr such that iof

IV AT ()|l < e
and
A" (z,m)] < M,
then
| < cur

This is a Proposition that should be regarded as an analogue of Theorem for n.
A direct consequence of this Proposition is that the L*-norm of 7 is uniformely bounded.
This is Corollary 3.3 in [CF09].

We define the Rabinowitz-Floer homology as the Floer homology of AF" in the follow-
ing way. Assume that A" is Morse-Bott and let h : Crit(A”) — R be a Morse function.

Then let
CF(A",h) = @ &
c€Crit(h)
with coefficients &, € Zy such that

#{c € Crit(h) | & # 0, A (c) < K} < 40
for all kK € R.

The boundary operator is defined using J;. We require some conditions so that cas-
cades remain inside some compact subset of V. These are three conditions. We refer the
reader to page 17 of [CF09|]. They are phrased in terms of the symplectically embedded
3 x R, which was possible as V' is convex and of bounded topology.

Choosing a Riemannian metric g. on Crit(A") we can consider for ¢=, c¢* € Crit(h)
the moduli space of gradient flow lines with cascades running from ¢~ to ¢t denoted
-/\/lc*,cJr (AF’ h7 J7 gc)'

We refer the reader to Appendix for details. Here, the choice of J together with the
convexity at oo guarantees compactness up to breaking. By exactness of w, no bubbling
will occur.
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For generic choices in J and g, this is a smooth manifold with a compact 0-dimensional
component M?_ . (AP h, J,g.). Therefore, we can set

nie,ct) = #M (A" h,J,g.) mod 2.

c—,ct
Then we can define the boundary operator d : CF(Af h) — CF(AH, h) by setting

Jdc = Z n(e, d)c.

¢’ €Crit(h)

By compactness modulo breaking, we have 9> = 0. Then define RFH, (A" h, J, g.) :=
H.(CF(A¥ h),0). One can prove that this homology is independent of the choice of
particular h, J and g.. Furthermore, HF(AF) is independent of the particular choice of
H used to define it (for a hypersurface ¥). Hence we can speak of the Rabinowitz-Floer
homology

RFH(Z, V)

REMARK. In [CFOQ9], it is proven that the above definition can also be made by
considering the Floer homology of A for A (x,n) € (a,b). Then one defines truncated
Rabinowitz-Floer homology groups

RFH“ (%, V) := HF @) (AF).
The full Rabinowitz-Floer homology is then defined by taking the limits
RFH..(%, V) := lim lim RFH{-*Y (5, V).
b a

It is proven here that these two definitions coincide. The definition in this Remark is the
one used in [AM14]. We will discuss the results of this paper when discussing orderability.

7.3. The peturbed Rabinowitz-Floer action functional and leaf-wise fixed
points

We first discuss the definition of a leaf-wise fixed point in the general setting of a
coisotropic manifold inside a symplectic manifold. We then prove an existence theorem
for these leaf-wise fixed points using a perturbed version of Rabinowitz-Floer homology.

Let (M,w) be a symplectic manifold and N C M be a submanifold. Recall that N
is called coisotropic if

(T,N)“ CT,N forall x € N.
as in[2.7 We have an inclusion map

iy N — M.
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In this case (T'N)‘~“ is a subbundle of TM of rank dim N — corank:jw. Note that
diyw = tydw = 0, hence the distribution is involutive. By the Frobenius theorem,
this gives a foliation of N. We refer the reader to any standard book on differentiable
manifolds, for example [War00] Theorem 1.60. We call these integral manifolds the leaves
of the foliation and denote

N := {The isotropic leaf in N passing through z}.
Denote the collection of leaves by
N¥.
We define what it means for a point x € N to be a leaf-wise fixed point.

Definition 7.15. Let (M,w) be a symplectic manifold and N C M a coisotropic
submanifold. Let ¢ : M — M be a map. We call z € N a leaf-wise fixed point for ¢ with
respect to N if and only if

o(z) € N,.

We denote the set of all leaf-wise fixed points of ¢ with respect to N by
Fix(p,N) :=={x € N | p(x) € N, }.

In the case where (M, w) is a symplectic manifold with some coisotropic submanifold
N C M, we can define the minimal symplectic action

A(M,w,N) := inf ({ / w'w | u € C®(D, M),3F € N¥ such that u(S') C F} N (0,00))
D

We will consider fixed points of Hamiltonian diffeomorphisms ¢ € Ham.(M,w), where
Ham,.(M,w) C Ham(M,w) denotes the subgroup of compactly supported Hamiltonian
diffeomorphisms. On Ham(M,w) a norm can be defined, called the Hofer norm. Recall
the set H(M,w) which contains all H € C*°([0, 1] x M, R) such that the Hamiltonian flow
ot M — M exists and is surjective for every t € [0, 1].

Let ¢ € Ham(M,w). Define

1
| H || ::/ <suth—iant) dt.
0N M M

The Hofer norm of ¢ is given by
Il = inf{|H|| | B € H(M,w) with o}y = p}.

We will prove the following theorem on the existence of leaf-wise fixed points, using
Rabinowitz-Floer homology.

Theorem 7.16. Let M be an exact symplectic manifold with symplectic form w = dA.
Suppose furthermore that M is convex at infinity and let ¥ C M be a closed hypersurface
of contact type, such that ¥ bounds a compact region in M. Let ¢ € Ham.(M,w). If
ol < A(M,w, %) then

Fix(p, 2) # (.
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This is a result by P. Albers and U. Frauenfelder from [AF]. In this paper, the above
theorem is Theorem A, except for some minor rephrasing. The proof relies on the analysis
of flow lines of the perturbed Rabinowitz action functional.

Note that a compact hypersurface ¥ of contact type such that its Liouville vector field
is globally defined is said to be of restricted contact type. However, if w is exact, every
connected hypersurface of contact type is of restricted contact type. All our symplectic
manifolds are exact, so the distinction is somewhat superfluous.

REMARK. In [AF], the condition on ¢ € Ham.(M,w) reads ||¢|, < p(X,«). Here
a = M|y is the contact form (X is of contact type). Furthermore, p(3,a) > 0 is the
minimal period of a Reeb orbit of (3, v) that is contractible in M with the added condition
that if no contractible Reeb orbit exists we set p(3, a) = +o0.
We have A(M,w,>) = p(X,«). To see this, note that by exactness of w, we can apply
Stokes’ theorem. For a u € C*°(DD, M) such that u(S') is on a leaf of the Reeb foliation,

we have
u w = ur .
Sl

Because of the normalization «(R,,) 1 this integral is precisely the period of the Reeb
orbit. Furthermore, if no contractible Reeb orbit exists, then also A(M,w, N) = 400 as
inf{(} = +oc.

We recall the notion of convexity at infinity, which is Definition [7.§ In general,
the manifold M will not be compact. To ensure that the J-holomorphic curves used to
define the Rabinowitz-Floer homology stay inside compact sets, we need some regularity.
Therefore, we require M to be convex (at 0o). The conditions on ¥ will give a bound on
the Lagrange multiplier 7.

We now consider a perturbation of the Rabinowitz action functional we discussed in
Section and see how it gives rise to leaf-wise fixed points.

The flow b, preserves the hypersurface ¥ = F~1(0). Hence, ¥ is foliated by leaves

Ly == {¢k(z) | t € R}
for z € X.
The strategy to prove Theorem is to choose F cleverly and peturb Af in a way such
that critical points of the peturbed functional give rise to leaf-wise fixed points. We begin
by describing the Hamiltonians we will use.

Definition 7.17. Let F, H : M x S' — R be a pair of Hamiltonians. A pair (F, H)
is called a good pair if it satisfies

(i) F(-,t) =0 for all t € [5,1]
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(ii) H(-,t) =0 for all t € [0, 5].

(iii) F is of the form
Fa,t) = p(t) f(x)
where p : ST — [0,1] is a smooth map such that fo t)dt =1and f: M — R.

The definition has many conditions, hence might seem restrictive. However, such
good pairs are abundant in the following sense.

Lemma 7.18. Suppose F : M — R is an autonomous Hamiltonian and let H -
M x S' — R be arbitrary. then there exist F, H : M x S' — R such that

e The pair (F, H) is a good pair.

e The Hamiltonian flows of (F, H) denoted (%, %) are time reparametrizations
of the flows of ¢, %)

We define the perturbed Rabinowitz action functional. Recall that we assume our
manifold M to be exact (w = d\). Define the following.

Definition 7.19 (Peturbed Rabinowitz action functional). Let M be an exact sym-
plectic manifold and let (F, H) be good pair. The perturbed Rabinowitz action functional
is defined by

LM xR — R

(2.7) —> — /*)\ /Ha:tdt /F( b dt.

We look at critical points of this functional. We have the following lemma.

Lemma 7.20. The critical points (x,n) € LM x R of the action functional A% are
the solutions of

i(t) = nXp(x,t) + Xg(z,t) forallte S

(1) /1F(a:,t) dt =0

Choosing a particular F' will make sure that (x,7) satisfying equation (7.7)) will give
rise to a leaf-wise fixed point. Let M be a exact symplectic manifold (w = d\) which is
convex at infinity and ¥ a closed hypersurface such that (X, « = A|x) is a contact manifold
and Y bounds a compact region in M. In this case, ¥ is of restricted contact type, and
is foliated by the leaves of the characteristic line bundle spanned by the Reeb vector field
of a. Hence, we can talk about leaf-wise fixed points in this setting. For x € ¥, denote
L, the leaf through z.
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To see that (3, «) is of constricted contact type, note the following. Define a vector
field Y by
Lyd\ = .
Then this vector field is a Liouville vector field for (X, o). We need to check that Lyw = w
and Y M X. This follows directly from the Cartan formula. Note that A(Y) = dA\(Y,Y) =
0. Hence

£y>\ = dby)\ + Lyd)\

= d0 + tyd\
=A
using the definition of Y. Hence,
Lyw = LydA\
=dLy A\
=d\
=w

To prove that Y M X, suppose conversely that Y € T,%. This implies
da(Y,R) = 0.
However,
dA\Y,R) = A(R) = a(R) = 1.
Therefore, Y M 3.

We define an F' such that the critical points of AL will give rise to leaf-wise fixed
points, using the Liouville vector field Y.

The flow ¢! is defined near ¥ because of transversality. Reparametrize such that for
a fixed &y > 0, the flow ¢! |5 is defined for all |t| < dp. We can define

G:Y >R
by

Let 0 < 0 < ¢y and set R
Us:={x e M||G(z)| <d}.

Because Y bounds a compact region, we can extend G to the whole of M to a function
G : M — R that is locally constant outside Us,, coincides with G on Us, and G~1(0) = 2.
2

These conditions imply that the Hamiltonian vector field X satisfies Xg|s = Ra,
the Reeb vector field. Fix some smooth function p : S' — R with folp(t) dt = 1 and
supp(p) C (0,3). Let

F:8'"xM—R
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defined by
(7.8) F(t,x) := p(t)G(x)
This F' has Hamiltonian vector field

Xrp(t,z) = p(t) Xa(z).

For the above F', the functional A% has the following property.

Proposition 7.21. Let F : S'x M — R be as in equation (@ Let H :S'xM — R
be such that H(t,-) = 0 for t € [0,%] so that (F,H) is a good pair. Suppose (z,m) €
Crit Af;. Then the point p = x(3) satisfies o (p) € Ly, so it is a leaf-wise fized point.

PROOF. We use the conditions on F' and H. Recall that F(t,x) = p(t)G(z). We
prove the following claim.

Claim 9. For ¢ € [0, 1], we have z(t) € X.

PROOF. We use the chain rule and the fact that (z,7) € Crit AL for the good pair
(F, H) to compute

L 6(a(t)) = dC(a(0) 2

dt
= dG(z(t))(Xpu(t,z) + nXp(t, z))

We assumed H(t,-) = 0 for all ¢ € [0,3]. Hence Xy = 0 on this interval. Furthermore,
Xr(t,z) = p(t)Xg(z). Using the definition of the Hamiltonian vector field tx w = dG,
we have dG(X¢) = 0. We conclude

d
—Gla(t) = 0.

Therefore, G(x(t)) = ¢ for some constant ¢. Hence

/0 p(t)G(x(t)) dt = C/o p(t)dt = c.

However, using that F(t,x) = p(t)G(z(t)) and equation (7.7), we find ¢ = 0. The
construction of G is such that G(0) = %, thus z(t) € X for t € [0,3]. This proves

Claim [9l 0J

We then proceed in two steps. Define p := z(3). First, we show that (1) € L,.
Then we show that z(1) = ¢y (p), which completes the proof of Proposition [7.21]

As above, for ¢ € [0, 3], we have

@(t) = np(t) Xe(x).
because F(t,-) = 0. By construction of G, we have Xg|s = R,. Using Claim [9] we
know that z(¢) € ¥. As the foliation is generated by the Reeb vector field R, we have
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4 — Xp(,1)

. o . . F
Figure 1. A critical point of Aj;.

z(0) € Loy As z(0) = (1), we have z(1) € L,.
For the second part, let ¢ € [%, 1]. By construction, F (¢, -) = 0 on this interval. Using
equation ([7.7), we find

Note that this is precisely what it means to be the flow of H, hence

1

#(1) = pula(y)) = eulp).

This proves the second part.
We conclude that for p := z(3), we have 2(1) € L, and 2(1) = ¢u(p), so ¢ (p) € L,. This
is the definition of a leaf-wise fixed point, hence this concludes the proof of Proposition

.21l O

Figure |1 gives an illustration of the situation. For ¢ € [0,1], u runs along the Reeb
flow. For t € [%, 1] the path u flows along Xg.

Thus we see that critical points of the peturbed Rabinowitz action functional give rise
to leaf-wise fixed points. To prove then the existence of these leaf-wise fixed points, we
need to establish some analytical properties of the perturbed Rabinowitz action functional.

We repeat the steps we took in order to define Floer homology. Our approach is
heuristic and some details are left out. For the functional AL as defined above, we look
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at the gradient flow lines. Instead of a single H, we will now look at a parametrized family
H, of Hamiltonians with the following properties.

e For s > 1, Hy(t,x) = H.(t,z) for some fixed H, : S* x M — R.
e For s < —1, H,(t,x) = H,(t,z) for some fixed H_: S' x M — R.
o Hy(t,-)=0

e H, has compact support uniformly in s

We look at gradient flow lines of A%. To define this, define the same metric we defined
in Section [7.2l which was remniscent of Definition [3.2.

Choose a family J(s,t) € J(M,w) of compatible almost complex structures, such
that J(s,t) = J(t) and J(s,t) = J_(t) for s > 41 and s < —1 respectively. Similarly to
the definition of g;, we define a metric by setting

G () =w(-, J(s,t)-).
Let (z,n) € £ x R, we define the L?-metric on T{, (LM x R) similarly to Definition .
gs - T(Im)(,CM X R) X T(xm)(,CM X R) — R
by Setting for (517 }/1)7 (527 }/2> S T(:E,W) (‘CM X R)

1

(79 86V, (€9) = [ (68t + 1Yy
0

We can now define the gradient flow lines.

Definition 7.22. Let A% be the peturbed Rabinowitz action functional. A gradient
flow line is a map u = (z,7n) € C®(R, £ x R) which satisfies

(7.10) R e)

The gradient is taken with repect to the L?-metric gs.

Analogously to Floer homology, we switch view points. Instead of viewing x as a
map z : R — LM we view it as a map = : R x S' — M. Then we can rewrite equation

(7.10) to read

%(s,t) + J(s,t,:p)(%(s,t) — Xp,(t,z) —nXp(t,z)) =0
(7.11) o

a8(3,25)—/DlF(t,x)dt:O

We define the energy of a gradient flow line.
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Definition 7.23. Let u € C*(R, LM x R). The energy of u is defined as

< Au 2
Bw = [ 5 ds

Like in the Floer theory that is the main theory of thesis, the energy of a gradient
flow line has a bound. In the Floer case, the energy was equal to the difference of the
action values of the two limits of the flow line. However, in this case there is an additional
term.

Lemma 7.24. Suppose u is a gradient flow line. Denote lim, 1. u(s, ) = u®(-).

Then
0H,

0s

E(u) < AP (u™) — AF (u™) + /ZH ds.

From this it follows that A% (u(se)) is bounded for any sy € R by

(7.12) AL (u(s0))| < max{ Al (u”), —Af (uh)} + / h H 0H,

d
_ooll Os °

We study the convergence of sequences of gradient flow lines. In the Floer case, then
every reparametrization of a sequence of gradient flow lines has a C}.-convergent subse-
quence. This is also the case now. Let u, = (x,,n,) be a sequence of gradient flow lines.
We can find bounds on the "loop parts” of (u,) like in the Floer case. However, we also
need an L*>°-bound on the "multiplier-part” n-part,

The central point is to bound |||z ) in some way. This is achieved by Proposition
2.10 in [AF].

Proposition 7.25. Given two critical points u~,u" € Crit AL, then there erists a
constant K such that for every gradient flow line uw = (x,n) with lirin u = ut we have
S—00

7] oo (m) < K.

The proof of the lemma uses the following inequality that is the content of the Fun-
damental Lemma (1.23) in [AF10] and Lemma 2.11 in [AF]. It is the perturbed version
of Proposition (TODO: CHANGE ALL THE SIGMAS HERE TO SOMETHING
ELSE SUPER UGLY)

Lemma 7.26. There exists a constant C > 0 such that for all (x,n) € C*(S*, M)xR
we have

1
(7.13) IVsAn(z.n)l < 5 = Inl < C(Ap(z,n) +1)

Let us prove Proposition [7.25] using Lemma [7.206]
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PROOF. We have

' oH,
E(w) < A5 (u_) — A% (u) +/0 15 as.
Fix C as in Lemma [7.26] Let ¢ € R and define
1
(7.14) (%) :=inf{r > 0| |V AL (u(o +7)|| < 5}
We have that |
IV A (u(s))]]? > Yook
Therefore,
o+7(0) (o
(7.15) Bz [ VAR )P > 1

We now use that u is a gradient flow line, hence solves equation ([7.11)). The second line
implies that

on
16 1220 <Pl
(7.16) s || e = I1F Il

Recall that F(t,z) = p(t)G(z). Here G was defined to be locally constant outside a
compact set. Therefore, dF' = 0 outside some compact set. This implies || F|| .~ is finite,

? is finite.
S

which means ‘

We also have a bound on AL (u(s)) for any s € R given by equation ((7.12)), where we
integrate over Hg now in the last term. We write the following inequality to express |1(o)|
in terms of an integral over %

o+7(0) 877
(117) )| < oo+ ro)l+ [ |5 ds
By the definition of 7(sg) (equation [7.14) and Lemma [7.26] we have

[n(s0 + 7(s0)| < C (| AF (u(so + 7(50)))] + 1)

By equation (7.12]), we have

(718) (o + m(s0))| < € (max{Afy_(u"), —Af, (u*)} + / il

On the other hand, equation ([7.16)) implies

/50+T(80)

Using equation ([7.15, we find
so+7(so)
(7.19) /

ds—i—l)

9
22| ds < |1F |7 (s0).

on 2
— < oo
2| ds < C|F |1~ B(u)
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Combining equations ([7.18)) and ([7.19)) implies

1
OH,
[n(so)l < O max{Af_(u"), —Af, ()} + / |52 ds + 1) + P~ B,
0
This holds for any sy € R. Hence this inequality proves Proposition [7.25] O

We have the tools required to prove Theorem [7.16] the existence of leaf-wise fixed
points. We will need the following lemma. Recall the definition of a Morse-Bott function
in Definition in the Appendix [A.2] Let A : £ — R be a functional. We call
C C Crit A a Morse-Bott component if A is Morse-Bott on this set.

Lemma 7.27. Let ¥ be as in the hypothesis of Theorem . Then X C Crit AL is
a Morse-Bott component.

PROOF. Let p € ¥ so that (p,0) is a critical point. Then the Hessian of A at (p,0)
is well-defined. It is given by the vertical derivative. A computation like (FLOER CASE)
shows that the gradient of A" satisfies

H(w) (% = nXr(v))
(7.20) VA" (v,n) = 4W§t”fW)
Jo F(v)dt
Then the requirement for a tangent vector (0,7) € C*°(S*, T,M) x R to be in the kernel
of the Hessian is equivalent to saying it solves

ov

1
‘/cﬂﬁmpﬁdt:O
0

Here we used that F(t,p) = p(t)G(p). We can integrate the first equation to find an
expression for 0(1). Using that fol,o(t) dt =1, we find
0(1) = 0(0) + 1 Xa(p).

As ¥ is a loop, we must have 1) = 0, so 0 = 0y € T,M is a constant path. Then the second

(7.21)

equation, using that folp(t) dt =1 again, implies dG(p)ty As G~1(0) = X, we have
to € T3,
This proves Lemma [7.27] O

PROOF OF THEOREM [Z.16]. Let H : S' x M — R be as in the hypothesis of the
Theorem (¢ = pp and ||¢|l, < A(M,w,). Choose a parametrized family of functions
Br € C*(R,[0,1]) for r > 0 satistying the following conditions

(i) For r > 1 we have

(722) {5r(5) =1 for ’5| S r—1

Br(s) =0 for |s| >r
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and B,(s) -5 <0 for all s € R

(ii) For r <1 we have
{ﬁr(s) <r forallseR

(7.23) Br(s) =0 forall s € (—o0,—1)U(1,00)

(iii) The functions defined by
B () = lim 6,(s % 1)
exists as limits in the C*°-topology.
Define
(7.24) K, (s, t,z) = B.(s)H(t,x)

Figure 2. The function f,(s) € C*(R, [0, 1]).

To see how f3,.(s) interpolates between the perturbed and unperturbed functional,
Figure [2| gives a schematic view of (3,.(s) as just defined.

Fix some p € ¥. We consider the moduli space of solutions of equation ([7.7]) for

H = K, that start at p and end somewhere in 3. Concretely, consider
(7.25)

u satisfies equation ([7.11)) with H = K,

M(E,p) = {(r, u) € [0,00) x C=(R, L x R) Jim u(s) = (p,0) }
lim u(s) € ¥

s——400
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To prove the theorem we need the following compactness result about M.

Claim 10. Suppose there is no leaf-wise fixed point. Then the moduli space M is
compact with OM = (0, p,0).

Let us assume the Claim. The proof is now straightforward using the techniques
demonstrated before. The moduli space M is a zero section of a Fredholm section of a
Banach-bundle over a Banach manifold of index 1.

To see this, note that this the r-parameter interpolates between the unperturbed
functional at the » = 0 end, and the perturbed functional at the r = 400 end. Consider
the unperturbed functional. In this case, the point (p,0) is a critical point, hence the
Fredholm index is 0. The Fredholm index is invariant under perturbations, so that the
same is true for the perturbed functional. By introducing the r-parameter, we consider a
one-parameter familiy of functionals. This is then a problem of Fredholm index 1.

By the Morse-Bott condition, the section is regular at the boundary. Peturb the
section away from this boundary (0, p,0) to a transverse section, so that M is a smooth
compact submanifold of the base space, with boundary (0, p,0). However, such a manifold
cannot exist, therefore the assumption that there are no leaf-wise fixed points is false. This
proves Theorem [7.15] The more difficult part is proving Claim [I0] We refer the reader to
page 10 of |[AF], where several lemmas are used mentioned in the same paper. 0]

For the actual definition of the perturbed Rabinowitz-Floer homology, we proceed
as in Floer homology. Choose some s-independent H : S x M — R with the additional
condition that H(t, -) = 0 for ¢ € [0,1]. Assume that the peturbed Rabinowitz action
functional A% from Definition is Morse. For generic H with the above condition,
this is true. We refer the reader to Theorem 2.14 in [AF]. Note that this is easy for
any H but the vanishing of H for ¢t € |0, %] is a complicating factor. Furthermore, it
is interesting because the unperturbed Rabinowitz functional can never be Morse. The

proof is in Appendix A of [AF].

As we may assume AL to be Morse, we do not have to work with the Morse-Bott
homology, as was the case for the unperturbed functional.
Define the chain complex. Let

C. = {a € Crit AL (a) > Kk}

(7.26) CRF(Af) =={ Y fa|& € Zy,|Cul < o0 for all k € R}

 AF
acCrit Ay

Then define the moduli space of solutions running between critical points modulo reparametriza-
tion in the s-variable.

(7.27) M\(a_,a+) ={w:Rx S"— M| wsolves (7.11)) and lilezl w=cq}/R
S—1T00
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In the Floer case we saw that we need transversality of the moduli spaces M(a_, ay). In
this case, this is more difficult. Abstract peturbation theory developed in the theory of
polyfolds by Hofer, Wysocki and Zehnder is required to prove transversality.

Let us for now assume that we have perturbed the gradient flow equation such that
the resulting manifolds, also denoted M(a_,a,) are smooth submanifolds of some Ba-
nach space. Like in Floer theory, denote n(a_, a, ) the number of elements in the zero-
dimensional component of M(a_,ay) modulo Z;. Define the boundary map on the
generators

0:CRF(AY) — CFH(AY)
by

a Y nla, B)B.
B

The following theorem gives an interesting result about leaf-wise fixed points in terms
of the Rabinowitz-Floer homology RFH, (M, X).

Theorem 7.28. HF(AL) = RFH(M,Y)

PROOF. The proof reasons by just taking a homotopy from H to 0. Because of
compactness results (Theorem 2.9 in [AF]), the homology is independent of homotopies,

so that we have HF(AL) ~ HF(AL). Note that RFH(M,Y) = HF(AL) to prove the
theorem. O]

An immediate Corollary is the following. It gives a condition for the existence of leaf-
wise fixed points in terms of the vanishing of the Rabinowitz-Floer homology RFH(M, ¥0).

COROLLARY 7.29. Suppose REH(M,X) # 0. Then for any ¢ € Ham.(M,w) we have
Fix(p, ¥) # 0.

This Corollary is surprising as there is no assumption on ||¢||,, contrary to many
other results. However, the condition that REFH, (M, ¥) # 0 may be hard to verify.

7.4. Orderability

We will first explain the setting by defining a particular class of contact manifolds.
Then we define what is means for a general contact manifold to be orderable. After this
we discuss an orderability result.

We introduce a class of manifolds that, heuristically speaking, are symplectic man-
ifolds that have a contact manifold as their boundary. From the perspective of contact
manifolds, we fill out our contact manifold to form a symplectic manifold. This will be
the setting in which we consider orderability, as in [AM14].
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We first introduce a Liouville domain.

Definition 7.30. Let W be a compact manifold with boundary and A € Q!(W) such
that d\ is non-degenerate. We call the pair (W, A) a Liouville domain if the unique vector
field Yy defined by ¢y, d\ = X is transverse to OW pointing outwards.

REMARK. First of all, as d\ is non-degenerate and closed, it is a symplectic form on
W, meaning (W, d\) is symplectic. Furthermore, Y, is a Liouville vector field as defined
in Definition Note that the above definition is equivalent to saying that A|sy is a
positive contact form on W, as OW is then a hypersurface transverse to Y,. Hence, by
Lemma [7.5, W is a contact manifold with contact form A|gw .

We can complete Liouville domains by attaching a cylindrical end to W and ex-
tending the form A appropriately. This is done by considering the Liouville vector field
Y, and using that it is transverse to OW. Let ¢! = 10% denote the flow of Y,. We can

define an embedding OW x (0,1] < W by (z,r) > 9'°8"(z). Using this identification, we
can glue a cylindrical end to W.

Definition 7.31. Let (W, \) be a Liouville domain. We define the completion of
(W, w) by setting
W =W Usw (OW x [1,00).
Associated to this is the form \ € Ql(W) defined by
X ANw onWcCW
rAlow  on OW x [1,00) C W
Then d) is a symplectic form on W. The manifold (W, d)) is called a Liouville manifold.

REMARK. We can also extend the vector field Yy to W by Vi =12 on OW x [1, 00).

We can approach this construction from the other point of view by starting with
a closed connected coorientable contact manifold (X,£). We require that this contact
manifold plays the role of 0W. That is, we say (X, «) is Liouville fillable if there exists a
Liouville domain (W, \) such that OWW = X and « := Ay is a positive contact form on X.

The Liouville filling of (X, €) is then the completed Liouville manifold (W, d\).

A way to construct a symplectic manifold from a contact manifold is the symplecti-
zation.

Definition 7.32. Let (X, &) be a coorientable contact manifold with associated con-
tact form «. Then the symplectization of ¥ is the sympletic manifold defined by
SY =% x (0,00)

with symplectic form
w = d(ra).
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This definition is somewhat reminiscent of the Liouville filling. Indeed, suppose (%, §)
is Liouville fillable, then we can embed S¥ into the Liouville filling (W, @), using the flow
of Yx.

The last thing we discuss is how to lift contact isotopies ¢ : [0,1] — Conty(%, &) to
symplectic isotopies of S3.

Definition 7.33. Let {¢;} € Cont(3,£). Then there exists {®;} € Ham(SY, d(ra))
which we call the symplectization of ¢;. This is defined in the following way. Let p, be

defined by ¢;a = prpr. Then
@t . SZ — SE

is defined by
Oy(x,7) = (pe(), rpe(x) 7).

One can prove that indeed the path &, is Hamiltonian, generated by the Hamiltonian
function

H:S'"xSY =R
given by

Hy(z,r) =rh(z)
where h; denotes the contact Hamiltonian associated to ¢;. See for example Proposition
2.3 in [AF11].

We define what it means for a contact manifold to be orderable. Recall that for any
set, there is the notion of a partial order.

Definition 7.34. Let S be a set. A partial order is a binary relation < on S such
that the relation is reflexive, anti symmetric and transitive, i.e.

o a<a.
e ¢ <band b < aimplies a = b.

e ¢ <band b < cimplies a < c.

We begin by defining the notion of orderability in the sense of Eliashberg, described in
[EKPO0G]. Let (X, &) be a contact manifold and denote Conto (X, £) the identity component

of the group of contactomorphisms. Let 6(;11/1:0(2, €) be its universal cover equipped with
the quotient topology.

Definition 7.35. Let f,ﬁ € 6(;;50(2,5). We say ft g if fﬁfl is represented by a
path generated by a non-negative contact Hamiltonian. We call a contact manifold (X, &)
orderable if the relation > on Conty(3, £) defines a partial order.

REMARK. Note that the definition of > immediatly implies that it is both reflexive
and transitive, hence it is the antisymmetry that is of particular importance.
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There is an equivalent definition of orderability that we will use. This is a rephrasing
of Proposition 1.9 in [EKPO06].

Proposition 7.36. Let (X,€) be a closed contact manifold. Then (X,€) is orderable
if and only if there does not exist a loop o : ST — Conty(Z, &) with p(0) = Idy, such that
¢ is generated by a contact Hamiltonian Hy with Hy(x) > 0 for all z € ¥ and t € [0, 1].

A question in contact geometry is which manifolds are orderable. This question is
relevant in the search for a analogue of the Gromov non-squeezing theorem in contact
geometry. Recall that Gromov’s non-squeezing result states that the symplectic ball B?"
cannot be symplectically embedded into the symplectic cylinder C?" := B? x R?"~!. This
result is related to the geometry of the group of symplectomorphisms. Similary, there
is a correspondence between contact non-squeezing and the geometry of the group of
contacomorphisms. We refer the reader to the paper [EKPO06|. This provides motivation
to answer the orderability problem. In a particular setting, this question can sometimes be
answered using Rabinowitz-Floer homology. The following result from the paper [AM14]
by P. Albers and W. J. Merry provides some answer to this question.

Theorem 7.37. Let (X,€) be a closed coorientable contact manifold that admits a
Liouville filling (W, X) such that REH, (3, W) is non-zero. Then Conty (X, &) is orderable.

The proof results from the existence of a map for every Z € RFH (X, W) called ¢( -, Z)
that assigns to elements of Conty(2, £) a number in such a way that ¢(-, Z) descends to

a map on (SSITtO(E,{:) that is order reversing when one looks at the associated contact
Hamiltonians. The map ¢(-, Z) is described in the following Theorem which is the
content of Theorem 1.1 in [AM14].

Recall that by P Conty(X,£) we denote the space of paths ¢ : [0, 1] — Conty (%, §)
such that phig = Idy. These are often called contact isotopies. Let 6 denote the flow of
the Reeb vector field.

Proposition 7.38. Suppose (3,€) satisfies the hypothesis of Theorem . Then
for any non-zero class Z € RFH,(X, W) there exists a map c(-,Z) : P Conty(X,&) — R
satisfying the following properties.

(i) The map c(-,Z) descends to a well defined map
&+, 2Z) : Conty(X, €) — R.

(ii) Let A € R. Then
c(t = 0N Z) = =X+ c(Idg, 2).

(iii) The map c(-, Z) is continuous with respect to the C?-norm on P Conty (3, £).
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(iv) Let p,1 € P Contg(X, &) be generated by contact Hamiltonians Hy and Gy respec-
tively, such that Hy(x) > Ki(x) for all x € ¥ and all t € [0,1]. Then

c(p, Z) < (¥, Z).
Using Proposition [7.38 we can immediately prove Theorem

PROOF OF THEOREM [Z.37]. We use the equivalent definition of orderability from
Proposition m By contradiction, suppose (3,&) is not orderable. Then a loop ¢
as in Proposition exists, generated by a contact Hamiltonian H, with H(x) > ¢ for
all z € ¥ and t € [0, 1] for some £ > 0. We first prove the following claim.

Claim 11. For the loop ¢ as described above, we have ¢(¢, Z) < ¢(Idx, Z).

Proor oF CrLAIM [I1] Denote K. the constant function with value . This function
generates the path . : t — 0. Using Proposition [7.3§] (iv) we have

c(p, Z) < clke, Z).
Then by Proposition (ii) it follows that
c(ke, Z) = —e +c(ldy, Z2).

As ¢ > 0 we conclude
c(p, Z) < c(ldsg, 2).
This proves Claim [11] 0

We see that for ¢, the conditions (ii) and (iv) of Proposition imply that
c(p, Z) < c(lds, 2).
However, contractability of ¢ together with Proposition m (i) implies that
clp, Z) =c(ldg, Z).

This is a contradiction, proving Theorem [7.37] 0

We still need to prove Proposition [7.38 which is much more involved. We need several
definitions. We first define the notion of a translated point of a contactomorphism. This
term was introduced in [San12] in a somewhat different context. We follow Definition 2.3
from [AM14]. We then define a functional whose critical points are translated points.

Definition 7.39. Let (X,£) be a closed connected coorientable contact manifold,
which associated contact form a € Q2'(2) such that kera = €. Let ¢ € Conto(%,€). Let
f:¥ — R\ {0} be such that ¢*a = fa.

A translated point of ¢ is a point € 3 such that there exists n € R such that
o(x) =0"(x) and f(z)=1.
The number 7 is called the time-shift.

REMARK. Note that the above f: 3 — R\ {0} exists and is unique by Remark
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We also have a notion of contractibility of translated points with respect to a Liouville

filling (W,3).

Definition 7.40. Let (3,€) be a closed contact manifold and (W, d)) is Liouville

filling, with o = A\ 3. Let [p] € 60\n/to(2,§) where x is a translated point of p(1) with
time-shift . We call (x,n) contractible if and only if the loop 7 : S — ¥ defined by

1
par(x)  for 0 <t < 3

(7.28) y(t) = 1
6210t for 3 <t<1

is contractible in W.

REMARK. Note that this notion is independent of the particular representative of [¢]
chosen. That is, suppose v is as above in equation . Choose another representative
Y of [p] and let 4/ be the associated loop as in equation ([7.28]). Then + is contractible in
W if and only if 7/ is. This is immediate from the fact that ¢ is homotopic to 1.

7.5. Rabinowitz Floer homology and orderability

We define the Rabinowitz Floer homology required to prove Theorem [7.37, We first
define the functional we use, and then prove that the critical points of this functional are
translated points.

Definition 7.41. Let ¢ € Conty(X,&). Define a functional on the loop space of the
symplectization

Ay LS xR — R
by

Ag(u,n) = / ut\ — n/ﬂ )—1 dt—/OIX(t)Hx(t)(U(t))dt

Here 3 : S* — Ris a smooth function such that 5(¢) = O forall ¢ € [%, 1] and folﬁ(t) dt
x : [0,1] = [0, 1] is a smooth function such that x(¢) >0, x(3) =0 and x(1) = 1.
By r(t) we denote the second component of the map u : S* — SX, so that r : St — R.

Il
=

REMARK. Let us make a few remarks on the similarities between this definition and
the one of Definition [.19 and [T.17.
Recall that the part involving n was a function F': M x [0,1] — R of the form F(z,t) =
p(t) f(z). In this case, this role is played by Fy := §(¢)(r(t) —1). The role of p(t) is played
by A(t), with folﬂ(t) dt = 1 whereas r(t) — 1 depends on u : S* — S¥. Furthermore,
Fy(-,t) =0for all ¢t € [§,1] as 5(0) = 0 on this interval.
For the part involving H, setting Ho(u,t) = X(t)H,)(u(t)) we see that indeed Hy(-,t) = 0
for ¢ € [0, 5] as in Definition [7.17 _ This is the case as x(t) =0 for t € [0, 3.

72
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In this case, the critical points turn out to be translated points of . We denote the
the critical values by

(7.29) Spec(p) 1= A, (Crit(Ay))
Again, two equations describe the critical points, reminiscent of equation ([7.7]).

Lemma 7.42. Let (u,n) € LSY x R and write u = (x(t),r(t)). The critical points
(u,m) of the functional A, are the solutions of

N BOR(((1) + X)X, (ult))
)

ot
1
/ B(t)(r(t) —1)dt =0
0
Here R denotes the Reeb vector field on 3.

(7.30)

PROOF. The proof is very similar to that in the Floer case and in the peturbed
Rabinowitz Floer case. In the proof of Lemma [7.19| some details were provided. 0

These critical points have the following interpetation, which is the content of Lemma
2.7 in [AM14].

Theorem 7.43. Let (u,n) € LS¥ x R. Write u(t) = (z(t),r(t)) as above. Then
(u,m) is a critical point of A, only if p := x(3) is a translated point of ¢ with time-shift
—n. Conversely, given a translated point p of @ with time-shift —n, then the pair (p,n)
gives rise to a unique critical point of A,,.

PRrROOF. The proof is similar to the one of Theorem [7.21] Recall that we denote by
0" the flow of the Reeb vector field. Denote ®; : S¥ — S the lift of ¢ as described in
Definition [7.33] Suppose that (u,n) is a critical point, where we write u(t) = (z(t),7(t)).
Then u satisfies equation ([7.30)).
We first consider ¢ € [0, 1]. Note x(t) = 0 on this interval. Hence,

ou

o = AR ().
Note that the function r(¢) — 1 is constant on flow lines of n5(t)R(x), meaning r(t) — 1 is
some constant c¢. The second line of equation tells us that ¢ = 0, meaning r(¢) = 1.
Note that R|xx1 = R, where R, denotes the Reeb vector field on 3. Therefore

(7.31) u(3) = (@(2(0)),1)

Consider ¢ € [3,1]. In this case, 5(t) = 0. Hence,

S = X)X )

This implies that
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on this interval, as H was defined to be such that its Hamiltonian flow is precisely the
symplectization ®, : S — S3. In particular for ¢ = 1 we have x(1) =1 so

Now note that

using equation ((7.31)) so that

Equation ((7.31)) also implies that p = 1, as this is the second component. We conclude

that x(3) is a translated point with time shift —». This completes the first part of the

2
proof.

Note that for A we have the following

(7.32) MXy(z,7)) =dH (z,7)( = H(z,r)

7’5)
Now fB(t) = 0 for ¢ € [3,1]. On the other hand, x(t) = 0 for ¢ € [0, %] Therefore,
collecting non-zero terms for a critical point (u,n) yields

Ay (u,) = / (ra) B R (1)) dt + / NG X1 0 () — () Hoyoy (o)

2
=1
Here, we used that equation ([7.32)) to conclude that A(xXu, ) (u)) = X () Hyw (u) as well
as foéﬁ(t) dt = 1. O

We have now defined the functional A, on £5% x R. We use the embedding of SX

into W to extend A, to the whole of LW x R. We do this by extending the functions
r(t) — 1 and H by truncating them. This is done in section 2.3 in [AM14].

We replace Fy by a function F': W — R such that
1
F(z,r):=r—1on X x (§,oo)
3
Flgn sy = 1
and

F
W(w,r) >0 for (z,r) € SX.
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Next we truncate H. For k > 0, let ¢, € C*°([0, 00), [0, 1]) be defined by

2 an 1 forrele™, e
(7.33) n(r) = 0 forre [0,6_2”]

Ule® + 1, 00)
with the following decay behavior
0 <€ (r) <2e* forr € [e ", e*]
—2<e€(r) <0 forr e[, e +1]

Define Hf : W >R by setting
—= on W\ S%

(7.34) HE={ 4
ex(r)Hy(z,r) for (x,r) € SX

Then define the Rabinowitz Floer action functional on L.

Definition 7.44. Define
AZ LW xR =R

A% (u, ) = / w7 / B F(u(t)) dt — / SO HE g (u(t)) dt

Definition 7.45. Let ¢ € P Contg(3,£). Define p, : ¥ — (0,00) by ¢ja = pa.
Define the constant x(p) by

t

max
0 z€X pT(x

(7.35) k(p) := max pT(m)L dT‘

te(0,1]

The following lemma is necessary to define the Rabinowitz Floer homology RFHSK“’b) (Ay, W)
for a,b € [—00, 00| \ Spec(p). It should be viewed as a technical compactness result. We
will consider only flow lines with energy less than some constant depending on k to guar-
antee compactness (i.e. we truncate the groups).

Lemma 7.46. Suppose > k(p). If (u,n) € Crit(A%) then u(S') € SX and for
u(t) = (2(1), (1)) we have r(S") C (e7%,e%).

We can now define RFH(*" (Ag, W) as the gradient flow lines when choosing a suit-
able almost complex structure. The following is a sketch of the precise definition.

As in the Floer case, we start by picking an almost complex structure. As the
manifold S is non-compact, we need some regularity to ensure J-holomorphic curves
do not leave compact sets. This regularity is captured by the almost complex structure.
In [AM14], a stronger notion of convexity is used, where we demand wy = w outside
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a compact set. This means that when we consider the symplectic manifold (S, d(r«a))
then J is convex whenever there exists So > 0 such that

—d(dr o J;) = d(ra)

on ¥ x [Sp,00). Here, f = r is our function.

Recall that we can embed S — W. We denote Jeony (W) the set of time-dependent
almost complex structures J = {J;};cst such that J|sx € Jeony(S2). Let J € Teony(W).
Define the L%-inner product on LW x R as in equation (7.9). For (u,n) € LW x R and
£ el (w'TW) and Y)Y’ € R set

1

(7.36) ((EY). (€Y = /0 AN €Y dt + YY"

We are interested in the gradient of A7 with respect to ((-,-))s. Let ¢ be non-
degenerate, £ > k() and J € Jeony(W). By assumption Af is Morse-Bott, not necessarily
Morse. Therefore, we define the Morse-Bott homology with cascades as in section in
the appendix, with several small modifications. Instead of counting flow lines, we count
flow lines with cascades. A short overview can be found in the appendix in This
approach was first used by U. Frauenfelder in [?]. In many interesting cases however, A,
is Morse and we can take g = 0, thus defining the normal Morse homology.

Choose a Morse function g : Crit(Af) — R and a Riemannian metric p on Crit(A?)
such that the negative gradient flow of g with respect to p is Morse-Smale.
Let w™,w" € Crit(g) denote w® = (u*,n*). We are in the situation where we can define
the moduli space of gradient flow lines with cascades of the quadruple (A%, g, ((-))s, p),
which we denote

Mw—,w"" (AI;, g, Jv p)
The grading on Crit(g) is the following.
1
peZ(u) — 3 dimgy ) Crit(A7) + indg(u,n) for n >0

— 1
(7.37) (u,n) = peZ(u) — 3 Crit(A7) + indg(u, n) forn <0

(u.m)
1 —n+ind,y(u,n) forn =10

Here, pucZ denotes the Conley-Zehnder index of the loop ¢t +— u(%) which was defined

in Chapter The number dimg, ;) Crit(Ak,) the local dimension of Crit(A7) at (u,n).
Recall that if A, is Morse-Bott then this number is defined as Crit A, is a submanifold
of M. However, the dimension may vary in the components.

Let —oo < a < b < oo such that a,b ¢ Spec(y) and define chain groups by
RFCY (AL, g) = Crit!™?(g) ® Zs
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where
Crit{™(g) := {w € Crit(g) | a < A, < b}.
Note we need a, b ¢ Spec(ip), or this is not well defined because of the definition of Spec(¢p)

in equation . The moduli spaces M (A,hi, g, J, p) are finite dimensional smooth man-
ifolds. As before, the zero dimensional components are compact. The boundary operator
is defined by counting the number of elements in these zero dimensional components.
From compactness and gluing arguments it follows that

=0
hence we can look at the homology associated to this complex. This way, we define
RFH“Y (A, W) := H,(RFC*Y (A, g),9).
Then this homology is independent of the particular choices made.
Taking direct limits in @ and b we define the following spaces.
Definition 7.47.
RFH)(A,, W) = lig REH(™Y (A, W)

al—oo
RFH{">) (A, W) := lim RFH{"Y) (A, W)
bToo
RFH. (A, W) := lig lim RFH“Y (A, W)
al—oo bToo

In the following part we list properties of the Rabinowitz-Floer homology groups.
This part is technical. We will just state the properties and then use them to prove
Theorem [7.37]

Proposition 7.48. The Rabinowitz Floer homology RFHi“’b)(Aw, W) has the follow-
g properties.

(1) There is a universal object REH,.(3, W) that comes with canonial isomorphisms
¢, : RFHL (S, W) — RFH,(A,, W),
Let p,1p € P Conty(X%,€). Then there is a map
Cop - RFH (A, W) — RFH,(Ay, W)
such that
G = Gor © Gy

These maps define for every non-zero class Z € RFH, (X, W) a particular non-
zero class Z, € RFH, (A, W) by two conditions:

Zhay, = Z € RFH, (S, W)

and
Coup(Zp) = Zy.
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(ii) Let a < b < oo. There ezists a natural map
§&*: RFHY(A,, W) — RFH) (AL, W)
and a natural map
pP’ : RFHY (A, W) — RFH"Y (A, W).

Furthermore, if Spec(p) N [a,b] = () then j;’b is an isomorphism and pg’b is the
zero map.

(ili) There exist maps
¢t RFHS (AL, W) — RFHITEEY) (A, W)

for some constant K(p,v) > 0. Denote H; and K the contact Hamiltonians
associated with ¢ and 1 respectively. Then K(p,v) satisfies

(7.38) K(p, ) < e max(||H - K|, 0)
Furthermore, for all Z € RFHY(A,, W) we have

Con((2)) = 35T 4 (2))

(iv) X is contained in Crit( A ) as a Morse-Bott component as the constants. Let
€ > 0 such that € < p(X,€). Then there is a canonical isomorphism

RFHC)(S, W) ~ H,\\ 1(3, Zy).

Using the above proposition we can define the following.

Definition 7.49. Let Z € RFH, (X, W) be a non-zero class and let ¢ € P Contg (%, §)
be non-degenerate. Define the spectral number

Ay, 2)=mf{a e R [ Z, € jo(RFHI(A, W))}

Note that this definition works for non-degenerate ¢ only. To extend ¢(-, Z) to the
whole of P Conty (%, £) we make the following definition.

Definition 7.50. Let ¢ € P Conty(2,&) be a non-degenerate path. Let @i be a
sequence of non-degenerate paths such that ¢ — ¢ in C2. Let ¢(-, Z) be as above. We
set

clp, 7) = limelpr, 7).

We prove that the map ¢(-, Z) has the required properties listed in Proposition m
We need the following Lemma which is part of Lemma 3.3 in [AM14].

Lemma 7.51. Let p € P Conty(X,&). Then c(p, Z) € Spec(yp).
PROOF OF PROPOSITION [7.38. We follow the order of properties stated in the propo-

sition. We prove (iv) first, then use it to prove (iii). The continuity statement in (iii) is
required to prove both (i) and (ii).
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(iv)

(7.39)

(iii)
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Let ¢, € P Conty(X,€) be non-degenerate. Denote H; and K, the contact
Hamiltonians associated to ¢ and v respectively. We first prove the following
Claim which is a direct result of the properties listed in Proposition

Claim 12. For two non-degenerate paths ¢ and 1) we have
c(,Z) < c(p, Z) + K(p,¥).

PrOOF OF CrAM [T.5] Let a € R be such that Z, € j¢(RFH(A,, W)).
Now note that Proposition (i) says that
Furthermore, Proposition [7.48] (iii) says that

. .a+K(p,
Cop 0 52 = juT RN (e (2).
From this it is immediate that
Zy € gy FEV RFHIED (A, W)

Therefore, it follows that ¢(¢, Z) < c(¢, Z) + K(p, 1) as required, as this still
holds for the infimum. This proves Claim [7.5] O

We now combine the inequality of Claim with equation (|7.38)) in Proposition
[7.48 (iii) which yields

o, Z) < clp, Z) + e max(||H, — K1, 0)
Suppose now that H;(z) < K(x) for all z € ¥ and all t € [0, 1]. Then
c(, 2) < el Z)

is immediate. The inequality is still satisfied when taking the limits to extend
c(-,7Z) to the whole of P Conty (%, ). This proves property (iv).

Note that if ¢ — ¢ in C?, then also k(¢x) — k() by the definition of x(p) in
equation ([7.35)) as the integral. Denote Hj the contact Hamiltonian associated
to ¢, and H the contact Hamiltonian associated to . Then by C? convergence
of p and the definition of Hj, as
d
Hyo ), = 04(%902)

we have that |H — Hg||+ — 0. Then from equation it follows that c(¢x, Z)
converges. Hence when P Conty(3,€) is equipped with the C?-topology, the
function ¢(-, Z) is continuous. This proves property (iii).

The first property relies on a property of Spec(y). We use Lemma 3.8 from
[Sch93| by M. Schwarz.

Lemma 7.52. The set Spec(p) C R is residual, meaning that it is nowhere dense
and depends only on 1.
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By property (iii) we know ¢(-, Z) is continuous. Furthermore, we know that

c(p, Z) € Spec(ipy) for all p € P Conty(3,&). Suppose ¢ ~ ¥ via a homotopy
H with fixed endpoints. Then ¢(Hy, Z) takes values in the nowhere dense set
Spec(p1), hence is constant. In particular ¢(¢, Z) = ¢(, Z). This proves prop-

erty (i).

(ii) For this property, note that Spec(6*) = —\ + Spec(Idy). Again by Lemma [7.52]
Spec(Idy) is nowhere dense and by property (iii) the map ¢(-, Z) is continuous.
As above, this implies

c(t v 0N, 7)) = =X+ c(Idy;, 2).
This proves property (ii).

We see that ¢( -, Z) satisfies all properties listed in Proposition [7.38] Hence this concludes
the proof of Proposition [7.38 0J






APPENDIX A

Collection of auxillary results

Also, Hamiltonian diffeomorphisms actually preserve the symplectic form. That is,
if we define the symplectic group

Symp(M,w) ={¢ € C*(M, M) | ¢"w = w}
of diffeomorphisms the preserve the symplectic form, then
Ham(M,w) C Symp(M,w).
This is easily checked by the following computation

Let ¢ € Ham(M,w), which is generated by some H : M — R. Then

d, , .. ,
(Ph)'w = ¢l (Lxyw)

dt
= b (dix,w + tx,dw)
= ¢}y (ddH)
=0

Here we used the Cartan formula, the definition of Xy and the fact that w is closed.
Now note ¢% = Idys so that (¢%)*w = w, so the same holds for ¢ = ¢}; by the above
calculation, so ¢ € Symp(M,w).

A.1. Morse theory

We provide a short overview of Morse theory. This is used in Chapter [6] Because
many concepts in Morse theory are similar to those in Floer theory, a brief overview will
suffice. We inform the reader that Morse theory may be approached in two different way.
The classical way is as in Milnor’s standard text [Mil63]. A more modern viewpoint,
similar to how we treated Floer homology (involving Fredholm theory) can be found in
[Sch93]. We will mostly follow the classical approach as this is more accessible. We base
this approach on [Nic07].

In this section, let (M,w) be a symplectic manifold. Let J € J(M,w) with g; =
w(-,J-) the associated metric.
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Let f : M — R be a smooth function. A point z € M is a critical point if for
df (z) : T,M — R we have df (z) = 0 (when viewed as an element of T7M). At a critical
point x, we can construct a bilinear form which is known as the Hessian of f at z. We
need Lemma 1.6 from [Nic07].

Lemma A.1. Let f € C*°(M,R) and x € Crit(f). Let X, X", YY" € I'(M,TM) be
smooth vector fields on M such that X (z) = X'(z) and Y(x) = Y'(x). Denote X(f) =
df (X). Then

XY (N))(z) = X' (YV'()(z) =Y (X()(@).

This is a small computation that depends on the fact that = € Crit(f). Using the
lemma, we define the Hessian of f at x.

Definition A.2. Let x € Crit(f). Then define
Hess¢(z) : T, M x T,M — R
by
Hess () (v, w) := X (Y (f))(x)
where X,Y € I'(M, TM) such that X(z) =v and Y (z) = w.

REMARK. In local coordinates the Hessian iS.probably familiar to the reader. Let
(21,...,2,) be local coordinates around x with 2*(z) = 0. Then Hesss(z) is a matrix
which has as its 4, j'h entry the function

O f
(%Zﬁx j iE.
Let us rephrase to avoid confusion. In local coordinates, X = X i%. Then the Hessian

of f at x is given by
Hessy(z) := Z hii X'Y7
1,J
with ;
of
hi' = .
J 8%8:6] (x)

By Lemma this Definition does not depend on the choice of X and Y. Further-
more, the map Hessy(z) is bilinear and symmetric also by Lemma [A.1] We define what
it means for x € Crit(f) to be non-degenerate, in terms of this Hessian.

Definition A.3. Let f € C*(M,R) and = € Crit(f). Then z is called non-
degenerate if and only if Hess;(z) is non-degenerate. A function f € C°°(M,R) is called
Morse if all x € Crit(f) are non-degenerate.

REMARK. Recall that a bilinear form b: V' x V' — R is non-degenerate if b(v, w) =0
for all w € V if and only if v = 0. In the case of local coordinates, a critical point is
non-degenerate whenever its Hessian matrix is such that det(h;;) # 0.
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Recall that for a general bilinear form, we have the notion of an index. Let V' be a
finite-dimensional vector space and b : V' x V' — R be a bilinear symmetric non-degenerate

form. Then there exists a basis (ej, ..., e,) of V such that for v =), v’e; we have
b(v,v) = =[P — ... = [P+ TR R
Then the number A does not depend on the choice of basis. We define
ind(b) = .

We extend this to the Hessian.

Definition A.4. Let f € C°(M,R) be a Morse function and = € Crit(f). Then we
define the Morse index of = to be

inds(x) := ind(Hess(x)).

The beauty of Morse functions is that around a critical point, there exists coordinates
such that they look like a quadratic polynomial. This is the famous Morse lemma, which
is Corollary 1.17 in [?].

Lemma A.5. Let f € C°(M,R) be Morse with x € Crit(f) such that inds(z) = .

Then there ezists coordinates (x1,...,x,) centered at x such that
A n
f=J@)=) 2+ ) o
i=1 J=A+1

These local coordinates give a chart (U, ¢) of some open set around z and a diffeo-
morphism ¢ : U — R™. A chart such that the Morse lemma holds is known as a Morse
chart.

The goal of this section is to define the Morse homology. This homology is generated
by the critical points of a Morse function, and the boundary operator counts the number
of flow lines associated to a particular vector field running between critical points. In
the Floer case, we needed some conditions to make sure that the gradient of the action
functional connects critical points and to ensure that 9% = 0. For Morse homology, we
want similar results; we want flows that connect critical points and we want the boundary
operator to be well-defined. We discuss the conditions on our vector field.

Definition A.6. Let f € C*°(M,R) be a Morse function. We say a X € I'(M,TM)
is a gradient-like vector field with respect to f if

(i) We have df (x)X < 0 for all x € M \ Crit(f).

(ii) For every p € Crit(f), there is a Morse chart centered at p such that

X——2ixi 0 + 2 i azji
N — ox’ oI

F=A+1
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for A = indy(p).

Philosophically, in a Morse chart X looks like the standard gradient on R”. The num-
ber of dimensions flowing down from a critical point is then precisely its index. These
gradient-like vector fields always exists. This follows from partition on unity (we assume
our manifolds to be paracompact). We refer the reader to [AD14] 2.1.c. In particular
we can pick a Riemannian metric g such that the gradient V f of f with respect to g is a
gradient-like vector field.

These gradient-like vector fields have the following useful property we wanted.

Proposition A.7. Let M be a compact manifold and let v : R — M be the trajectory
of a gradient-like vector field X. Then there exist x—,x+ € Crit(f) such that

: _ .E
lim ~(s) = 2=

We can observe the space formed by everything flowing away from a critical point by
a gradient-like vector field and likewise for flowing towards. We make this precise.

Definition A.8. Let f € C*°(M,R) be Morse and x € Crit(f). Denote ¢° the flow
of a gradient-like vector field X. Define the stable manifold

(A1) We(@) = {pe M| lim ¢*(p) =z}
and the unstable manifold
(A2) W) :={pe M| lim ¢'(p) =z}

As the name suggests, these spaces are indeed submanifolds of M. They are diffeo-
morphic to open disks with the property that

dim W*(z) = codim W*(z) = inds(z).
See Proposition 2.1.5 in [AD14].

We want the moduli space of solutions running between critical points to be a mani-
fold of the right dimension. Therefore, we require an additional condition on the gradient-
like vector fied X.

Definition A.9. Let f € C*(M,R) be Morse and X a gradient-like vector field.
Then we say the pair (f, X) satisfies the Smale condition if for all z,y € Crit(f) we have

Wh(z) th W (D).

Note that this implies that for any two x,y € Crit(f), we have
dim(W*(z) N W¥(y)) = inds(x) — inds(y).

REMARK. Such gradient-like vector fields satisfying the Smale condition are still
generic. Roughly speaking, for any gradient like X there exists a gradient-like X’ satisfying
the Smale condition close to X. See Theorem 2.2.5 in [AD14].
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We can then consider the space of trajectories running from x~ to 2™ for a pair (f, X)
where f € C®(M,R) is Morse and X is gradient-like satisfying the Smale condition.
Define

M 2" [, X)) ={zeM|zeW"(z")NnW?*z")}.
Like in the Floer case, there is an action of R on M(z~,z"). Let z € M(z~,z") and

s € R. Denote % the flow of X. Then s -z = ¢%(x) is an action. Consider the quotient
manifold

o~ o~

M(z™, 2" f, X) == M(a™, 2™ f, X)/R.
This is a manifold of dimension inds(z~) —inds(z") — 1.

We can now define the Morse complex and Morse homology. Let M be a compact
manifold, f € C*°(M,R) a Morse funtion and X a gradient-like vector field satisfying the
Smale condition.

Definition A.10. The Morse chains are the vector spaces

CM(f) = B (2)Z.
zeCrit(f)
indy(z)=k

The chains are given like in Floer homology by counting the number of trajectories
between the critical points.
Definition A.11. Define dx : CMy(f) — CMy_1(f) by
ox(x):== > nxyy
yeCrit(f)
indy(y)=k—1

with n(z,y) = #ﬂ(m,y) mod 2.
We need compactness results for the spaces M (x,y) in order to prove that n(z,y) is

well-defined and that 9% = 0. We state these as Theorems here and refer the reader to
[AD14].

The first theorem implies that n(x, y) is well-defined and is Corollary 3.2.4 in [AD14].

Theorem A.12. Suppose x,y € Crit(f) such that inds(z) = inds(y) + 1. Then
M(z,y) is a compact 0-dimensional manifold, hence a finite set.

The following theorem implies that 9% = 0 and is Theorem 3.2.7 in [AD14].
Theorem A.13. Let x, z € Crit(f) such that indf(x) = inds(2) + 2. Then

Mz, z) = M\(:c,z) U M\(x,y) X /T/l\(y,z)

yeCrit(f)
indf(y)=ind s (x)—1
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1s a compact 1-dimensional manifold with boundary

OM(x,z) = U //\/l\(x,y) X .K/l\(y, z).

yeCrit(f)
indf(y)=indf(z)—-1

Then the Morse homology of M for the pair (f, X) is given by
HML(M; f, X) = H.(CM.(J), Ox).

The homology thus defined depends on the choice of Morse function f and a gradient-
like vector field X satisfying the Smale condition. However, it can be proven that the
homology obtained is independent of the choice of (f, X). This is proven in Section 3.4
in [AD14].

For a particular manifold M, the pair (f, X) can be used to define a cellular de-
composition of M. In this way, the Morse homology and the cellular homology coincide.
Thus, the Morse homology of M is isomorphic to the integral homology of M. This is
what we exploit in Chapter 6 to prove the Arnold conjecture. For a proof, we refer the
reader to [AD14] Section 4.9.

A.2. Morse-Bott theory

Morse-Bott homology is defined as the homology associated to a chain complex gen-
erated by the critical points of a Morse-Bott function. The boundary operator is defined
by counting gradient flow lines with cascades. This theory is required to define the Ra-
binowitz Floer homology RFH, (X, W) of a hypersurface of contact type ¥ in a Liouville
manifold W, as the functional A, is not Morse in general but still Morse-Bott.

REMARK. There are many ways to compute the homology of a smooth closed mani-
fold using Morse-Bott functions. See the paper [?] by D.E. Hurtubise for an outline. The
approach using cascades is what we explain in this section. Another path is provided by
peturbing the Morse-Bott function to a Morse function. A additional ways are using a
multicomplex, or using spectral sequences. We choose the cascade approach as this is the
one used in [AM14] and [AF]. Flow lines with cascades where first introduced by U.
Frauenfelder (one of the authors of [AF]) in his PhD thesis [?]. We follow the exposition
in Appendix A of [Fra08§].

We begin by defining a Morse-Bott function.

Definition A.14. Let (M, g) be a Riemannian manifold. A function f € C*°(M,R)
is called Morse-Bott if the following conditions are satisfied.

(i) Crit(f) is a submanifold of M
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(ii) For each x € Crit(f) we have T, Crit(f) = ker(Hess(f)(x)).

The Morse-Bott condition implies the Morse condition of Definition ?7. Conversely,
denote C, the connected component of Crit(f) containing . Then a Morse function such
that C, = {z} for all x € Crit(f) is a Morse-Bott function. We demonstrate a simple
example of a Morse-Bott function and a function that is not Morse-Bott.

EXAMPLE A.15. Let f, g : R® — R be the functions f(z1,...,2,) = 23 and g(x1,...,3,) =
23. Then f is Morse-Bott whereas g is not. For f, the critical manifold Crit(f) is the
hyperplane x; = 0. The condition T, Crit(f) = ker(Hess(f)(z)) is also satisfied for any
x € Crit(f). For g, the critical manifold Crit(g) is also the hyperplane z; = 0. However,
the condition 7}, Crit(g) = ker(Hess(g)(z)) is not satisfied.

Morse-Bott functions have the property that their gradient flow lines are bounded
and run between critical points (provided that M is compact). This is made precise in
the following theorem.

Theorem A.16. Let (M,g) be a compact Riemannian manifold and f : M — R
a Morse-Bott function. Suppose u : R — M 1is a negative gradient flow line, that is, a
solution of

u(t) = =V [(u(t)).
Then there exist z* € Crit(f) and constants 6 > 0 and K > 0 such that

. - =
and
ou
()] < Ke ™,
7 )‘ = ne

Proor. This is a standard result in Morse-Bott theory. See for example Theorem
A.3 in [Fra08§]. 0J

We define flow lines with cascades. In the following, let (M, g) be a compact Rie-

mannian manifold and f : M — R a Morse-Bott function. Fix a Riemannian metric on
(the submanifold) Crit(f) and a Morse function h : Crit(f) — R such that h satisfies the
Morse-Smale condition from Definition ?7.
We look at critical points of h and define a grading on them. Let x € Crit(h). Then
the Morse index indy(z) as in Definition 7?7 makes sense, as h is Morse. Furthermore,
the index as defined in Definition ?7 still makes sense for # € Crit(f) as the number of
strictly negative eigenvalues of d¥ (df)(z). We define the Morse-Bott index as follows.

Definition A.17. Let f : M — R be a Morse-Bott function and A : Crit(f) — R a
Morse function. Let p € Crit(h). We define the Morse-Bott index of p to be

ind(p) = inds(z) := ind¢(z) + ind,(2).



120 A. COLLECTION OF AUXILLARY RESULTS

We are now ready to define flow lines with cascades. The idea is to flow between
critical points of h, flowing along negative gradient lines of h with respect to p when in
Crit(f) and flowing between components of Crit(f) via the negative gradient flow lines of
f with respect to g. The following definition makes this idea precise. Recall the definition
of the stable and unstable manifolds of a Morse function at a critical point in equations

and (2).

Definition A.18. Let p,p’ € Crit(h) and m € N. A flow line from p to p’ with m
cascades consists of a collection of maps and a collection of times

(r)1<kzm, (tr)1<hem—1)

where x € C*°(R, M) and t; € R>( such that the following holds.

(i) The maps z;, € C*(R, M) are non-constant negative gradient flow lines of f with
respect to g. They solve

8$k

s =V f ().

(ii) There exist points a € W*(p) and b € W (p') such that

Sgr_noo z1(s) = a, Sli_)rgo Tm(s) = b.

(iii) For 1 < k < m —1 there exist negative gradient flow lines of h with respect to p.
That is, maps ux € C*°(R, Crit(f)) which solve

8uk
s =V h(ug)

such that

lim z4(s) = ug(0), Tm_wpa(s) = u(t).

The above definition of a flow line with cascades is visualized in Figure [1| for the case
m = 2 for two critical points p, p’ € Crit(h).
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Uy Uy = —Vph(ul)

S / p
Wh(P)

Figure 1. A gradient flow line from p to p’ with two cascades

Here, the blue boxes are the submanifold Crit(f). From p the gradient flow of h meets
a negative asymptotic end a of the gradient flow line x; of f. The positive asymptotic
end of 1 converges to some point in Crit(f). This is the first cascade. From this point,
we flow via the gradient flow of h on Crit(f) , which we call u; until we encounter some
other negative asymptotic end of a gradient flow line x5 of f after some time t;. Figure
depicts the situation with two cascades.

We look at the moduli space of flow lines with m cascades running from p to p’
denoted

M, (p, D).

We quotient out reparametrization. Note that there is a reparametrization action of R on
gradient flow lines of h connecting two critical points on the same level (i.e. flow lines in
My(p,p')) and an action of R™ on M,,(p, p’) by shifting time in each cascade. We denote
the quotient by these actions by

M (p, D).

The space of all flow lines with cascades running from p to p’ we denote

M(p,p) = | Mu(p,p).

meN

One may wonder whether the above picture is accurate. The following lemma states
that cascades can only "run down”.
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__ Lemma A.19. Suppose f(p) < [f(p') then M(]z,\p’) = 0. If f(p) = f(©') then
M(p,p") = Mo(p,p"). If f(p) > (1) then M(p,p') \ Mo(p, ') = M(p, p').

To consider homology, we need to take care of compactness. Like previous spaces of
trajectories, there is a concept of broken flow lines with cascades.

The important result that follows from this is the following.

Theorem A.20. Let p,p’ € Crit(h). Then for a generic choice of Riemannian metric
g on M, the space M(p,p’) is a smooth finite dimensional manifold of dimension

dim M\(p,p’) = ind(p) — ind(p’) —

Furthermore, whenever ind(p) — ind(p’) = 1, the manifold M\(p,p’) is a compact zero
dimensional manifold, hence a finite set.

The proof is similar to the Floer case we consider in the main part of the thesis. We
define a suitable Banach bundle £ — B with a section F : B — £. Then prove that the
vertical derivative of this section is a Fredholm operator of a suitable index. The proof is
somewhat complicated because one needs to keep track of the m cascades. We refer the
reader to the proof of Theorem A.11 in [Fra08].

We can now define the Morse-Bott homology. This is section A.3 in [Fra08]. Consider
a pair (f, h) of a Morse-Bott function f: M — R and a Morse function A : Crit(f) — R.
Define a chain complex

(A.3) CMBR(M; f,h) = € Zalc

ceCrit(h)
ind(c)=k

Similarly to the Floer case, we define a boundary operator. Suppose ind(p) —ind(p’) =
Set
n(p,p) == #M(p,p’) mod 2.
This is a finite number, as Theorem asserts that M(p,p’) is a smooth compact
manifold of dimension 0. Define the boundary operator
Ok : CMB(M; f,h) — CMBy_1(M; f, h)

by setting

ap=Y_. o)W

ind(p’)=k—1
on the generators p € Crit(h) with ind(p) = k and linearly extending. Analogous to the
Floer case, compactness and gluing implies that

> =0
so that we can define homology groups
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It is important that this definition does not depend on the choices made. In this case,
the choice of (f,h) and the associated metrics g on M and p on Crit(f). This is indeed
the case. The following theorem is Theorem A.17 in [Fra08§].

Theorem A.21. Let (f% h®, g% p®) and (f°, kP, g% p°) be two reqular quadrupels.
Then HMB, (M; £, h®, g%, p®) and HMB,(M; f° hP, g°, p°) are naturally isomorphic.
This gives rise to the Morse-Bott homology of M by setting
HMB, (M) := HMB(M:; £, h, g, p)

for a regular quadruple (f, h, g, p). Note that in the case that f is actually Morse, we can
take h = 0 throughout this entire construction. This immediatly implies that HMB, (M)
is isomorphic to HM, (M).

A.3. The Chern Class

In this section we establish the existence of the first Chern class ¢;, which associates
to a bundle 7 : £ — B an element of H*(B;Z). If B is 2-dimensional, the Chern class
is determined by the first Chern number. We first state the axiomatic definition of the
first Chern class and then provide a theorem that is relevant to choosing a symplectic
trivialization of the bundle z*T'M for z € P(H).

Definition A.22 (The first Chern number). There exists a unique functor ¢;, the
first Chern number, that assigns to every symplectic vector bundle 7 : £ — ¥ over a
closed Riemann surface an integer ¢;(E) € Z satisfying the following conditions

(naturality) Two symplectic vector bundles £ and E’ over ¥ are isomorphic if and only if
they have the same dimension and the same Chern number.

(functoriality) For any smooth map ¢ : ¥’ — ¥ of oriented Riemann surfaces and any symplectic
vector bundle £ — >, we have

c(¢"E) = deg(p)c1(E).

(additivity) For any two symplectic vector bundles F; — 3 and Ey — X, we have
(B & Ey) = a1(Er) + a1 (Ey).

(normalization) The Chern number of 7% is
a(TY)=2-2g

where g denotes the genus of the surface 3.

The following lemma is what we use to find a trivialization of the bundle x*T'M.

Lemma A.23. The first Chern number vanishes if and only if the bundle is trivial.
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Proor. This follows directly from the axioms. 0

Therefore, we see that the condition that for every smooth map o« : S — M there
exists a symplectic trivialization of the bundle T M is equivalent to saying that the first
Chern class vanishes over T'M. The condition on smooth maps is however what we will
use.



APPENDIX B

Distributions and Sobolev spaces and Elliptic regularity results

B.1. Sobolev spaces

Let 2 C R™ be an open subset. The goal is to define the Sobelev space W*?(Q2). The
following is based on Chapter 5 of [Eva98| and Appendix B.1 of [MS12]. We define the
weak derivative.

Definition B.1. Let u : 2 — R be locally integrable (so u € L} () and let
a = (aq,...,a,) be a multi-index and denote |a| = a3 + ... 4+ a,, the order of a. We call

a locally integrable u, : {2 — R the weak derivative of u corresponding to « if and only if

(B.1) /Qu(m)ﬁago(x) dr = —11 /ua(x)go(x) dx

Q
for every C§°(2).

Such ¢ € C§°(2) are often called test functions. If the weak derivative of u exists,
it is unique almost everywhere. Suppose u, and u,, are both weak derivatives of u with
respect to a. Then in particular

Juale)o@rde = [ ui@pta) da

Q
for all ¢ € C§°(2). Therefore

@%m—%mwwwzo

for all ¢ € C§°(£2) which means that u, — u], = 0 almost everywhere. By uniqueness (up
to a set of measure 0) we can speak of the weak derivative of u with respect to a, which
we denote

0%U := Uy,
REMARK. Suppose u € C¥(Q,R). Then u has weak derivatives up to order k and
these agree with the "normal” strong derivates of u.
We can now define the Sobolev space W*?(Q). Fix k € Nand 1 < p < oo.

Definition B.2. The Sobolev space W*P(U) is the space of equivalence classes of
functions u € LP(Q2) such that for every multi-index o with |a| < k, the weak derivative
0%u exists and 0%u € LP(1).

125
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The space W"?(U) has a norm associated to it.
Definition B.3. Let u € W*P(Q). Tts W"P-norm is defined by

|| w|| e := (/Q Z |0%u(z) [P d:L‘)l/P

la|<k

REMARK. The definition of W*?(Q) does not exclude the case p = co. However, the
Wk_norm is defined differently as

llul|piee = Z esssup |0%ul.
| <k

Hence, we can define the Sobolev spaces for all 1 < p < oo.

One readily checks this is a norm. By defining this, we also have the notion of
convergence in W*P(U) given by norm convergence in the W*?-norm. Given this norm,
it is natural to ask whether W*?(2) together with the W*P-norm is a Banach space. This
is indeed the case.

Theorem B.4. Let k € N and 1 < p < co. Then the Sobolev space W*P(Q) is a
Banach space. Furthermore, for 1 < p < oo, WkP(Q) is reflezive.

PrOOF. We refer to Theorem 2 on page 249 of [Eva98]. Here, the reflexivity state-
ment is not present here, but we can view W*?(Q) as a closed subspace of LP(2, RY for
suitable NV and use that a closed subspace of a reflexive Banach space is reflexive combined
with the fact that LP(Q, RY) is reflexive for 1 < p < oo. O

Using this definition we can define the locally WP functions.
Definition B.5. Let {2 C R™ be open. Then
WEP(Q) == {u:Q — R | For any K C Q compactly contained, we have u|x € W*?(K) }.

loc

We now collect several results about Sobolev spaces that we use, in particular in
Chapter 5 when computing the index of the vertical derivative of the Floer operator.
They give estimates of the W*P-norm of a function in terms of the Holder norm and the
LP norm.

Theorem B.6 (Sobolev estimate). Let Q@ C R™ be a bounded Lipschitz domain and
suppose kp > n and 0 < B2 < 1. Set p = ’“_T". Then there exists a constant C' =
C(k,p,Q) > 0 such that

[ullcon < Cllullwrs.

for any u € C=(Q). Furtheremore, the inclusion W*P(Q) — C°(Q) is compact.

Theorem B.7 (Rellich’s Theorem). Let 2 C R™ be a bounded Lipschitz domain and
suppose kp < n. Let r := —£— Then there ezists a constant C = C(k,p,Y) such that

n—kp
lullr < Cllullwen

for u € C=(Q). Furthermore, if q < r, then the inclusion W*P(Q) < L1(Q) is compact.
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B.2. Elliptic regularity

Recall that the Laplace operator A on R is given by
o? o?
Ai=——+.. . +—.
6%12 6$n2

Let Q C R" be an open subset and u € C%(, R). Then u is called harmonic iff Au = 0.
An important question is whether for a given f : R"™ — R there exists a solution to
Au = f. It turns out there is a positive answer in the following setting of a weak solution.
This definition is similar to the one of a weak derivative.

Definition B.8. Let f € L] _(Q). Then u € L{ () is called a weak solution of
Au = fif

Ju@apta)ds = [ )t s

for all test functions ¢ € C§°(12).

Let w,, be the volume form on the unit sphere in R™. Then define the fundamental
solution of Laplace’s equation

1
sl
™
(B.2) K(z) == |2
——), n>3
(2 — n)wy,

The following inequality is important.

Theorem B.9 (Calderon-Zygmund inequality). Let K be as in equation (B.3). Let
1 <p<ooandlet f € CF(R™). Then there ezists a constant C = C(n,p) > 0 such that

IV K f)lle < C[[f]] o
forg=1,...,n.

This has the following consequence for the perturbed Cauchy-Riemann operator.
We use this when proving the Fredholm property of the vertical derivative of the Floer
operator.

Lemma B.10. Let p > 2 and Dg : W"P(R x S} R*™) — LP(R x S' R*™) the
perturbed Cauchy Riemann operator where S € C*(R x S', End(R®")) which converges
to symmetric operators ST as s — 400 with lim,_, 1 %(3, t) = 0 uniformly in t.

Let u € WHP(R x ST, R?"). Then there exists C' > 0 such that

[ullwre@xsry < C(|DsullLo@xsty + |l o@xsr))-

Recall the definition of the convolution product of functions. Let f,g : R* — R.
Then

frg(x) = IRnf(fzc —y)g(y) dy.
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The following is Lemma B.2.2 in [MS12].

Lemma B.11. Let u, f € LY(R™) with compact support. Then u is a weak solution
of Au= f if and only if u =K % f.

We now concentrate on the elliptic regularity of solutions to the Floer equation. In
particular, when proving transversality results, we had solutions of the Floer equation in
a space BYP(x,y) modeled on a Sobolev space. We want to conclude that these solutions
are of class C'°. Using a symplectic trivialization we transfered everything to a linear
setting. Here, the vertical derivative of the Floer equation took the form of a perturbed
Cauchy-Riemann operator. This operator has several regularity results we used.

We start with two theorems on the elliptic regularity in the case where our manifold
M = R?". These results are easier to prove.

The central theorem on which this section is a regularity result for the Cauchy-
Riemann operator 0. Compare this for example to Theorem B.3.1 in [MS12], which is
very similar for the Laplace operator A (up to change in some degrees to take care of the
extra derivatives). The following is Theorem 12.1.2 from [AD14].

Theorem B.12 (Elliptic regularity for the Cauchy-Riemann operator). Let 1 <p <
oo and k € N. Suppose Q C C is open. If u € L¥ () is a weak solution of Ou = f for
feWrP(Q), then

loc

we WP (Q).

loc

Moreover, for every relatively compact open set Q' C C such that ¥ C Q, there exists a

constant C = C(k,p, Y, Q) > 0 such that for every u € C*()) we have
(B.3) [ullwesrn@y < C(HEUHW’W(Q) + HUHLP(Q))

REMARK. Note that we require p > 2.

From this theorem, we can prove a similar theorem for the peturbed Cauchy-Riemann
operator, provided the peturbation is sufficiently well-behaved.

Theorem B.13 (Elliptic regularity for the peturbed Cauchy-Riemann operator).
Let 1 <p < oo and let S € C*(R x S', End(R*") such that the limits

: _ ot
SE&H@S(S,i) = S¥(t)

exist with

. 0S8
Jm 55t =0

uniformly in t. Let Dg be the peturbed Cauchy-Riemann operator
DS = 5 + S.



B.2. ELLIPTIC REGULARITY 129

If u € LP(R x SY,R*) is a weak solution to Dsu = 0, then u € C*(R x S R*") N
WhP(R x ST R?").

PROOF. For details, we refer to the proof of Theorem 12.1.3 in [AD14]. By induction,
using Theorem we find that u € W"P(R x S*,R?") for all k € N, which implies that
u is smooth. Such an argument is sometimes called elliptic bootstrapping. The statement
that u € WIP(R x S, R?") follows from a version of Theorem for the peturbed

Cauchy-Riemann operator without conditions on S that we used. This is Theorem [

We now list regularity results for the non-linear case. The following is a non-linear
version of Theorem It is Proposition 12.1.4 in [AD14].

Theorem B.14 (Elliptic regularity of the Floer equation). Let 2 < p < co. Suppose
u € WLP(R x S*, M) such that Oy s(u) = 0. Then u € C=(R x S, M).

When referring to elliptic regularity for a solution to Floer’s equation to prove that
it is smooth, we are referring to this theorem.






APPENDIX C

Banach manifolds and Banach bundles

Floer homology is Morse homology for the symplectic action functional. This func-
tional is defined on the space of contractible loops, which can be given the structure of
a Banach manifold. In this section we define such manifolds. Let us briefly recall the
definitions and important theorems associated to Banach manifolds such as the inverse
function theorem, Fredholm stability and the semi-Fredholm lemma. We follow the ex-
position of [Lan85]. We assume some familiarity with differentiable manifolds.

Let X be a vector space. We have the following definition of a normed space

Definition C.1 (Normed space). Let X be a F-vector space, where we will take
F =C or F =R, equiped with a map || - || : X — R with the following properties.

(1) [l +yll < [lz]l + llyll for all z,y € X
(ii) ||az|| = |a||z|| if x € X and o € F

(ili) ||lz|| >0if 2 #0
Then X is called a normed space.
Every normed space can then be regarded as a metric space, by definining the dis-

tance function d!'l : X x X — R by d(x,y) = ||z —y||, which has all properties associated
to a metric (do we need to check?)

Using this metric, there is a special class of normed spaces.
Definition C.2 (Banach space). A Banach space is a normed space for which the

metric dl'll is complete.

On these Banach spaces we can define a topology induced by the metric. Hence,
we can speak of topological notions like continuity and openess in the context of Banach
spaces.

Now we can define differentiable manifolds with these Banach spaces. First define
atlasses.

131
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Definition C.3 (Atlas). Let X be a set. An atlass of class C? on X is a collection
of pairs (U;, ¢;) satisfying

(i) Each U; is a subset of X and the U; together form a cover of X.

(ii) Each ¢; : U; — E; is a bijection unto an open subset ¢;(U;) of some Banach
space E;. Furthermore, for any i, j we have that ¢;(U; N U;) is open in E;.

(iii) The transitions ¢;o0p; "' : p(U;NU;) — ¢;(U;NTU;) is a CP isomorphism for each
pair 1, 7.

Now one can construct a unique topology on X such that each Uj; is open and the ¢;
are homeomorphisms. Suppose we are given some homeomorphism ¢ : U — V from an
open subset U C X to an open subset V' of a Banach space E. Then (U, ¢) is compatible
with the atlas {(U;, p;)}i if each map ¢;¢0 7! is a CP isomorphism. Two atlases are com-
patible if each chart of one is compatible with each the other atlas. Such compatibility is
an equivalence relation, and thereby we can make the following definition.

Definition C.4 (C?-manifold). A CP-manifold is a pair (X, .A) where A is an equiv-
alence class of atlasses of class C? on X.

If in some atlas the vector spaces E; are isomorphic, we can find and equivalent at-
las for which they are all equal to some vector space E. Note that for £ = R" we get
the "regular” definition for an n-dimensional manifold. So, we extend the definition of a
manifold to also take into account spaces that locally look like Banach spaces, instead of
just R™ or C™.

Likewise, we can also define tangent vectors and tangent spaces. Automatically, these
tangent spaces have the structure of a Banach space. Suppose X is a C? manifold and
let © € X. We define a tangent vector at x.

Definition C.5. Consider a triple (U, ¢, v) where (U, ) is a chart of X and v € ¢(U)
is an element of a vector space E. Two triples (U, ¢, v) and (V, 1, w) are equivalent if for

Ty (o 9p™") s (U) = ¥(U)
we have T, (1) 0 ) (v) = w. An equivalence class of triples is called a tangent vector
of X at x. The set of all tangent vectors is the tangent space T, X of X at x.

Note that a chart (U,¢) gives a bijection of the Banach space E and T,X by
(U, ¢,v) +— v. In this way, T,X is endowed with the structure of a Banach space.

Suppose X and Y are manifolds and f : X — Y is a morphism of class C?. We can
define a tangent map T,.f : T, X — T,Y using charts. Let (U, ) and (V,1) be charts at
x and f(z) respectively. Let v be a tangent vector at z, represented by v € ¢(U). Define
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T, f(v) as the tangent vector at f(x) represented by D fi v (z)v, the derivative of the map
foy i=po fl.

We define bundles over Banach manifolds.

Definition C.6 (Banach vector bundle). Let X be a manifold of class CP. A Banach
vector bundle over X is a total space E together with a continuous map 7 : £ — X such
that the following holds

(i) For all z € X the fiber 77!(z) = E, has the structure of a Banach space.

(ii) There exists a cover U; of X and a collection of maps associated to it 1; :
7~ Y(U;) — U; x E for some Banach space E such that each 1); is an isomorphism
commuting with projection unto the first coordinate pry. That is, pro o), =
and for each x € U; the map 1); : 7 '(z) — F is an isomorphism.

(iii) The transition maps are continuous C?.

Really, the above defines a trivializing cover, and for a vector bundle one needs to
have an equivalence class of such bundles over a space X.

For any manifold X there is the construction of the tangent bundle.

Definition C.7. At every point we have a tangent space T, X. Let
TX = | | T.X
zeX

be the disjoint union of tangent spaces. This comes with the projection 7 : TX — X by
T, X +— x. We define a trivialization on this bundle. Let (U, ) be a chart on X. Then
the map @y : 771(U) = TU — U x E is a bijection, using the definition of tangent vector
as a triple (U, ¢, v). This commutes with projection U x E' — U. Similarly we can define
transition maps

q)ij:q)j0®;11¢i(UiﬂUj> ><E—>g0j(UiﬂUj) X FE
by
Dii(z,v) = (wii(x), Dpij(x)v).

One can readily check that this satisfies the necessary properties of a vector bundle.

There are natural construction to construct from vector bundles new ones. One such
construction that we will often use is the pullback bundle.
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Definition C.8 (Pullback bundle). Suppose 7 : E — X is a vector bundle and
f: X’ — X is a continuous map. Then we can define a vector bundle called the pullback
bundle

ffm: ff(F) — X.
Here f*(F) is defined by the fibered product
J{(E) =X xx E={(z/,e) € X' x E'| w(e) = f(a')}
and
J'm=pn

projection unto the first coordinate.

One of the goals of Floer homology is to define moduli spaces of solutions to the
Floer equation. To do this, we view the Floer operator as a section ¢ of a vector bundle
7w : €& — B as described above. To establish this, one needs to prove that o is transverse
to the zero section. Let

Do (u) : T,B = T,w)€
denote the derivative, then we must have that it is complementary to the tangent space
T, B of the zero section.

A different way to phrase this is to look at the canonical splitting of the vector bundle
& at the zero section. Denote by &, the fiber at u. There is an canonical isomorphism
Tw0€ ~T,B®E,. We make the following definition.

Definition C.9 (Vertical differential). The vertical differential d" o (u) of the section
o€ (B,€) at u € Bis defined by dVo(u) = pryoDo(u) : T,B — &, where pry : T(,0)E ~
T.B® &, — &, denotes projection unto the second coordinate.

It is now immediate that transversality of o to the zero section is the same as saying
that Dy o is surjective for every u € B.

We now state several theorems concerning Banach spaces. These will be used through-
out the text.

The statements are primarily from [MS12] and [AD14], collected throughout several
chapters and the appendices. Recall the definition of a Fredholm operator and Fredholm
index. Suppose X,Y are Banach spaces with F' : X — Y a bounded linear operator.
If F' has finite-dimensional kernel and cokernel and has closed range, then we call F' a
Fredholm operator. In this case, its index is given by

ind(F') = dimker F' — dim coker F.

Theorem C.10 (Semi-Fredholm lemma). Let XY ,Z be Banach spaces. Assume
D : X —Y is a bounded linear operator, and K : X — Z is a compact operator. Assume
there is a ¢ > 0 such that
lzllx < (|| Dxlly + [[Kzlz)

forx € X. Then D has closed image and a finite dimensional kernel.
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What we do to compute indices of Fredholm operators is perturb them, so that we
get operators for which we can compute the index. Hence there is the following important
theorem stating that the Fredholm property and index are stable.

Theorem C.11 (Fredholm stability). Suppose D : X — Y be a Fredholm operator.
We have the following

(i) Let K : X — Y be a compact operator. Then D + K : X — Y is a Fredholm
operator with ind(D + K) = ind(D).

(ii) For any D there exists € > 0 such that for A: X —'Y a bounded linear operator
with ||Al| <€, then D+ A : X — Y is a Fredholm operator with ind(D + A) =
ind(D).

The next theorem is a theorem from functional analysis, called the Sard-Smale The-
orem. It is used to prove that the Hamiltonians H such that the spaces of solutions to
the Floer equation are finite dimensional manifolds are generic.

Theorem C.12 (Sard-Smale Theorem). Let X and Y be separable Banach spaces
and U C X be an open set. Suppose F: U =Y is a Fredholm map of class C' where

[ > max{1,ind(F) + 1}.
Then the set
Yreg(F) :{@/EY ‘ S U,F(iﬁ) =y = zmdf(a:) :Y}'

of reqular values of F' is residual in the sense of Baire.

This is also sometimes called of the second category in the sense of Baire. It is the
same as saying that the set contains a countable intersection of open and dense sets. If
A is a set with a subset B of the second category in the sense of Baire, we say that the
choice of some a € B is generic.

Another important theorem is an infinite dimensional version of the implicit function
theorem. This is the following statement. It is used to give the space of solutions to
Floer’s equation a manifold structure by describing them as regular values of a section of
a Banach bundle over a Banach space.

Theorem C.13 (Implicit function theorem). Let X and Y be Banach spaces and let
U C X be an open set, and | a positive integer. If F 'Y — Y is of class C' and y is a
reqular value of F.
Let
M=F(y) cX.
Then M is a C' Banach manifold and T, M = ker df (z).
In the special case that F' is a Fredholm map, then M is finite dimensional with

dim M = ind(F).






[AD14]
[AF]

[AF10]
[AF11]

[AM14]
[Arn65]

[CF09)
[CFO09)]

[EKP06]

[Eva98]
[FHS94]

[Flo88]
[FO99]

[Fra08]
[FS03]
[Gei08]
[Lan85]
[LTO8]

[Mil63]
[MS95]
[MS98]

[MS12]
[NicO7]
[RS93]
[Rud73]
[San12)

[Sch93]

Bibliography

M. Audin and M. Damian. Morse Theory and Floer Homology. Not sure, Not sure, 2014.

P. Albers and U. Frauenfelder. Leaf-wise intersections and Rabinowitz Floer Homology, year =
2009.

P. Albers and U. Frauenfelder. Rabinowitz Floer Homology: A Survey. 2010.

P. Albers and U. Frauenfelder. A variational approach to Giventhal’s nonlinear Maslov index.
2011.

P. Albers and W.J. Merry. Orderability, contact non-squeezing, and Rabinowitz Floer Homol-
ogy. 2014.

V.I. Arnold. Sur une proprieté topologique des applications globalement canoniques et a
méchanique classique. 1965.

K. Cieliebak and U. Frauenfelder. A Floer homology for exact contact embeddings. 2009.

K. Cieliebak, U. Frauenfelder, and A. Oancea. Rabinowitz-Floer homology and symplectic ho-
mology. 2009.

Y. Eliashberg, S. Kim, and L. Polterovich. Geometry of contact transformations and domains:
orderability versus squeezing. Geometry and Topology, 10:1635-1747, 2006.

L. C. Evans. Partial Differential Equations. 8 edition, 1998.

A. Floer, H. Hofer, and D. Salamon. Transversality in elliptic Morse theory for the symplectic
action. 1994.

A. Floer. The unregularized gradient flow of the symplectic action. Communications in Pure
and Applied Mathematics, 41:775-813, 1988.

K. Fukaya and K. Ono. Arnold conjecture and Gromov-Witten invariants for general symplectic
manifolds. Topology, 10:933-1048, 1999.

U. Frauenfelder. The Arnold-Givental conjecture and Moment Floer homology. 2008.

U. Frauenfelder and F. Schlenk. Hamiltonian dynamics on convex symplectic manifolds. 2003.
H. Geiges. An Introduction to Contact Topology. Cambridge University Press, 1st edition, 2008.
S. Lang. Differentiable Manifolds. Springer-Verlag New York Inc., 1985.

G. Liu and G. Tian. Floer homology and Arnold conjecture. Journal of Differential Geometry,
49:1-74, 1998.

J. Milnor. Morse Homology. Princeton University Press, 1963.

D. McDuff and D. Salamon. J-holomorphic cures and Quantum Cohomology. 1995.

D. McDuff and D. Salamon. Introduction to Symplectic Topology. Oxford University Press, Great
Clarendon Street, Oxford OX2 6DP, 2nd edition, 1998.

D. McDuff and D. Salamon. J-holomorphic Curves and Symplectic Topology. American Math-
ematical Society, 2nd edition, 2012.

L. Nicolaescu. An Invitation to Morse Theory. Springer, 2007.

J. Robbin and D. Salamon. The Maslov index for paths. Topology, 32:827 — 844, 1993.

W. Rudin. Functional Analysis. McGraw-Hill, Inc., 1st edition, 1973.

S. Sandon. Contact Homology, Capacity and Non-Squeezing in R?” x S! via Generating Func-
tions. 2012.

M. Schwarz. Morse Homology. 1993.

137



138 BIBLIOGRAPHY

[SZ92] D. Salamon and E. Zehnder. Morse Theory for Periodic Solutions of Hamiltonian Systems and
the Maslov Index. Communication on Pure and Applied Mathematics, 45(10):1303—-1360, 1992.
[War00] F.W. Warner. Foundations of Differentiable Manifolds and Lie Groups. 1700.



	Abstract
	Acknowledgments
	Chapter 1. Introduction
	1.1. Motivation and main result
	1.2. Overview of the topics covered

	Chapter 2. Symplectic geometry and the Arnold conjecture
	2.1. Introduction to symplectic geometry

	Chapter 3. The action functional
	3.1. The loop space
	3.2. The action functional AH

	Chapter 4. The Conley-Zehnder index
	4.1. Maslov index for paths : [0,1] `39`42`"613A``45`47`"603ASp(2n).
	4.2. The Conley-Zehnder index of a path S.
	4.3. The Conley-Zehnder index for periodic orbits.
	4.4. Paths with a prescribed Conley-Zehnder index.

	Chapter 5. Floer homology and transversality
	5.1. Definition of Floer homology
	5.2. Solutions to Floer's equation as a section
	5.3. The operator dV H,J(u) is Fredholm of index `39`42`"613A``45`47`"603ACZ(x-)-`39`42`"613A``45`47`"603ACZ(x+)
	5.4. A manifold structure on M(x-,x+;J,H) using transversality
	5.5. Broken trajectories and gluing

	Chapter 6. HF(M) is isomorphic to HM(M)
	6.1. Invariance of Floer homology
	6.2. Small Hamiltonians
	6.3. The Arnold conjecture

	Chapter 7. Rabinowitz-Floer homology
	7.1. Preliminaries on Contact Topology
	7.2. The Rabinowitz action functional and Rabinowitz-Floer homology
	7.3. The peturbed Rabinowitz-Floer action functional and leaf-wise fixed points
	7.4. Orderability
	7.5. Rabinowitz Floer homology and orderability

	Appendix A. Collection of auxillary results
	A.1. Morse theory
	A.2. Morse-Bott theory
	A.3. The Chern Class

	Appendix B. Distributions and Sobolev spaces and Elliptic regularity results
	B.1. Sobolev spaces
	B.2. Elliptic regularity

	Appendix C. Banach manifolds and Banach bundles
	Bibliography

