e | TOANTHAAGHEN
e " UNIVERSITY

ABUNDANCE OF PERIODIC ORBITS

in Asymptotically Linear Hamiltonian Systems

Von der Fakultit fiir Mathematik, Informatik und Naturwissenschaften der RWTH Aachen
University zur Erlangung des akademischen Grades eines Doktors der Naturwissenschaften
genehmigte Dissertation

vorgelegt von

Leonardo Masci, M.Sc.

aus
Castiglione del Lago, Italien

BERICHTER:  Prof. Dr. Umberto Hryniewicz,
Prof. Dr. Alberto Abbondandolo

TAG DER MUNDLICHEN PRUFUNG: 9.01.2025

Diese Dissertation ist auf den Internetseiten der Universitdtsbibliothek verfiigbar.






ABUNDANCE OF PERIODIC ORBITS

in Asymptotically Linear Hamiltonian Systems

Leonardo Masci, M.Sc.






Contents

Introduction

1. Linear Symplectic Geometry and the Conley-Zehnder Index

1.1.

1.2

Elementary properties of the Symplectic Group . . . . . .
1.1.1.  Algebraic and differential properties . .......
1.1.2. Complexaspects . .. ...
1.1.3.  Topology of the symplectic group . . . . . ... ..
1.1.4. TheMaslovIndex ....................
1.1.5.  The spectrum of a Symplectic Matrix .......
The Conley-Zehnderindex ... ................
1.2.1. Rudiments of Krein theory ... ...........
1.2.2. FEigenvalues of the firstkind . . ... ... ... ..
1.2.3. Weighted complex determinant . ..........
1.2.4. Non-degenerate symplectic matrices . ... .. ..
1.2.5. Definition of the Conley-Zehnder index . . . . . .
1.2.6. Iterations and the mean Conley-Zehnder index .

1.2.7.  The Conley-Zehnder index of a non-degenerate unitary path . ......

2. Asymptotically linear Hamiltonian systems

2.1.

2.2.

2.3.

2.4.

Hamiltonian systems on linear phase space . .. ... ...

2.1.1.  On non-autonomous differential equations and subharmonics . . . . ..

Asymptotically quadratic Hamiltonians . . . ... ... ..
2.2.1. Index of a fixed point and index at infinity . . ..

Dynamical properties of systems non-degenerate at infinity . ............

2.3.1. (Invertible) linear Hamiltonian systems . . . . . .

2.3.2. Periodic orbits of systems non-degenerate at infinity . . . .. ........

Non-degenerate Hamiltonians . .. ..............

3. FElements of Analysis of the Floer equation

3.1

3.2.
3.3.

The Floer equation: two points of view . ..........
3.1.1.  Almost complex structures . . ............
3.1.2. The full-fledged Floer equation . . . ... ......
Analysis of the Floer equation: an overview . .......
Elliptic regularity and its consequences . . . . ... ... ..
3.3.1. A priori uniform estimates . .............
3.3.2. First compactness result: uniform energy bounds

31
31
32
33
35
36
37
39
42

47
47
48
49
51
52
55
58



3.4. Asymptotics of trajectories . . ... ...
3.4.1. Uniqueness of the asymptotics . . ... ......ouiuneeennn. ..
3.5. Transversality and modulispaces. . . . ...... ... . .. ...
3.5.1. Transversality theory for the Floer equation . ... ..............
3.5.2. Autonomous modulispaces . .. ........... ...
3.5.3. Non-autonomous modulispaces . . ............ ... ... ......
3.5.4. Parametrized modulispaces . . . ......... .. .. ..
3.6. Broken convergenceandgluing. .. ..... ... ... ... L
3.6.1. Broken convergence and compactification. . . ... ... ... ...
3.6.2. Gluingtheory ... ... ... ... ...
3.6.3. Parametrizing the boundaries viagluing . . .. ......... .. ... ...

. Floer homology for asymptotically linear Hamiltonian systems

4.1. Floerhomology. ... ... .. ..
4.1.1. Continuation morphisms .. .......... ... ... ... ... ...
4.1.2.  Uniform energy bounds along asymptotically quadratic continuations .
4.1.3. Global calculation of Floer homology ... ...................

4.2. Filtered Floer homology . .. ..... .. ... ... ... . ... ... ... ...
4.2.1.  Action filtration on the Floer chain complex . . .. ..............
4.2.2.  Action shift of continuation morphisms. . . . ... ... ...

4.3. Floer homology for degenerate Hamiltonians and local Floer homology . . . . .
4.3.1. Non-degenerate perturbations . ... ..............ouuu....
4.3.2. Homotopy invariance of filtered Floer homology . .............
4.3.3. Construction of filtered Floer homology for a degenerate Hamiltonian
4.3.4. Local Floer homology . ........ ... ... .. ... . ...... ...

. A Poincaré-Birkhoff theorem for ALHDs

5.1. Proof of the Poincaré-Birkhoff theorem ... ... ... ... ... ... .....
5.2. Re-indexing and interpolation at infinity ... ........ ... ... ...
5.2.1. Re-indexingatinfinity . ................. .. ... ... ...,
5.2.2. Interpolationsatinfinity . . ... .......... ..o
5.2.3. Proof of the main proposition . ..........................

. Rudimental Fredholm theory
A.1. Fredholm operators . .. ... ...
A.2. Non-linear Fredholmtheory .. ... .. ... .. ... ... ... ... ...

. Equidistribution and prime iterates

. Conventions

102
108
109
109
110
112
113
114
115
117

123
123
128
128
132
137

141
141
143

145

149



Introduction

Celestial origins At the end of the nineteenth century, the field of celestial mechanics was
revolutionized by Poincaré’s ideas. Straying away from the quest for exact solutions, which
had characterized the previous mathematical research on celestial mechanics, Poincaré instead
proposed a qualitative study, where the long term behaviour of the motion is to be investigated
without the need of an exact formula to express its solutions. He introduced a global, geometric
approach to the study of mechanics. These ideas have been so successful that the qualitative
study of dynamical systems is still arguably the main branch of dynamical systems theory.

A deceptively simple model, intensely studied by Poincaré and whose dynamical richness es-
capes a complete understanding to this day, is the circular planar restricted three body problem
(CPR3BP). This is a dynamical system approximating the motion of a small satellite moving
under the influence of the gravitational field produced by two large celestial bodies, called the
primaries, which are assumed to be unperturbed by the satellite. The motion of the satellite is
assumed to take place in the plane defined by the Keplerian motion of the two primaries. A
concrete example would be the study of the motion of a satellite in the gravitational field of
the Earth and the Sun. If we introduce a non-autonomous change of coordinates which rotates
with the Keplerian motion of the primaries, so that they remain fixed in time after the change of
coordinates, surprisingly, the dynamical system remains described by an autonomous Hamil-
tonian on a four-dimensional phase space, and the treatment can thus be restricted to the study
of a flow on a three-dimensional energy level.

Global surfaces of section One of the deepest insights of Poincaré is the idea of finding a
global surface of section for the flow on the energy level. This is a surface embedded in the
energy level, whose boundary consists of closed orbits of the flow, whose interior is transverse
to the vector field generating the flow, and moreover for which every orbit other than the ones
on the boundary must eventually collide with the interior. The existence of a global surface
of section hence reduces a complicated 3-dimensional flow to a discrete dynamical system on
a surface, as the first return map associated to this section captures all of the dynamics of the
higher dimensional flow. In particular, the periodic points of the first return map represent
closed orbits of the flow.

Since the flow in question happens on an energy level of a Hamiltonian in a 4-dimensional
phase space, any global surface of section is endowed with a natural area form induced by the
ambient symplectic form. The first return map associated to the global surface of section can
be shown to be area-preserving.

Poincaré proved the existence of a global surface of section in certain regimes of the CPR3BP.
Namely, assuming that the mass ratio of the primaries approaches zero, and that the satellite
moves near the heavy primary, Poincaré was able to show through perturbative methods the



existence of two closed orbits, called direct and retrograde orbits, and to show that these orbits
spanned an annulus-shaped global surface of section. The two spanning orbits always twist in
opposite directions, so the problem of finding further closed orbits is reduced to the study of
an area-preserving map on the annulus which twists the boundaries in opposite directions.

The Poincaré-Birkhoff theorem  Area preserving maps of the annulus are definitely not sim-
ple objects, and already exhibit the full spectrum of dynamical behaviours, from integrable to
chaotic. We give an example in figure 1. With the quest for periodic orbits in the CPR3BP in
mind, Poincaré, in one of his last papers [35], conjectured the following theorem:

Theorem An area preserving map of the annulus which twists the boundary in opposite directions
must possess at least two fixed points in its interior.

Unfortunately Poincaré died shortly thereafter, and was unable to give a complete proof of
this result. Birkhoff, one year later, proved this theorem [9], which in the dynamical systems
community is now known as the Poincaré-Birkhoff theorem. If one only assumes that the map
has different rotation numbers on the two boundaries, then one may evince the existence of
at least two periodic points. By an iteration argument one may prove that such a map must
additionally have infinitely many periodic points with growing primitive periods. Applied
to the conjectural annulus shaped global surface of section in the CPR3BP, this result would
imply the existence of infinitely many closed orbits.

For a more complete account of the theory of global surfaces of section in celestial mechan-
ics, the reader may consult the wonderful book by U. Frauenfelder and O. Van Koert [18].

Legacy of the Poincaré-Birkhoff theorem The Poincaré-Birkhoff theorem is regarded as a
landmark, foreshadowing the development of symplectic topology and dynamics. It is suffi-
cient to mention that an interpretation of this theorem by Arnol’d led him to his famous con-
jecture on the number of fixed points of a Hamiltonian diffeomorphism on a closed symplectic
manifold, as explained in Appendix 9 of his celebrated book on mechanics [6]. The effort to
prove the Arnol’d conjecture led to the development of Floer homology, which is without
a doubt one of the most powertful tools in the study of symplectic topology and dynamics.
Floer theory combines two revolutionary developments which happened in the eighties: the
holomorphic curve techniques of Gromov with the ideas of Conley concerning homotopical
invariants of gradient-like flows. It makes explicit the fundamental role that periodic orbits of
Hamiltonian dynamical systems play in the surprising rigidity phenomena found throughout
symplectic geometry. Zehnder’s account of this story [43] is a must-read.

The introduction of Floer theoretical techniques led to the understanding that the interplay
between topology and dynamics in the symplectic world is embodied, in its most fundamen-
tal form, by conditions which force the existence of periodic orbits in Hamiltonian systems.
A compelling representation of this link between topology and dynamics is given by a conjec-
ture on Hamiltonian dynamical systems, first formulated by Hofer and Zehnder, which can be
stated loosely as follows [29]: a Hamiltonian diffeomorphism on a closed symplectic manifold
possessing more than the minimal required amount of fixed points, imposed by Arnol’d-type
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bounds, must have infinitely many periodic points. In other words, the existence of an “unnec-
essary” fixed point implies infinitely many periodic points. This conjecture has been verified
in many cases, e.g. [21, 27, 39].

On non-closed symplectic manifolds, like the standard linear phase space or the annulus, it
is less clear what an “unnecessary” fixed point should be. The example of a rigid rotation of the
plane by an angle which is not a rational multiple of 27t shows that there can be Hamiltonian
diffeomorphisms all whose orbits are bounded, but which possess very few fixed points, and
no periodic points at all. The main theme of this thesis is to define and explore one concept
of unnecessary fixed point, namely a fixed point with a twisting condition similar to the one
found in the Poincaré-Birkhoff theorem, which applies to arbitrary-dimensional asymptoti-
cally linear Hamiltonian dynamical systems on the standard linear phase space.

Asymptotically linear Hamiltonian systems

From the annulus to the plane The main theorem of this thesis is inspired by the Poincaré-
Birkhoff theorem for area preserving maps of the annulus. In order to explain the connection
between the two, it is necessary to first discuss an application of the Poincaré-Birkhoff theorem
to a simple class of Hamiltonian diffeomorphisms of the standard symplectic plane.

Let ¢ € Ham(R?) be a Hamiltonian diffeomorphism such that there exists a compact set
K C R? out of which ¢ coincides with a rotation of the plane of angle 8, € R. Assume that
@ admits a fixed point z, € K, and that the rotation number of the linearized flow around this
fixed point is 0y # 0,,. Let D D K be a large disc whose boundary is an invariant circle and
consider the (degenerate) annulus D* = D\ z,. The Poincaré-Birkhoff theorem applied to
@|p~ implies that ¢ admits infinitely many periodic points.

Asymptotically linear Hamiltonian systems and their periodic orbits In order to gener-
alize this simple result to higher dimensions and to a wider class of Hamiltonian diffeomor-
phisms, we give the following definition. Here §' = R/Z.

Definition A I-periodic non-autonomous Hamiltonian H € C*(§' x R*") is said to be
asymptotically guadvatic if there exists a 1-periodic smooth path of symmetric 27 X 2z-matrices
A: St — Sym(2n) such that

H(t,z)==(A(t)z,z) + h(t,z)

1
2
with h € C*(S! x R?") a bounded function such that VA(t,z) = o(|z|) as |z| — oo for all
testh.

The path A defines a non-autonomous quadratic form Q(z,z) = %(A(t)z,z) which we
call the guadratic Hamiltonian at infinity. The time-1 map of the flow of an asymptotically
quadratic Hamiltonian is called an asymprotically linear Hamiltonian diffeomorphism. We call
the time-1 map of the quadratic Hamiltonian at infinity the linear map at infinity.

Since the flow of the quadratic Hamiltonian at infinity Q is a flow of linear symplectomor-
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phisms, we can associate to it a mean Conley-Zehnder index, which we call mean index at
infinity, denoted ind  H. Similarly we can define the index at infinity of an asymptotically
quadratic Hamiltonian to be the Conley-Zehnder index of the path generated by the quadratic
Hamiltonian at infinity (see Definitions 1.13 and 1.14). Equivalently, it is the Conley-Zehnder
index of the origin as a 1-periodic orbit of the quadratic Hamiltonian at infinity. We interpret
the mean index at infinity as a generalization of the rotation number at the “outer” boundary
component in the Poincaré-Birkhoff theorem. For the plane maps discussed above, the mean
index at infinity is precisely twice the rotation angle of the rotation which the map coincides
with outside a compact set.

We assume further that the quadratic Hamiltonian at infinity Q is a non-degenerate Hamil-
tonian. Equivalently, the linear map at infinity is represented by a symplectic matrix whose
spectrum does not contain 1. This means that the time-1 map of the linear flow generated by
the quadratic Hamiltonian at infinity admits only the origin as a fixed point; no other point
returns to itself in time 1. In this case, we say that the corresponding asymptotically linear
Hamiltonian diffeomorphism is non-degenerate at infinity.

To generalize the condition of being a rotation outside a compact set, we assume that the
linear map at infinity galQ is an unitary map, gp(lg € U(n) C Sp(2n).

The twisting condition in the Poincaré-Birkhoff theorem is generalized in the following
way. A 1-periodic orbit whose mean Conley-Zehnder index is different from the mean index
at infinity will be called a rwist orbit, and the corresponding fixed point of ¢ will be called a
twist fixed point.

Finally, a fixed point of a Hamiltonian diffeomorphism is said to be homologicaly visible if it
is isolated and its local Floer homology is non-vanishing. In terms of generating functions, this
is equivalent to the non-triviality of the local Morse homology of the corresponding critical
point of a generating function for the diffecomorphism in a neighborhood of the fixed point
in question. For example, if the Lefschetz index of the isolated fixed point is non-zero, then
it is homologically visible (but not the viceversa). Another example is a non-degenerate fixed
point, namely, such that the differential of the diffeomorphism at the fixed point does not have
the eigenvalue one.

Homological visibility is the minimal required hypothesis which allows Floer theoretical
techniques to be applied to the problem. It guarantees that the fixed point in question has a mild
persistence property, that is, it cannot disappear under small perturbations of the dynamical
system.

We are ready to state the main theorem of the thesis.

Theorem Let ¢ be an asymptotically linear Hamiltonian diffeomorphism, non-degenerate and
unitary at infinity. Assume that ¢ admits a homologically visible twist fixed point. Then ¢ has in-
finitely many fixed points, or ¢ has infinitely many periodic points with growing primitive period.

This theorem generalizes the planar version of the Poincaré-Birkhoff theorem, since the class
of Hamiltonians in analysis is much wider, and there is no restriction on the dimension of the
phase space.
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Short history of the problem Around 1980 Amann and Zehnder [4, 5] combine the cel-
ebrated variational approach of Rabinowitz with their finite-dimensional saddle-point reduc-
tion to attack the existence problem for asymptotically linear Hamiltonian systems with non-
degenerate linear system at infinity. They assume that the linear system at infinity is au-
tonomous, and that the asymptotically quadratic Hamiltonian has bounded Hessian. They
find the existence of at least one non-trivial periodic orbit for this class of systems.

Shortly after, Conley and Zehnder [12] extend these results to non-autonomous behaviour
atinfinity. They prove the existence of one periodic orbit for systems non-degenerate at infinity
and find a Morse inequality involving the number of non-degenerate periodic orbits and their
indices. An interesting consequence of the Morse inequalities is that if the periodic orbit is
assumed to be non-degenerate with index different than the index at infinity, then another
non-trivial periodic orbit must exist. In general the Morse inequalities are shown to imply
the existence of an odd number of periodic orbits, one of which must have index equal to the
index at infinity, and the remaining having index difference one. The techniques used to prove
these results are still based on a finite-dimensional reduction in the style of Amann-Zehnder,
combined with ideas from Conley’s index theory.

It is important to note that the discovery of Morse inequalities involving periodic orbits
and their indices foreshadowed the existence of some kind of homology theory, generated by
periodic orbits and graded by the index, whose Poincaré-Hilbert series would recover these
inequalities. Such homology theory appeared shortly thereafter: Floer homology.

All the results mentioned above assume boundedness of the Hessian of the Hamiltonian
function, in order to apply the finite-dimensional reduction scheme of Amann. This hypoth-
esis is removed in the work of Abbondandolo [1-3], where ideas from infinite dimensional
relative Morse theory are introduced which allow to bypass the finite-dimensional reduction
scheme, and additionally the existence of “subharmonics” (non-trivial higher period periodic
orbits) is proven. It is interesting to note that the case of systems degenerate at infinity is also
covered.

A more complete account of this story can be found in [3, Chapter 5] or [10].

Floer homology for asymptotically linear Hamiltonian systems One of the most success-
ful non-perturbative tools used to probe the existence of periodic orbits in Hamiltoinan dy-
namical systems is Floer homology. This is a kind of infinite dimensional analogue of Morse
homology, which is suitable to analyze the critical point theory of strongly indefinite func-
tionals like the Hamiltonian action functional of classical mechanics. A construction of Floer
homology for asymptotically linear Hamiltonian systems is explained in this thesis. Consid-
erable focus is pointed at the invariance properties of Floer homology. In fact, such properties
permit an immediate recovery of the seminal result obtained by Conley and Zehnder [12],
which was already mentioned above:

Theorem An asymptotically linear Hamiltonian diffeomorphism which is non-degenerate at in-
finity has at least one fixed point. If this fixed point is non-degenerate and its index is different from
the index at infinity, there is a second fixed point. If every fixed point of the asymptotically linear
Hamiltonian diffeomorphism is non-degenerate, then there are an odd number of fixed points. One



of the fixed points must have index equal to the index at infinity, while the remaining form index

difference 1 pairs.

It is worth to note that the techniques which Conley and Zehnder developed to show the
above theorem led them to solve the Arnol’d conjecture on the torus [11]. This was the first
arbitrary-dimensional instance where the Arnol’d conjecture could be solved.

Technical remarks

Techniques of proof The proof of the Poincaré-Birkhoff type theorem is related in spirit to
Salamon and Zehnder’s approach [38], and inspired by the treatment of Giirel [25] for the case
of compact perturbations of a linear, hyperbolic and autonomous Hamiltonian system. The
original contribution of the thesis lies in the techniques developed to make such arguments
applicable to the context.

The proof strategy involves the analysis of the continuation morphisms between the fil-
tered Floer homologies of different iterations of the same Hamiltonian. In the case of a closed
symplectically aspherical symplectic manifold, continuation morphisms always exist and are
always isomorphisms. This fact, combined with estimates on the action shift of a continuation
morphism and on the growth of the index of the iteration of a fixed point, is the fundamental
underlying reason which makes the Salamon-Zehnder approach work. On non-closed sym-
plectic manifolds instead continuation morphisms are not always defined, and when they are
they might not be isomorphisms.

In the case of asymptotically quadratic Hamiltonians, it is shown in this thesis that if two
Hamiltonians have the same index at infinity, then the continuation morphisms exist and are
isomorphisms. These continuation morphisms are found to exist even without requiring that
the non-quadratic part of the asymptotically quadratic Hamiltonian is bounded. Therefore the
Floer homology does indeed depend on the Hamiltonian, but only through its index at infinity.
It can be argued that this is the philosophical reason why a Salamon-Zehnder style argument
works for the case of asymptotically hyperbolic Hamiltonian systems. More precisely, since
the mean index of a hyperbolic linear flow is zero, as we iterate the Hamiltonian system the
index at infinity does not grow. It is therefore reasonable to expect that continuations between
different iterations of the same Hamiltonian have properties similar to the closed case: the
Floer homologies of different iterations of the same Hamiltonian remain always “in reach” of
each other.

By contrast, when the dynamics at infinity is unitary, the mean index is never zero, and
the index at infinity grows linearly with the iteration. This allows the Floer homologies of
different iterations of the same Hamiltonian to “walk away” from each other and not be related
by continuations with suitable properties. Now, since the problem is only “at infinity”, to
surmount it we compose the Hamiltonian system with loops of linear symplectomorphisms
which “unwind” the dynamics at infinity, changing the index at infinity, but which do not have
any effect on the action value of periodic orbits. The effect on Floer homology is to shift the
grading in a controlled manner while maintaining the action filtration. We call this procedure
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re-indexing at infinity. It allows us to have well defined continuations between Hamiltonians
generating different iterates of the same map.

However, even at this point the continuations found are not suitable. Namely, they do not
seem to have a useful action shift estimate: the estimate found grows too fast with the iteration.
So to gain a better control on the action shift, an interpolation technique is introduced. The
end result is two Hamiltonians whose Floer homologies are computable in terms of the Floer
homologies of the iterates, but whose quadratic forms at infinity coincide, making it possible
to execute simpler continuations, with action shift estimate suitable for the proof.

The combination of these techniques with some asymptotic properties of prime numbers
allow an argument resembling the proof of the main theorem in [25] to be applied.

Abbondandolo’s conjecture There is a conjecture of Abbondandolo [3, pg. 130] stating
that an asymptotically linear Hamiltonian system should have one or infinitely many periodic
orbits. In particular, if the system has an unnecessary orbit different from the one continuing
from the linear system at infinity, then it should have infinitely many periodic orbits. As far
as the author knows, this conjecture in this generality is wide open.

The results in this thesis can be interpreted as a solution of a homological version of this
conjecture, under additional restrictions on the type of system at infinity and the index of
the unnecessary orbit. Some of these restrictions might be avoidable. Perhaps using a better
interpolation argument, it should be possible to remove the assumptions of unitarity at infinity.
It also seems absolutely natural and desirable to remove the hypothesis of boundedness of the
non-quadratic part of the Hamiltonian, but to do so one must produce energy estimates on
Floer cylinders whose behaviour under iteration is suitable for the proof, or change the proof
strategy entirely.

The presence of twist, instead, is much more substantial, as shown by the example of a linear
symplectic diffeomorphism all whose iterates are non-degenerate. In fact, conservative flows
with few periodic orbits seem to have strong restrictions, especially on the index spectrum, see
e.g. [23,24]and [13]. Inspired by the theory of pseudo-rotations, the author wonders whether
one can find an example of an asymptotically linear Hamiltonian diffeomorphism with more
than one fixed point, all fixed points with the same mean index, and no primitive periodic
points with period higher than one.

Comparisons and contrasts Other kinds of Poincaré-Birkhoff type theorems have appeared
recently in the literature. We would like to compare and contrast the present work with some
of these results.

In the paper by Giirel [25], Hamiltonian diffeomorphism which are equal to an autonomous
hyperbolic linear symplectic diffeomorphism outside a compact set are studied. There it is
proven that if the Hamiltonian diffeomorphism admits a fixed point with non-vanishing local
Floer homology and whose mean Conley-Zehnder index is not zero, then there are infinitely
many periodic orbits. Here we are interpreting the request of non-vanishing mean Conley-
Zehnder index as a twist condition, since an asymptotically hyperbolic Hamiltonian system
always has zero mean index at infinity. The proof schema of the main theorem of this thesis is
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inspired by the proof found there. The difference is that we admit a larger class of Hamiltonians
and that the behaviour at infinity is, in some sense, the opposite of hyperbolic.

Another interesting development is found in Moreno and Van Koert’s paper [34], where a
kind of Poincaré-Birkhoff theorem is proven for certain “twist” Hamiltoinan diffeomorphisms
in the completion of Liouville domains which have infinite dimensional symplectic homology.
The present work compares to it because one could interpret our class of Hamiltonian systems
as such kind of “twist” Hamiltonian diffeomorphims in the completion of an ellipsoid in R?”.
The difference is that the symplectic homology of the ball is vanishing, so our techniques cover
an orthogonal case.

Shelukhin’s paper [39] is also related to the present work, in fact, a very special case of the
main theorem in the thesis follows from it. In this paper, the homological Hofer-Zehnder
conjecture is proven on closed symplectic manifolds similar to CP”. If in the main theorem
of the thesis one assumes that the Hamiltonian diffeomorphism is egual to a unitary linear
map outside of a compact set, then it is possible to extend it to CP”. Such extension has 7
non-degenerate fixed points induced by the linear part of the map, and one additional fixed
point which is guaranteed to exist by continuation from infinity. This additional fixed point
could be twist or not. In case it is twist, a higher iteration of the map has a fixed point with
Conley-Zehnder index different from the one at infinity, implying the existence of yet another
fixed point continuing from infinity. In case it is not, in the main theorem of the thesis the
existence of an additional one which is twist and homologically visible is assumed. All in all,
possibly after iterating, we have 7+ 2 fixed points, all homologically visible, therefore the local
Floer homologies of these fixed points all contribute non-trivially to the homological count.
Arnold’s homological lower bound would then be exceeded, and Shelukhin’s theorem gives in-
finitely many periodic points. If instead we only require the Hamiltonian diffeomorphism to
be generated by an asymptotically quadratic Hamiltonian, then the diffeomorphism extends,
but only as a homeomorphism of CP”. Therefore, the main theorem of this thesis does not
follow from the proof of the Hofer-Zehnder conjecture. It is also important to remark that
the techniques in the proof of the Hofer-Zehnder conjecture are very different than the ones
developed here, which are in some sense simpler. Shelukhin’s techniques rely on a detailed anal-
ysis of the behaviour of the Floer barcode and the equivariant pants product of a Hamiltonian
diffeomorphism under iteration.

Structure of the thesis In chapter 1 we revise some linear symplectic geometry and give
a definition of the Conley-Zehnder index. In chapter 2 we introduce asymptotically linear
Hamiltonian systems and show that their 1-periodic orbits are contained in a compact subset
of R?”. In chapter 3, we gather some aspects of the analysis of the Floer equation, and study the
spaces of solutions of the Floer equation, especially their compactifications. In chapter 4 we
explain the construction of the filtered Floer homology for asymptotically linear Hamiltonian
systems, and give a somewhat detailed account of the invariance properties of filtered Floer
homology. This will lead to a definition of Floer homology for degenerate Hamiltoinans, and
to the study of the local Floer homology of isolated fixed points. In chapter 5 we introduce two
techniques, which are new as far as the author knows, to relate the Floer homologies of differ-
ent iterates of the same asymptotically linear Hamiltonian system. One is a procedure which
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changes the index of the linear system at infinity without changing the action filtration on the
Floer homology, the other is an interpolation procedure to change the quadratic Hamiltonian
at infinity. These two techniques are then applied in the proof of the Poincaré-Birkhoff type
theorem. There are three appendices: Appendix A, Appendix B and C. In the first, we explain
some elementary concepts of Fredholm theory. In the second, we gather some elementary
facts in number theory which are necessary for the proof of the main theorem are collected.
In the third we lay out the conventions used in this thesis, in an effort to avoid the headaches
typical of students of symplectic geometry, of which the author has suffered plenty.
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Figure 1. Phase plots of area preserving maps of the annulus, from simple to complicated. All these
maps twist the boundary of the annulus in opposite directions. Points of the same color belong to
the same orbit (unfortunately there is a finite number of colors available for the plot, so sometimes
they repeat for different orbits). The first is the pendulum, regarded as an area preserving map of
the annulus. The successive maps are obtained by perturbing the pendulum with a periodic forcing
term. The transition from integrable, to nearly integrable, to chaotic is shown by the growth of the
“hyperbolic sea” which develops from a homoclinic intersection at the hyperbolic equilibrium point.
It is interesting that even very far from the integrable model, the map still seems to admit invariant
tori which survive the perturbation, implying that many periodic orbits survive the perturbation.
Some evidence for this fact is given by the last image, which is a zoom into the interesting invariant
set of the map at its left. Perhaps with an even larger perturbation these tori might disappear.



1. Linear Symplectic Geometry and the
Conley-Zehnder Index

In this chapter we recall some elementary facts about linear symplec-
tic geometry and construct a homotopy invariant of paths into the
symplectic group starting at the identity: the Conley-Zehnder index.

1.1. Elementary properties of the Symplectic Group

In this section we give the preliminary facts that we need for the definition of the Conley-
Zehnder index. Nothing here is new and almost everything can be found in [33].

A symplectic vector space is a real vector space V equipped with a non-degenerate skew bi-
linear form c: V x V — R. A simple induction argument shows that in the finite-dimensional
case, V must have even dimension, dim V' = 2n. Given two symplectic vector spaces (V, w),
(V/, ") we say that a linear map ¢: V — V’ is a (linear) symplectomorphism if ¢*w’ = w,
Le. for any v,w € V we have o’(¢(v), p(w)) = w(v,w). In particular, p*w’ is a symplectic
form, hence ¢ must be an isomorphism. Even more is true: every symplectic vector space
V of dimension 2 has a basis {vy,...,v,,w,,...,w,} such that w(v;,w;) = 1 = —w(w;,v;),
(v, w;) = w(v;,v;) = w(w;, w;) =0 for i # 7. This means that it is symplectically isomor-
phic to the symplectic vector space (R*?,w,) where we equip the real vector space with the
symplectic form w, whose Gram matrix in the canonical basis is

0, 1
% §)

Such a basis is usually called a symplectic basis for the symplectic vector space. To study the
group of linear symplectomorphisms ¢: (V,w) — (V, w), one may just as well choose a sym-
plectic basis and study the linear symplectomorphisms ¢: (R?*, wq) — (R, ). We denote
this group by Sp(2n).

1.1.1. Algebraic and differential properties

Having chosen the canonical symplectic basis for our symplectic 27-space, the group of sym-
plectomorphisms is canonically isomorphic to a matrix subgroup of the general linear group.



Definition 1.1 A matrix M € GL(2%,R) is said to be a symplectic matrix if M7 Q.M = 2.
The set of symplectic matrices is denoted by Sp(27).

Remark In most treatments of linear symplectic geometry, one starts with the matrix J; =
—12, and defines a symplectic matrix as a matrix satisfying M7 J;M = J,. T decided to use
£, instead because J, is thought of as the complex structure of R??, while £2, is the matrix
representing the symplectic structure, and in the conventions of this thesis they are not the
same matrix.

The following Lemma follows from a computation.
Lemma 1.1.1 The set Sp(2n) is a group under matrix multiplication.
A more interesting property is that Sp(2#) sits inside SL(27).

Proposition 1.1.1 (Linear Liouville Theorem) Symplectic matrices have determinant 1.

Proof. Clearly symplectic matrices have determinant of absolute value 1: if M € Sp(2%) then
1 =det 2, = det M7 2,M = (det M)?. To see that they have determinant exactly 1, it is more
convenient to think of the associated linear symplectomorphism ¢: (R?”,cwg) — (R**, ).
Such a linear map has matrix whose determinant is 1 if and only if preserves the orientation
of a chosen basis. In terms of exterior algebra, this is equivalent to saying that the linear map
preserves the canonical volume form on R?”: ¢*(e; A...Ae,,) = e, A...Ae,,. Now, since cwy, is
a skew symmetric bilinear form, we can express it as a 2-form: by inspecting the Gram matrix

it is easy to see that wy=>7" ,e; Ae, ;. But now

An
M =nle, Ae; Ao Ne,, —> ———e A...Ae
0o =6 NN NG, PR RS

Hence if ¢ is a linear symplectomorphism

An * . \An An
* « 0 (pw) @Yo
P (g N...Ney,) =9 = == Aey,

Like most groups underlying geometric structures, the symplectic group is a Lie group.
Proposition 1.1.2 Sp(2n) is a Lie subgroup of the Lie group GL(2n,R).

Proof. All we have to show is that it’s a submanifold. Define the map

f: MZnXZn(]R) - MZnXZn(R)
M f(M)=MT 2,M



First of all notice that
Fny" = (M7 o) =T ot = —f (1)

meaning that the image of f is contained in the Lie algebra of SO(27), the matrix algebra
s02n) = {B € M,,,,,(R) : BT = —B}. Therefore we can restrict the range of the map and
think of it as a function

[ May 2, (R) — 50(21)

Since Sp(2n) = f~1(£2,), if we show that 2, is a regular value, then by the submersion theorem
we’ve shown that Sp(27) is a submanifold. This can be done with a simple computation. [

Corollary 1.1.1 The Lic algebra is Ty Sp(2n) =kerd f(L,,,) hence
sp(2n) =kerd f(I,,) = {R € Myyprn(R): R 2+ 2R = @2n}

Lemma 1.1.2  The Lie algebra of the symplectic group Sp(2n) is equivalently described as

sp(2n) = {2,A: A€ Sym(2n)}

Proof. Indeed if A is a symmetric matrix,

(2,A) 25+ 2,2,A=AT —A=0,,
while if R € sp(2n) then the matrix A = —f2,R is clearly symmetric and R = (2,A. O
Remark The exponential map exp: sp(27) — Sp(2n) is not surjective, reflecting the fact that
Sp(27) is not a compact group. For example, the matrix diag(—2,—1/2) € Sp(2) is not the

exponential of any matrix in p(2). Indeed, if it were, it would have a matrix logarithm in
sp(2). But clearly any logarithm of this matrix will have complex coefficients.

1.1.2. Complex aspects

Real symplectic space (R*”, w,) is an even-dimensional real vector space. As such, it has also a
natural complex structure.

Definition 1.2 A complex structure on a 2n-dimensional real vector space V is an endomor-
phism J: V — V such that J> = —id,,. A complex linear map between vector spaces V, V’ with
complex structures resp. J,J is a linear map ¢: V — V’such that o] =] 0 .

Clearly C” seen as a real 2n-vector space has the complex structure given by multiplication



by i. Namely, we have the real vector space isomorphism

<x> —z=x+1y
Y
Then multiplication by 7 acts as the map

Vo xtiyoix—y—o(
y y y X

Hence there is a canonical complex structure on R?” given in block matrix form by

0o, -I
]O:<]Inn @n>

n

Remark Notice that as matrices J, = QOT = (2 '= —02,, hence when we endow R?*” with
the standard symplectic form, the bilinear form cwq(+,/,-) is nothing but the standard Euclidean
inner product of R?”. In this sense e, and J are compatible, and R*" is Kihler. Obviously given
two out of three between standard inner product (-,-), complex structure J, and symplectic
structure g, we can recover the third. Moreover when seen on C”, we have that the standard
hermitian form b is h = (-,-) + i cw,.

Lemma 1.1.3 1. The group homomorphism
¢: GL(n,C) — GL(2n,R)

. F —B
Z_F+zB»—>z(Z)_<B s >
is injective. Moreover (U(n)) C Sp(2n).
2. Identify GL(n,C),U(n) with their image inside GL(2n,R),Sp(2n). Then

O(2n)NSp(2n) = GL(n,C)NSp(2n)

U(n)
( 50(2n)Nsp(2n) = gl(n,C)Nsp(2n)

u(n)

Proof. 1. That¢isamorphism can be easily seen by a computation. Clearly (X +:Y)=1,,
fandonlyif X =1, andY =0,, soif and only if X +:Y =1 . Notice that ¢(zI,,) = ]y,
which is just another way of saying that J, is multiplication by ;. U € U(n) means
UTU =1,. Now notice that L(UJr) =(U)7, so

() JoU)=(UTiU) = (il) = ], <= «(U) € Sp(2n).



2. Continuing the reasoning from the previous line,

L, =ulL,)=(UTU)=(U)"(U) <> «(U) € O(2n).

n

so UeU(n) <= (U) e Sp(2n)NO(2n). Now if we have a Z € GL(n,C) such that
«(Z) € Sp(2n), then

(Z'2)=d2)"d2) = —Jod2) "' Jod Z) = —JoJo = L, = (L,)

Therefore we conclude that ZTZ =1, i.e. Z € U(n). The other inclusion is trivial.
O

From now on, we slightly abuse notation by forgetting the homomorphism in the distinc-
tion between the complex matrix groups and their image inside the larger real groups. To avoid
confusion, we give the following definition.

Definition 1.3 Let M € M, (C) C M,,,.,,(R). The complex determinant of M is the deter-

minant of M seen as a complex linear map:

M= <I; _FB> —> deto(M):=det(F +iB)eC

1.1.3. Topology of the symplectic group

In this section we’ll show that the inclusion U(7) < Sp(27) is a homotopy equivalence.

Lemma 1.1.4 Let P € Sp(2n) N Sym(2n) be a symmetric positive definite symplectic matrix.
Then P* € Sp(2n) Ya > 0.

Proof. Since P is symmetric and symplectic, it is symplectically diagonalizable, so without
loss of generality we may assume that in the canonical basis {e;, ..., e,, } the matrix is diagonal,
P =diag(4,,...,A,,) for not necessarily distinct A, > 0. In this basis, clearly

(’O(ei’ej) = C()<P€i,P€j) == /11‘/1]'C()(Ei,€]-)
Since P is symplectic, w(e;,e;) =0 or /11"1]‘ = 1. In any case

A

w(eje;) = (4;4;) w(e;,e;) = w(Ae;, ATe;) = w(Pe;, Pe;)
which means that P# is symplectic. O

The following lemma is crucial and easily proven by a calculation.



Lemma 1.1.5 Every symplectic matrix M € Sp(2n) has a symplectic polar decomposition

! 1

M=UP, U=M(M"M)*€U(n), P=(M"M) eSp(2n)
where P is positive definite and symmetric.

Remark Notice that this decomposition realizes a symplectic matrix as the product of expo-
nentials of matrices in sp(27). Indeed the unitary part is the image of the exponential of a
matrix in u(7), since U(#n) is a compact and connected Lie group, and the positive definite part
is also an exponential, since real symmetric positive definite matrices have a real and symmetric
logarithm.

Lemma 1.1.6 Theset S, Sp(2n) of positive definite, symmetric symplectic matrices is contractible.

Proof. As remarked just above, real symmetric positive definite matrices have a real and sym-
metric logarithm, which is also unique. Therefore the logarithm gives a homeomorphism
S, Sp(2n) ~ Sym(27) Nsp(2n) which is a vector space. O

Proposition 1.1.3  The inclusion U(n) < Sp(2n) is a homotopy equivalence.

Proof. Consider the map
/:[0,1] x Sp(2n) — Sp(2n)
(e.00) — (M7 )"

First of all, this is a well defined continuous map. Clearly, f(0,M) =M — f(0,—) =
idg,(2,)- Moreover, f(1,M) = MMTMY? € U(n). Finally if M € U(n), then M € O(2n)
and M(MT MY~*/? = MT~*/? = M, meaning that

fl[O,l]XU(n) = idU(n)

so f is a strong deformation retraction of Sp(27) on U(n). O

1.1.3.1. Topology of the Unitary Group

Here we work with complex coefficients, i.e. we don’t think of M, (C) as a subset of real
matrices. To underline the difference and avoid confusion we continue to write det instead

of det.

Lemma 1.1.7 1. U(n) is homeomorphic to U(1) x SU(n).
2. SU(n) is simply connected.



Proof- 1. Define the maps

h: U(1) x SU(n) — U(n)
(e'?, V) diag(e'?,1,...,1)V
g: U(n)— U(1) x SU(n)
U— (det(c U,diag((detc U)_1 ,1,...,1) U)

These maps are obviously well defined and continuous. A direct calculation shows they
are inverse to each other.

2. The proof is by induction. For » = 1, SU(1) = {1} which is simply connected. Next, for
the induction step, let’s think of SU(7) as the matrices of change of coordinates between
oriented orthonormal bases of C”. This means that in the canonical basis of C”, the
columns of a matrix V' € SU(n) are just another orthonormal basis of C”. Hence they
are vectors belonging to the unit sphere in C”. This way we have the map

SU(ﬂ) R SZn—l
V= (’Ui]‘)zjzl ~ <v17>;z:1

This is a surjective map. The fiber over one fixed vector of is the orthonormal
basis of C” with one vector fixed, hence equivalent to the set of orthonormal bases of
C™~1. This can be identified with SU(n — 1), which by inductive hypothesis is simply
connected. We constructed a fiber bundle SU(r) — $?"~! with fiber SU(z — 1). Now
we use the long exact sequence of homotopy groups to obtain the exact sequence

SZn—l

71 (SU(n — 1) = 7, (SU(n)) — 7, ($** )

Since 7 > 1, §?"~1 is simply connected. Hence 7, (SU(n)) = 0.

Corollary 1.1.2  The fundamental group of U(n), hence of Sp(2n), is Z.
Remark The isomorphism is realized by the (complex) determinant:

1 (U(n)) = 7, (U(1)) = Z
[U, ] [detc U] — deg dete. U,

1.1.4. The Maslov Index

We can do something analogous for Sp(272) by using this map and the symplectic polar decom-
position.



Definition 1.4 Let ¥: S' — Sp(2n), ¥(t) = M, be a continuous loop of symplectic matrices.
The symplectic polar decomposition M, = U, P, gives an unique loop of unitary matrices
U, € U(n), so we have a well defined map

M, — deg det U, = Mas(¥)
called the Maslov index of the loop ¥.

The following proposition gathers the defining properties of the Maslov index, all which can
be easily shown by calculations.

Proposition 1.1.4 The Maslov index has the following properties.

1. The Maslov index is a complete homotopy invariant of based loops of symplectic matrices,
i.e. two loops starting at the identity are homotopic if and only if they have the same Maslov
index. Hence it induces the isomorphism Mas: 7, (Sp(2n)) — Z.

2. For any two continuous loops ¥,,¥,: S* — Sp(2n) one has
Mas(¥,¥,) = Mas(¥;) + Mas(¥,)

In particular the constant loop ¥(t) =1 has Mas(¥) = 0.

3. Let n’+n" = n and identify Sp(2n") x Sp(2n") as a subgroup of Sp(2n) by sending matrices
M’ M) e Sp(2n’) x Sp(2n”) to the block matrix
p p

M/ @n/Xn//
@ " M//

MeoM' = <
n''xn!
Given two loops W': S — Sp(2n’), ¥: S' — Sp(2n"'), we have
Mas(¥’ @ ") = Mas(¥') 4+ Mas(¥")
4. The loop ¥: S' — Sp(2) given by

ooy = (5 inee)

sin(27ct)  cos(27t)
has Mas(¥) = 1.

Remark One may show that these properties characterize the Maslov index uniquely, i.e. any
map with such properties is equal to the Maslov index.

1.1.5. The spectrum of a Symplectic Matrix

We study of the spectrum of a symplectic matrix, but from the point of view of a natural
extension of the concept to C*”. The standard extension of a matrix P € M, ,,(R) to C** is



by setting
P{=P(x+iy)=Px+iPy, Y{=x+iyeC”

Let h be the standard Hermitian product on C?*, h(u,v)=utv =uT v,

Definition 1.5 Introduce the inner product on C?”

g (60, 1) = h (Lo —Jo¢1)

A g-unitary matrix is a matrix M € M, ., (C) such that g(Mu,Mv) = g(u,v). Equivalently,
M is g-unitary if and only if MTJ,M =],

Notice that a g-unitary matrix M with real coefficients is just a symplectic matrix. Notice
further that a real matrix which is both h-unitary and g-unitary is a matrix in U(n) C Sp(2n),
and viceversa.

Denote the spectrum of a matrix M as o(M). Being g-unitary has the following conse-
quences on the spectrum, which follow immediately from M = J; ' M=),

iR

—14:

Figure 1.1. Existence of an eigenvalue of one color implies the existence of all eigenvalues of the same
color.

Lemma 1.1.8 The spectrum of a g-unitary matrix M has the following symmetry: A € o(M) =

A1 e o(M). Moreover if M s also real, i.e. M € Sp(2n), then A€ 0(M) =—> A€ o(M) and the
eigenvalues +1 always have even algebraic multiplicity.

In other words, the eigenvalues of a symplectic matrix come in the following tuples (see
figure 1.1):
o If +1 € o(M) then it has even multiplicity.
o f A€ o(M)NR then At € o(M).
o If A€ o(M)NU(1) then A€ o(M).
o If A o(M)\ (RUU(1)) then A1, A, -1 € o(M)



1.1.5.1. Uniformly non-resonant iterations of a symplectic matrix

Here we state the first original result of the thesis. It is going to be crucial for the proof of the
Poincareé-Birkhoff type theorem, but it only concerns the spectrum of a symplectic matrix.

Proposition 1.1.5 Let M € Sp(2n) be a symplectic matrix with 1 ¢ o(M). Then there exists a
¢ > 0 and an increasing sequence (p;); ey of prime numbers such that:

1. The spectrum of the p;th iterate of M remains uniformly away from 1:
dU(1)<0'<ij>,1>>C
2. The gaps in this sequence of primes are distributed like the gaps in the sequence of all primes:

p]-+m—p]-:0(pj> asj— oo VYmeN

Proof. We aim to apply Vinogradov’s equidistribution theorem on prime multiples of irra-
tional numbers [30, 41] (see also Appendix B).

Notice that the only part of the spectrum that may possibly approach 1 as we iterate is
given by the eigenvalues on U(1). So let {e*%1,...,e**%} be the eigenvalues on U(1), listed
repeating the multiple eigenvalues, when necessary. Let o, ...,a; be choices of arguments of
these eigenvalues, again repeated according to their multiplicity, and 4; = «;/27. These are
well defined numbers mod 1. There are two cases: the set {1,4,,...,4;} spans a Q-subspace
of R of rank 1, or it spans a Q@-subspace of R of rank at least 2. In the first case, each 4; is a
rational number, or equivalently we have that every eigenvalue of M on the unit circle is a root
of unity. In this case it suffices to take a prime number p, >> 2 larger than the largest prime
factor of any order of these roots of unity, and p;,7z > 1 will be all the prime numbers larger
than pj listed in increasing order. By the prime number theorem, this sequence satisfies the
second point. For ¢ > 0 we can now choose

.2 . .
c= mm{—,ﬂ : 7 order of root of unity in o(M)} >0
]

Now, assume that {1,4,,...,4;} spans a Q-subspace of rank ¢ > 2. This is equivalent to saying
that there are exactly g rationally independent irrational numbers in {4, ...,4;}. Without loss
of generality we may assume that 4;,...,4, are such numbers, and that 2; = ?:1 r;;a; for
a.ll i>qg+1 whf.:re ij € Q fo.r ali >qg+1 and‘] S‘q. Set r;; = &,; when i,] .S q. Now,
since {ay,...,a,} isa rationally independent set of irrational numbers, we can use Vinogradov’s
equidistribution theorem [41] combined with 30, Theorem 6.3] to conclude that the sequence
(Pa)p prime € R is equidistributed mod 1, where 4 = (ay,...,4,). This means that for every

measurable C C [0,1]7 of measure |C]| it holds that

. #{P prime : P <N, Pamod 1€ C}
lim

Jim i =|c| (1.1)

10



Figure 1.2. The black lines are /7/Z7. Notice that the “boundary box” is included, since 7;; = J;;

when i, < g. The magenta area represents their e-thickening. The white area represents C?, which
by construction has measure > 1 — b. As long as this is positive, the prime iterates which stay
uniformly away from resonances are equidistributed mod 1.

Here 7t: N — N is the prime counting function, 77(N) = #{P prime : P < N}. We are therefore
finished if we can show that there exists a set C C R7/Z7 of positive measure and a ¢ > 0
such that Pimod1 € C => dgi(o(M"),1) > c. Notice that 1 € o(M") if and only if
Pa; =0mod 1 for at least one i € {1,...,}. Consider the following collection of hyperplanes

in R7:
q n
Hl: xERq:Zri]‘x]':o 5 H:UHZ
= izt

The set /7 is the union of finitely many hyperplanes defined by equations with rational co-
efficients. Therefore, its projection I7/Z9 C R7/Z1 is a finite collection (see Figure 1.2) of
hyperplanes such that Pz mod 1 € I1/74 <=> 1€ a(U"). Moreover, since I1/Z is a proper
closed subset of zero measure, for any 0 < b < 1 there exists an e > 0 such that

ct=mr1/z7)\ |J B.(x)

xell |74

has measure ICeb ‘ >1—b. Clearly e > 0 as b — 0, so we can choose b small enough so that

e < 1/2. By construction
PimodleCl = dy) (O'(UP), 1)>2me=c

This finishes the proof: by equidistribution, since |[CZ| > 1— b > 0, there is an increasing

11



sequence (p;);>1 of prime numbers such that p;a mod 1€ C % for every j, and moreover from
(1.1) their cumulative distribution function satisfies (see Lemma B.1):

b
C@

#{jeN:p; <N} =|Cl|n(N)+ o(m)

Therefore our sequence (p;) ey also satisfies the prime number theorem, since it is distributed
like the primes up to an irrelevant multiplicative constant (see Lemma B.2). This implies the
estimate on the gaps. O

Remark Fast-forwarding one moment, call a symplectic matrix non-degenerate when it does
not have 1 as an eigenvalue (see Definition 1.11 for the relevance of this concept). What is
shown here is that given a non-degenerate symplectic matrix, there exists a wealth of iterates
which not only are non-degenerate themselves, but stay uniformly far from having the 1 in the
spectrum. We call these iterates the uniformly non-resonant iterations of the matrix.

1.2. The Conley-Zehnder index

In this section we study the spectrum of a symplectic matrix and use its properties to construct
a homotopy invariant of paths M: [0,1] — Sp(27) with M(0) =, called the Conley-Zehnder
index. The rough idea is to track how many times the eigenvalues on the unit circle wind
around as ¢ € [0, 1]. Complications arise because the spectrum of a symplectic matrix is quite
symmetric, and because conjugate eigenvalues might collide and leave the unit circle. To sur-
mount them, one labels the eigenvalues with their Krein signature.

For the Krein theory, we follow the beautiful book of Ekeland [14]. For the definition
of the Conley-Zehnder index and its properties we follow sometimes Abbondandolo [3] and
sometimes other sources, like [12, 26].

The origins of the Conley-Zehnder index can be traced to before the times of Conley and
Zehnder themselves, and lie in the work of Gel’fand and Lidskii, [ 19], on the theory of strong
stability in linear Hamiltonian systems. From this point of view, the Conley-Zehnder index
counts the instants at which the linear system leaves the region of strong stability. This should
be compared to the interpretation of the Morse index of a geodesic in terms of the count of con-
jugate points along it. A good source for this theory is the book by Yakubovich and Starzhin-
skii, [42], and also the aforementioned book by Ekeland.

1.2.1. Rudiments of Krein theory

Recall from Definition 1.5 the inner product g on C?” defined by g = b o[I x (—i/,)] where
h(n,v) =" v isthe standard Hermitian product. Let M be a g-unitary matrix. For A € o(M),
denote by E, the generalized eigenspace of A, i.e. the space of vectors in C?” annihilated by some
power of M — AL

Lemma 1.2.1 Let M be a g-unitary matrix. If A, u € o(M) are such that i,u # 1, then E, and
E,, are g-orthogonal.

12



Proof- Let u € E) and v € E, be non-zero vectors. Then there exist 4, & such that
(M=) u=0, (M—pul)’v=0.

Set m =a + b and argue by induction on m. For m =2, » and v are eigenvectors and we can
directly calculate

O0=gMu—Au,Mv— uv)=(1—Au)g(u,v)

s0 since Ay # 1 we must conclude g(#,v)=0.

Now assume the result holdsforall 2 <a+5 < N—1. Set m = N and define ' = (M —Al)u,
v/ = (M — ul)v. Notice that

(M=) =0, (M—ul)’'o'=0.
By the induction hypothesis, we conclude that
g (1/,7/) =g (u,v/) =g (u/,v/> =0.

Substituting the definition of #” and o’ in these three equations, we get the three equations

g(Mu,0)=2g(n,v), g(u,Mv)=ug(n,v)
gMu,Mv)—Ag(u,Mv)— ug(Mu,v)+ Aug(n,v)=0
Combining them together we obtain (1— Au)g(#,v) =0, which leads to the conclusion. [
By taking A = y in this lemma, we obtain
Corollary 1.2.1 If A€ o(M) and |A| # 1, then E ) is g-isotropic.
These results motivate the following notation.

Definition 1.6 Let M be a g-unitary matrix. Set:

FA:E/{, 1f|/1|:1

Then we have A 75 u = FL gF u and hence a g-orthogonal splitting

(CZn — @ F/1
A€o (M), |AL1

Definition 1.7 Let A € o(M) be an eigenvalue of a g-unitary matrix M, and F) C C** the
spaces entering the g-orthogonal splitting as above. The Krein signature (x ), %)) of A is the
signature of gz . If gz is positive, resp. negative definite, then we say that Ais positive, resp.
negative Krein-definite. Otherwise we say A is Krein-indefinite.

13



Recall that an eigenvalue is said to be semi-simple when its algebraic multiplicity coincides
with its geometric multiplicity. This means that every irreducible invariant subspace of its
generalized eigenspace is 1-dimensional. In other words, the generalized eigenspace splits into
genuine eigenspaces.

Lemma 1.2.2 Let A€ o(M) be an eigenvalue of a g-unitary matrix M.

1. If A€ U(1) is not semi-simple, then there is a g-isotropic vector in E .

2. If |\| # L then x ) =x).
In particular a Krein-definite eigenvalue is always unitary and semi-simple, and all other eigenval-
ues are Krein-indefinite.

Proof- 1. Since the eigenvalue A is not semi-simple, there is an irreducible invariant subspace
in £, which has dimension at least 2. Therefore there exists a vector # € E, and an
eigenvector v of eigenvalue A such that Mu = Au + v. Now

g (n,0) = g (Mu,Mv)= | g(u,0)+ Ag(v,0) => g(v,0)=0.

2. g is non-degenerate on F), F) = E, @ Ey= and both factors are isotropic subspaces of
(complex) dimension equal to the geometrlc multiplicity of A.

The last statement is the contrapositive of the first. O

Remark A good intuitive picture to have is that a non-semi-simple eigenvalue A counts as
x ) + x eigenvalues, x; of which are positive Krein-definite, and x, of which are negative
Krein-definite.

Let’s focus now on the relevant case of a symplectic matrix, i.e. g-unitary and real. Then
we can say a little bit more about the Krein signature of eigenvalues, and we can say something
about the eigenvalues +1.

Lemma 1.2.3 Let M € Sp(2n) be a symplectic matrix. If { A, A} C (M), then the Krein signature

of A is opposite to the Krein signature of A: (x/{, x/{) (% 3 x ). In particular, if £1 € o (M), then
they are always Krein-indefinite eigenvalues, with x | = x4.

Proof. Indeed E; = E, implies that every w € Ej is of the form w = % for an unique v € E;.
Hence

g(w,w):b(*&,mé) h(v,iJyv) =—g(v,v)=—g(v,v)
forallw=v€E,. O
Remark We now have a complete picture of the Krein signature of the eigenvalues of a sym-

plectic matrix. The only Krein-definite eigenvalues are semi-simple eigenvalues on U(1)\ {£1},
all the other eigenvalues are Krein-indefinite. Moreover, if A € o(M)NU(1) is positive Krein-

definite, then A € o(M)NU(1) is negative Krein-definite.
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1.2.2. Eigenvalues of the first kind

Definition 1.8 Let M € Sp(2n) and A € o(M). We say that A is an eigenvalue of the first kind
if |A] < 1, or |A] = 1 and A is positive Krein-definite.

Remark The eigenvalues of the “second kind” are the unitary, negative Krein-definite eigen-
values. We shall not need this terminology in the following, but kept it to conform to the
existing literature.

Recall that if A € o(M) is positive Krein-definite, then it must be semi-simple and unitary.
Moreover A=! = A is then negative Krein-definite. Therefore the spectrum of a symplectic

matrix M € Sp(27) can always written as

G = Aoy Ay AL, A1)

SN A s Ay

where A,,..., A, are of the first kind and perhaps repeated according to their (algebraic) multi-
plicity.
A very important property of the spectrum of a symplectic matrix is that the collection of

eigenvalues of the first kind depends continuously on the matrix. The proof of this proposition
can be found in [42, p. 191].

Proposition 1.2.1 Let the permutation group &, act on C”* by permutation of coordinates. The
map Sp(2n) — C" /S, associating to any M € Sp(2n) the unordered n-tuple of its eigenvalues of
the first kind, repeated with multiplicity, is continnous.

Corollary 1.2.2 Let M: [0,1] — Sp(2n) be a continuous, resp. smooth path of symplectic ma-
trices. There exist continuous, resp. smooth paths Ay,..., A, :[0,1]— C such that A,(¢),...,A,(t)

are the eigenvalues of the first kind of M(t), repeated with multiplicity, and the map A:[0,1] —
C"/6,, given by t — [A((¢),..., A, (t)] is continuous.

Remark Unless we give a definition of what smoothness means for maps into a singular space,
we can’t really say that A is smooth.

1.2.3. Weighted complex determinant

Definition 1.9 The weighted complex determinant wdet: Sp(2n) — U(1) of a symplectic
matrix is defined as

A A\
WdetC(M) - /161;}[%) |7| - Aea(ﬂlg[|,1|<1 <m>
A 15 kind

Remark The function wdet was introduced by Gel’fand and Lidskii in [19]. In the literature
wdetc is sometimes called rotation function, and sometimes not named at all. We propose the
name “weighted complex determinant” since wdet coincides with dety on U(%), as we shall
see below.
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Lemma 1.2.4 We can rewrite wdet as

wdet (M) =(—1)" l—I 1%

A€o (M)NU(1)\{£1}

where 2m is the total geometric multiplicity of the negative real eigenvalues of M.

Proof. Indeed, if [A] < 1, A ¢ R, then A # A. By Lemma 1.2.2.2 and Lemma 1.2.3 the Krein
signature of A is the same of A, so we see the following two terms in the product:

(@) () () -

AL/ \IA AP

If AeR, 0< A< 1, then its corresponding term is equal to 1. Finally if instead —1 < A < 0, its
term contributes with a (—1)**. Now again by Lemma 1.2.2.2 and Lemma 1.2.3.2, its Krein
signature is of the form (x, x ), and so the geometric multiplicity of A is even. Therefore the

total geometric multiplicity of the negative real eigenvalues is always even. To multiply out
these contributions one has to calculate

Z X/lzl Z dlmFA:m

A€a (M), —1<A<0 2 A€a (M), —1<A<0
which is our claim. O
The following proposition collects the properties of the weighted complex determinant.

Proposition 1.2.2  The weighted complex determinant has the following properties:
1. wdet is continuous.
wdet. is a linear symplectic invariant: wdeto(L™\M L) = wdet (M) for all L,M & Sp(2n).
wdete U =dete U forall U € U(n) C Sp(2n).
If M has no eigenvalues on U(1), then wdet(M) = 1.
wdet (M @& M") = wdet (M) wdet(M).
wdeto(M*) = wdete(M)* for all M € Sp(2n) and all k € 7.

S O )

Proof. 1. Thisfollows from continuity of the unordered set of eigenvalues of the first kind.
2. The spectrum and the Krein signatures are g-unitary invariants.

3. The spectrum of a matrix in U € U(n) C Sp(2n) is always on U(1) and each eigenvalue
is semi-simple. Therefore each eigenvalue is Krein-definite, and

wdet(U) = 1_[ A%2
)

A€o (U

Let VE C C?* be the eigenspaces of ], corresponding to the eigenvalues +i. Notice
that g|y/+ is positive definite. Notice further that if U® € U(n) € GL(#,C) denotes the
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unitary matrix corresponding to U thought of as acting on C”, then U|y,+ = U®. Since
JoU = U]y, all the E, for A€ o(U) are J,-invariant, and

vi= @ E;nv?
Aea(U)

Since g is positive definite on VT, x; =dimE; N V. Hence

dete U =det U = 1_[ AdmEAVT 1_[ A2 =wdeto U
Aeo(U) Aea(U)

4. M has no Krein definite eigenvalue, so wdet M = (—1)” where 2m is the total multi-
plicity of the negative real eigenvalues of M.

The remaining points are found by direct calculation. O

Remark To define the Conley-Zehnder index, one may work directly with the complex de-
terminant. But it does not have the nice property 6 found above, which is very useful when
thinking about the index of iterations of periodic orbits.

An interesting property that is implied by the point 3 above is the following
Lemma 1.2.5 Let L: [0,1]— Sp(2n) be a continuous loop of symplectic matrices based at 1. Then

degwdet oL = Mas(L)

1.2.4. Non-degenerate symplectic matrices
Definition 1.10 The Maslov cycle is the subset
Sp°(2n) = {M € Sp(2n) : det (M —T) =0}
Its complement is called the set of non-degenerate symplectic matrices, and is denoted by
Sp*(2n) = {M € Sp(2n) : det (M —T) 0}
Notice that
Sp*(2n) =SptT(2n)USp~(2n), SpE(2n)={M € Sp*(2n): £det(M —T) > 0}.

Lemma 1.2.6 A matrix M € Sp*(2n) lies in Sp™ (2n) if and only if the total multiplicity of real,
positive eigenvalues smaller than 1 is even.

Lemma 1.2.7 The connected components of Sp*(2n) are precisely Sp*(2n).

The proof of the two lemmata above is done via the study of normal forms of symplectic
matrices, which would make us stray away from the aim of this chapter, namely the definition
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of the Conley-Zehnder index. A complete proof may be found in any of these references: 3,
26,31].

Sketch of proof of 1.2.7. Tt is convenient to fix a distinguished element in each Sp*(2n). We

take:
2
0

Nl- O

W= €Sp~(2n), Wt =—IeSp*(2n).

—1I

Any symplectic matrix can be perturbed in an arbitrarily small way to a symplectic matrix
all whose eigenvalues are distinct, complex and non-unitary. If the resulting matrix lies in
Sp*(2n), it can be connected to a matrix all whose eigenvalues are equal to —1. The resulting
matrix always has a real logarithm, so can be connected to the matrix W*. For Sp™(27) the
argument is similar, but involves more intricate perturbation. O

We chose the two matrices W+ because it is very easy to calculate their weighted complex
determinant. Indeed, from Lemma 1.2.4 it’s immediate to calculate

wdete W™= (=1)""",  wdete W =(—1)"

This fact will be important in order to define the Conley-Zehnder index by tracking the degree
of wdet along a path of symplectic matrices.

Non-degeneracy is a crucial property for the definition of the Conley-Zehnder index. The
reason lies in the following lemma, which can be interpreted as a rule to define the “argument”
of a symplectic matrix.

Lemma 1.2.8 There exist continuous functions 0, ...,0,,: Sp*(2n) — [0,27] with the following
property. If Ay, ..., A, are the eigenvalues of the first kind of M € Sp*(2n), repeated according to
their multiplicity, then

—_— =

’1/ i0.(M)
|4;

jl

In particular
wdete M =e' 2 6;()

Remark By re-ordering the eigenvalues of the first kind of M, we can always assume that
0<O,(M)<O,M)<---<0,(M)<2m.

Proof. Let M € Sp*(2n) and A € (M) be an eigenvalue of the first kind. If A is unitary or A is
real and negative, the formula

defines 0 € (0,27) uniquely (when A < 0 obviously we’re setting & = 7). The problem is only
when A > 0, since we could set @ =0 or @ =27. If M € Sp™(2n), then it has an even number
of positive eigenvalues of the first kind, counted with multiplicity. We choose the 6, so that

18



the number of them which equal 0 is always the same as the number of them which equal 27.
If M € Sp~(M), we know that it has an odd number 2/ 4 1 of positive eigenvalues of the first
kind, counted with multiplicity. In this case choose 8 to be O for / of these eigenvalues, and 27
for the remaining / + 1. With this choice, &, |5,~(,,) = 0. This choice for the values of the 0,
in the case of positive real eigenvalues of the first kind guarantees that the 0, are continuous
functions. O

Remark 1. Notice that by construction no matrix # € Sp*(2n) can have 6,(M) = 0 for
every j or 0;(M)=2r for every ;.

2. The proof of the lemma shows that we can choose the ¢ j such that g j(W+) = r for all
jand 6,(W)=0,0,(W)=0,(WH)=-..= .

Lemma 1.2.9 Any loop in Sp*(2n) is contractible in Sp(2n).

Proof. It suffices to show that for any loop ¢ — M, in Sp*(2n) we have that ¢t — wdeto M, €
U(1) is a contractible loop. But this is clear from the existence and the first property of the
functions 0; remarked above. O

Remark The fact that every loop in Sp*(2#) is contractible in Sp(27) is an indicator of the
fact that the Maslov index can be interpreted with some care as an intersection number of a
loop with the Maslov cycle. The difficulty lies in the fact that the Maslov cycle is a singular
set. Moreover, we consider almost only loops based at I, which lies in the singular part of the
Maslov cycle.

An illustration of the situation for 7z = 1 can be found in Figure 1.3.

1.2.5. Definition of the Conley-Zehnder index

In this section we use the constructions developed above to give a homotopy invariant of paths
of linear symplectomorphisms.

Definition 1.11 Define
SP(2n)={M € C°([0,1],Sp(2n)) : M(0) =1}
We call this the space of based paths in Sp(272). Define
SP*(2n) = {M € C°([0,1],Sp(2n)) : M(0) =1, M(1) € Sp*(2n)}
We call this the space of non-degenerate based paths in Sp(27).

Remark We commit a small abuse of notation by denoting matrices and paths of matrices
with the same symbols. Usually we denote time-dependence as so: M, = M(t).
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Figure 1.3. The group Sp(2) is diffeomorphic to a solid torus without its border, parametrized by

20

coordinates (6, r,7) €[0,27)x[0,1)x[0,27). Here @ is the angle which goes around the “horizontal”
circle, where (0,0,0) = I, while T parametrizes the “vertical” circle. The coordinate r gives the
distance of the point from the central horizontal circle, i.e. the radius at which the point lies on
its corresponding slice & = const. The explicit parametrization can be found in [3]. The subgroup
U(1) C Sp(2) is the set {(#,0,0)}, the circle at the core of the torus passing through +I. The singular
surface, drawn inside with solid colors, is the set of matrices with double eigenvalue 1, which can
be seen to be parametrized as {(6, 7,7) : » = sin? §}. This surface has two connected components,
one drawn in yellow and one in purple. The yellow part is the connected component corresponding
to the matrices with double eigenvalue —1, containing in particular —I. This component lies inside
Sp*(2). The purple surface is the Maslov cycle Sp°(2), which contains the matrix I. The circles
drawn in red are to denote where the surface touches the boundary of the solid torus. The Maslov
cycle breaks Sp*(2) into the two connected components Sp*(2) = Sp™(2)LISp™(2). These are depicted
by the shaded areas, the yellow shaded area being Sp*(2) and the blue shaded area being Sp~(2). One
thing that cannot be seen well in this drawing is that the Maslov cycle bounds within it a piece of
Sp*(2), not Sp~(2). In fact U(1)\{I} C Sp™(2), and the same is true in higher dimensions. Notice that
every loop in Sp™(2) is contractible in Sp(2) but there are loops in Sp~(2) which are not contractible
in Sp~(2). This does not happen for Sp™(2).



We endow the spaces SP(272), SP*(27) with the compact open topology. The connected
components of SP*(27) are the homotopy classes of paths in Sp(27) which are based at I and
whose unfixed endpoint never touches Sp°(21).

Definition 1.12 For a path M: [0,1] — Sp(27) choose any function ¢:[0,1] — R such that
wdeto M(t) = ')

Define, for = €[0, 1],
0(t)—0(0)

Vi

AM,7)= (1.2)

This number represents twice the total angle swept by ¢ — wdet(M(¢)) up to time 7 in
units of 27t. It does not depend on the choice of 6.

Remark Since wdet is multiplicative under direct sums, we see that A(-, 7) is additive under
direct sums for all 7.

Now let M € Sp*(2n). Then either M € Sp™(2n) or M € Sp~(2n). Choose a continuous
path y,,: [0,1] — Sp*(27) such that y,,(0) = M and y,,(1) = W* according to whether M €
Sp*(2n). Notice that A(y,,, 1) does not depend on the choice of y,,, since all loops in Sp*(27)
are contractible in Sp(272). Therefore we can define a function

R:Sp*'(2n) - R, R(M)=A(yy,1)
Lemma 1.2.10 |Z| < n.

Proof. Indeed since y;,(¢) € Sp*(2n) forall ¢, we canset 0(¢) = 37, 0, (yy(t)), where the 0, are

the functions constructed in Lemma 1.2.8. Recall that we chose to order the eigenvalues of the
first kind of a matrix M € Sp*(2n) in such a way that 0 < 6,(M) < 0,(M)<--- <0 (M) < 2.
We can calculate

R(M) = Ay, 1) 2‘9 Wi (M)

where as before we have chosen W according to where M is. If M € Sp™(2n), then we have
chosen 0, such that 6;(W™) = 7 for all j. We see that

MeSpt(2n) = |2 (M

ne(

the strictness of the last inequality following from the fact that the numbers 6 ;(#) are never all

equal to 0 or all equal to 27. If instead M € Sp~(2n), then we know that 6,(W )= 6,(M) =0,
and the rest are equal to 7. Therefore analogously as above,

Zﬂ-e

MeSp~(2n) = |R#(M W<n—1 O
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Definition 1.13 The Conley-Zehnder index of a path M € SP*(27) is defined as
CZ(M, :t€[0,1]) =AM, 1)+ R (M(1))

Remark We chose to use the notation above because it is very convenient when dealing with
iterates and periodic orbits. When the time domain is clear from the context, for brevity we
write CZ(M,) =CZ(M, : t €[0,1]).

Theorem 1 The Conley-Zehnder index is an integer valued function. In fact,
CZ(M, : t €[0,1]) = degwdet oM

Two paths M, M’ € SP*(2n) belong to the same path component of SP*(2n) if and only if their
Conley-Zehnder indices coincide.

Proof. For notational convenience, if two paths y,,7;:[0,1] — Sp(27) are such that y,(1) =
71(0), denote by y; A y, the concatenation of y; after y, i.e.

_ @0, relo1/2]
ylA}/o(t)_{Vcl)(zt_l), te[l/z,l]

Let M € SP*(2n) and fix a y,,: [0,1] — Sp*(27) such that y,,(0) = M(1) and y,,(1) = W*
according to whether M(1) € Sp*(2n). Notice that by definition the Conley-Zehnder index is
twice the total angle, in units of 27, swept by wdet: on the concatenation of M with y,,, or
equivalently the total angle in units of 27t swept by the path

[0,1]3 ¢ — (wdetn(y,, AM(2)))* € U(1)

Since y;,(1) = W* and wdetc W* = £1, we see that this path is actually a loop based at
1€ U(1), so the total angle swept by it in units of 27 is its degree.

To show that two paths in SP*(27) are in the same path component if and only if their indices
coincide, notice that two paths M, M’ € SP*(2n) are in the same path component if and only
if they end both in Sp™(27) or both in Sp~(27) and the loop given by the concatenation

E=M Ny Nyy AM

where M’ denotes the path M’ traversed in reverse, is contractible. But this is equivalent to
saying that the two loops y,; AM, v, AM’ are homotopic, which is equivalent to them having
the same degree. O

Remark One could just as well take the formula for the Conley-Zehnder index in terms of
the degree as a definition, and derive the formula in terms of A and 2 as a theorem. We chose
to take this point of view because A(M, 1) and 2 (M (1)) are useful concepts also for the rest of
this chapter.
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Proposition 1.2.3  The Conley-Zehnder has the following properties:

1

If M € SP*(2n) and N € Sp(2n), then
CZ(N~'M,N)=CZ(M,) (1.3)

If M € SP*(2n) is such that o(M,)NU(1) = & for all t, then CZ(M,) = 0.

3. If M € SP*(2ny) and M' € SP*(2n,), then

Proof.
2.
3.

4.

CZ(M, ® M})=CZ(M,)+CZ(M]) (1.4)
If M € SP*(2n) then

Cz(M")=Cz(M])=—CZ(M)
If M € SP*(2n) and L:[0,1] — Sp(2n) is a loop based at 1, then

CZ(L,M,)=CZ(M,)+2Mas(L) (1.5)

where Mas denotes the Maslov index, see Definition 1.4.
The parity of the Conley-Zehnder index depends only on the endpoint of the path, and is

determined as follows:
(—1)"~C2M) = gign det (1— M)

If M, = exp(—J,At) with A € Sym(2n) such that |A| < 27, then
1
CZ(M,)= 3 signA

where sign A denotes the signature of A, i.e. the number of positive eigenvalues minus the
number of negative eigenvalues of A.

1. This follows from symplectic invariance of wdet.
For such a path, wdet(M,) = %1 for all ¢.

This follows from the fact that wdet(M, @ M) = wdet(M,) wdet(M]) (see Proposi-
tion 1.2.2.5).

The first equality follows from the first point, because M ! = J 7'M J,. The last equality
follows from Proposition 1.2.2.6.

The product ¢ — L, M, is homotopic to the concatenation L A M.
CZ(L,M,) = degwdet? o (L AM) =2degwdetc L 4 degwdet?. oM

The last equality follows from the fact that ¢ — wdet L, is already a loop. The conclu-
sion follows from Lemma 1.2.5.

Let y: [0,1] — Sp*(27) be a path such that y(1) = W*. Notice that deg wdetZ. oy is even
whenever wdet( y(1) = 1, and odd whenever wdet y(1) = —1. Recall that wdets W+ =
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(—1)" and wdete W~ = (—=1)""! = —wdetc W*. Fory =y, AM, y(1) = W* <—
signdet(I— M) = £1. Putting everything together we obtain the claim.

. We can assume without loss of generality that A = diag(a,, by, ...,4,, b,) in a symplectic

splitting (R?”, cwy) = (R?,wq) @ -+ @ (R?, ewy). Since |A| < 27, exp(—/,A) € Sp*(2n).
From points 2 and 3 above, the only blocks of M, = exp(—J,At) that contribute to the
index are the blocks with eigenvalues on the unit circle. Therefore we can assume with-
out loss of generality that ¢;5; > 0 for all j, i.e. they always have the same sign. This is
because blocks with 4; of different sign than &; generate hyperbolic blocks, which have
eigenvalues off the unit circle at all times. Now, in the jth factor of the splitting, the lin-
ear flow is the flow of a harmonic oscillator, which can be deformed, without changing
the homotopy class of the flow, to a rotation in the plane of angle strictly less than 27.
This rotation is counter-clockwise when a; > 0 and clockwise when 4; < 0. To finish
the proof, it suffices to look at Section 1.2.7 for an explicit calculation of the index of a
non-degenerate rotation depending only on its definition.

O]

Remark These properties characterize the Conley-Zehnder index uniquely, as shown in e.g.

[26].

1.2.5.1. Extension to degenerate paths

In applications, it is useful to define a Conley-Zehnder index also for paths which end up on
the Maslov cycle. This extension is not canonical, and there are a few different choices one
can make, depending on the kind of properties one needs. Following [3], we think of the
Conley-Zehnder index as a kind of Morse index for the critical points of the action functional.
The Morse index is lower-semicontinuous (LSC), so we take the maximal LSC-extension of the
Conley-Zehnder index.

Specifically, let M € SP(2n) be a based path, perhaps degenerate. Notice that SP*(27) C

SP(27) is an open dense subset. Set

CZ(M,:t€[0,1])= liminf CZ(M;:¢€[0,1])
M —M,
M'€SP*(2n)

Since A(-,1): SP(2n) — R is already continuous,

Lemma 1.2.11 [t holds that

CZ(M,:te€[0,1])=AM,1)+ R (M,)

where R : Sp(2n) — R is the maximal LSC-extension of R.:
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The function # has a similar bound as 2, which is proven in a completely analogous way:
Lemma 1.2.12 |Z| < n.

Remark The possible equality is because we cannot guarantee that not all §; are 0 or 27.

The index of a degenerate path has the same properties of the non-degenerate counterpart
except continuity. We list the ones we need:

Proposition 1.2.4 The lower semicontinuous extension CZ: SP(2n) — Z of the Conley-Zehnder
index satisfies the following properties:

1. If M € SP(2n) and N € Sp(2n), then
CZ(N~'M,N)=CZ(M,)

2. If M € SP(2ny) and M’ € SP(2n,), then

CZ(M, ®M;)=CZ(M,)+CZ (M)
3. If M € SP(M) then

Cz (M) =Cz(M])=—Cz(m,)
4. If M € SP(2n) and L: [0,1] — Sp(2n) is a loop based at 1, then

CZ(L,M,)=CZ(M,)+2Mas(L,)

In particular, if L is a loop based at I, CZ(L,) = 2Mas(L, ).

1.2.6. Iterations and the mean Conley-Zehnder index

In the study of the Conley-Zehnder index of periodic orbits, it is important to understand the
index of an iterated orbit. Here we study the linear theory.

Let M € SP*(2n). We extend it periodically to a map M: R — Sp(2n) by setting M, ,; =
M, M. In particular, M;, = MF. The reason for this choice is that this rule is fulfilled by the
matrizants of linear Hamiltonian equations with 1-periodic coefficients.

We need some preliminaries. Let M € SP*(27) be extended to R as just explained, and pick
a function : R — R such that '
wdeto M(t) = e0t)

For 7 € R, define, analogously as in (1.2),

0(x)—0(0)

7T

A(M,T):

25



Lemma 1.2.13 For M € SP*(2n) extended periodically and k € Z,

AM, k)= kAWM, 1)

Proof. Consider the following homotopy
I':[0,1]x[0,1]—>Sp(2n), I'(s,t)=M((1—s)t)

Notice that I'(0,¢) = M, for all £ and I'(1,¢) =T for all ¢. Therefore I is a homotopy between
M and the constant path at I. Extend I” periodically to a function

I':[0,1]xR—Sp(2n), I(s,t+1)=1I(s,t)I(s,1)

In particular, whenever k € Z we have I'(s,k) = I'(s, 1). Let #:[0,1] x R — R be a choice of
a continuous function such that

wdete (s, 1) = e'0(s:0) Y(s,t), 06(s,00=0 Vs
Notice that

A ) — b AGM, 1) = 2 [6(0, k) — 6(0,0)— k60, 1)+ £6(0,0)] = — [6(0, k) — £6(0, 1)]

7T T

Now,
wdete I'(s,k) = wdetc (I'(s,1)") = (wdetc I'(s, 1)) VE€Z Vs €[0,1]

This implies that for each s € [0,1], O(s, k) — k0(s,1) is an integer multiple of 27t. Since 0 is
continuous in s, &(s,k) —k&(s, 1) must therefore be constant in s. Since 8(0,¢) =0 for all ¢
the claim is proven. O

Definition 1.14 Let £ € Z. Define

CZ(M,:t€[0,k])=CZ(M,,:t€[0,1]), CZ(M,:t€[0,1])= lim %CZ(M[:te[O,/e])

k—>OO

The quantity CZ(M, : t €[0,1]) is called mean Conley-Zehnder index.

Remark Notice that if o(M;) contains a kth root of unity, then M, is degenerate, so CZ(M, :
t €[0,k]) has to be interpreted with the LSC extension explained above.

Lemma 1.2.14 The mean Conley-Zehnder index is well defined and

CZ(M, :t €[0,1]) = A(M, 1)

Proof: Lemma 1.2.13 together with Lemma 1.2.12 implies that CZ(M, : ¢ € [0,k]) has linear
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growth in k. Indeed

i A SOy SOOI i A0 )~ o
—
<50
O
Proposition 1.2.5 For every k € Z we have the estimate
kCZ(M,)—n <CZM, : t €[0,k]) < kCZ(M,)+n
The inequalities are strict whenever My, = MF € Sp*(2n).
Proof. Notice first of all that Lemma 1.2.13 together with Lemma 1.2.14 implies that
CZ(M, : t €[0,k])=kCZ(M, : t €[0,1])
Now, notice that
CZ(M, :t €[0,k])—kCZ(M, : t €[0,1]) = A(M, k) + R (M) — kAWM, 1) = R (M)
The claim follows from Lemma 1.2.12. O

Remark Looking at the proof of Lemma 1.2.10, we see that the inequality is strict for iterates
with at least one eigenvalue different from 1. This kind of paths are called weakly non-degenerate
after the work of Salamon and Zehnder [38].

The following proposition will be crucial in the proof of the main theorem of the thesis.

Proposition 1.2.6 Assume that k,l € Z are such that M f and M 11 are non-degenerate. If k and
[ have the same parity, then CZ(M, : t €[0,k]) and CZ(M, : t €[0,1]) have the same parity.

Proof. By Proposition 1.2.3, point (6), we see that it suffices to show that M and M* belong
to the same connected component of Sp*(27), that is,

Ml eSp*(2n) <= MFeSpr(2n) VE,Io0dd

By induction it is sufficient to prove this for & = +2, i.e. MF = M!M?. Recall further from
Lemma 1.2.6 that N € Sp*(2#) if and only if the total multiplicity of real positive eigenvalues of
N smaller than 1 is even, and N € Sp~(27) if and only if the total multiplicity of real positive
eigenvalues of N smaller than 1 is odd. The claim is thus reduced to showing that the total
multiplicity of real positive eigenvalues of M 11 smaller than 1 cannot change when multiplying
it on the right by 7. But this is obvious, because it will change the total multiplicity of the
eigenvalues by an even number. O
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Remark This result is also true for iterations k,/ which are degenerate, but we will not really
need it in the proof of the main theorem of the thesis.

1.2.7. The Conley-Zehnder index of a non-degenerate unitary path

The proof of the main theorem of the thesis involves some index calculations in the special
case where the paths in analysis are autonomous, unitary and non-degenerate. Therefore, to
conclude the chapter, we give a general formula for the index of an autonomous unitary and
non-degenerate path.

Let U:[0,1] — U(n) C Sp(2n) be an autonomous non-degenerate unitary path. Then by
definition U, = exp(Ot) for some matrix © € u(n) C sp(2n). Recall that © € u(n) C sp(2n)
if and only if J,© = O], and moreover O = —O. These properties imply that there exists
a symplectic splitting (R*, ;) = (R?, wy) @ - - @ (R?, wy) and real numbers a;, ..., @, such
that in this splitting

0= (1.6)

This is easily seen by unitarily diagonalizing the corresponding Hermitian matrix.

Remark It is worth to stress that a; € R, so when reaching time 1 the flow generated by ©
may wind around many times and also in both directions.

We found that an autonomous path of unitary matrices can be unitarily diagonalized for all
times and split into rotations in symplectic planes. Therefore by symplectic invariance (1.3)
the sum formula (1.4) it suffices to calculate the Conley-Zehnder index of a rotation on R2.
The same is true for the mean Conley-Zehnder index, since A(-, 1) is also additive under direct
sums.

For a rotation of the plane, non-degeneracy means that the rotation angle is not equal to an
integer multiple of 27t. So let @ € R\ 2727 and consider

0 —at cosqt —sinat
Ut_eXp<at 0 >_<sinat cosat > (1.7)

The spectrum of U, is . ‘
o (Ut) — {ezat’e—zat}

We have to determine which one is the positive Krein-definite eigenvalue. The eigenspaces in

C? of the eigenvalues A, = e?**, A, = e™*%* are respectively

2=((1) 5=(0))
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which don’t depend on ¢. It’s immediate to see that A, is always positive Krein-definite eigen-
value, while A, is always negative Krein-definite. This does not depend on the sign of , and
confirms that wdety U, = det U, = e**".

We can immediately calculate the mean Conley-Zehnder index:

Lemma 1.2.15 Let U, = exp Ot with © =], diag(ay,...,a,,a},...,a,). Then

— 1 &
CZ(Ut:te[O,l]):; E a;
j=1

Proof. As just explained, the situation is reduced to a rotation of the plane by additivity. For
U, as in (1.7), we can choose 0(t) = at in the definition of the function A(U,-). In particular

A(U,l):w:%:_Z(Ut:te[O,l])

the last equality being Lemma 1.2.14. O

Remark This calculation is valid even if some o J € 2.

The fact that U € SP*(2) implies that U, has no real positive eigenvalues. In fact it has no
real eigenvalues at all, unless @ = (2k + 1) 7 for some k € Z, which implies U; = —I. Therefore
U, € Sp*(2) always. Compare this with figure 1.3.

Define [ - J: R — Z, r — [ 7] to be the identity on Z and the nearest odd integer on R\ Z.

Lemma 1.2.16 For U = U, a non-degenerate rotation of the plane of angle « € R\ 27Z,
CZ(Ut:tE[O,l]):[[z]] (1.8)
7

Therefore if U, = exp Ot for O as in (1.6), we have

CZ(U,:t e[o,k]):i[@]l VkeZ

=t 7

Proof. The only thing to prove is the formula (1.8). Since U, € Sp™(2) for any «, to calculate CZ
we have to connect U, to W+ = —I without passing through I. If @ = (2k + 1)7 then U; = —I
andCZ(U,) = A(U,1) =2k +1=[a/r]. If « ¢ ©Z then to connect U, to —I without passing
through I we proceed as follows. There is always some & € Z such that a € ((2k — 1)7,(2k +
1)m). If @ € ((2k —1)7,2k ) then yy; is the paths of rotations in the opposite direction until
we reach —I, and so CZ(U,) = 2k — 1 =[a/x]. If € (2kmr,(2k + 1)7) then yy; is the path
of rotations in the same direction until we reach —I, and so CZ(U,) =2k + 1 =[a/x]. The
claim is proven. O
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Remark Notice that we’ve also just shown that in dimension 2, the Conley-Zehnder index
of a non-degenerate path of rotations is always odd, and clearly every odd integer is reached
as the Conley-Zehnder index of a non-degenerate path of rotations. This is not true in higher
dimensions: we can obtain any integer as the Conley-Zehnder index of an autonomous unitary
non-degenerate path.
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2. Asymptotically linear Hamiltonian systems

In this chapter we introduce the class of asymptotically linear Hamil-
tonian systems. We show that each Hamiltonian system in such class
has the property that for any fixed period T there exists a compact
set which contains all the T-periodic orbits of the system. On the
way, we analyze linear Hamiltonian systems and obtain a crucial in-
version formula for the linear operator representing a linear Hamil-
tonian system.

2.1. Hamiltonian systems on linear phase space

Consider R?” with coordinates z = (g, p), ¢ = (q1---5G,,)s P = (P1s---> p,)- We equip R?”
with the standard euclidean product (-,-): R?” x R*” — R given by (zy,2,) = z{ z; and an
identification with C” by sending z = (g, p) to ¢ + 2p € C”. Notice that multiplication by
i € C on C” is represented by the linear map J,: R?” — R?" given by the matrix

0, -I,
=5 o)
in the splitting R?” = R7 ®R7.
The standard symplectic form on R?” is the 2-form w € £22 (R2”>,

wo:Zd%’ Adp;

This is a symplectic form in the sense that dewy = 0 and w”” # 0. As a bilinear form, it is
represented by the matrix —J, = 2,

wo(it,0) = (,—Jpv) =—u'Jov Vu,v € R*” 2.1

Any smooth function H € C*°(R?") defines a vector field X;; € 2 (R?"), called its Hamil-
tonian vector field, by the equation

where iy w, € 2Y(R?") is the 1-form v — iy, wo(v) = wo(Xpy,v). A Hamiltonian system is
the ODE defined by a Hamiltonian vector field, and the flow of a Hamiltonian vector field is
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called a Hamiltonian flow. Usually we denote the flow of a Hamiltonian vector field ¢y by
@y since Xy is uniquely defined by H up to addition of a constant to H. The flow at any fixed
time defines a diffeomorphism which we call an (autonomous) Hamiltonian diffeomorphism.
We can enlarge the class of systems under study by considering smooth, non-autonomous
Hamiltonians H € C*° ([O, T]x R2”> and defining the non-autonomous Hamiltonian vector

field by the same equations:

where H,(z) = H(t,z). Using the representation (2.1) we find that
Xn(t,2)=—=J)VH,(2)

where V is the gradient with respect to z only.

2.1.1. On non-autonomous differential equations and subharmonics

Recall that a non-autonomous vector field X : [0, 7] x R** — R*", X = X ,(z), defines a non-
auntonomous flow, that is a map (s,t,2z) — ¢y’ (z) defined by the ODE

d s S
{E%&t(z)ZXt(%f(Z)), t>s
oy (2)=z

In general, the non-autonomous flow might not be defined everywhere. Using uniqueness
of solutions of Cauchy problems, the non-autonomous flow is seen to satisfy the following

properties:

Lt _ s;t+t! et s,t
ox (2)=z, @y =9y opy,

i.e. the flow depends on both the initial and final times, and not only on the elapsed time.
There is no reason to expect that a general non-autonomous flow admits periodic orbits.
We therefore restrict our study to non-autonomous systems with periodic coefficients. To be
clear, there is still no reason to expect that a non-autonomous but periodic differential equation
admits periodic solutions in general, but such an assumption helps. This is because if a non-
autonomous vector field, say X = X, (z), is periodic in time with period T, i.e. X, , 7 = X, for
all t € R, then its non-autonomous flow satisfies
s,t+T st
$x T Px
by uniqueness of solutions of differential equations. Therefore also the non-autonomous flow
is somewhat periodic and might define periodic solutions. In particular, we have a well defined
map ¢} = go%T. The T-periodic orbits correspond precisely to the fixed points of ¢, and
moreover for every k € Z

k
T\ _ 0oT 0,7 __  (k—1)TkT T2T 0,7 _ OkT
<§”X> =¢x © 0Py =@y 0-"0@y O@y =0y
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so even the & T-periodic orbits are fixed points of the k-th iteration of ¢1. This is the reason
that in older literature, higher-period periodic orbits are also sometimes called “subharmonics”.

We will only consider non-autonomous Hamiltonian systems with periodic coefficients,
namely, the Hamiltonians will always have a periodic dependence on time. We will see them
as smooth functions H € C*° (R /TZ x Rz’l). Notice that if H is such a Hamiltonian, then
TH(Tt,z) is a 1-periodic Hamiltonian whose flow is just a re-parametrized version of the
flow of H. So without loss of generality we can always take 7 = 1 and consider smooth
Hamiltonians € C*(§! x R?"), where here and below §' =R/Z. We write ¢}, = gog(’:[.

Remark We make a distinction between S! = R/Z, the unit length circle, and U(1) C C the
unit radius circle.

2.2. Asymptotically quadratic Hamiltonians

The class of all Hamiltonian systems on R?” is too wild to study, for example, “most” Hamil-
tonians don’t generate a complete flow on R?”. Moreover, it is quite easy to come up with
Hamiltonian systems on R?” without any periodic orbits, like a constant non-zero vector field,
which is generated by a linear Hamiltonian.

A simple class of Hamiltonian systems, which we have secretly already studied in the previ-
ous chapter and will pick up again in Section 2.3.1, is given by non-autonomous linear Hamil-
tonian systems. These are the Hamiltonian systems defined by non-autonomous linear Hamil-
tonian vector fields, and hence non-autonomous quadratic Hamiltonians, which we take to
be with 1-periodic coefficients, as explained above. The question of periodic orbits for linear
Hamiltonian systems is reduced to the study of the spectrum of the linear map representing
the time-1 flow of the linear Hamiltonian vector field.

A more interesting and much less understood class of Hamiltonian systems is obtained by
deforming the linear Hamiltonian systems with sub-quadratic terms.

Definition 2.1 Consider a smooth function H: S x R?” — R.

1. We say that H is weakly asymptotically guadratic if there exists a smooth loop of symmet-
ric matrices A € C*(S1,Sym(27)) such that

sup |VH,(z)—A,z|=0(|z]) as|z|— oo

tes!

We refer to the quadratic form Q,(z) = %(Atz,z) as the guadratic Hamiltonian at infinity.
Usually we denote by

bt(z) = Ht(Z)_ Qt(z)
the non-quadratic part of H.
Let H = Q + h be a weakly asymptotically quadratic Hamiltonian.

2. We say that the quadratic Hamiltonian at infinity Q is non-degenerate if the spectrum of
gplQ does not contain the eigenvalue 1.
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3. We say that H is asymptotically quadratic if b is bounded:
1A 1| o0 (51 xm2n) < 00
It is convenient to fix the following notation.

08 = { Hec® ( oLy R2”> : weakly asympototically quadratic Hamiltonian }

with non-degenerate quadratic Hamiltonian at infinity.

5= { HeC® ( ol s ]RZ”> : asympototically quadratic Hamiltonian }

with non-degenerate quadratic Hamiltonian at infinity.

Remark The condition of being weakly asymptotically quadratic is well defined, since if H =
Q+h=Q'+ b’ with both Vh, VA’ of sublinear growth, then /' = Q — Q'+ b, so

Vhi(2)| 2 (A, —A) 2| = |V h,(2)

If A # A’ then the first always grows linearly as |z| — oco. So for VA’ to grow sublinearly, it
must hold A’ = A, and therefore also » = 4’. A fortiori also asymptotically quadratic Hamil-
tonians are well defined.

Definition 2.2 If ¢ € Ham(R?") is a Hamiltonian diffeomorphism such that ¢ = ¢}, for

H some (weakly) asymptotically quadratic Hamiltonian, we say ¢ is a (weakly) asymptotically
linear Hamiltonian diffeomorphism. The linear symplectomorphism goéz is called the linear

map at infinity.

Lemma 2.2.1 The linear map at infinity of a weakly asymptotically linear Hamiltonian diffeo-
morphism does not depend on the chosen generating weakly asymptotically quadratic Hamiltonian.

Proof. Assumego oy =0, withH=Q+hand H =Q'+4". Fix0< r <land z e R™.

Let’s estimate:
5] =|| X)X (ob@)de| =| | H. (p12) ~ 4, -vierie] <

< [T (i) - opoNds il
0

= | 1"n el de+ Al |

Now, since Vh, is o(|z|), for any ¢ > 0 there exists an M, > 0 such that if || > M. then
IVh, ()| < e|{]| Therefore define

I={te[0r]:loy(2)|>M}, J.={te[0,7]:|py(z)| <M.}

Pi(2)—p(2)| de =

Pi(2)—p5(2)|de
2.2)
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and we can estimate

f V5, (o |dt—J V5, (o |dt+f V5, (0ly(2)| di <

< ¢ <
< f h@ldi+e _ma VA S

giue)— i@ de+ |

Ph(2)—ph(2)|dt +e - B7(e" = Dlz| +7C,

goé(z)| dt> +7C. <

where B = [|A||;e, C. =max,cg1 rj<pr. [V5,({)]. Combining with (2.2) we get

iD= o] < B+ [ fpita)— @] de-+e-ePal+ 5,

Dividing by |z| both sides and then using Gronwall’s lemma, we obtain that for every ¢ > 0
there exists an M, > 0 such that

0

1(2)— 95 (2) B_ et
#i(2)— 0 |S<Ee 1+&>63+5 e=le]
|| B |z

|z]—00
This is because, taking ¢ = |z| ™!, either M. stays bounded as |z| — oo, or it goes to infinity.
In the second case, C, = max, ¢ 71<u [V, ({)] either stays bounded, or runs off to infinity,
but by definition, slower than |z|. In the first case the same conclusion is reached even more
easily. Therefore in any case

o) —pl(2)| =o(lz]) as |z - o0

The exact same estimates hold for the other flows, so ’gp}i,(z)— gpéz,(z)) = 0(|z|) as |z| — oo.
Therefore

2h(2) = 94(2)| < |0h(2)— 0y (2)| + | ol (2)— 0l (2)| + [P (2) = 9}y (2)] =
= [ph=¢te) [plot)—plp ] =) s 1l o0

But since both go(lg and gpé, are linear maps, this is possible if and only if ga(lg = ga(lg/. O

2.2.1. Index of a fixed point and index at infinity

Given a fixed point of a Hamiltonian diffeomorphism and a generating Hamiltonian, we can
talk about the (mean) index of the fixed point with respect to the given Hamiltonian:
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Definition 2.3 Let H € C*(S' x R?") be any Hamiltonian and z, € Fix ¢},. We denote

CZ(2,H) =CZ(d g} (z5): t €[0,1]), CZ(zo,H)= lim Cz(d§”fi(20?: t€[0,7])

In the specific case of asymptotically linear Hamiltonian diffeomorphism, the choice of gen-
erating Hamiltonian also induces a choice of linear isotopy connecting the linear map at infinity
with the identity. With this isotopy we can give a notion of index at infinity:

Definition 2.4 Given H weakly asymptotically quadratic, define the index at infinity ind . (H)
and the mean index at infinity ind . (H) of H as

ind o, (H) =CZ(0,Q) =CZ(pf : t €[0,1]), indo(H)=CZ(0,Q)

Both the index of a fixed point and the index at infinity depend on the chosen generating
Hamiltonian. Namely, the change of index formula (1.5) implies immediately the following

Lemma 2.2.2 Let F,G € 108 be weakly asymptotically quadratic Hamiltonians such that

Pr=06=9.

1. If zy € Fix ¢, then
CZ(2g, F)=CZ(25,G)+2u

where u € 7 is the Maslov index of the loop A: S' — Sp(2n) given by
A1) = doj (z0)[dog ()] -
2. Writing F =P + f and G = Q + g, we have
ind, F =ind,, G +2u'

where y' € 7 is the Maslov index of the loop A': St — Sp(2n) given by
—1
A(t)=pholeh] -

2.3. Dynamical properties of systems non-degenerate at infinity

The non-degeneracy at infinity of a weakly asymptotically linear Hamiltonian system has im-
portant consequences on the corresponding dynamics. Namely, for every fixed period, there
exists a compact set containing all periodic orbits of that period. This is the minimal required
amount of compactness needed for the analysis of the problem of periodic orbits.
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2.3.1. (Invertible) linear Hamiltonian systems

We start with the linear theory, where one may describe the periodic orbits completely. In
particular, one may show that linear Hamiltonian systems which are non-degenerate have only
one 1-periodic orbit, which is the stationary solution at the origin. The consequences of this
will be of central importance for the construction of Floer homology.

Let Q,(z) = % (A,z,z) be a quadratic Hamiltonian. Its Hamiltonian vector field

Xo(t,2) = —JoA, z

is linear. Therefore, its flow is by linear symplectomorphisms.

Define the matrizant, or fundamental solution, of the linear ODE associated to Q to be the
path of symplectic matrices M : [0,1] — Sp(2n) defined by the matrix ODE

{Mt :_]OA[Mt (23)

My=1

The name “fundamental solution” comes from the fact that a curve [0,1]> ¢ — z, solves the
linear ODE defined by X, with initial datum z; if and only if z, = M, z,.

The proof of the next lemma follows [ 14, III, Proposition 2].

Lemma 2.3.1 The operator
Ag: W2 (SLR¥) L2 (S, R™) — L2 (SL,R?), A8 =]oé —AE

is a selfadjoint closed operator. Its image im A, C L? is closed in L? and its kernel ker A, has
dimension at most 2n. Moreover, its kernel is the L*-orthogonal complement to its image:

[? =kerA, ®imA,

Finally, the double restriction
AA: Wl’z N lmAA e lmAA

is an isomorphism with compact inverse.

Proof. Tt is immediate to check that (A,&,7),, = (£, A447) 2, hence A} = A,. From this it
follows that A% has dense domain in L%, hence also that A, is closed, as A% =—A} = A,.

Invertibility of A, is equivalent to saying that the equation ]05 —A,& = 7 has an unique
solution for any 7 € L*(S!,IR?”). The variations of constants formula immediately gives us the
proposed solution in terms of the fundamental solution ¢ — M, of the linear ODE, i.e. the
solution to the equation (2.3):

E(t)=M,£(0)— L M= yn(e)d 2.4)
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Clearly & € W12 ([O, 1],R2"> and A, = n. Now, we must impose & (0) = &(1). Calculating
1
EW=MEQ) - | M= MEQ) +4
0

where 7 = —fol M on(t)dT € R*" is just a vector uniquely determined by A and 7. We
obtain the relation

(M, =) E(0)=7

If 1 ¢ o(M,) then there is an unique solution to this equation, and thus A, is invertible. If
1€ o(M,), then we found that

1
f M on(t)dr € im (M, —T) Cc R* 2.5)
0

This characterizes the image of /A, and shows that its codimension in L? is at most 27.

Since A, is self-adjoint and densely defined, we have
ker A, =ker A} = (im/lA)J‘L2 .

which shows that L? = ker A, @ im A,. From this and the closed graph theorem we obtain
that A,: W2 NimA, — im A, is an isomorphism. As W12 (Sl,R2”> cC® (Sl,RZ”), the
map W23 & — M, £(0) € R?” is continuous. We conclude compactness of the inverse from
formula (2.4). O

We are interested in the consequences of this Lemma to the linear Hamilton equations.

Corollary 2.3.1 Let Q,(z) = % (A, z,z) be a quadratic Hamiltonian, and define the linear oper-
ator

Dy: W2 (SLR?) - L2 (SLRY), Du& =& +JA,E.

The operator D is a Fredholm index zero operator. D, is invertible and only if Q is a non-
degenerate guadratic Hamiltonian. The inverse D;l : L2 (S 1,R2”> — W2 (S ', R?") is given by

1 t
D;ln<z>:Mt[<ﬂ—M<1>>—1 f M(r)y () + f M(T)_ln(f)df] 2.6

Proof. Notice that D, = —J,A,. Since ker A, is L?-orthogonal to im A,, A, is a Fredholm
index 0 operator. Hence the same is true for D 4. The invertibility of D, is equivalent to the
invertibility of A, which by the previous Lemma we found to be equivalent to non-degeneracy
of the quadratic Hamiltonian Q, and the formula for the inverse is just an application of the
variation of constants formula. O
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2.3.2. Periodic orbits of systems non-degenerate at infinity

Recall the classical variational set-up for the periodic orbit problem in Hamiltonian systems
onR?”. Let H € C°°(§! x R?*). We consider the Hilbert space L2 <51,R2”> = L? and its dense
subspace W12 (S 1,]R2”) = W12, Define the action functional on W2 by

ol (x) = f [1 (Jox,x)—H, o x] dt
ol2
Proposition 2.3.1 The differential of the action functional is given by
d.dyl| .= f wq (X —Xpox,8)
St

Therefore the critical points of the action functional .oy, on W2 are precisely the 1-periodic orbits
of H.

Remark In principle, the critical points of .¢/; on W12 are weak solutions of the Hamilton’s
equations. But it is not difficult to bootstrap from W12 to smooth (actual) solutions, given the
smoothness of the Hamiltonian vector field, see e.g. [29].

Proof. We can compute the (Fréchet) differential in terms of the (Gateaux) directional deriva-
tive as follows:

d
d.yl|.& = %szH (x+0&)

=0

:ifol%(]O<5c+05>,x+a§>—Ht(x+0§)dt =

do =0

= [ 3080+ (o)) 981, 0,6

Now, notice that
(Jo& %) = % (o€, x) + (o, &)
Moreover, 1
fo % (o€ x)dt = (Jo& (1), x(1) — /o¢ (0), x(0)) =0
Putting these facts together,

1 1
d&fH|x§:fO (loa'c,f)—(VHt(x),E)alt:JO (Jox—VH,ox,{)dt =
:LI wo (X —Xpy(t,x),E)dt
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as claimed. In the last equality we used the identity

wo(#,v) = (o1, )
i.e. the fact that —/; is the Gram matrix of w,. That the critical points are 1-periodic orbits

now follows from non-degeneracy of w as a bilinear form. O

Borrowing the terminology of Floer [16], we define the “unregularized gradient” of .¢/}; by
the identity
(Viedp(x),§) p =d.dlyl & VEeW!

Therefore, the previous proposition shows that
Vi2dy(x)=Jox—VH, ox

Remark The specific choice of the complex structure made here, namely the use of J;, is not
essential. Given any compatible almost-complex structure, the same formula holds mutatis
mutandis.

Lemma 2.3.2 Let H be a weakly asymprotically guadratic Hamiltonian with A its associated path
of symmetric matrices. For every e > 0 there exists a & > 0 such that

IVH ox —Ax||;, <ellx]|2+8 YxeW!? 2.7)

Proof. Since H is weakly asymptotically quadratic, VH,(z)—A,z = o(|z|) as|z]| — oo. Namely
for every ¢ > 0 there exists an M, > 0 such that if |z| > M, then |VH,(z)—A,z| < ¢|z|.
Therefore

IVt ox—Axlfs = | VA, ()= Ay do =

:J |VHt(xt)_Atxt|2dt +f |VHt(xt)_Atxt|2dt <
{telx, <M.} {te]c, [>M }

< max )|VHt(z)—Atz|2+€2||x||iz

(£,2)E81xBy; (0
Set MAX(; ;)es1xB, (0) |VH,(z)—A,z* = 82. We obtain
IVH ox —Ax|| 2 <e|lx[| 2+

as claimed. 0

The non-degeneracy condition at infinity is equivalent to the fact that the Hamiltonian sys-
tem approaches an invertible linear Hamiltonian system at infinity. This translates into the
following crucial property of the action functional, which can be seen as a sort of properness
of the unregularized gradient. Here we follow Conley and Zehnder’s [12].
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Lemma 2.3.3 Let H € w05$). There exist constants v, & > 0 such that

. vy
IV 12y (0l 2 = (1 =Xy 0 ]| 12 2 |Jx]] 2 =& 2.8)

Proof. Let A: S! — Sym2n be the corresponding loop of symmetric matrices defining the
linear system at infinity. With a small abuse of notation denote by J,A the operator on L
given by multiplication by J,A: x — JyAx(t) = JoA,x(t). Since the quadratic Hamiltonian
at infinity of H is non-degenerate, the operator D, = % +JoA: W2 — L% is invertible. Set

||D;1 =y~ 1. We obtain the first estimate

op

1D ax] |12 = vI[]|12 2.9)
Now notice that x — X o x —JyDyx =—VH, ox + Ax. Therefore

|1 — X7 0 x| ;2 = [JoDax — (JoDax — X + Xpyox)|| 2 >

(2.10)
> ||Dyxll;2 = [VH o x — Ax|| 2

Now we use Lemma 2.3.2 with ¢ = 3, and combine the estimate (2.7) with (2.9) and (2.10) to
get
, v
[ S
as claimed. Notice that & depends only on v and 4, and v depends only on the behaviour of
the linear system at infinity. O

The main consequence of the above result is that the 1-periodic orbits of H are contained in
a fixed compact set.

Lemma 2.3.4 Let H € wS$). There exists a constant R > 0 such that if x : S' — R*" is a 1-periodic
orbit of H then
x|l <R

Proof. From the estimate (2.8) applied to a 1-periodic orbit x € W12

28
el < == =C;

Let A: S! — Sym 27 be the loop of symmetric matrices defining the linear system at infinity.
Similarly as the previous lemma, notice that

Dyx =Jy(A,x—VH, o)
From Lemma 2.3.2 with ¢ = 1 we obtain

1Dl = IVH 0 x — Axl| 2 <|lx[|2 + C
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where C; > 0 depends only on H. Now, recall that non-resonance at infinity is equivalent
to D,: W'? — L2 being an invertible operator. Moreover any 1-periodic (weak) solution is
a bounded function, since W1?(S!,R?”?) compactly embeds in L>°(S!,R?") by the Sobolev
inequalities. Therefore we get

[lxllze < Collxllwiz < Gy |IDF || (IDaxll 2 <
op

<G (lIx]l2 +C) S CG(Go+ C) =:R

where R now depends only on H. O

Remark Up to this point, we don’t know that an asymptotically linear Hamiltonian system
non-degenerate at infinity admits at least one periodic orbit. We shall show this using Floer
theory, but this was already known to Amann, Conley and Zehnder [4, 5, 12].

2.4. Non-degenerate Hamiltonians

In this last section, we investigate a special class of Hamiltonians, those which have only non-
degenerate 1-periodic orbits. They will become important for the Fredholm theory of the
Floer equation. The aim of the section is to show that they are dense (in fact residual) in the
set of all Hamiltonians.

Definition 2.5 Let H be a smooth Hamiltonian. We say that a 1-periodic orbit of H is non-
degenerate if the linearization of the flow along it is given by a non-degenerate path of symplectic
matrices. If all orbits of H are non-degenerate, we say that H is non-degenerate. It is convenient
to fix the following notation:

w$, = {H €15 : H non-degenerate }
9, ={H €$: H non-degenerate}

Denote by Per! H ¢ C*® (Sl,RZ”) the set of 1-periodic orbits of X};. A first, extremely
important property of non-degenerate periodic orbits is that they are always isolated.

Proposition 2.4.1 Let H €10y andy € Per! H be a non-degenerate orbit. Then y is isolated as
a I-periodic orbit: there exists an open neighborhood U C S' x R*" of the graph of y which does
not intersect the graph of any other 1-periodic orbit of H.

Proof. This follows immediately from the fact that det (]I —Dgo}l(y(O))) #0. O

Remark Non-degenerate 1-periodic orbits correspond to non-degenerate critical points of the
action functional .¢/;;. Indeed, from Proposition 2.3.1 we know that the first variation of the
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action functional is given by

d.ody(y)E = . o (7 =Xy (r),€)

A similar calculation shows that the second variation of the action functional at a critical point
y is
Hess .o/;(y) (S0, &1) = Ll @o <5o —DXp(1)Sos 51)

The second variation at the critical point y thus has a kernel if and only if the linearized Hamil-
ton equations along y have a solution, which is equivalent to the orbit y being degenerate.

Asacorollary of this together with Lemma 2.3.4 we obtain a first important property of non-
degenerate, asymptotically quadratic Hamiltonian systems with non-degenerate linear system
at infinity:

Corollary 2.4.1 If H € wS$), then H has finitely many 1-periodic orbits.

We equip the set ) with the C°-topology, i.e. a sequence (H (k)> pey C 105 converges to

an H € w$ if and only if it converges uniformly on compact sets with all derivatives. With
this topology, w$) is a Fréchet space, so a Baire space, i.e. every residual set in t0$) is dense.
Notice that it is 7ot a Banach space.

A very useful property of non-degenerate Hamiltonians is that any Hamiltonian has an ar-
bitrarily C*°-close non-degenerate Hamiltonian. To show this, we follow [ 15, §3.1].

First we introduce a Banach space of perturbations of Hamiltonians, called Floer’s C° space.

Let ¢ = (e)pery €, — O be a sequence of real numbers converging to zero. Denote by
C° (R™) the set of functions h: R” — R such that

1911, =D ep [Ibllceqm < oo
k=0

The space C*° (R™) equipped with the above norm is a Banach space. Notice that if ¢’ is a
sequence converging to zero faster than ¢, then there is a continuous inclusion Cr(R™) C
C= (R™). We therefore are free to choose the sequence ¢ to converge as fast as we need.

The following important property of Floer’s C> space is proven in Floer’s original paper
[16].

Lemma 2.4.1 If ¢ converges to zero fast enough, then C>° (R™) contains functions with arbitrary
small compact support near any point, and attaining any value at that point.

Proof. Let p: R — [0,1] be a smooth function such that o(7) =0forall » <0Oand p(r) =1
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forall » > 1. Let p € R?", § € (0,00)” and @ € R be fixed. Define

b,.8,4(2) 0‘1_[ |3—E|

]

This function is a smooth function with support contained in a rectangle around p, attaining
the value @ at p. The rectangle is as small as we want by choosing & suitably. Define

1
=
k& lellcr
Then obviously b, 5 , € C° (R™). O

When we write C2° (S x R?") we mean the closed subspace of C2° (R'*#”) of functions

1-periodic in the first variable. See Appendix A for the necessary concepts and theorems in
Fredholm theory.

Proposition 2.4.2 w$), C w09 is dense.

Proof. Denote C 0 <S LN R2”> C °°. We show that for every H ©) € 108 there exists an ¢ and
a residual set B C C* such that h € P — HO 4+ hews,.

First of all, Lemma 2.4.1 shows that there exists an ¢ such that it h € C2°, then HO4hewhH
and ind_, H® + h =ind_ H

Notice that H € 1), is equivalent to the set of its 1-periodic orbits Per! H ¢ W12 (S Y R2">
being transversely cut out. Consider f: § = W1? (S 1,R2") xC* — L? (S Y R2”> = &, defined
by

f(x,h) = J.C_XH(O)—H] ox = D'C—XH(o) Ox—Xh oX

Define X = f~1(0). This is the solution set X' = {(x, b): % =Xp0 0 x}. Now, for fixed b,
the map f(-,h): W? — L? is an index zero Fredholm map. Indeed, for any & € W12,

Df (x,5)(€,0) = & = DXpyoy(x)E =€ + 1A, €
where we set A, = Hess (H © 4 b)(z,x(t)) € Sym(2n). All the following facts follow from

Lemma 2.3.1 and its Corollary 2.3.1: first, we see that Df(x,§)({,0) = D¢ and we know
that D, has Fredholm index zero. Further, it’s immediate to check that

Df(x,h)(&,9)= 5—DXH<0)+h(X)E—Xgox

for every (£,g) € &,. We use this formula to show that Df(x,h): & — & is onto for every
(x,h) € 2. Indeed, for fixed 6 € &, we have to find suitable (¢, g) € &, for which

S—DXH<0>+5(X)5—X9(X):‘9 <~ 5+]0At5 =n <= DyE =7
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where 7(t) = 0(¢)+ X, (¢, x(¢)) € L2. That the equation admits a solution for a suitable choice
of g follows from the characterization of the image of A, given in equation (2.5), which implies
that the image of D is characterized by

1
n€imD, @f M,Mp(t)dt €im (M, —T) C R*™".
0

Finally, ker D f(x,b) splits, because it is finite dimensional.

We conclude by Theorem A.1 that X' C &, is a smooth submanifold. Now, let p,: §; — C>°
be the projection. The restriction p = p,|s: X — C is a Fredholm map of index zero, by
Lemma A.4. By the Sard-Smale theorem (Theorem A.3), there is a residual set P C C> of
regular values for p. But the regular values of p are exactly the functions h € C such that
HO 4+ hews,.

To show that ), is dense in 108 in the C,>-topology, it suffices to observe that for any
fixed H € 1v$) we can choose some sequence h* € 3 with ||I]/€ || — 0 as k — oo and

H® =HO 4 p* eros,

Then H*) — H© even in the strong C*-topology of uniform convergence over all §! x R?”
together with all derivatives, so a fortiori in the C°-topology too. O

Remark 1. With a bit more effort, one may show that the set w$), C 109 is even residual,
and not just dense.

2. The proof shows that in order to perturb a degenerate Hamiltonian to a non-degenerate
one, it suffices to add a C>°-perturbation with compact support containing the (com-
pact) set of 1-periodic orbits of the original Hamiltonian.
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3. Elements of Analysis of the Floer equation

In this chapter we study some aspects of the analysis of the Floer
equation in order to discuss the moduli spaces of its solutions. In
particular, we will argue that the solutions of various versions of the
Floer equation come in smooth manifolds which admit a compacti-
fication by adding boundary and corners.

3.1. The Floer equation: two points of view

Unregularized gradient flow Recall from the previous chapter that the unregularized gra-
dient of the action functional V;,.e/;;: W12 — L2 is given by

Vo iy (x) = Jok — VH,(x) = Jo [ = Xp(x)], Vxe W2

Floer’s idea is to build a Morse-Smale-Witten complex where the generators are critical points
of the action functional - so 1-periodic orbits of the Hamiltonian sytstem in study - and the dif-
ferential counts “unregularized anti-gradient flow trajectories”. These anti-gradient flow trajec-
tories are maps from the cylinder #: R x ST — R?” seen as paths of loops s ~— #(s,-): S — R?”
which solve the gradient descent equation obtained using the unregularized gradient V;,.¢7};.
Namely, for # to be an “anti-gradient trajectory” of the action functional, it must solve the
equation

A==V 2.y (u(s,"))

Substituting the formula for the unregularized gradient and putting everything on one side,
we obtain

u+Jo[du—Xy(n)]=0
This is Floer’s equation for the couple (H, ],).

Notice that we have implicitly chosen J, as complex structure on R*?. This is a natural
choice, but is not the only one. In fact, below we will develop the analysis of the Floer equation
for a general almost-complex structure depending on all variables (s, ¢,2z) € R x ST x R?*.

Warning Clearly the unregularized gradient is not a vector field on W1 so it is not correct
to claim that the Floer equation is really giving an anti-gradient flow, since it is not giving a
flow at all. The miracle is that it acts as a surrogate for an anti-gradient flow equation in all the
ways that matter for building a Morse complex.
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Perturbation of Cauchy-Riemann equations (R?”, ;) can be seen as the complex manifold
(C”,1),and Rx S is also a complex curve when equipped with the complex structure 7, defined
by j,d = 4, ]Ogt = —d, where (s,t) € R x S! are the coordinates on the cylinder. From
this point of view the Floer equation can be seen as a perturbation of the Cauchy-Riemann
equations for maps #: (R x §', j,) — (R*",];). Namely, the Cauchy-Riemann equations for
such a map are the equations

duojy=Jyodu

which simply say that the differential of # is a complex-linear map. Writing in coordinates:
du=0unds+d,udt, Jyoduoj,=Jyolduds—dudt]=(,du)ds—+(—J,du)dt

Equating this last expression with —d # we obtain

JoO.u =—0.u
—JoOu =—0,u

The second equation is just —], multiplied the first, so we are left with
du+Jodn=0

Wedefine d; ; = J,+/,d, the Cauchy-Riemann operator associated to (jo, Jo)- The Floer equa-
tion may be seen as a perturbation of this operator, by adding the non-linear term VH, (#). The
asymptotic linearity implies that the operator # — VH,(#) is compact (the image of a bounded
sequence has a convergmg subsequence) on suitable Sobolev spaces, hence the operator defin-
ing the Floer equation is a compact perturbation of the Cauchy-Riemann operator. This will
be an important point of view to obtain elliptic estimates on its solutions.

3.1.1. Almost complex structures

As mentioned above, to guarantee that the solutions of the Floer equation come in smooth
families, in general we must perturb the complex structure J,. We introduce the class of objects
within which the perturbation occurs.

Definition 3.1 An almost-complex structure on R?” is a smooth section of the endomorphism
bundle J: R?” — End R?” such that J> = —I. An almost-complex structure J is compatible with
the symplectic structure wy if the family of bilinear forms

g](z)(vo, vy) = wo(vo,/ (2)1)

defines a Riemannian metric on R?”. Similarly if X is some smooth manifold, a X'-family of
almost complex structures is a smooth map J: X' x R*” — EndR?” which gives a section for
every fixed point in X, and such that J(0,z)* = —1I for all (0,z) € X x R?”. Such a family is
wq-compatible if

g](O,Z) =wgyo(Ix](0,2))
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defines a X-parameter family of Riemannian metrics on R?”.
The proof of the following lemma can be found in [32].

Lemma 3.1.1 The set of cwy-compatible almost-complex structures is non-empty and contractible
in the C,%°-topology.

3.1.2. The full-fledged Floer equation

We are ready to introduce the equation we will actually work with. We also discuss the most
general form of the Floer equation needed, that is, the equation needed to define the so-called
continuation morphisms on Floer homology. These will be of utmost importance for the whole
treatment.

Definition 3.2 Consider a smooth function 5#: R x S x R — R, (s, t,z) = #}(z),
with the following properties.

1. There exists a bounded closed interval . C R such that /# depends on s only in 7.
We set HY(z) = 5 (z) for some (and then all) s < min.% and H}(z) = 7 (z) for some
(and then all) s > max..

2. There exists a smooth A = A% : R x §! — Sym(27) such that A depends on s only in 7,
and

sup [V (2)—hiz| =o(lzl) as|z]— o0
(s,t)eRxS1
We set A9 = AS for some s < min.% and A! = AS for some s > max.&.

3. A': S' — Sym(2n) both generate non-degenerate linear systems. In other words, H° and

H' belong to o).

We call such an S an asymptoticaly quadratic continuation between the Hamiltonians H° and
H'.

Remark We do not assume that A* € C*° (S 1,Sym(2n)> generates a non-degenerate linear
system for all s € .

We also fix the behaviour of the families of almost-complex structures required to define
the Floer equation. A family of almost-complex structures #: R x S! x R*” — EndR*",
F(s,t,z)=f ,(2)is said to be adequate it

1. There exists a bounded closed interval # C R such that ¢ depends on s only in .%.

2. ¢, is wy-compatible for all (s, 1) e R x §™.

3. |21 oo (men pndmeny < 00
We say that a path of almost-complex structures J: S! x R?” — EndR?” is adequate if the
corresponding s-constant family ¢ , =], is adequate.

Finally, if 7 and ¢ are as above, we call the couple (S, _¢) an adequate pair.
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Given an adequate family of almost-complex structures ¢, we define a family of Riemannian
metrics on R?” by

gj(5>t>z)(”’7)) = wO(”’js,t(Z)v)

Often we suppress the dependence on (s, t) and simply write g ,. The associated family of
norms is denoted by |- | % Notice that since || £]|; < 00, all of these norms can be compared

with the standard euclidean metric via an uniform constant: setting C = 4/||_#||; we see that

1
E|v|§|v| )§C|7)| VoeR?” V¥(s,t,z) ER x §' x R*" (3.1)

84(s,t,z
Given a smooth function 7 : R x S! x R*” — R, we define its _¢-gradient by the identity
gy(s,t,2) <ng7(s, t,2), v) =d,Z(s,t,z)v YoveR”

where d,  is the differential with respect to the R*”-coordinates only. Recall that the Hamil-
tonian vector field X4 = X 5 (s,¢,2) of a function . as above is defined by the identity

iXy(s,t,-)a)O = dzg(5> L, )
It follows that since g y = wy o (I x #), we have the identity

Xg(s,t,2)==F(s,t,2)V 4 F(s,1,2).

Similar constructions apply when J: §! x R?” — EndR?” is an adequate almost-complex
structure independent of s € R.

Definition 3.3 Let H € 0§ and J: S' x R*” — EndR?” an adequate almost-complex struc-
ture. Let 7 be an asymptotically quadratic continuation and #: R x §!' x R?” — End R?” an
adequate almost-complex structure.

1. Amap #: R x S' — R?” is said to solve the (autonomous) (H,])-Floer equation when
du+](u)[d,u—Xy(t,n)]=0

The Floer operator associated to the adequate pair (H,]) is the non-linear operator de-

fined by

aHJ% = 85” +]t(”)8t” +V]H(t’”)
2. Amap #: R x §' — R?" is said to solve the continuation (7, ¢ )-Floer equation when
A+ F, (1)[ 0,1 —Xypi(s, 2, )] =0

The Floer operator, associated to the adequate pair (A, #) is the non-linear operator
defined by

Iy gn=0u+ JF(s,t,u)du+V 45 (s,t,u)
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3.1.2.1. Energy of a Floer trajectory

Definition 3.4 1. Let H € t0$) and J be an adequate almost-complex structure. The
(H,])-energy of amap u: R x §' — R?” is defined to be

1
Epj(n)= Efo51 |35u|2g] +|0,u —XH(t,u)|§] ds Ndt

2. Let S be an asymptotically quadratic continuation and _¢ an adequate almost-complex
structure. The (2, _#)-energy of amap #: R x ST — R?” is defined to be

1

Ey g(u)= ELM 19, u(s, t)@f + |8, u(s,t)— X (£, u(s, t))@f ds Ndt

If # solves the continuation Floer equation for (¢, #), then

E%,j(”):f

A ul?
RXSI| s

and analogously for the autonomous case of a solution of the (H, ] )-Floer equation. Combined
with the comparison between the g ,-metrics and the standard euclidean metric of (3.1), we

see that
||asl’t||iz(]R><Sl) <IN o - Eser,p () 3.2)

Therefore a bound on the energy corresponds to a bound on the L?-norm of .

A useful and simple observation is that zero-energy Floer trajectories must be constant in the
s-coordinate, and therefore coincide with some 1-periodic orbit of our Hamiltonian system.
This follows immediately from the estimate (3.2). This simple fact justifies calling 1-periodic
orbits of H the “constant solutions” of the Floer equation, by abusing the analogy between the
Floer equation and the gradient flow of a function. Viceversa, cylinders with positive energy
will be sometimes called “non-constant solutions”.

Remark The definition of energy for a Floer trajectory already gives us a glimpse of the kind
functional space we will be working in. For the energy to be finite, one might want to require
our maps # to be W12, Notice that p = 2 is precisely the critical exponent in the Sobolev
embedding theorem for maps from 2-dimensional manifolds, meaning in particular that there
are W12 maps from the cylinder which are not continuous. Thus we will have to ask our
solutions to be W17 with p > 2. This strays us from the Hilbert world and forces us to work
in a Banach setting.

3.2. Analysis of the Floer equation: an overview
We will not explain in detail the complete analytical apparatus which is involved in the con-

struction of Floer homology, because the treatment found in [7] can be easily modified to
work also for the class of asymptotically linear Hamiltonian systems. Instead, we explain the
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main ideas needed to construct Floer homology and carry out a few proofs which, according
to the author’s taste, capture the peculiar techniques the analytical study of the Floer equation
necessitates.

Strategy We want to use Floer’s equation as a surrogate equation, replacing the ill behaved
gradient descent equation for the action functional. Therefore we want to study the space of
its finite-energy solutions and show that it has all the properties necessary to define a kind of
Morse-Smale-Witten complex for the action functional.

1. The first analytical task is to show that the Floer equation has the regularizing properties
typical of elliptic operators. This is usually called elliptic bootstrapping: the task is to
show that a weak solution of possibly low regularity is actually smooth and thus a strong
solution. In particular, the moduli spaces of solutions are contained in spaces of smooth
maps.

2. The second analytical task is to show that finite-energy solutions are asymptotic to criti-
cal points. This is the minimal required property to interpret them as gradient trajecto-
ries between critical points.

3. The third analytical task is to show that the Floer operator can be seen as a Fredholm sec-
tion of a Banach bundle of maps, and that, up to choosing the Hamiltonian and almost-
complex structure adequately, it intersects the zero section transversely. These two facts
together combine to imply that the zero locus, which is nothing but the set of solutions
of Floer’s equation, is a finite-dimensional smooth manifold with (local) dimension the
Fredholm index of the linearization. Such index can be computed in terms of asymptotic
data at the ends, namely, the Conley-Zehnder indices of the asymptotic periodic orbits.

4. The fourth analytical task is to study the compactification of the moduli spaces of tra-
jectories with fixed ends. This is divided in roughly two sub-tasks. The first is to show
compactness of the moduli space of finite-energy trajectories in the C>° topology. Here
our treatment must deviate slightly from [7], because their approach works only for
compact target symplectic manifolds. Our target is R?” which is not compact. There-
fore, in Section 3.3.1 we explain in detail the missing estimates. The second sub-task is
to describe the boundary in the compactification in terms of lower-dimensional moduli
spaces, via the process of gluing.

3.3. Elliptic regularity and its consequences

An in-depth treatment of the elliptic regularity theory we sketch here can be found in Mc-
Duff and Salamon’s [32, Appendix B] for the case of the Cauchy-Riemann operator (which is
morally the only case), and for the Floer operator in [7, Chapter 12]

Elliptic regularity is the fundamental primum movens over which the rest of the analysis of
the Floer equation rests. It can be loosely described as a bootstrapping process which imbues
low regularity weak solutions with the same regularity as the coefficients of the equation. This
is to be contrasted, for example, with the case of weak solutions of hyperbolic partial differential
equations, which are known to develop shocks, or discontinuities, in finite time.
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Elliptic regularity for the linear Cauchy-Riemann equation Let p,q,7 € R be such that
2< p<o00,1<7r<ooand %—I—é = % Let 2 C C be an open subset, with coordinates (s, t) =
s+ite2CC. LetJ € VVIZCP <Q,EndR2”> be such that J? = —I. Denote by 5] =3d+J(s,t)0,
the (domain-dependent, but linear) Cauchy-Riemann operator. Finally let p € L] (42,R*").

Definition 3.5 We say that a function # € Lﬁ)c (Q,RZ") is a weak solution of the Cauchy-
Riemann equation

qu:r;

if it satisfies the integral equation
J;2 <85§9 +]Tat§9’ ”> = _fg (90>7] + (at]) ”) Vgp € Ccoo <‘Q’R2n)

Any actual solution with the necessary regularity satisfies this integral equation, as one can
see by a few integrations by parts. A weak solution instead doesn’t have a priori enough regu-
larity to be a true solution.

The following proposition gives the fundamental elliptic estimates we need to prove elliptic
regularity.

Proposition 3.3.1 Let p,q,7r € Rbesuchthat2 < p < o0, 1 < r < o0 and % +%1 = %

Let £2 C C be an open set. Let | € VVILCP (2,EndR*") be a domain-dependent almost complex

structure. For every pre-compact open subsets U C'V C 2 with U C 'V, there exists a ¢ > 0 such
that

5l 1,7’ 2n
e € ([l el Vo W7 (2.87)
In principle, a weak solution isn’t even ‘Vltl))cr This missing first jump in regularity is

Proposition 3.3.2 Let p,q, 7 and ] be as above, and consider an n € L (£2,R*"). Any weak
2lmion u € quoc (Q, R2”> of 5]14 = 1 is actually of regularity W/l(ljcr and satisfies the equation
dyu = n almost everywhere.

A proof of both these results can be found in [32, Lemma B.4.6]. They are a consequence of

the corresponding regularizing properties of the Laplacian. These propositions, together with
a smart choice of Sobolev exponents and induction, show the following important result.

Corollary 3.3.1 Let 2 C C bean openset, k > 1a fixed integerand p > 2. Let] € V(/licp (42,EndR?")

be an ilmost-complex structure and 1 € VVIIZCP (2,R*"). For every pre-compact open U C'V C {2
with U C 'V there exists a ¢ > 0 such that

lilweosrin < ([ g, il
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In particular, if | and n are smooth, and u € Lf; . (2,R*") is a weak solution of the Canchy-

Riemann equation 0 ju = 1), then u is a smooth function.

Roughly, the proof of smoothness goes as follows. Any weak solution is actually VVkl)Cp , SO
has one weak derivative in Lf; .- Now if we look at v = &, #, we get that g, v+] J,v = weakly
for some new ' € Lf; .- So we are again in the hypotheses of the Proposition 3.3.2, and we have

that v € W/l(l)cp itself! Moreover d,u =—]J,u, and hence v € W/l(l)cp = une VVlicp . We pulled
ourselves from the bootstraps jumping from zero derivatives to one, then to two...inductively
we reach infinity. The full proof can be found in [32, Prop. B.4.9].

Elliptic regularity for the Floer equation Similar regularizing properties for the non-linear
Cauchy-Riemann operator can actually be derived from this linear result. These can be ex-
tended without substantial troubles to the case of the Floer equation. Indeed fix p > 2. If we

have an adequate couple (5, ¢) and a function # € VVlicp (R x ST, R?") such that
gt” _fts(”)[at” — X (s, t,u)] =0

weakly, then we can set J; = _#](u(s,t)), n(s,t) = Vj%”(s,t,%(s,t)). Since p > 2, nisa
continuous function. This implies, together with the smoothness of 7 and ¢, that ] € W/l(ljcp

andne VVkl)Cp . Therefore u solves the equation gju =7 in the weak sense.

Remark Notice that one must require a bit more regularity at the start here, since if # is only
o . . 1,
L7 like in the linear theory, we cannot expect that_£ o and V , 5 ou will result to be W, 7,
loc 7 ] s loc
as # might not even be continuous.

This sketch of an argument is the fundamental reason why the next proposition holds. A
complete proof can be found in [7, §12.4].

Proposition 3.3.3 Let p >2and (S, ¢ ) an adequate pair. If u € VVkl)Cp (R x ST, R?") solves the
Floer equation for (€, ), then n € C®(R x S|, R?").

Let M(, ¢) C W/l(ljcp (S Ux R,Rz”) be the set of solutions of the Floer equation associ-
ated to the adequate pair (€, #). The previous proposition can be restated by saying that
M(H, ) C C=(S! x R,R*). In principle, the space M (H, f) is equipped with the V(/l(l)cp
topology, since it is defined as a subspace of VVI:)CP (S IR, R2”>, while C*° (R x § 1,R2”> hasa

natural topology, the C*° topology, which is much finer than the VVliCp topology. But elliptic
regularity implies that on the space of solutions, these two topologies coincide:

Proposition 3.3.4 Let u; € M (H, ) be a sequence of solutions of the Floer equation for the
adequate pair (F€, ¢ ). If u; — u in VVl(l)’Cpforsome p>2thenue M(H, J)and u; — u in
C. In other words the C2° and the VVI:)CP topologies coincide on M(F, §).
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Proof sketch. That the limit is a solution follows immediately from W/l(l)cp convergence alone.
By Proposition 3.3.3 the limit # is smooth.
To show that the convergence holds also in the C° topology, we show that the limit holds

in the ‘Wllch topology for all & > 1. We identify R x S! ~ C\ {0} = 2 C C using coor-
dinates (s,¢) — e’***. By induction, assume that the convergence is in \Wlicp (£2), for some

k > 1. Define Ji(s,t) = #(un;(s,t)) and (s, 1) = V;%(s,t,uj(s,t)) Since u#; — u

in VVlﬁcp with p > 2, then J; —» J and ; — 7 in VVllz;‘v, where J(s,t) = _#;(u(s,t)) and
n(s,t)=V 4 7(s,t,u(s,t)). Notice that the hypotheses of p > 2 and k > 1 are crucial for this
to hold. Now, clearly #; solves 51] =) for all 7 and consequently gju = 7. Now look at

v; = u—u;. Since 5],- uj=n;and d;u=n,

3]]_ /=gs<%—uj>+]/3t<u—uj):5’sn +]Ou—]Oun+];0u—3du;—]J;du; =
=n—n;+(;—])0n=0,

Notice that since # is smooth and by our inductive assumption, ©; — 0 and v; — 0, both in

VVIIZCP . By Corollary 3.3.1 for any pre-compact open U C V C {2 there exists a constant ¢ > 0

such that

H{Uf HW’e“v!’(U) s¢ [Hgff Y HW’?’P(V) + va Hwk»P(V)] -

= [H@f”\vk,p(w + H{Uf”vvkvzf(\/)} —0asj—o0

/e+1,p. O

This implies that #
(o]

]-—>141nV£71

3.3.1. A priori uniform estimates

Since R?” is a non-compact target manifold, nothing guarantees that families of solutions of
the Floer equation must be uniformly bounded. This is the minimal requirement needed to
obtain compactness properties of families of solutions. Therefore, we must argue in some way
that an uniform L* bound may be reached for solutions of the Floer equation.

We derive the uniform L*° bounds in the most general case we need, that of a Floer cylinder
solving the Floer equation for an asymptotically quadratic continuation.

Proposition 3.3.5 Let #: R x §' x R?" — R be an asymptotically quadratic continuation
between Hamiltonians H°, H' € w0$), and ¢ : R x §! x R?" — EndR?*” an adequate family of
almost complex structures. For every E > Q there exists an R > 0 with the following significance.
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If u: R x S' — R?” solves the continuation Floer equation for the pair (5, ¢) and
E (u):f |d.ul’, <E
4 Rx St 4

then we have
|l#]| 1 <R

Proof. We can assume that the interval ¥ C R where . depends on s is the same as the one
for ¢. The uniform energy bound together with (3.2) gives

18,4, :f Gul <E'
RxS!

where E’ depends only on E and _¢. Since each H' has non-degenerate quadratic Hamiltonian
at infinity, there exist constants v, & > 0 such that

92l sy 2 Sl =8 Yxe WH(SLR) Vs eR\ 7

v
2
Here the weak-L? gradient is with respect to the Z%-metric arising from the euclidean inner

product. Notice that #(s,-) € W?(S!) for all s € R by the regularity theory of the Floer
equation. Since # solves the Floer equation, and using again (3.2),

/

y
|, u(s, ')||L2(51) > B||V 2 (”(S"))”LZ(Sl) 2 5””(5, ')||L2(51) —&" VseR\¥ (33
Consider an arbitrary @ > 0 to be determined later. Define
Sa={s €R:[10u(s, (s < @

Notice that (3.3) implies

2(a+8
||u(s,~)||L2(51)§¥=:Ra VseS,\ & (3.4)

The length of the complement of S, can be estimated as
1 , E'
RAS1< o [ 19006, g ds < 5 =L,

Therefore if 7 C R is an interval of length || = L > L, the previous estimate implies that
S, N1 # @ so there exists some s, € S, N 1. Now, if we fix < 4/ %, then L, > || so we can
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assume that s, € (S, \ #)N 1. Using the identity
u(s,t)=u(s,, t)—i—J du(o,t)do

and estimate (3.4) we obtain Vs € /

(55 M2y J |u(s,t 2dt<2<f (s, t)| 2dt+f1f |35%(0,t)|2d0dt>§

<2(R.+LE")=B;
Integrating over I, we obtain that if L, < |/| < oo then
o] 12151y < V [ [By 3.5

Now, let / C R be an interval of length L = L, + 1 and I’ D I an interval of length at most
2L. Denote d yu =J,u+ ¢, ,(u)d,u the Cauchy-Riemann operator associated to _#. By the
Calderon-Zygmund inequality, for every p €[2, 00) there exists a constant C, > 0 such that

95l rrsty < Cp [l ogrcsty + [ Vjez 6.6

L? 1/x51)]

The constant C,, depends only on p and the length of /, i.e. L. Moreover 5}, u=V g5 ou,
where V ;7€ is the gradient of /€ with respect to g 4. Since S is asymptotically linear, we
can use Lemma 2.3.2 to estimate

Hgf””uu/m - ”<Vf%> ° M“LP(I’xSl) = ||<Vf%0> on _AM”LP(I/XSU Al resy <

<B, ([#llorsty +1)
(3.7)

where B; > 0 depends only on 5, A and ¢. Now fix p = 2 and using the estimates (3.5),
(3.6), (3.7) we obtain

llwragrsty < Nl sty + IV #l 251y < V2LBy+C, [‘/iBo + B, (‘/ZBO + 1)] =M,
By the Sobolev embedding theorem for every 2 < p < oo there is a constant R, > 0 such that
ol 2o rxsty < Rpll#llwiaxsty = R, M,
where R, depends only on the lenght of 7. So applying Calderon-Zygmund again we have

ot llwiorxsty < ol o rasty H IV #l|Lorssty < My
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and again M, depends only on p and the length L of 7. We are now allowed to take a fixed
p > 2 and use the Sobolev embedding theorem again to reach our conclusion:

ol oo (151 < Byll#llworxsty < B,My =R

where we are again the Sobolev constant B, depends only on the length of 7. Covering R by
intervals of length L < < 2L therefore supplies us with the wanted estimate. All in all, since
L depends only on E and ¢, we have that R depends only on E, ¢ and 5. The estimate is
therefore independent of the particular solution #. O

3.3.2. First compactness result: uniform energy bounds

Combining the elliptic regularity estimates with the uniform L -estimates, we obtain the first
compactness result, which states that the space of solutions with uniformly bounded energy
is compact. A key step is to show that an uniform energy bound implies an uniform gradient
bound. Here the important concept of “bubbling of holomorphic curves” shows up.

Let us introduce some convenient notation.

Definition 3.6 1. Let H ewHand] € C* (S I x R?*",End RZ”) an adequate almost-complex
structure. For E > 0, define

M(E3H,J)={u€C®(S'xRR?"): 3y ;u=0, Ep (u)<E|}

2. Let # be an asymptotically quadratic continuationand ¢ € C*° <R x §1 x R*" End RZ”)
an adequate almost-complex structure. For £ > 0, define

M (Es A, §)={neC®(S' xRRY"): 0 yu=0, Ey 4(u)<E}

These sets of solutions of Floer equations are usually called spaces of bounded trajectories (as
in e.g. [29]), in analogy with finite-dimensional Morse theory.

Preparatory lemmata The first result we need is that there are no non-constant holomorphic
planes in R?”. This follows from Gromov’s removal of singularities theorem, and will be used
in the bubbling argument which produces uniform gradient bounds from energy bounds.

Lemma 3.3.1 Let ] € C®(R*",EndR?") be an w,-compatible almost-complex structure and
v: C — R?” a ] -holomorphic map with finite energy and bounded image. Then v is constant.

Proof. By Gromov’s removal of singularities theorem (see e.g. [32]), the map v extends to a
J-holomorphic sphere. If v is non-constant, it must have positive wg-energy, in contradiction
to Stokes’ theorem. O

The second preparatory lemma we need is an abstract result in metric spaces. It’s usually
called Hofer’s lemma or Half-Maximum lemma.
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Lemma 3.3.2 Let (X,d) be a complete metric space and f: X — R a continuous, positive func-
tion. For every x € X and 8§ > O there existsay € X and ¢ € (0,8 ] such that:

1. d(x,y)<28
2. 8f(x)<ef(y)
3. supg () [ <2f(y).

The proof of this lemma and similar results can be found in [14, Chapter IV].

Gradient bounds from bubbling Here we prove the key step, namely, that energy bounds
imply gradient bounds. The proof hinges on the conformal “almost-symmetry” of the Floer
equation.

Proposition 3.3.6 For any E > 0O there exists a B > 0 such that
ne ME;HH, f) = ||Vul|j <B
Proof. Assume by contradiction that there is a sequence (0}, 7;,) such that
Jim [Vag(og, 7)| = +00
Choose a sequence &;, — 0 such that we still have

klim 8y [Vuy(op, )| =+o0

Using Hofer’s lemma we obtain sequences ¢;, < &, — 0 and (s, £,) € R x S! such that

(o — s, tp — )| <28, — 0,
ep [Vup(sp, )| = 8 [V (o, 71)| — +o00, (3.8)

2|\Vu,(s,,t,)| > max Vu,(s,t
Vg (s )l (S’t)eB%((Sk’tk)ﬂ p(s,t)]

Set R, = |Vuy(s,t)|, so that e, R, — +00. Define

s t
‘U/e(S,l'):I/tk R—k—Sk,R—k—tk

1 s t
FO(5,t,2) = —F — — s, — — 11,2
2(s,2,2) R, <R/e Sk R, >

Silsst.2)= F (= sk —turz)

Ry Ry

Notice that since the #, are solutions of the (7, ¢ )-Floer equation,

do,+ 2i(s, t,fo,e)[é’svk — X5 (55 t,fuk)] =0.
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First, we claim that v}, is never a constant function. This follows from

S

t
V'vk(s,t) = R—Vlftk <Rk Sky 75— Rk > e |VT)/€(0,0)| =1 Vk

Next, we claim that the sequence of functions

vg: B, g, (0,0) > R*

has a Clic-converging subsequence. Indeed, by the last inequality in (3.8),

1 s t
Vo (s, )| = | — Vg [~ — s, — —1
Vo (s,t)| ‘Rk ”k<Rk Sk X, /e>

This implies that the sequence v}, is equicontinuous. Moreover, notice that

< _|Vuk($/e>tk)|<2 V(S t)EB (0,0)

Sl/ipE%’,j(”k)SE = SIZP””k”Loo <R

for an R > 0 given by Proposition 3.3.5. We conclude that
SI;P ||‘Uk||Lo<><B%R1e ©00) <R

since vy, is just a shifted and rescaled version of #;. Hence the Ascoli-Arzela theorem implies
that there exists a subsequence, still denoted by v, such that v, — v in Cl%c where v: R? — R
is a continuous function. Using the elliptic regularity machine of Section 3.3, we can promote
this limit to a (Ohes limit, so that we obtain a further subsequence, denoted still by v, which
converges C>° to a smooth v: R? — R?",

Since the v}, solve equation 3.3.2, we claim that, up to choosing a further subsequence, v
solves the holomorphic curve equation 5]7} = 0 for an appropriate almost-complex structure
J on R?”. Indeed, since all the v, have image contained in the ball Bx(0), we can estimate,
remembering that 7 depends on s only on a bounded interval & C R,

1
<— max |X%|—>O

Xy (s,t,05(s,1)) )_
7,058 % R, 7 xS1xBx(0) koo

s t
X, (s, 0 (s,
R, ”<R,€ Sk X, RAC )>

This shows that the Hamiltonian term vanishes in the limit. To find the almost-complex struc-
ture, there are two possible cases: either s, is bounded or it is unbounded. In case it is bounded,
we extract a converging sequence s, — s,. Since t, € S! always, we also can assume #, — ¢, .
Hence we can set J(z) = _# (—s,,—t,, z). In case it is unbounded, we can extract a subsequence
s, — —oo or a subsequence s, — +00. In both cases, since ¢ depends on s only on a bounded
subset /' of R, we are allowed to set /(z) = _#(s,—t,,z) for s > max ¥ or s < min.# accord-
ingly.

Finally notice that |[V2(0,0)| =1, ||V||;e < 2. So we found that v is a non-constant (z,])-
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holomorphic plane, almost a contradiction. If we show that its energy is bounded, then a
contradiction is reached. Set By = B, ((s.,2)).

|V%V=J|v%Psf|v%Fs
f B. r.(0,0) & s, &7 s, Y

2 2 2
<[ 1l Ham—Xyomt, + | aomf <
k

k

hRp

2
SEHJ(”k)"i_f (X omly <E+e
B

Now ¢, — 0 because B}, = B, ((sg,1;)) which shrinks to 0 as # — 0o. We conclude from this
that £;(v) < E. So by removal of singularities v extends to a non-constant holomorphic sphere
v: §2 — R?” of finite energy, which is a contradiction. O

Remark The holomorphic sphere which was found in the contradiction argument is called a
bubble, and the rescaling and limiting process which leads to it is called bubbling. It is worth
to note that bubbling is ruled out only because we are studying the Floer equation in an exact
symplectic manifold, in which Lemma 3.3.1 holds. A more general situation where the same
result holds would be the case of symplectically aspherical manifolds, which are those symplec-
tic manifolds in which the symplectic form evaluates to zero over every spherical homology
class. In more general situations, bubbling cannot be avoided, and is a true obstruction to
compactness which has to be reckoned with by different means.

The first compactness theorem Proposition 3.3.6 lets us obtain a first compactness theorem.

Theorem 2 Let H € w9, | an adeguate almost-complex structure, and E > 0. The space
M(E;H,]) is compact in the C° topology. The same can be said for the space M (E; 7, )
where S is an asymptotically quadratic continuation and ¥ an adequate almost-complex struc-
ture.

Proof. We prove the theorem for .4 (E; 7, ¢ ) as the autonomous case follows from that. Let
(w,) C M(E; 5, ¢) be any sequence By Proposition 3.3.5 and Proposition 3.3.6 we can
apply Ascoh Arzela and obtain a C . converging subsequence #;, — #. By elliptic regularity
3.3.4 this limit is promoted to a C2 o hm1t It follows that » € 4 (E; 7€, ¢ ) which concludes
the proof. O

3.4. Asymptotics of trajectories
The Floer equation is not really a gradient flow for the action functional. So the asymptotics of

a solution don’t follow immediately from its definition. We nevertheless can prove that Floer
curves are asymptotic to periodic orbits at their ends.
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Let H € 108, i.e. a weakly asymptotically quadratic Hamiltonian with non-degenerate
quadratic Hamiltonian at infinity, and J an adequate almost-complex structure. In this sec-
tion we work with half-cylinder solutions #: [S,,+00) x §! — R?" of the Floer equation

o +],(n)[Fn — Xy (t,u)] =0

as this permits the result to be applied to both the autonomous and continuation Floer equa-
tion. This is because we take continuations to be eventually independent of the s-coordinate.
Completely analogous properties hold when one works with a negative half-cylinder.

Theorem 3 Let u: [Sy,+00)x ST — R*" be a Floer half-cylinder with finite energy and bounded

image. For every sequence 0/:' — +00 there exist a subsequence 0“2" — 400 and a 1-periodic orbit

]
vi: St R¥ of X,y such that

lim 14<o/:,->:}/, lim 351/;(0]:,->:O inC™
j—o0 3 j—oo

]

Proof. Let (0']:_) C R be a monotone sequence diverging to +00. Define the maps
ny: [Sp4+00) x ST =Ry (s,t) = u(s + 0/:, t)

These are of course smooth maps, and, since J and X}; are independent of the s-coordinate,
they are also solutions of the Floer equation. We claim that the sequence #;, converges (up to
subsequences) in C* to a Floer cylinder # .. We know that the sequence #,, is uniformly
bounded, since # has bounded image. With a bubbling argument completely analogous to the
one found in Proposition 3.3.6, one shows that #, must be C!-bounded. By Ascoli-Arzela,
ny, — U o, in Cl?)c up to a subsequence. By the elliptic regularity machine we can extract a
(further) subsequence which converges in C° to a #, o, € C*([Sy,+00) x § LUR?"). This
function #, ., must be a solution of the Floer equation, because it is the C,*° limit of solutions
of the Floer equation.

Now we have to estimate the energy of #__ . Since  is adequate, there is a constant depend-
ing only on J such that

S—oo

S
: 2
g1 SC Jim [ el g
S
But now, since |J, u| € L? <R xS 1), and using Fatou’s lemma, for any § > 0

S 5 S )
| Note Mgy = | Jim |

S-I—U/:'
< liminff 16, #(s, 7251y ds =0
+

—0 —S$+0,

2
ds
L2(S1)

Ju(s+o,)
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Hence our Floer cylinder has zero energy Ey; ;(#) = 0. But this implies that d,#, ., = 0, so
setting ., (¢) = # oo (t), the Floer equation reads

]t(}/-l-)[}‘/—l— _XH(t,V+):| =0 <=y, =Xu(t,7,)

To obtain the limit of the s-derivative, one simply uses the Floer equation and the C* conver-
gence found above. O

By Proposition 3.3.5, autonomous and continuation Floer cylinders have an a priori uniform
L*°-bound. Hence, a half-cylinder obtained by chopping off one end from a Floer cylinder has
bounded image. From this the next corollary follows.

Corollary 3.4.1 1. Let H € w$) and | be an adequate almost complex structure. Let u €
M (E;H,]) for some E > 0. For every 0: — o0 there exist 1-periodic orbits y, € Per' H
such that, up to a subsequence,

. :l: . :i: .
klin;o u (ffk ,t> =y.(2), klirgoé’su <0k ,t) =0 inC*
2. Let S be an asymptotically quadratic continuation between Hamiltonians H* € w$) and
F an adequate almost-complex structure. Let u € M (E; 7, ¢ ) for some E > 0. For every
(T/j: — o0 there exist 1-periodic orbits v, € Per! HE such that, up to a subsequence,
: + — : + _ : (o]
klirgo u (Gk ,t) =y, (1), klingoasu <0k , t) =0 mnC

Remark We would like to stress that the limit orbit obtained is not unique, and depends on the

sequence 0, — +00 chosen. Different choices of sequences can lead to different asymptotic or-

bits. Examples of this phenomenon are known in other contexts, see e.g. the paper of Siefring

[40] for non-uniqueness of the limiting orbit of a holomorphic plane in the symplectization of

a degenerate contact manifold. It is therefore natural to expect that such phenomenon arises

also in Floer homology. Uniqueness is guaranteed only when orbits are isolated, for example
in the non-degenerate case, as we shall discuss in the next section.

3.4.1. Uniqueness of the asymptotics

The goal here is to show that if the 1-periodic orbits of a Hamiltonian are isolated, then the
asymptotics of its Floer trajectories are unique. From the uniqueness of the asymptotics we
will obtain an energy calculation for Floer cylinders with non-degenerate ends.

We will also derive a kind of quantitative refinement of this phenomenon, which states that
when a piece of Floer cylinder has small enough energy, its image must be contained in a
neighborhood of a fixed 1-periodic orbit. This is known in the trade as the “long cylinders
with small energy” lemma.
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3.4.1.1. Uniqueness of the asymptotics and an energy calculation

Definition 3.7 A 1-periodic orbit y: ST — R?” is said to be isolated when there exists an open
neighborhood % C §' x R?” of the graph of y which does not contain the graph of any other
1-periodic orbit.

From isolation and Theorem 3 it follows immediately that

Proposition 3.4.1 Let H € w$) and ] be an adequate almost complex structure. Assume that
all the 1-periodic orbits of H are isolated. If u:[Sy,+00) x S' — R?" is a finite-energy Floer
half-cylinder with bounded image, then there exists an unique y., € Per' H such that

lim u(s,t)=1y,.(), liin du(s,t)=0 inC*

s——+o0

Having unique asymptotics is useful in order to estimate the energy of a Floer trajectory.
This is contained in the following calculation.

Lemma 3.4.1 Let £ = FA° be a asymprotically guadratic continuation between weakly asymp-
totically quadratic Hamiltonians H* all whose 1-periodic orbits are isolated. Let ¢ be an adequate

almost-complex structure. Take y*= € Per' H*. If u € C* (R x $',R?") solves the continuation
Floer equation for (€, ¢ ) with asymptotic orbits y* as s — o0, then

Eoroy )=l ()=t ()= | @00 tn(s, )

RxS1

Proof. Recall that if # € C*°(R x S!,R?") solves the continuation Floer equation
du+ ¢ (u)u — X s ()] =0

then its energy satisfies

Eyr,y =100l = | 09 (5, )8, 0), B, 1) s
‘ Rx
Here we’ve used the formula for the associated family of Riemannian structures:

gj(s’ t,z)(n,v)= wo(”’fts(z){v)

Recall further that the differential of the action functional .efy;: W?(S1,R?”) — R is given by
.yl € = || oy (H0)=Xio (L E WD VE W TR?)

Thinking of # as an s-family of loops from ¥~ to ¥, and using the continuation Floer equa-
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tiOH, we can compute:

For g 0= | (@00 (5,00 J2 o), ) =
= | o A an— X )], £ ) dsde =
|| @@= X001 dsdr = [ dtl )25, 0s =
RJSL R

Now, we use the chain rule and compute

[ detylyo Bt =— [ { L Lt (05 D]~ 222 (a5, s =
J}R f{ds ds

d .
—— o (s M+ | Z5 (s, s =

=y (y7)— Ay <}/+>_Lg . (3.5) (s, tyu(s,t))dsdt

which was our claim. O

Remark 1In particular, in the autonomous case, we obtain the well known energy formula: if
H € 1w$) has only isolated 1-periodic orbits, | adequate and » € M (E; H,J) for some E > 0,
then

Epj(n) =y (y_)— Ay (vy) (3.9

where u(s,-) — y, as s — too.

3.4.1.2. Long cylinders with small energy

Now we give a refinement of Theorem 3 in the case that the orbits are non-degenerate. It shows
that cylinders with small energy must approach 1-periodic orbits and stay within a neighbor-
hood of them for long times. It is completely analogous to one of the main theorem in [28].

Let F € w$) have only isolated 1-periodic orbits. Since by Lemma 2.3.4 these are contained
in a compact set, they must come in a finite number. Therefore, the set of 1-periodic orbits

Per' F = {y € C® (S, R™): y =Xz oy} C C(S',R™)

admits a neighborhood # in the C*°-topology with the property that every connected com-
ponent of # contains only one periodic orbit.

Define the “quantum of energy” associated to F by

hp= min{l*dF(}/l)_VdF(VON Y011 €Per' F, ol (1) # “‘Z{F(}/l)}

By finiteness of the set of orbits we conclude that % > 0.
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Proposition 3.4.2 Let F € 10§ have only isolated 1-periodic orbits and W C C*®(S!,R*") as
above. Choose any adequate almost complex structure J. For every neighborhood W' C W there
exists a constant S > O with the following property. If S > S, u € C®([—S,5] x SL,R?") is a
non-constant solution of the (F,])-Floer equation with

and bounded image, then

u(s, €W Vse [—S +§,S—§]

Proof. We argue by contradiction. Assume there exists a non-decreasing sequence S, — 00
with §; > §, a sequence #, € C*° ([—S b Sp] xS 1,R2”> of non-constant solutions of the (F,])-
Floer equation with Ef (1) < % for all & but

uy(sp,+) & W' for some sequence s;, € I:—Sk +5,S, —E]

Shifting everything by s, we can actually assume that #,(0,-) ¢ #”. By a bubbling off analysis
completely analogous to the one in Proposition 3.3.6, we conclude that the gradients of #,
are uniformly bounded. Bootstrapping gives us C,>> convergence, up to subsequences, to a
solution #: R x S — R?” of the (F,])-Floer equation. The solution # must be non-constant
because for s = 0 it leaves the neighborhood #”, so it is not close to any periodic orbit of F.
The uniform energy bound along the sequence gives £ ;(#) < 7. But since # is non-constant,
by (3.9) we know that Ep. ;(#) = o/p(y;) — /5 (y,) < b for some y; # yq. But this is possible
only if .&/x(yo) = -@/¢(y1), by definition of % . In that case, Ep () = 0, which implies that #
must be a constant solution. This is a contradiction. O

Remark Notice that by the way we have chosen the neighborhood #/, it follows that there
exists a 1-periodic orbit y € Per! F and a neighborhood % of y(S') where # enters and stays
within for a long enough time.

Remark We gain the following picture of the set of Floer trajectories with bounded energy, at
least in the non-degenerate case (see Figure 3.1): a sequence of Floer trajectories with bounded
energy has a converging subsequence, whose limit also has bounded energy. The limit there-
fore also is asymptotic to some 1-periodic orbits, but they don’t necessarily coincide with the
asymptotics of cylinders in the initial sequence. We will see how to refine this picture in the
next section.

3.5. Transversality and moduli spaces
Here we delve in the description of the moduli spaces with fixed asymptotics. The main goal is

to show that families of Floer cylinders with fixed asymptotics are smooth manifolds. We will
refer to the relevant chapters in [7] for the proofs of the statements which we present. There it
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Figure 3.1. We know that the set of trajectories with bounded energy is C log-cOmpact, and that in the
non-degenerate case trajectories with bounded energy have unique asymptotlcs But the limit of a
sequence with fixed asymptotics is not guaranteed to have the same asymptotics of the sequence con-
verging to it. This phenomenon is the starting observation behind the theory of broken convergence.

is assumed that the target symplectic manifold is compact. We substitute this assumption with
the uniform L*°-estimates found above. Once that is done, the proofs all follow almost word
by word, the only difference being that regarding the continuation Floer equation, one must
provide the uniform energy bounds needed to guarantee the uniform L*°-bounds.

In the definition of Floer homology, we need three types of moduli spaces of Floer cylinders
with fixed asymptotics: the autonomous, non-autonomous, and parametrized moduli spaces.
The first is necessary for the definition of the differential of the Floer chain complex, the sec-
ond for the definition of continuation morphisms on Floer homology, and the third for the
definition of chain homotopies of continuation morphisms. All three have mostly similar dif-
ferential topological properties. To show that they are smooth finite-dimensional manifolds,
one shows that the Floer operator is a Fredholm section of some Banach bundle, and that, up
to a generic choice, it intersects the zero section of this bundle transversely. Moreover their
dimension, which is the Fredholm index of the operator defining the linearization of the Floer
equation, is computed in terms of the algebraic invariants attached to the ends of the cylinders,
i.e. the Conley-Zehnder indexes of the asymptotic orbits.
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3.5.1. Transversality theory for the Floer equation

The solution set of the Floer equation can be interpreted geometrically as a subset of a suitable
Banach bundle, given by the intersection of the zero section with the section defined by the
Floer operator. The linearization of the Floer equation gives rise to a Fredholm operator,
which means that the Floer operator is a Fredholm section of the Banach bundle in question.
These two facts combined with the Sard-Smale theorem give us a way to show that the moduli
spaces of Floer trajectories are smooth manifolds of finite dimension, and a way to compute
their dimension. We treat the case of the “autonomous” Floer equation, i.e.
Su+],(n)[du—Xy(t,u)]=0, Sginoo u(s,)=y* cPer' H

for an adequate pair (H,]) with H € w$),. The case of the continuation Floer equation is,
in some sense, easier: in the non-autonomous case of the continuation Floer equation, there

is a “larger” space of perturbations which makes transversality more likely to be reached. We
follow again [15, §3.2].

3.5.1.1. Setting up the Fredholm theory

Fix once and for all a p > 2. Let y* € Per' H. Let uy € C* (R x §',R*") be a smooth map
such that there exists an s, > 0 for which

u(s,t)=y () Vs<—s5 u(s,t)=y"(t) Vs>s.

Define By = uy+ WhH? (]R X Sl,]Rz”) and & = L? (R X Sl,R2”>. A, is to be thought of as
an affine space modelled over W17 <]R xS 1,R2”>. In particular, if # € %B,, then T, B, =
wbp <]R X SI,RZ'I) is the set of W1?-vector fields along #.

The Floer operator is a section

Opy: Bo— &y, ()= u+],(u)[Iu—Xy(n)]

We need to show that if » € C* (]R xS 1,R2”) solves the Floer equation and has finite en-
ergy, then it belongs to %, for suitably chosen y*. We know that for a given finite-energy
solution #, since the Hamiltonian is non-degenerate, there exist unique y* € Per! H to which
u tends as s — +oo. Now, non-degeneracy of the asymptotic orbits is a crucial hypothesis
to obtain estimates on the rate of convergence of this limit, which are necessary to show that
u € RBy. In order to do that we need the the linearization of the Floer operator, i.e. its deriva-
tive D py (u): Whe (R x Sl,R2”> — L? <]R X Sl,R2”>. A simple computation shows that the

linearization of J; ; at an u € % appliedtoa Y € W L2 is given by

D3y ()Y = 8Y +DJ ()Y -[3,n — Xy ()] +],()[3,Y +JoHess H(u)Y] =

. . . (3.10)
= 35Y+]5,taty+]s,t]0 HessHt(u)Y+D {]s,t Vst} Y_]s,tDVs,t Y
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We abbreviated];t =J,(u(s,t))and V = d,u — Xy;(u). Notice that this is a linear operator of
the form _ )
DaH,](”)Y = 35 Y +]5,t [gz Y+ A Y ]+ 775,tY

where

~

]s,t :]t(%(s’t))’ A; :HeSSH(t’”(S’t))’ Nt — @

s—too

the limit of 7, , being zero since &, # — X (#) — 0 as s — Fo0o0. Moreover, notice that the
operator
— N
DA§ - gt +]0At

tends to invertible operators as s — 00, by non-degeneracy of the asymptotic orbits. These
invertible operators are called asymptotic operators.

We now have the following estimates for functions solving the linear Floer equation with
non-degenerate asymptotic operator.

Proposition 3.5.1 Let[ e C® (R x S',EndR*") be a family of cy-compatible domain depen-
dent complex structures, A € C* (R x S',Sym(2n)), n € C*° (R x §',EndR*"). Assume that

~

.o = Ji7 some wy-compatible t-dependent complex structures as s — £00, A5 — Ay some loops
of symmetric matrices generating non-degenerate paths of symplectic matrices as s — *oo and
N5 — O as s — too, all limits being C* limits. If Y: R x §' — R*" is a function such that
sup,eg [|Y (s, )l 251y < 00 and which weakly solves the equation

85Y +js,t [atY"i']OA;Y] + ns,tY =0
then Y € C™ (]R xS I,Rz”) and there exists constants b, c > 0 such that
|V (s,2)| < be™ bl V(s,t)eR x S!

The proof can be found essentially in [7, §8.9]. The idea is that using invertibility of the
asymptotic operators, one may show that the function f(s) = % 1Y (5)ll 1251y solves a differen-
tial inequality of the form f” > —c f forac > 0and |s| large, and that g(s,t) = |Y (s, t)|? solves
adifferential inequality of the form Ag > —ag for an o > 1 and |s| large. The estimates follow
from standard estimates of decay for solutions of these differential inequalities.

This proposition can be used to show that a finite-energy solution # of the (H,])-Floer
equation belongs to %, for y* its non-degenerate asymptotic orbits. Indeed, set Y = J,u. The
finite energy condition implies that sup, g ||, #(s, - )| 12(s1) < 0. Moreover,

asY = —D]t(u)Y[gtu _XH(M)] _]t(”)[gtY_DXH(%)Y] =
= _is,t [0, +]6A;Y] =Y

with ]Ns’t, Aj and 7, , satistying the hypotheses of the Proposition 3.5.1. Therefore we obtain
an estimate

1.u(s,t)| < be™Fl V(s,t)eR x S!
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Iterating this reasoning on higher-order derivatives in s we conclude that forevery e € N, @ > 1
there exist b, ¢, > 0 such that

10%u(s,t)| < be =kl V(s,t)eR x §!
From these estimates it follows immediately that # € 9,.

Remark We stress the fact that these estimates were reached under two crucial hypotheses,
which, as far as the author knows, cannot be removed: the solution # has finite energy and its
asymptotic orbits are non-degenerate.

3.5.1.2. The transversality theorem

In this section we explain the following properties of the Floer equation. First of all, that & ; ;
is a (smooth) Fredholm map. Then the Fredholm index of its linearization at a solution # is
given by the difference of the Conley-Zehnder indices of the asymptotic orbits y* of #. Finally,
for every fixed H € 0§, there exists a residual set of adequate almost-complex structures J such

that 0 is a regular value for d ; for all choices of asymptotic orbits y*.

Proposition 3.5.2 Jy;;: By — &, is a Fredholm map.

Proof sketch. The equation (3.10) shows that the operator D3 my(n): WL? — L? is of the form
D3y ()Y =3Y +],,8,Y +0,,Y=[3;+6]Y

where we have set

O(s, ) =D[J,(u) (0, — Xy (t,u)] =] (u)D [0 — Xy (t,4)]

The local elliptic estimates for the linear Cauchy-Riemann operator found in Proposition 3.3.1
and the characterization of pre-Fredholm operators found in Lemma A.1 can be used to show
that DJ j; /() has finite dimensional kernel and closed range, i.e. it is a pre-Fredholm opera-
tor. To conclude that it is a Fredholm operator, we apply a similar treatment to its L2-adjoint
operator, concluding that it is pre-Fredholm. If an operator and its adjoint are pre-Fredholm,
then they are obviously both Fredholm. The argument is standard and can be found e.g. in
Salamon’s lecture notes [37] or in [7, §8.7]. O

The computation of the Fredholm index of the linearized Floer operator is the following
proposition. Its proof hinges on the invariance of the Fredholm index under perturbations
by compact operators, and invariance under homotopy. This reduces the problem to a very
simple, explicit model where the kernel and cokernel may be exhibited explicitly via a compu-
tation. This strategy of proof is the one of [7, §8.8], and we do not repeat it here.
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Proposition 3.5.3 If u € BBy is a solution of the Floer equation, then D?H j(u) has Fredholm
index

indDgHJ(w) =CZ (}/_,H) —CZ (}/+,H>

Remark Another interesting approach is via the spectral flow of a path of self-adjoint oper-
ators, which measures the net change in the number of negative eigenvalues along the path.
This is the approach chosen by Robbin and Salamon [36]. The appeal of this approach is that
philosophically, it justifies the idea that the difference of Conley-Zehnder indices is a kind of
relative Morse index, where the Morse index itself is not well defined. In the work of Abbon-
dandolo [2, 3] one may find a definition of the relative Morse index and its relation with the
Conley-Zehnder index.

Denote by J the space of S'-families of adequate almost-complex structures, i.e. smooth
wq-compatible ¢ € S'-dependent almost-complex structures which are bounded, in the sense
that ||| e (1 xr2n Endr2r) < 00 for all ] € J (see Definition 3.2). For a fixed ] € J, the tangent

space of J at J is given by the set of smooth maps j: S! x R?” — EndR?” such that

Wy (jt(z)‘vo,7’1) + wq (‘Uo’jt<z)’v1) =0, jt(Z) t(Z)+]t<Z)jt(Z) =0

Similarly as we did for Hamiltonians, we need our almost-complex structures to belong to a
Banach space, in order to use the inverse function theorem for Banach spaces. Therefore we
must define a Banach space of rapidly vanishing perturbations and a corresponding Banach
manifold of almost complex structures. Choose a sequence ¢ = (£),ey With ¢, — 0, and

define

Ilill, = > e |lill e (s1xR2n End R20)
k=0
For a fixed ] € J, denote by C°(J) the Banach space of maps j as above such that [|j|] is finite.

Notice that if j € C2°(]), then J,(z) =J,(z) exp(—J,(2)j,(2)) defines another cwy-compatible
almost-complex structure with ||f]|; < 00. Therefore C*(J) provides a suitable space of

perturbations for the almost-complex structures. We will use it to define a Banach chart of
nearby almost-complex structures as follows.

Definition 3.8 Fix a reference J, € J, a sequence ¢ = (£}, ),y converging to zero and a 8 > 0.
Define

U(J,oe,8)={] =] exp(—],3): [lill. < 8}

Clearly U(J,, ¢, ) isaBanach manifold for & small enough, as it has a global parametrization
in terms of Bg(0) C C2>°(]), an open ball in a Banach space.

Lemma 3.5.1 Forevery J, € J there exists a & > 0 such that U (J,,¢,8) is a Banach manifold,
irregardless of ¢, and U (],,¢,8) C J.

Remark 1t is not true that U (J,,¢,8) is a submanifold of J, where J is considered with its
natural Fréchet manifold structure in the C2 topology. It isjust asubset, and with the subspace
topology it would 7ot be a submanifold.
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Theorem 4 Forevery H € 108), there exists a neighborhood t C 3 of ]y and a residual set Ry C £l
such that for every | € R, the operator gH’ j: By — & has 0 as a regular value.

Proof. We give a sketch of the proof following in part the seminal paper of Floer, Hofer and
Salamon [17].

Fix H € 1), and the reference almost-complex structure J, = J;. Define the universal
ambient space §y = By x U (Jo,¢,8), where ¢ and & are chosen as in Lemma 3.5.1. Thisisa
Banach manifold.

The Floer operator gives a map
F:6— 6, F(u,]) =3y (w)=3u—],()[d,n—Xy(u)]
The universal moduli space is by definition the preimage of zero via this function:
UM =F0)={(n,]): 9y () =0}

We first want to show that this is a smooth manifold, by showing that O is a regular value, i.e.
D% issurjective at all points of % ./ . A simple calculation shows that forevery (#,]) € % 4 ,

DF(u,])(E,)=D3 ()€ +3,(u)[ 8,1 — Xpy ()]

By Proposition 3.5.2, D?HJ(M) is Fredholm. So by Corollary A.1, the image of DZ (u,])
is closed. To show surjectivity we therefore only have to show that the image of D.Z (#,]) is
dense. The proof of this is by contradiction. Let ¢ > 1 be chosen such that % + é =1. Fix

(#,]) € U A . Assume that 0#£ 5 € L1 (R X S1,RZ”) is such that
f (n(s,2),0(s,t)) =0 V& eimDF(u,])C L? (R x Sl,R2”>
RxS1

i.e. 7 as a functional on L? annihilates every element in the image of DZ (#,]). Since 0 €
imDZF (u,]), we conclude that 7 is a weak solution of a Cauchy-Riemann type equation. By
boostrapping (Propositions 3.3.1, 3.3.2) we conclude that 7 is actually smooth. Since 7 is
smooth and by assumption non-zero, there exists some open subset 2 C R x S! such that
n(s,t)#0forall (s, ) € £2. Now, one uses the fact that the set of regular points of Floer trajec-
tories (the analog of injective points of J-holomorphic curves) are dense in R x S1, in particular,
in £2, to construct a & € W2 such that

JR . (n(s,0),[DF (u,])E1(s,1)) #0

in contradiction to the hypothesis on 7. For the details of the construction of £ starting from
the existence of (at least) one injective point in £2 we refer to [32, pg. 51]. See also [17, pp. 267-
269]. By Lemma A.3 we see that D.Z (#,]) has a right inverse. Using Theorem A.1, we con-

72



clude that the universal moduli space % .# C &, is a smooth Banach submanifold.

Set 4= U (J5,¢,8). This is an open neighborhood of ], in the C* topology, which is finer
than the C*° topology. The projection p,: &, — i restricts to p = Dalar s U M — 1, which
is a Fredholm map, as shown by Lemma A.4, of the same index of D3, > Which is computed
by Propostion 3.5.3. By the Sard-Smale theorem A.3, there is a residual set 3; C U of regular
values of the projection. The almost-complex structures in this set are precisely the ones for
which 0 is a regular value of EH, J O

Remark One may obtain a residual set R C J in the C°-topology on J by following Taubes’
argument as in [32, Theorem 3.1.6 (i1), pg. 54-56]. See also Remark 3.2.7 ibid.

In the following subsections, we give the consequences of the above theorem and its variant
for continuation Floer cylinders and a parametrized version for the definition of chain homo-
topies.

3.5.2. Autonomous moduli spaces

Autonomous moduli spaces are moduli spaces of cylinders which solve the “autonomous”
Floer equation, i.e. the Floer equation where (H,]) do not depend on the evolution variable
s € R but only on the “internal” variable ¢ € S'.

Definition 3.9 Let H € tv$),, ] an adequate almost complex structure, and y,, y; € Per!(H).
Denote

Q4] ()[ 0 — Xy ()] =0,
M(yo,yisH,J)={ n€C™ (RX Sl,R2”> iU —yyas s — —00,

u—yass —+oo

This set is well defined by uniqueness of the limits. We call this the moduli space of Floer
cylinders between y, and y,. In principle, the space M(yy, vy; H,]) is equipped with the VVl(l)cp
topology, which is suitable for the Fredholm theory of the Floer equation. By Proposition
3.3.4, we know that on M(yy,y,;H,]) the C22 and WI:)CP topology coincide. Therefore we
state our theorems for the C°° topology.

3.5.2.1. Transversality and dimension, antonomous case

From Theorem 4 we may conclude the following proposition. For a complete proof one may
consult [7, Chapter 8] or the seminal paper of Floer, Hofer and Salamon [17].

Proposition 3.5.4 There exists a residual set of adequate 1-parameter family of almost complex
structures | : St x R? — EndR*" near ], such that for any vy, v, 1-periodic orbits of H, the space
M (yos yi5H,J) in the C2° topology is a smooth finite-dimensional manifold of dimension

dim M (yy, y1; H,J) = CZ(yo, H)—CZ(yy, H)
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Definition 3.10 A pair (H,]) for which Proposition 3.5.4 holds is called a regular pair.

Let (H,]) be a regular pair. Notice that there is a natural R-action on M(y,y’; H,] ) given by
translations in the s-direction, i.e. (¢, #) — o -u where o - u(s,t) = u(s+o,t). This is because
H and ] do not depend on the s-coordinate, i.e. the Floer equation in analysis is autonomous.
It is easy to see that this action is smooth, proper and free (unless y = ') so the quotient
M (}/, y'sH,J ) =M(y,y’;H,])/R is again a smooth manifold. The dimension formula tells us
that

M(y,y'sH.J)=CZ(y, H)—CZ(y',H) -1

So if CZ(y,H) = CZ(y’, H) then we conclude that the moduli space of cylinders M(y,y’; H,])
must be empty, unless y =y and then it can contain only the trivial cylinder » =y.

3.5.3. Non-autonomous moduli spaces

Non-autonomous moduli spaces are moduli spaces of cylinders which solve the continuation
Floer equation for continuation datum (¢, #). Since the continuation datum depends on the
evolution variable s, we think of this equation as non-autonomous.

Let H* € t$), and 5 an asymptotically quadratic continuation between them. Let _¢ be
an adequate family of almost complex structures. Fix y* € Per! (HE). Denote

85” +fs,t(”)[3t” —Xp(s,u)] = 05}

u—>}/iass—>:|:c>o

Jl(}/_,y+;%,f): {M eC®® (]Rx SI,RZ"):

We call this the moduli space of continuation Floer cylinders between y~ and y*, and refer to
the collection of moduli spaces of continuation Floer cylinders as the non-autonomous moduli
spaces.

Similar remarks on the topology which this moduli space carries hold as for the autonomous
ones. Namely, we are thinking of ./ (y™,y*; 5, #) as equipped with the G2 topology,

which coincides with the VVll’p topology on it.

ocC
3.5.3.1. Transversality and dimension, non-antonomous case
The proof of this proposition is the content of [7, §11.1.b].

Proposition 3.5.5 There exists a residual set of adequate 2-parameter family of almost complex
structures ¥ : R x S' — EndR?*” near ] such that for any y* 1-periodic orbits of H, the space
My y "5 A, ) with the C2° topology is a smooth finite-dimensional manifold of dimension

M <}/_,y+;%,f) :CZ(}/_,H_)—CZ<}/+,H+)

Definition 3.11 A pair (7, ¢ ) as above for which Proposition 3.5.5 holds, is called a regular
pair.
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We cannot conclude that zero-dimensional non-autonomous moduli spaces are necessarily
trivial, as there is no natural R-action when 2 and ¢ depend on s.

3.5.4. Parametrized moduli spaces

We need one last technical ingredient, which is used to show that continuation morphisms on
Floer homology do not depend on the chosen continuation Hamiltonian. The proofs of the
statements in this subsection can be found in [7, §11.3-4].

Let H* € w5, J* adequate almost-complex structures such that (H*,]%) are two regu-
lar pairs, and (S, _£), (9,.9) be two regular pairs of asymptotically quadratic continuations
and adequate almost-complex structures between them. Let H: [0,1] x R x §! x R?” — R,
H =H(p,s,t,z) be ahomotopy of asymptotically quadratic continuations which is constantly
equal to J€ when p is near 0, and constantly equal to ¢ when p is near 1. Let J be a homo-
topy of adequate almost-complex structures with similar boundary conditions. We denote by
HP, JP the asymptotically quadratic continuations obtained by fixing o in H, J.

We are interested in the Floer equation
Auf +JP(s,t,uf)[3,u° — Xy (s, t,uf)]=0 (3.11)

which depends on the parameter p. We form the fiber product, called parametrized moduli
space

M(y_,y+;H,J> = {(lo,up) :p€[0,1], #” sol. of (3.11), u” — }/i as s — :I:oo}

Notice that the ends of the cylinders are fixed for every parameter p, and that we have a pro-
jection M((y~,y*;H,J) — [0, 1] whose fiber over p € [0,1] is A4 (y—,y*;HP,JP). We equip
this space with the natural fiber product topology, which is the subspace topology given by
the inclusion M(y =,y H,J) € [0,1] x WH?(R x S1,R?"). As in the previous cases con-
cerning the topologies on moduli spaces, first of all M((y~,y™;H,J) actually lies in [0, 1] X
Ce (R x §,R?"), and by Proposition 3.3.4 the moduli space can be equipped with the sub-
space topology given by this inclusion, where [0,1] x C*° <R xS 1,R2”> is equipped with the
product of the standard topology with the C,*° topology.

3.5.4.1. Transversality and dimension, parametrized case

This parametrized moduli space has more or less similar transversality and compactness prop-

erties to the ones explained above for the moduli spaces of Floer cylinders explained above.
This is shown in [7, §11.3.b].

Proposition 3.5.6 There exists a residual set of adequate 3-parameter families of almost complex
structures J near Jy such that for any y* 1-periodic orbits of H*, the space M(y—, y*; H, J) with
the fiber product C° topology is a smooth finite-dimensional manifold of dimension

dimM(y_,y+;H,J> =CZ (y_,Hl)—CZ (7/+,H+> +1
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Definition 3.12 A pair (H, J) for which Proposition 3.5.6 holds is called regular pair.

Remark It is not true in general that every fiber .4 (y—,y™;HP, JP) is transversely cut out
for each fixed p € (0,1). For example, when studying the case of dimM (y—,y*;H, J) =0, it
is inevitable that for some p € (0, 1) the fiber /4 (y~,y";HP, Jf) contains cylinders of index
—1. In fact, these cylinders of index —1 are precisely the ones we want to count to define a
chain homotopy between the continuation morphisms induced by the regular pairs (S, #)
and (¥9,.%), as we shall see below.

Notice that differently from the previous two cases, the parametrized moduli spaces are
manifolds with boundary. The boundary is easy to describe: since we chose the homotopy to
be stationary near o =0, 1, it is easily proven that

IM (y =,y HHI) = (0} x M (y .y 56, ) U {1} x M (y 73 9,.9).

We call this the regular boundary of the parametrized moduli space. This does not mean that
the moduli space is compact; in fact, we will have to compactify the moduli space by adding
an exceptional part of the boundary.

3.6. Broken convergence and gluing

In the previous section we’ve seen that families of Floer cylinders of various flavors form
smooth manifolds. In general, these are open manifolds, possibly with boundary, like in the
parametrized case. In this section we first provide a suitable notion of compactification of the
moduli spaces. To describe the compactification of the moduli spaces, one must introduce the
notion of broken convergence of Floer cylinders. This leads to defining the boundary of the
compactification of the moduli spaces in terms of broken configurations of Floer cylinders.

The cylinders entering the broken configurations are points in a lower-dimensional moduli
space. This means that the boundary of a moduli space of Floer cylinders can be described
in terms of lower-dimension moduli spaces. A theory of gluing of Floer trajectories permits
us to equip the one dimensional compactified moduli spaces with the structure of a smooth
manifold with boundary.

3.6.1. Broken convergence and compactification

The aim of this section is to investigate how one can exploit the compactness property of
the set of Floer cylinders with bounded energy, that is to say Theorem 2, and the (eventual)
translational symmetry of the Floer equation, to compactify the space of cylinders with fixed
asymptotics. We will treat the autonomous case somewhat in detail. The non-autonomous
and parametrized cases are quite analogous to it.

76



3.6.1.1. The autonomous case

Let H € 0§, and ] be an adequate almost-complex structure. We are interested in describing
the limit of a sequence of solutions to the Floer equation defined by (H,]) with fixed asymp-
totics. Given that the asymptotics are fixed, we have an uniform energy bound on the sequence,
so by Theorem 2 the sequence has a limit. The problem is that we cannot guarantee that the
limit cylinder has the same asymptotics as the cylinders in the sequence. This means that the
moduli space with fixed asymptotics is 7ot compact. But, inspired by Morse theory, by choos-
ing a suitable translation of the sequence, we might “access” different cylinders which, as we
will show, connect at intermediate 1-periodic orbits of H. This is the phenomenon of broken
convergence, and we will use it to define the compactification of the moduli space with fixed
asymptotics.

Proposition 3.6.1 Let y,y’ be any 1-periodic orbits of H € voS),. Let (uy,), C M (y, y’;H,]) be
a sequence of Floer cylinders where | is an adequate almost-complex structure.

There exists a subsequence (”ki ); of (wy)y» Lperiodic orbits yo = y,y1s--sy101 = v of H,
sequences ((T;)j for r €{0,...,1} and Floer cylinders u” € M(Vw}/r+1§H>]>ﬁ”' r €1{0,...,1}
such that, denoting by (o - u)(s,t) = u(o +s,t),

lim 07~Mkj =u"inC2 Vre{o,...,l}.

]j—00 ]

Moreover, if (H,]) is a regular pair, then the dimension formula for the moduli spaces gives a bound
on the maximum number of cylinders in a broken Floer cylinder:

| < CZ(y,H)—CZ(y',H)

The collection of Floer cylinders which appear as limits of the shifted sequence found above
is called a broken Floer cylinder, and the phenomenon of convergence to a broken cylinder is
referred to as breaking.

Proof. The following proof was inspired by a conversation I had with Dr. Urs Fuchs.

Let W CcC* (S 1,R2") be a neighborhood of Per! H such that every connected component
of # contains an unique orbit of H. This exists and has finitely many connected components
because H € w$), is non-degenerate up to infinity. Recall that H € 10$), implies that there is
a quantum of energy %, > 0 below which any long enough piece of (H,])-Floer trajectory
must remain within one connected component of #” (Proposition 3.4.2).

Take u € M(y,}/;H,]) C M(E;H,]) where we set E = /y;(y)— y(y"). We chop up
the cylinder into pieces with small energy, as follows. Fix an arbitrary 0 < e < % . Define
—co=0"Yu)<o%u)< - < ol(n) < ot (u) = +o0 €R by

Epgy (#liorunorao) =¢ V—1<7<L

Notice that L is a finite number because £ < oo, so we can estimate L < E /%, and that
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—o0 < 0%u),...,01(n) < 400 are all finite because # must enter the fixed neighborhood of
y as s — —oo and the fixed neighborhood of y” as s — +00.

Now take a sequence (#;,) C M(}/,;/’) CM(E;H,]). Define o] =07 () for r =0,..., L.
A priori L, depends on k. But clearly there is a subsequence of the #,, for which it is eventually

constant in , since Ey; (1) = E for every k. Therefore without loss of generality we assume
L, =L forall k.

The tuple of sequences (o] )r , Will give us the shifts needed to capture the cylinders breaking

in the limit. By Theorem 2 each sequence
of - up(s,t) = (o] +5,1)

converges up to a subsequence to a limit #»” € M(E;H,J) in C. We will still index the
subsequence by k in order to keep the notation light. Define a pre-order on sequences (0,) C R
by setting

(o)< (a/;) <= limsup (Ok — aé) < +oo0.

k—oo

We denote by ~ the equivalence relation defined by the pre-order, that is,
(o)~ (02) = (0p) < (02) and <0/;) < (o) (3.12)

We apply the equivalence relation (3.12) on the finite set of sequences (02) yeens (alf). By con-
struction it always holds that

g<r=> ol <o, Vk :><UZ)$<0/;).

Lemma 3.6.1 [f<O'Z> ~ <0/:) then there exists a o, € R such that u”™ = o, - u.

Proof. Assume without loss of generality that ¢ < r. Set

0< o, =limsup <0/; —0'Z> < 400

k—oo

Let k; — oo be such that o] — ol — 0, as j — oo. Then, up to a further subsequence,

] ]

r r _ r q q _ r q q q
w «——o; ‘u, =\o, —o, +o >.14__<0 —0 >-0 U, —— 0, U

We conclude by uniqueness of the C2 limit. O
This last claim means that #7 = " in M (}/, Y > for some y,y’ € Per! H. Notice that
<UZ)~<0/;), q<k:><az>~<a/f> Vg<p<r

Thus we can discard all the sequences in the same equivalence class but one, and re-naming
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them incrementally according to the pre-order < we end up with a possibly smaller tuple
(02) e ((fli), [ < L. As before, up to a subsequence,

with the difference that now all the cylinders #” are distinct, even up to shifts.

It is clear that #° — y as s — —oo and ul — }// as s — +oo.

Lemma 3.6.2 Ifu” —y,,  €Per' Hass — +oo, then u™ ' -y,  ass — —oo.

Proof. Since we discarded equivalent sequences, we have that

Ly=[o},0,""]

has unbounded length in k. Moreover, by definition

EHJ(uk|1k):e< hy Vk

Hence by (a minor modification of) Proposition 3.4.2 for every k large enough there exists an
S > 0 such that

DL = [Uk’ +§k"71§+1 —Ek,] Cl,, anduy(s,.)eW VseI (3.13)
Equivalently

of m(s, ) €W Vs€[Sp,(o] —a])=Sp ] c[0,07H]

r+l Ok’> —§;, < C for some C > 0 independent of k, or it is

k
unbounded. In the first case, combining with (3.13) we see that

There are two cases. Either <a

+1 < +1
akr —akr—CSSkﬁokr —O'kr Yk
But this means that S, is unbounded, which implies that eventually

[Ek,<0/z+1 —02)—?,6] =
which is impossible, as it implies that I} = @. Therefore (alz +1 —o, ) — 8, is always un-
bounded. Passing to the limit on a subsequence which diverges, we conclude that #,(s,-) is
in the component # (y, ;) of # around y, |, for all s € I}, since by hypothesis #” — v, ,; as
s — +o00.

On the other hand,

ot (s, ) €W (v,01) Vs€[ol =7 +5,=8, | c[of —o7 0]
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Arguing identically as before we can show that 0" —o 71+ §, must diverge to —o0, so we can

pass to the limit and conclude that #"*! -y, | as s — —o0. O

Finally, when (H,]) is a regular pair, the bound on / follows immediately from the transver-
sality theory (Proposition 3.5.4). This concludes the proof of the proposition. O

This proposition tells us that to compactify the moduli space, one should add to it configu-
rations of Floer cylinders with pair-wise matching ends, and the notion of convergence should
be C2° up to shifts. Moreover, the proof shows that to really capture all the breaking that hap-
pens along the sequence, the shifts should be chosen appropriately. This prompts the following
definition.

Definition 3.13 Let (02) CR,(n,) CM(}/,)/’) and (MO,...,MZ) EM(y,yy) XX M(VM//)

be such that o] -, — u” in CZ° forall 1 <7 <.

1. We say that the tuple of shifts (o))  is ordered if (o)) < (akﬂrl) for every r. We say

7,k
that it is totally ordered if X is a total order on the tuple of sequences.

2. We say that an ordered tuple of shifts (0/: ), is exhaustive when it fulfills the following

7,k
. . -1 _ I+1 _
properties. Set for convenience 0, = —o0 and 0,7 = +00. Let (0}) C R be any
sequence.
a) If there exists an 1 < » </ and a C > 0 such that 'ak — 0/:’ < C, then there exists

ao, €Rsuchthat oy -, —> o, -u” in G up to a subsequence.

b) If |(7/e —o]

sequences, where —1 < r < [+ 1 is such that ak’ <o, < a/; +1 for the relevant

M [ee]
— 00 as k — oo for every 7, then oy, - #, — y, in C2° up to sub-

sub-sequence and we set y_; =y, 7,4, =7

Remark Given a tuple of shifts, we can always assume it is ordered by re-naming its compo-
nents. If an ordered tuple is exhaustive, we can identify the components which are at a bounded
distance to obtain a totally ordered exhaustive tuple of shifts.

We are now ready to compactify the space M(y,y’; H,]). Set, for (H,]) a regular pair,
d=CZ(y;H)—CZ(y,H)—1=dimM (y,y';H,])

The proposition tells us that we should add to it the set of broken configurations of Floer cylinders

My =\U{M ) x - x M (7)1 <d, y, €Per' H, CZ(y,) <CZ(y,41)}
(3.14)

Important With a substantial abuse of notation, we denote the compactification of M (}/, Y )
with the same symbol, that is, from now on M ( vy ) means the quotiented moduli space united

with M4 (}/, }/’).

The topology on M (y, Yy ) is defined as so:
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Definition 3.14 A sequence (#,) C M (}/, Y ) converges to a broken configuration (%O, 7L )
in M d (;/, }//> when, for any choice of lifts of #; to M (}/, }//>, there exist an exhaustive, totally
ordered I-tuple of sequences (0] ) C R, such that o] - #, — #” in C° for every r € {1,...,1}.

The integer [ + 1 will be called the number of levels of the broken configuration, and the index
r will be called the level.

This topology coincides with the quotient by the R-action of the C;? topology on the inte-

rior. The same notion of convergence applies to points in M4 (}/, )//), as we can work level by
level. This shows that

Theorem 5 The space M (y,y") with the broken convergence topology is compact.

Remark For now, the set of broken Floer cylinders M (}/,y’ ) only provides us with the
boundary of M ()/, }//) in the sense of topology. But M (y, }/’) has the structure of a smooth
manifold. Later we shall see some hints pointing towards the fact that the set of broken con-
figurations gives the boundary and corners of the moduli space as a smooth manifold.

Global convergence a la Gromov We conclude the section with a proposition which elu-
cidates the “global nature” of the notion of convergence by breaking. It justifies the intuitive
picture that most working Floer theorists have of broken convergence.

Fix a smooth strictly increasing diffeomorphism §: (—1,1) — R such that §(7) — %00 as
T — =£1, for example S(r)=tan 5. If v € M(}/,;/’), define a map V: [—1,1] x S! — R?” by
setting

}/(t)> T=—1
Ve, t)=1 v(S(z),1), Te(~1,1)
)//(t)7 T=1

Since v converges to y and y’ at its ends with exponential decay of all its s-derivatives, V is a
continuous function.

Let (%O, . ..,ul> e M(y,yy) x -+ % M(yl,y’). Similarly as just explained, extend these to
maps U°,...,U":[—1,1] x ' = R?". Define a map U: [—1,1] x S' — R?” by setting
27 2r +1)

>_1+
[+1 [+1

U(t,t)=U" (I + )t +1—2r,t) VT€|:—1+ ], Yo<r <!

It’s easy to see that U is a continuous map, because each #” converges exponentially fast to its
ends, and the positive end of each cylinder matches with the negative end of the next.

Remark The specific formula for U is not important. The idea is that the map U gives the
stacked-up broken configuration defined by our tuple (#°, ..., #%). The intuitive picture which
most working Floer theorists have in mind is that broken convergence happens as in figure 3.2.

Finally, let (u,) C M (}/,}/ ) be some sequence and U, : [—1,1] x R?” the extensions of the
maps.

81



Proposition 3.6.2 If u, — (#°,..., " )in M (y,y") then there exist homeomorphisms
o [—1,1]x St = [—1,1] x §*

such that U, o ¢, — U uniformly.

Figure 3.2.

Proof. Assume that #, — <14°,...,%Z> in A_/I<}/,}/’). Choose arbitrary lifts of #, to M(y,y’)

and obtain the totally ordered exhaustive tuple of shifts (o] )
Since <0/: )

7" r o o0
r’k,suchthatok mp— u”in C.

_, 1s exhaustive and totally ordered, we know that

—o]

0_7-1—1 r
(e

H—I

Set for notational convenience sg _U’e . Define
rosT(sT), Tl 1<r<]
T = (Sk)’ Tr = l_+_1’ =r>

Let 7% [—1,1]x ST — [—=1,1] x SY, ¢,(7,t) = (f(7),t) where f, : [—1,1] — [—1,1] isa
continuous strictly increasing function chosen so that f,(+£1) = +1 and f, < k) 7. In or-
der to avoid pathologlcal situations, we choose the piece-wise linear function fulﬁlhng these
requirements. Since o -, — u” in C%°, we know already that

l
Uyop, — Uin CO, <[—1, 17\ UT—,>
r=1
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Let’s focus on a breaking point 7. Recall the quantum of energy %, > 0 from the theory of
long cylinders with small energy. Let s, > 0 be chosen such that

EHJ<M|[S*’+OO)>< B, EHJ<1/+1’( >< By

— ’75$:|

Define e =1—S71(s,) > 0. From the C° convergence it follows that
Upogp (T, xe,-)—> U(T, xe,-) in C®(S)

In particular, the actions of the corresponding loops must also converge. Unpacking what this
means in terms of the #;, and #”, »”+! and using the fact that both S and f;, are non-decreasing

functions, we see that given our ¢ > 0 there exists a § > 0 and a sequence 5/; with s/; <s (T/: ) S

such that 2
,
(57— )= (o7 (5,45 (24 22).)))

Given the piece-wise linearity of £, one could even express & explicitly in terms of ¢, v% and
T,. Since both s/ - #;, and #” are asymptotic to y, as s — +00,

Ergy (e It —s,;,+°°>> = Eppy (4 ast2v20 101 000)) < Pt

Thus eventually the left-hand side is less than % ;. Applying the long cylinders with small
energy Proposition 3.4.2, for any isolating C*-neighborhood # (y,) of y, we find an s <
s —s,, such that

k

”kl[sg—s;+s;’,+oo) C# (y,) Vk large enough.

Let 8" > 0 be such that T, — 8 =51 (5/: —s/; +5];/) and ¢’ < ¢ such that
fk(fr_7+5/> =, N

What we gain is that U, 0 ¢, (1,-) € # (y,) forall T € [T_r— 5’,7_7] for every k large enough.
Arguing similarly for the other side using the smallness of the energy of #”*!, we can show
that the same holds on [T_,— e\ T+ ] perhaps with a smaller ¢. What we’ve shown is that
for any small enough neighborhood #/(y, ) of v, in the loop space, there exists an ¢’ > 0 such
that U,o¢,(7,)and U(r,-) are bothin #/(y, ) forevery v € [T, —¢’, 7, +¢'] and every k large
enough. This implies that U, 0 ¢, — U in C° on a neighborhood of 7, and that concludes
the proof. O

Remark 1t’s not so hard to see that actually also the converse is true. For the other direction,

the uniform convergence of the maps U, o ¢, to U implies the CJ _ convergence up to shifts of
) ! o

the maps #;,. Bootstrapping then gives C,> convergence.

Remark 1f we have a sequence of cylinders with a tuple of shifts which is 7ot exhaustive, then
there could be some energy concentration which we do not keep track of, implying that we
are forgetting some cylinder that breaks off. In this case, the proposition cannot be true.
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3.6.1.2. The non-autonomous case

Let 5 be an asymptotically quadratic continuation between H* € 1), and ¢ an adequate
almost-complex structure. Similarly as in the previous section, we have the following notion
of broken convergence of sequences of (€, _# )-Floer cylinders with fixed asymptotics.

Proposition 3.6.3 Let y* be any 1-periodic orbits of HE. Assume that € is chosen such that
there exists an E = E(y~,y T, 7, ¢ ) for which

uE//l()/_,}ﬁ';e%”,j) => Ey 4(u)<E

Let (uy), C M (y~,yT; 7, &) be a sequence of Floer cylinders. There exists a subsequence (wk]_ );
of (wy,)g» Lperiodic orbits y;” = y™,...,y,~ of H™, Lperiodic orbits y,\,....y)\ ., = y" of HY,
sequences (ajy’_)j for r € {0,...,17} tending to —oo, sequences (a].r’+)]» forre{l,...,IT+1}
tending to +oo, Floer cylinders u™~ € M(yr_, }/:+1;H_’]_>f07 r €{0,...,17}, Floer cylinders
u”t EM(;/;F,}/;LH;H_,]_)]F(W r €{1,...,1"}, and a Floer cylinder n* € //l(}/f_,)/f;%”,j)

such that

+ +

iy, =u"", lim ", =u".

limo™ -u, =47, limo”
] j—0o0

]—)w ]—)OO
All these limts are intended in C2°. Moreover, if (€, §) is a regular pair, then the dimension
formula for the moduli spaces gives a bound on the maximum number of cylinders in a broken
Floer cylinder:
I~ +1T<CZ(y ,H)—CZ(y*,H")

The proof of this proposition is completely analogous to its autonomous counterpart, since
braking happens in the “autonomous regions” where J is s-constant.

Remark The presence of an uniform energy bound in the case of continuation Floer cylinders
is not automatic, and it is crucial, because it is necessary to prove the compactness of the space
of finite-energy trajectories. Below we will present some cases in which this uniform energy
bound is achieved.

In the same way as in the autonomous case, we can define the set of broken configurations of
Floer cylinders, and this proposition defines the topology of the compactification of the moduli
space of Floer cylinders between two fixed orbits. This time the set of broken configurations

is as follows: we set d = CZ(y~)—CZ(y*) and define

(e I"+17<d,
) _(}/ i}/l zx EfePerlHi,
M (o) =\ o5 (v ) % CZ(&F)<CZ(EX),
XM(}/;_’]/+)

CZ(th) <CZ(y})

Again we denote the compactification of the moduli spaces with the same symbols as their
non-compactified counterparts. Similar considerations on the compactness and global conver-
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gence properties hold also in this non-autonomous case, as the breaking always happens in the
autonomous regions.

3.6.1.3. Parametrized case

Let 5, % be two asymptotically quadratic continuations between H* € 15, and _¢,.¥ two
adequate almost-complex structures. Let (H, J)) be a homotopy between (4, #) and (¥,.%).

Here we describe the suitable notion of broken convergence.

Proposition 3.6.4 Fix 1-periodic orbits y* of HE. Assume that H is chosen in such a way that
there exists an e > 0 for which the following holds:

(p,MP)EM(y_,}/+;H,J) —> Eye g0 (u°) <e (3.15)

For every sequence (p,,, uly") € M(y—,y ™) there exists a subsequence (,on]_ , ui;j ), 1-periodic orbits
Yo =V 515 ¥ of H™, Iperiodic orbits y}f,..., ;/;;H =yt of H, real sequences (0;’_) C
R for r €{0,..., 1} tending to —oo, real sequences (0].7’+) C Rforr € {1,IT+1} tending to 4+ oo,
Floer cylinders u™~ € M (}/,_, y;rl)for r €{0,...,1=—1}, Floer cylinders u™* € M (v}, }/;LH)
forr€{1,...,1"} and a pair (p,, u’+) € M(y;, y1+) such that

. _ Pn; . Pn; . Pn; .

lim o7 u,’ =u”", lim o’  u,” =u™*, limu, =u, limp, =p,
j—00 ] 7 j—o0 ] ] j—oo j—oool T '
where all limits except the last are in C°°. Moreover, when all pairs (S, ¥), (9,¥) and (H,])

are regular, we can estimate [~ + [t <CZ(y=,H )—CZ(y",H")+ L

This proposition prompts us with the correct notion of broken Floer trajectory and defines
the convergence in the compactification of this moduli space. The compactification will again
be denoted by the same symbol of the non-compactified moduli space.

Remark Notice that the energy bound (3.15) can also be weakened to a p-pointwise uniform
energy bound, by compactness of [0, 1]. Therefore there is basically no additional requirement
here other than the ones already present in the compactness theory of the non-autonomous
moduli spaces.

3.6.2. Gluing theory

In the previous three sections we’ve seen how a sequence of Floer cylinders converges to a
broken configuration of Floer cylinders coming from lower-dimensional moduli spaces. In
this section we show a sort of converse to this phenomenon, where a broken configuration
with two levels is shown to have a 1-parameter family of Floer cylinders converging to it. A
more elaborate treatment would lead us to conclude that the compactified moduli spaces can
be endowed with the structure of compact smooth manifolds with boundaries and corners.
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We will give an overview of gluing in the autonomous case, which already presents all the
analytical difficulties of the theory, following the analogous treatment for holomorphic spheres
in the book by McDuff and Salamon [32, Chap. 10]. The non-autonomous and parametrized
cases are similar in spirit, always because of the fact that the continuation Hamiltonians and
homotopy Hamiltonians considered are stationary outside compact sets of the parameters.

3.6.2.1. Gluing up two Floer cylinders

Let (H,]) be a regular pair and y,,v;, 7, € Per' H be orbits with indices satisfying
CZ(yo, H)>CZ(y, H) > CZ (1, H).

Consider two (H, ] )-Floer cylinders #°, #! and assume that #° € M (y,,7,) and ' € M (y,, 7).
Therefore, the images #°(R x $1) and #!(R x S!) intersect at the orbit y;. We can thus “pre-
glue” the two cylinders as follows. Fix a smooth non-decreasing function y: R — [0,1] such
that y(s)=0forall s <0, y(s)=1forall s > 1, y'(s) <2 forall s and |y "(s)| < 8 for all s.
For every R > 0 large, define the “pre-glued cylinders” by the formula

u°(s +R,t) s<—%_1
e X(-S—%)MO(S+R,t)+[1—x<—s—§>]yl(t), _§_1§5__§
whpul(s,t) =1 y,(¢), R <R
QRS A PP 500t
R
%1(S—R,t) 5254_1
(3.16)

This formula clearly gives us a smooth map uoaul : R x §' — R?” which is asymptotic to y,
as s — —oo and to y, as s — +00. Moreover, uog;ul(s, t)=y,(¢) for all s € [—¢,e]. Recall
the affine space 98, from Section 3.5.1.1 with asymptotic orbits y;,y,. It is immediate to see
that #%zu' € By, because of the exponential decay of the s-derivatives of both #° and .
From the formula it also follows that

Lemma 3.6.3 %o%;%l converges in C2° to yy as R — +00, which is a (constant) solution of the
(H,])-Floer equation. Moreover (—R) - <uogu1) — u® and R - <u°gu1) — u' both in Cee as
R — +oo0.

Hence, it is plausible to expect that for every R large enough the implicit function theorem
will give us an actual solution which is near to the pre-glued cylinder. The aim of this section
is to prove this claim. First, let’s formulate a function-analytical model. According to the
author’s taste, the clearest account of this is McDuff and Salamon’s [32, Prop. A.3.4].

Lemma 3.6.4 (Newton-Picard iteration) Let E,F be Banach spaces, U C E an open set and
f:U—FaClmap. Let u € U besuchthat Df(u): E — F is surjective and has a bounded right
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inverse G: F — E. Choose &, ¢ > 0 such that ||Gl|,, < c, Bg(u) Cc U and

|Df (4)=Df ()], <~ Vu' € BE(w).

P 2¢
Assume that w € E satisfies

)

8
If@llp <= lw—ullp <3

Then there exists an unique v € E such that
f(v)=0, v—weimG, ‘UEBg(M).

Moreover we have the estimate

3¢
lo—wlly < S IF @)

imG=E/kerT

Figure 3.3. Schematic picture of the Newton-Picard iteration scheme in the Banach setting.

The proof can be found in [32, Prop. A.3.4]. We wish to apply this lemma to

E=W"(RxS,R"), F=L’RxS.R™), =3y, wp=ullzu!



Since (H,]) is a regular pair, D f(#) is a Fredholm operator with bounded right inverse for

every u € f1(0) (see Theorem 4). The problem is that we don’t know this for wy = uogul.
So first one must construct an approximate inverse for D f (wy).

Lemma 3.6.5 Let (H,]) be a regular pair and y,,y,,y, € Per' H with CZ(y,) > CZ(y,) >
CZ(y,). There exist constants Ry,c > 0 and a smooth map assigning to every un° € M (y,,7,),
ul € M (y,,7,) and R > Ry a bounded linear operator

Qg: L? (Rx S, R*) - W (R x S',R*")
with the following property. Denote by wp = u®% gu' and
Tr=D3y, (wg): W (R x S',R¥) — L? (R x S', R*")

Then for any n € L? and R > R, we have the estimates

1
17xQrn—11lle < SMnllze > [1QrANIwr < clinllLs

Here are some comments on the construction of this operator-valued map. Recalling the
definition of the pre-glued cylinder (3.16), set

0z 1
# ,t), $<0 £)s <0
O O P B L
71(2), s>0 u’Hpgn (s,t), s>0.

From the formula, it is clear that

0
up(s,t), s<0
wR(s,t):{ 113

np(s,t), s=>0.

Notice further that #3 isa W'?-small perturbation of (—R)- #° as R — +0c0. The same can be
said for u}, and_ R-u'. Therefore, the operator D3 ; J (142) gets arbitrarily close in the strong
topology to DJ ((—R) . 14°> as R — +o0, which is onto because (H,]) is a regular pair, and
the same can be said about the corresponding operators for #} and R - #'. This can be seen

from scrutinizing the formula (3.10). We conclude that there exists an Ry > 0 such that the
operator

To=D3y (n3)®D3 yy; (uh): WH? x Wh? — L7 x L?

is onto for every R > R,. Therefore, we can define
Qp: L? X LP — Wt 5 Whe

to be the unique right inverse of ?1; whose range is L?-orthogonal to the kernel of %;. It can
be shown that (see [32, Lemma 10.6.1]) there exists a ¢ > 0 and a (new) R, > 0 (possibly the
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same as before, but likely larger), such that

'|6;<;70’771)||W1,wal,p s¢ ||<7]O’}71>||prm YR>Ro, Y (r"7')€L? x L?.

The construction now proceeds exactly as in [32, Prop. 10.5.1].

Given the approximate right inverse Qx to T, we can easily define a true right inverse
1 —1
Gr: LP = WP, Gg=Qg(TrQg)

which has the same image as our approximate right inverse T%. It is now a simple matter to
check that this family of right inverses has an uniform bound on their norm, obtaining

Lemma 3.6.6 There exists a ¢ > 0 and an Ry > 0 such that

||GR||op§C VR>R0

Combining Lemmata 3.6.3, 3.6.4 and 3.6.6 we conclude that there exists an R, > 0 such that
for every R > R, there exists an unique solution

”O#R”1 €M (Yo, 12)

such that

< 3||GR”op

Huo#Rul—uo#Rulu <
wWhr 2

’31{,/ <MO#R”1)HU’ —0asR— oo (3.17)

3.6.2.2. Gluing a 2-level broken configuration to the interior

We can arrange the glued solutions into a smooth map

B M (yo,v1) X M (11, 72) X (Ro,+00) = M (y0:72)» ﬁ(”oﬂ"l’R) = u#gu'

The smoothness of this map follows from the smoothness of all the operations involved in
defining it. We implicitly chose an s-parametrization for each cylinder. The result does not
depend on the chosen parametrizations, since it is a solution of the autonomous Floer equation.

Lemma 3.6.7 3 (u° u',R) converges to the broken configuration (1%, u") € M (y5,71) XM (y1,72)
as R — +oo. Viceversa, let (u,) C M (yy,7,) be a sequence. If n;, converges to the broken configu-
ration (140, u1> € M (v, 71) X M (y1572)> then for every k large enough there exist R;, € [Ry,+00)
such that w, = 3 (%O, ul,Rk).

Proof sketch. Recall that (—R)- uo%:ul — u%in Cl%c asR — +ocoand R - Mo%:ul —ulin Cl?)c
as R — +o0. This combined with (3.17) gives W/kl)cp convergence of the corresponding shifts of

u®#pul. Elliptic regularity gives C,2 convergence. Viceversa, recall that broken convergence
is equivalent to “global convergence”, in the sense of Proposition 3.6.2. Therefore, for k large
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enough, #, belongs to a neighborhood of the pre-glued trajectory. But then by the uniqueness
in Lemma 3.6.4 it must be that #, is of the claimed form. O

Proposition 3.6.5 The map [3 is a smooth embedding.

Proof sketch. The details of this proof can be found in [32, Theorem 10.1.2]. Lemma 3.6.7
implies that 3 is proper. Next one shows that it is an immersion. To do this, it suffices to
prove that

D(#R)(%O’”l)i T M (y0,11)® T,iM (115 72) — MO#RmM(Vsz)
is injective. Consider a smooth path
[_5’5] >2T— (”O’T’ ”LT) € M(}/O’ 7/1) x M(}/l’ }/2)'

T _ 07TH. 1,7 r —_ , 0t 1,7 T _ 7T — AT T
Denote by wi = u>"#pu’", v = u> #pu"" and wi — v = nk. Denote further 77 =

D?H J(wg) and Gy its right inverse. From the Newton-Picard Lemma 3.6.4 we know that

3|Ggllop
2

T

|9HJwR

Inallyes < 1 <GPy,

The constant C, > 0 doesn’t depend on R as long as it is large enough, by Lemma 3.6.6. In [32,
Proposition 10.5.4] it is shown that:
L2>

d’?fz < Cy
~ R2/p

dr
This is the crucial estimate of the proof. Notice that since <7— is a tangent vector to a trans-

d%l’T

dr

dMO,T
dt

whe 12 ‘

versely cut out moduli space, it belongs to a finite-dimensional space, so the choice of the L2
norm here is somewhat arbitrary.

Next, by the chain rule

dwg - . . dMO,T d%l’T
dr :D<#R><Mo, L >< dr > dr >

Obviously by definition of the pre-gluing map, whenever n° € T,,0M (y,7,) = ker D3 ;; 7(1°)
and p' € T, . M (y,,7,) = kerD?HJ(ul), we have

Z\(,0 1\, 0 1 2

||D<#R>(n 1) (nsn') LZ([R+1,+0<>)><S1)Z

I 4 R

> (|l + [z

The last inequality follows because each 7’ is in the kernel of some linear Cauchy-Riemann type
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operator, so one may use the unique continuation properties of solutions of linear Cauchy-
Riemann type equations (see e.g. [17]) to show that the L? norm on a half-infinite cylinder
controls the L? norm of the whole cylinder. Also here the choice of L? norm is somewhat
arbitrary.

Now, we combine the previous estimates:

dog dwg dnk
dr — dt —_— dr —
0,7 1,7
Z<C1— (270 >[ du du :|
R2/p dr ||, dr ||,

which is positive as long as R is large enough. This shows that when R is large enough, D#j is
njective.

Finally one shows that /3 is injective, which concludes the proof. This is done as follows.
The uniform estimates on the inverse of Lemma 3.6.6 can be used to show that for R large
enough, the gluing map is injective on sufficiently small W ?-balls. Then, since (—R)- #%% pu'
is arbitrarily close to #° and R - u®#,u! is arbitrarily close to #! as R — +o0, two couples
with the same image under the gluing map must be W1?-close as much as we want by taking
R large. But then they lie within a sufficiently small W #-ball, where we know the gluing map
is injective. O

3.6.2.3. A sketch of the general case

The gluing construction can be generalized to glue up a broken configuration of Floer cylin-
ders. Namely, let y,y’ € Per! H and recall the space M d (}/,y’ ) defined in (3.14), with d =
CZ(y)—CZ (}/> — 1. The space M¢ (y, v’ ) can be stratified into the subspaces of configura-

tions with number of levels exactly / < d. For a fixed stratum, define a map

BrM(y,yp)x X M(VI’V/> x (Ro,+°°)l =M (yo0:11)

by setting

0 / _ 0 1 -1 /
ﬁ(% yeeas ’Rl""’RZ)_% #le #Rz"'#R171M #Rl%

Here the right hand side is obtained in an analogous way as for two cylinders, by defining a
pre-glued cylinder and running a similar analysis as the two cylinder case. One must take care
that the pre-gluing is defined in such a way that the single flattened-out cylinders don’t interact
for any R > 0.

Remark One might think that one could obtain a gluing map on a general broken configu-
ration by gluing up the cylinders iteratively, i.e. gluing the first two, then gluing the result to
the third, and so forth. This procedure does not allow us to obtain a smooth embedding of the
interior of a corner into the interior of the moduli space, so it is not the correct strategy.

This map will turn out to have similar properties as the two level case, in particular, it is a
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smooth embedding of the stratum as a corner of the moduli space M (y,y").

Remark 'To show that the compactified moduli space M (y,y") really is a manifold with bound-
ary and corners, the map [ is not sufficient. In fact, we haven’t shown that the map gives an em-
bedding including the boundary, which would correspond to the case that R;,...,R; = +o0.
Also, the set up sketched above is not suitable to discuss coordinate changes, as there is no “am-
bient space” containing all the moduli spaces entering the corner structure. Hence the gluing
theory sketched here cannot be used to give an atlas consisting of corner charts in the usual
sense. The author was not able to find a full discussion of such issues in the “traditional” lit-
erature on Floer homology. It is reasonable to expect that these issues could be resolved via
polyfold technology, but the author could not find a written down account of this as of the
writing of the thesis.

3.6.3. Parametrizing the boundaries via gluing

Finally, we conclude our study of the moduli spaces of Floer trajectories with fixed asymptotics
by gathering together the broken convergence and gluing theories to describe their boundaries
in terms of lower dimensional moduli spaces. We do this only in the cases relevant for the
definition of Floer homology, namely, only when the moduli space involved has dimension 1.

3.6.3.1. Boundary of antonomous moduli spaces

Let (H,]) be a regular pair. The proof of the following proposition can be also found in detail
in [7, §9.2:6].

Proposition 3.6.6 Let y,y’ € Per!(H) be such that CZ(y,H)—CZ(y', H) = 2. Then the bound-
ary of the compactified moduli space M(y,y'; H,]) is given by

IM v,y H,J)= U My, v HJ)x M (r,v'sH.J) (3.18)
y1€Per! (H):
CZ(y, H)=CZ(y,,H)—1

3.6.3.2. Boundary of non-autonomous moduli spaces

Let H* € w$),. Let (#, ) be a regular pair of continuation data, with 7 an asymptotically
quadratic continuation. Similarly as before, one may consult [7, §11.2] for a complete proof
of the following proposition.

Proposition 3.6.7 Let y* € Per!(H®) be such that CZ(y~,H™)—CZ(y*,H*) = 1. Then the
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!
y
M(y,y") M(y,y)) x M(y],y")

M(y,y;) M(h’ V/>
Schematic drawing of the compactification of one connected component of a one-

® <

Figure 3.4.

dimensional quotiented moduli space.

boundary of the compactified moduli space M (y~,yT; 7, ¥) is given by

M (y =y ", 9)=
My ™y H 7)< M (r sy 756, 90
(3.19)

U

]/fePerl(H_):
CZ(y T, H™)=CZ(y—H )—1
My =y, F)x M (v y S HYL )

v U

¥y €Per (HT):
CZ(yl'" JHY=CZ(y—,H™)

3.6.3.3. Boundary of parametrized moduli spaces

Let H* be as in the previous section, (#, #) and (¥4,.#) two regular pairs of continuation
data between H~ and H*, and (H, J) a regular homotopy between the continuations.

Proposition 3.6.8 Let y* € Per'(H*) be such that CZ(y*,H*) = CZ(y~,H™). Then the
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My =y )< A (rsr™) My My ) < Myt

Figure 3.5. Schematic drawing of the compactification of a component of a one-dimensional non-
autonomous moduli space. The wavy cylinders are meant to represent solutions of the non-
autonomous Floer equation. The sequence #, has /= = 1,/T = 0, while the sequence v, has
[—=0,[t=1.

boundary of the compactified moduli space ML(y—,y " H, JJ) is given by
IM(y—y 5 HD) 20} x A (56, F YUy x M (y—, v 9,.9)U

L U M(y =y HL ) x My, y S5 HLI)U
¥y €Per (H™):
CZ(y; H™)=CZ(y~,H™)—1 (3.20)
= U M(y =y SHLI) X My, y S HYTT)
y;F €Per! (H*):

CZ(y; H)=CZ(y*,H*)+1

Remark It can be useful to make a small distinction between the two main components of the
boundary, namely the first line in (3.20) and the bottom two. The first component, given in
terms of non-autonomous moduli spaces, is already present before the compactification given
by broken convergence. We call this first component the regular part of the boundary, and the
second component the exceptional part. This is because of the following property: if the couple
(HP,JP) is a regular pair of continuation data for every fixed p, the exceptional part of the
boundary is always empty. Indeed, notice that all the moduli spaces entering the exceptional
part of the boundary have dimension zero. Therefore, if each pair (HP, J°) is regular for every
fixed p € (0,1), then these moduli spaces must be empty, otherwise we are in contradiction
with the standing assumption that both (2, ¢) and (¥,.#) are regular pairs.
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0 P [0,1] P 1

Figure 3.6. Schematic drawing of the compactification of a parametrized moduli space of dimen-
sion 1. The moduli space fibers over [0,1], which is depicted at the bottom. The exceptional
part of the boundary is denoted by diamond shaped points. In order not to clutter the pic-
ture too much, the cylinder corresponding to the compactification of the half-open branch issuing
back from 4 (y=,y";%,.#) was not represented. Such half-open branches may also issue out of
Myt 0, F). Notice the closed boundary-less component. If (H?, J) is a regular pair for all
p €[0,1], then half-open and open branches cannot exist, and M(y~, y™) provides us with a cobor-
dism between A (y~,y";7€, #) and M (y~,y;9,.9).
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4. Floer homology for asymptotically linear
Hamiltonian systems

Now that we have a rough understanding of the moduli spaces of
Floer trajectories and their topological properties, we are ready to
use the combinatorics of the low-dimensional moduli spaces to de-
fine Floer homology. This will be the homology of a chain complex
generated by 1-periodic orbits, graded by their Conley-Zehnder in-
dex, and whose differential is given in terms of a count of Floer tra-
jectories connecting two fixed orbits. Since we are only interested in
existence of periodic orbits, it suffices to work with chain complexes
with Z/2-coetficients. We will also explain how to treat the case of
degenerate Hamiltonians, leading to local Floer homology and its
interactions with filtered Floer homology.

4.1. Floer homology

Let (H,]) be a regular pair, which we recall consists in an asymptotically quadratic, non-
degenerate Hamiltonian, non-degenerate at infinity and a 1-periodic family of adequate almost
complex structures such that all moduli spaces of Floer trajectories are transversally cut out.
Recall that the 1-periodic orbits of such a Hamiltonian come in a finite number.

We define a chain complex, for each k € Z,
CF, (H,]) =spany, {}/ e C®(SL,R™): y =Xyoy, CZ(y,H) = k}

L.e. the free Z/2-vector space with generators the 1-periodic orbits of H of Conley-Zehnder
index k. By the remark above, this space is finite-dimensional for any .

Often we identify a 1-periodic orbit y of H with a fixed point z = y(0) of ¢;,, and we think
of CF,(H,]) as generated by fixed points.

We define a boundary operator on the generators as follows
dyj: CF,(H,])—CF,_(H,])

yo > #pnM (r,ysHL )y
y/

where #;,, denotes the parity of the cardinality. Since CZ(y) = CZ(y")+ 1, the quotient of the
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moduli space is zero-dimensional and compact, and its cardinality is finite.

Remark One may take coefficients in a more general abelian group by discussing suitable
Z-orientations of the moduli spaces, and replacing the parity of the cardinality with a signed
count.

Lemma 4.1.1 dj;ody; =0.

Proof. Abbreviate d = dj; ;. It suffices to show the claim on a generator y € Per!(H) of index
CZ(y,H)=k.

ddy = Z Z My v HL) - # M (v 5 HLT )Y

y'€Per'(H):  y,€Per!(H):
CZ(y,H)=k—2CZ(y,H)=k—1

Comparing this with the description of the boundary (3.18), we see that

S FupMys v H) #ppM (v s HA ) = #2000 M (v, v HoJ )
y1€Per! (H):
CZ(y,H)=k—1

But since M(y,y’; H,]) is a smooth 1-dimensional manifold, the cardinality of its boundary is
even. This concludes the proof. O

Define the Floer homology of the Hamiltonian H to be the homology of the Floer chain

complex:
HF, (H)= H}, (CF (H.]),dy ;)

From the definition only, it is not clear whether HF(H) depends on J or H, although the
chosen notation suggests the answer. To show that it is independent on J and only “mildly
dependent” on H, we construct continuation isomorphisms.

4.1.1. Continuation morphisms

We aim to explore the dependence of Floer homology on H andJ. Let (H*,]*)and (5, #)be
regular pairs, where # is an asymptotically quadratic continuation between H~ and H* in the
sense of Definition 3.2. The idea is to use (€, #) as a “homotopy of data”, and hope that the
moduli spaces of the corresponding continuation Floer equation have sufficient compactness
to define a morphism, in the following way:

€ (#, #): CF, (H=,]7) = CF, (H*,J*)
Y~ > Fppd (v oy, )y T 4.1)

yrePerl(HT)
CZ(y*,H)=CZ(y~,H™)
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Of course, here the count makes sense only if the moduli space is compact. Proposition 3.6.3
tells us that this is possible when the Hamiltonian # leads to an uniform energy bound across
all relevant moduli spaces. Namely, if # € 4 (y~,y*; 7, _¢), then we know that

E”,f(u)gﬂH_(y_)—ﬂH+(y+)+f a7 (s,t,u)dsdr.
RxS$1

In order to obtain the necessary compactness of the moduli spaces, one must guarantee that
there exists a B > 0 such that

f 3.7 (s,t,u)dsdt <B VME//[(}/_,)/JF;,%”,}).
RxS!

Assuming that such a B exists for our chosen , one may show

Lemma 4.1.2 6 (A, ¢):CF, (H~,]7)— CF (H™,]") is a morphism of chain complexes.

Proof. Set for simplicity d* = dp ;4 and €(, #) = 6. We have to show
dt o6 =%od™

It suffices to show this equality on a generator y~ € Per'(H ™) of index CZ(y~,H~) = k. The
left hand side reads:
dt6y =
> Do Fap (L) FpM (T SHY T ) YT )

yT€Per (HT):  yjr€Per!(H):
CZ(y* HF)=k—1CZ(y; ,H*)=k

The right hand side reads:
Cd Yy =

>, Do My Ty H L) g (v y L) @)
yT€Per (H):  y[ €Per!(H™):
CZ(y* H*)=k—1CZ(y] ,H™ )=k—1

Now, we subtract the right hand sides of equations (4.2) and (4.3) and compare the result with
the description of the boundary of the moduli space 4 (y~,y*; 7, #) given in (3.19). What
we find is

I:d+0(g—(god_:|}/_: Z #Z/Za//l<}/_,}/+;%,f>7/+
y+ePer (HY):
CZ(y*,H*)=k—1

Since M (y~,y*; 7, _#) is a compact 1-dimensional smooth manifold, the cardinality of its
boundary is even. This concludes the proof. O
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Therefore, assuming for a moment that the continuation Hamiltonian allows us to reach the
uniform energy bounds, we obtain a well defined morphism on the Floer homologies

6(s, ¢):HF (H")—HF (H")

defined by equation (4.1). The first question to settle is dependence on the chosen homotopy.

Lemma 4.1.3 If (A, ¢) and (9, %) are regular pairs of continuation data berween (H—,]7)
and (H*,] ") which lead to an uniform energy bound for their Floer cylinders, then 6 (A, ¢ ) is
chain homotopic to 6(¥,.¥).

Proof. This will follow from defining a chain homotopy using the parametrized moduli space
M(y~,y*;H,J) of dimension zero, and then basically from understanding the description of
the boundary via Proposition 3.6.8. Therefore take y* € Per!(H*) such that

Ccz (}/_,Hl) +1=CZ (}/+,H+)
We use the zero-dimensional parametrized moduli spaces to define a putative chain homotopy
X(H,J): CF, (H~,J7) > CF,,, (H*J*)
given on generators by the count

X(H D)y~ = > My y SHE) Y
yrePer(HT)
CZ(y*,H")=CZ(y—,H )+1

By compactness of the zero-dimensional parametrized moduli spaces M (y—,y™;H,J), this
morphism is well defined.

Set for simplicity X = X(H,J) and d* = d,,. J- We have to show that it is truly a chain
homotopy between 6 (7, #)and 6 (¥,.%), i.c.

C(H,I)—C(Y9,F)=Xod +dToX

We have to show this equality mod 2, so signs are not important. We write this equation
applied to one generator y~ of degree CZ(y~, H~) = k. The right hand side reads:

%d_}/_ + d+I}/_ =
= 2 D MOy H ) My S HLD)

y+ePer! (HT): yl_EPerl(Hf):

CZ(y " H )=k CZ(y7 H™)=k—1 (4.4)
+ Z Z #Z/ZM(Y_’)/;_;H’J)'#Z/ZM(}/{F,}/—F;H_F)]_’_) }/+

yT€Per (HT):  yjr€Per!(H):
CZ(yt H )=k CZ(y] ,H*)=k+1
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The left hand side reads:
G, I — GG, Iy =
> [Fapt (y oy, 5 ) bl (v oy H59,.9) |yt (4.5)

ytePer (HT):
CZ(y )=k

Remember that the coefficients we take are Z /2, so signs are somewhat inconsequential in all

the above equations. Subtracting the right hand sides of the equalities (4.4) and (4.5), we obtain
the following sum:

>0 Bt (s I) bt (9,9 )+
ytePer! (HT):
CZ(y+ H* )=k
- Z My =y H ) A My y S HLD) +
yl_ePerl(H*):
CZ(y;,H_):/e—l

- Z #a MOy =y L) M (v y SHET) [ v T
y;r€Per! (H*):
CZ(y;  HT)=k+1

Comparing the above sum with the description of the boundary of the parametrized moduli
space (3.20), we see that

[Cg(%,f)—%(%,ﬂ)—%odi—awo%]y*:
= D ApdM(y Ly HHD)yt

ytePer (HT):
CZ(y*,H")=Fk

But since Ml(y—,y*;H,J) is a compact 1-manifold, its boundary must have even cardinality.
This concludes the proof. O

Remark Notice that if one can arrange the homotopy of continuations datum (H, J) to give
regular pairs (HP,JP) for every fixed p, then the morphisms € (¢, _¢) and 6 (¥,.#) can be
shown to be egual on the level of chain complexes, and not just chain homotopic (so equal on
the level of homology). This is because the “error” given by the non-emptiness of the excep-
tional part of the boundary of the parametrized moduli spaces is zero.

4.1.1.1. Functoriality of continuations

Continuation morphisms enjoy a certain kind of functoriality under concatenation of continu-
ation Hamiltonians. To state it, fix three regular pairs (H—,]7), (H*,]*), (H*,]T). Assume we
can define continuations between all the three Hamiltonians, via continuation data (5, ¢),
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resp. (9,.%), resp. (#,%) between (H—,]~) and (H*,]*), resp. (H—,J ) and (H",]J ), resp.
(H*,J*)and (HT,]7).

Lemma 4.1.4 1. Let H € w$),. The continuation morphism induced by the constant contin-
uation F° = H is the identiry.

2. 6(9,.9) is chain homotopic to 6 (F,%L)o 6 (A, 7).

The proof of the first point is obvious from the definition of the continuation morphisms.
The proof of the second point is as follows: one translates :# and F in the s-direction until
they can be concatenated in the region where they equal H*, and then shows that the induced
morphism is exactly € (F, %) o 6 (A,.%). This step follows fundamentally from the gluing
theorem, and can be found in [7, §11.5]. Finally since we found a asymptotically quadratic
continuation between H~ and H* inducing 6 (Z,£) o 6 (#,.9), by the previous Lemma
it must be chain homotopic to 6(¥,.%).

As an immediate corollary of the above two lemmata, we obtain

Lemma 4.1.5 HF (H) doesn’t depend on ].

Proof. Let ]~ and /T be almost-complex structures such that (H,/~) and (H,J") are both
regular pairs. Consider a homotopy of almost-complex structures ¢ such that (H,_#) is a
regular pair, where H is considered as the constant homotopy. Then clearly d. H = 0 so there
is no issue of compactness in defining the continuation morphism as in (4.1). Flipping the
direction of _¢ gives the homotopy inverse continuation morphism. O

4.1.2. Uniform energy bounds along asymptotically quadratic continuations

It remains to show that one may indeed find a asymptotically quadratic continuation produc-
ing the adequate compactness, and the same for homotopies of continuations. By our L*°-
estimate found in Proposition 3.3.5, we have to provide Hamiltonians which reach uniform
energy bounds across their moduli spaces. The brunt of the argument will be showing this for
asymptotically quadratic continuations, because for homotopies of continuations we can work
point-wise in the homotopy parameter.

4.1.2.1. Hamiltonians with the same quadratic form at infinity

The simplest case, which is also relevant for the proof of the Poincaré-Birkhoff theorem, is
when H—,H* are such that HE = Q + h%, i.e. they have the same quadratic form at infinity.
For this kind of Hamiltonians, we can define

A (2)= Q(2)+ x ()b (2)+ (1= x (5))h; (2)

where y: R — [0,1] is a smooth non-decreasing function such that y(s) = 0 forall s <0
and y(s) =1for all s > 1. Pick an adequate family ¢ of almost complex structures and fix
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asymptotics y= € Fix ¢, . Clearly

Eoe g0 - ()=o) = | Bt uts, ) =

:JZfo( ) L (y J.f u(s,t)—h, (u(s,t))]dsdtﬁ
<y () =iy >—(tg)rrggw(bt <(>—b;<(>)s
< ()= sl )+

|1

Notice that here it is crucial that HE are asymptotically quadratic, and not just weakly asymp-
totically quadratic.

4.1.2.2. Weakly asymprotically quadratic Hamiltonians with the same index at infinity

Here we show that an uniform energy estimate is reachable in a much wider context, namely,
that two Hamiltonians H~ and H* € w$) which have the same index at infinity may be con-
nected by an asymptotically quadratic continuation reaching the uniform energy bound, and
moreover such that the linear system at infinity of this asymptotically quadratic continuation
is always non-degenerate.

Let (H*,]*) be two regular pairs, where HX = QF + h* € w$) and Q(z) = %(Aicz,z>
are non-degenerate quadratic Hamiltonians. Assume that H & have the same index at infinity.
Then there is a path of loops A:[0,1] x ST — Sym(2#), such that A° = A=, Al = A*, and
A*: S' — Sym(2n) defines a non-degenerate linear Hamiltonian system for all s € [0,1]. We
extend A constantly outside s €[0,1] to a smooth A: R x §' — Sym(2#).

Take a non—decreasing smooth x:R —[0,1] such that y(s) =0Vs <0, y(s)=1Vs > 1

and ¥’ < 2. Fixa 8 € (0,1). We define a family of asymptotically quadratic continuations
depending on S:
1
AL ()= S (8 2,2) + (1= g (BN DO(t,2)+ 1 (Bo)b (1, 2) =2 23(2) +47 (2)

Notice that #°5* € w$) for all s € R. Moreover notice that it depends on s only for s €
[0, 57']1= . Therefore we know from Lemma 2.3.3 that there exist constants v, 8, > 0 such
that y

=X (0l = Sllella =8 Ve € WH(SLR™)

Recall from the proof of Lemma 2.3.3 that v, = HD

’ ,and that & is the L*°-norm of V.¢*

over a ball whose radius depends only on v,. We set

V=miny, &= maxd
1

s€[0,1] sefo,1] °
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Finally, pick an adequate family of almost-complex structures _¢. The following proposition
shows that an uniform energy bound may be reached adiabatically.

Proposition 4.1.1 Let y* be I-periodic orbits of H:. Set C, = ||35A||L°°([0,1]X51,Sym2n)' If
B< @ then there exists a C = C(H*) such that

E%?ﬂ,j(”) <y (y7)— Ay (y )+ C (4.6)
forallue M (}/‘,}/“L;%Ig,j).

Proof. Set Ad = .y (y~)— Ay (y). We start from the usual estimate:

<acs [ @08 onnols (4.7>

+ st Bx'(Bs)|b (u(s,t))—h; (u(s,t))|dsdt <

=2
y _
<Ad + ) ”””iz(y’xSl) JFZ[W7 O | pggrwsny F AT 0 ”“Ll(yxsl)]

Now, recall that H* are weakly asymptotically quadratic. The sublinearity of VA% as |z| — oo
implies that »* is sub-quadratic as |z| — co. Therefore, analogously as in Lemma 2.3.2, we
can show that for every ¢ > 0 there exist constants DF > 0 such that

1% 0x 151, < §||x||§2(51) +DE Yxe W' (S,R¥)

Setting D, = max{2D_,2D}} we can estimate the last term in (4.7) and obtain, for any fixed

e >0,
=2

12

On the other hand, since the quadratic Hamiltonian defined by A’ is non-degenerate for all
seR,

Eygs g 0) =81 =118~ X, o 2
bvi 2
: _
> [ lants. )= Xt Moy ds = | [Slatsrillins) =3 dsde =
5 S
2

% — —2
= Il sty =S¥l esry 1718
4.9)

Comparing the estimates (4.8) and (4.9), we obtain that for any ¢ > 0 there exists a D, > 0 such
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that

=2
y -_ -2 %
)= Bl 1718 < Al 4D, + [ e Il <=

V2 — —
%0l = Sy < 17157+ Al 4D,

=2
Aslongase < I, the coefficient of the leading quadratic term is positive. But then, ||«|| 12 xS1)

must be uniformly bounded. Re-inserting such fact in (4.8) and fixing, for example, ¢ = z

8 >
gives the wanted uniform bound of the energy. O

Remark The specific form of #P constructed here is not crucial to the proof. It has only
been chosen this way to make the calculations simpler and the constants a bit more explicit.

Having obtained an uniform energy bound over the moduli space, one may construct con-
tinuation morphisms as explained above. For the purposes of filtered Floer homology, we state
the following

Corollary 4.1.1 Let H* €105y and [3 be as above. There exits a compact set K = K(8) and a
constant e = e(AP) such that

Eyfﬁ,f(”)g "ZfH*(V—)_‘dm(Vﬂ"‘ Hh__bJr”L“(sz)"'e
forall u e //l(}/_,y“L;%”ﬁ,j).

Proof. By Propositions 3.3.5 and 4.1.1 there exists a compact set K where all solutions of the
continuation Floer equation # € #(y~,y*; 7, #) are contained. Now look at (4.7). The
conclusion is reached by setting

1 .
e=>10Al~ -(diam K )’
and estimating the term |h;” o # — b} o u| over K. O

On chain homotopies From the above calculation, we see that the necessary uniform energy
bound on the parametrized moduli spaces arising in the definition of a chain homotopy as
in Lemma 4.1.3 is reached when all the asymptotically quadratic continuations involved are
between Hamiltonians with the same index at infinity.

4.1.2.3. Intermediate case: close quadratic Hamiltonians at infinity

We need a last case, which is somewhat intermediate between the easy case of Hamiltoinans
in $) with the same quadratic Hamiltonian at infinity, and Hamiltonians in t0$) with the same
index at infinity. It will be important for the proof of invariance of filtered Floer homology.
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Let H' € w0$), H= Q'+ b, and Qi(z) = %<Aiz,z>, i =0,1. If A° and A are sufficiently
C° close, then clearly ind, H° = ind,, H', and we can obtain an uniform energy bound. We
would like to obtain a manageable action shift estimate which is small with the distance of the
quadratic Hamiltonians at infinity. The task is to find an explicit path of symmetric matrices
which generate a family of non-degenerate quadratic Hamiltonians.

Lemma 4.1.6 Forevery A° € C*° (S ) Sym(2n)) there exists a constant a > 0 with the following
property. Let A' € C*° (Sl,Sym(Zn)> be such that ||A° — A!||; < @. Denote by M;:[0,1] —
Sp(2n), t = M! the paths of symplectic matrices representing the flow of the linear symplectic vector
fields —JoAl. If M does not have the eigenvalue 1, then the path A: [0,1]x ST — Sym(2n) defined
by

Al =(1—5)A%45A!

generates a homotopy of paths Mi: [0,1] x S' — Sp(2n), (s,t) — M between My and M. such
that ML} never has the eigenvalue 1. In particular CZ(M{)=CZ(MY).

Proof. Let Al € C*® (Sl,Sym(Zn)) be such that ||[4° — A!||;« < 1. For fixed s € [0,1], denote
the flow of the linear vector field —/,A’ by

M [0,1] — Sp(2n), Mﬁ = §0i]0As
We estimate

M —MT| = U s (Ay—A%)M! +ATM! —A?Mtdt‘ <
0

A P+ ], [ i

T
M7 < f
0
RS

1
M < (||AO||L°°+1)Td = a0 . —
ML 2o, 5ymzmy < f ’ VT

Now,

s (A, —AD)+ A7

.|M§|dt§<||AO||LM+1>fT|Mf|dt s
0

Hence we obtain that
R e R G NS
Using Gronwall lemma again, we obtain the estimate
i—at|<coleo-a L, C=coelllle

Now, since the matrix M® does not have the eigenvalue 1, there exists a constant C_ > 0 such
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that
|Miz—z| >C_|z| VzeR*™

Hence we can estimate
‘Mgz—z‘ = ‘M:z—Miz +Miz—z’ >
sfuteo| a2 —clpea] )

Now, if we take

HAO—Al”Loc < min{%, 1} =q

then the path # — M never has the eigenvalue 1. The constant a clearly depends only on
A°, O

This lemma justifies the following definition.

(Aiz, z>. Define the dis-

Definition 4.1 Let Q' be quadratic Hamiltonians, with Q!(z) = %

tance of the quadratic Hamiltonians by
Q=41
Now let 7 be the following asymptotically quadratic continuation

A (2) = (1= () H} (2) + x (s)H[(2) (4.10)

where y: R — [0,1] is a smooth non-decreasing function with y(s)=0forall s <0, y(s)=1
forall s > 1 and y’ < 2 and H* = Q' + h’. By the Lemma above there exists an @ > 0
depending only on Q° such that if d (Q°, Q') < «, this asymptotically quadratic continuation
#€ has non-degenerate quadratic Hamiltonians at infinity for every s € R. Moreover, since
|0.AS| < 2]Al — A%, up to choosing A° closer to A! we are in the hypotheses of Proposition
4.1.1. By Corollary 4.1.1 we therefore have proven the following

Proposition 4.1.2  For every H® = Q° + h° € 10§ there exists a constant a > 0 depending only
on Q° with the following property. If H' = Q'+ h' € 0§ is such thatr d (Q°, Q") < a, then there
exists a compact set K C R*" for which

Eype 5 () < g (1°) =y (1) + |0 = 4| +4(Q%Q)- (diamK)*  (411)

Loo(STxK

where 7€ is defined in (4.10) and ¢ is an adequate almost-complex structure.
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4.1.3. Global calculation of Floer homology

The uniform energy estimate for a continuation between Hamiltonians with the same index
at infinity implies already a surprising fact. Indeed, if H € w$), with quadratic form at infinity
Q, then Q asa Hamiltonian has the same index at infinity of H. Therefore the Floer homology
of H can be computed directly from the quadratic form Q:

7/2, x=ind_ (H
HE, ()2 HE, (@)= | /3 " = indell])
0, otherwise
It is worth to use this global calculation to show an existence theorem for 1-periodic orbits

in asymptotically linear Hamiltonian systems, recovering the results of Conley and Zehnder
in[12].

Theorem 6 Let H € 10S),. Then X has at least one 1-periodic orbit y,. If CZ(y,) # indo, H,
then Xy has another 1-periodic orbit y, with |CZ(y,) —CZ(y,)| = 1. Finally, Xy always has an
odd number of 1-periodic orbits, one of which always has index equal to ind, H, and all the others

having index difference 1. In particular, if it has two, it has three, and one of them has index equal
to ind , H.

Proof. By the global calculation above, we see immediately that X;; must have at least one
1-periodic orbit y,. If its index is ind, H, we cannot say anything more. If its index is not
ind, H, then first of all there must be a 1-periodic orbit y,, whose index is CZ(y,,) = ind o H.
There must also be a third 1-periodic orbit y; with index CZ(y;) = CZ(y,) £ 1 otherwise the
homology of CF(H,]) would not be the one computed. Similarly, if there are m orbits, then
one must have index ind, A and all the others must pair up in couples with index difference
1 for them to kill each other off and not show up in the homology. O

Remark Notice that with these formal algebraic arguments we cannot go beyond the existence
of one or three 1-periodic orbits.

Another approach to the proof of the theorem above is the following. Define the Hilbert-
Poincaré series

pe(t)=> dimCF, (H,J)t*,  pp(t)=> dimHF, (H)¢*
k k

Then defining d = min{CZ(y): y € Per' H}, we have the relation

pe(t) = py()+ 4 (1+1)Q(1)

where Q is some polynomial in ¢ with non-negative integer coefficients. The global calculation
implies that
— tindw H

pu(t)
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If the 1-periodic orbits are yy, ..., y,, with indices k,,...,k,,, then
- - k[ = /€l — 1ndooH —d
pe(t)=> "t = >t =t +:74(1+1)Q(t)
=0 [=0

From this equality, all the claims in the theorem can be proven by comparison of values of the
polynomials.

4.2. Filtered Floer homology

The global calculation of Floer homology found above does not allow us to gain access to finer
dynamical information, as it is sensitive only to the index at infinity of the Hamiltonian system.
As the Floer chain complex formally encodes the Morse theory of the action functional, we
can equip it with a filtration given by the action value of the periodic orbits. We will show that
continuation morphisms are filtered morphisms only up to a shift in the filtration, so that we
can use this shift to gain further information which gets lost in the continuation at the global
level.

4.2.1. Action filtration on the Floer chain complex

Let H € 0§, and ] a generic adequate almost-complex structure such that (/,]) is a regular
pair. Since CF,(H,]) is generated by 1-periodic orbits of H of index 7, for any 2 € R we can

(_oo)ﬂ]

consider the subspace CF; (H,J]) generated by the 1-periodic orbits y of action ./ (y) < a.
The energy calculation of a Floer trajectory implies that the differential dj;; decreases the
action, so the chain complex

(CET™H, ] dy )

is a sub-complex of the Floer chain complex. Set, for b > a,
CE(H, )= CFC " H, ) [ CEC=YH, )

which is equivalently the space generated by the orbits with action in (a, 5]. CFEf’b](H J) is
a chain complex when endowed with the quotient differential. Its homology is filtered Floer

homology, denoted by HFi“’b](H ).

If 2 < b < ¢, then there is an obvious exact sequence of chain complexes
0— CF* (i, 1) — CF“VH, 1) — CF" N, 1) — 0

where the first non-trivial map is an inclusion and the second a quotient, which induces a long
exact sequence in homology

.. > HE“ ) 11) — HEY(1) - HF ) H) — HE () - (4.12)
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Following [20], we call the first arrow 7 : HFiﬂ’b](H ) — HFi“’C](H ) the inclusion morphism,
and the middle arrow ¢ : HFS:”C](H )— HFSFb’C](H ) the guotient morphism.

As an important particular case, consider 4 > a and C > 0. Consider first the long exact
sequence (4.12) witha < b < b + C, and then witha <a + C < b + C. We obtain

*

The composition of the upper inclusion with the lower quotient is called inclusion-quotient

morphism:
a,b a+C,b+C
P, 4(C): HR“J(H) — HF O ) (4.13)

*

The window (a, 5] and the shift C are almost always clear from the context, so we usually
denote this only by @. Also, when I =(a,5], we denote I+ C =(a+C,b + C].

4.2.2. Action shift of continuation morphisms

We now explain the effect of continuations on the filtered Floer homology, which is without
a doubt one of the most crucial elements in the proof of the Poincaré-Birkhoff theorem.

Let H% H' € 105, have the same index at infinity. Let 5# be the asymptotically quadratic
continuation defined as in Proposition 4.1.1, with a 8 > 0 fixed as explained there, and ¢ an
adequate generic almost-complex structure. The uniform energy estimate given in (4.6) implies
that a necessary condition for the moduli space of continuation Floer trajectories between fixed
1-periodic orbits y%, 5! to be non-empty is that

0< Esp y(#) < Ay (1°) =i (') +C = in (v!) < I (y°) +C

We see that the continuation morphism 6(#, ¢): CF (H°]J°) — CF, (H',J') is a filtered
chain complex morphism only up to a shift:

G(, 4): CEC (10, J%) —» CET ' )
Therefore the continuation descends to a morphism of filtered complexes
¢: CF“" (H°,1%) — CE“" ¢ (11, 1)
and induces a morphism on the filtered homologies
% HF ] (H) HF@H1HC (&)

The naturality of the long exact sequence in homology implies that the long exact sequence
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(4.12) is functorial with respect to continuations:

o —— HF (10— R (1) — L HE (1) ——

L« |« |«

HFiﬂ+C’b+C] (Hl) i HFiﬂ+C’C+C] <H1> 9 HF(IH‘C,H'C] (H1> - ...

*

This fact implies the following lemma:

Lemma 4.2.1 The inclusion-quotient commutes with continuations, i.e. the following square
commutes:

HFEka,b] <Ho) € HF(*a,b]-i-C <H1>
l%,b}(D) l%,mc(D)

HF,(kd’b]+D <HO> 4 HFiﬂ’b]+C+D (H1>

In the proof of the Poincaré-Birkhoff theorem, at the crucial diagram (5.5), we used the
following particular form of functoriality “up to a shift”:

Lemma 4.2.2 L H =Q'+h' ews, i€ {0,1},a<beRandI = (a,b] Let € be the
continuation morphism from H® to H' and 6 be the continuation morphism from H' back to
HP. Then 6 o 6 factors the inclusion-quotient morphism P,512C):

% HF*C (HY) x

HF! (H°) 2ieC) HE/+2C (HO)

Proof sketch. Let 6 be induced on homology by a choice of asymptotically quadratic continua-
tion and generic adequate almost-complex structure (5, ¢ ). Then we can choose the reversed
continuation ¥° = '~ with a generic adequate almost-complex structure .# to induce 6.
Functoriality implies that the morphisms

¢ (A, ¢): CF, (H®J°) — CF, (H',J"),
€ (4,.9):CF, (H',J") - CF, (H°°)

are homotopy inverses. Hence 6 and % are inverses on the total homologies. At the fil-
tered level, they are inverse to each other only up to shifts. Namely, 6 o 6: HF/(H®) —
HF/+2C (H°) maps all classes with action in 7 N (7 42C) to themselves, while all the others are
mapped to zero. This is precisely the inclusion-quotient morphism. O
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We end this section with a very simple but important result which shows that the filtered
Floer homology of a Hamiltonian H does not change unless the filtration crosses a critical
value. This property justifies the intuition that Floer homology is a kind of Morse homology
for the Hamiltonian action functional. The proof follows immediately from the existence of
the inclusion-quotient morphism.

Definition 4.2 Denote by S(H) the set of critical values of .o/}, i.e. the set of actions of
1-periodic orbits of H. This is called the action spectrum of H.

Proposition 4.2.1 Let H € w0$), and a,b € R. For every A € R such that
(a,bINS(H)=(a+ A, b+ A]NS(H)

we have that
HF“?)() = HE P4 )

4.3. Floer homology for degenerate Hamiltonians and local Floer homology

In this section we start by investigating to which extent the filtered Floer homology depends
on the Hamiltonian chosen to define it. It turns out that the filtered Floer homology is, in
some sense, locally constant in the Hamiltonian. This makes it possible to define filtered Floer
homology groups also for degenerate Hamiltonians, by a small C*-perturbation to a non-
degenerate Hamiltonian.

We start with an important property of the action spectrum, which holds for any Hamilto-
nian in 5. We follow [29].

Theorem 7 Let H € v0$). The set S(H ) is compact and nowhere dense in R.

Proof. Let’s show that the set of critical points of .&/;; is compact in the C*-topology on
C>(§',R?"). Let y, € Per! H be a sequence of 1-periodic orbits. Recall that since H € 1w
has non-degenerate quadratic form at infinity, there exists an R > 0 such that ||y;||;- < R for
all k. The sequence is therefore uniformly bounded. Moreover,

il=Xyonl < me VA

hence the sequence is equicontinuous. By the Ascoli-Arzela theorem, the sequence admits a
subsequence, which abusing notation we denote again by y;,, which converges C° to some
y € C%(§1,R?"). We can iterate this reasoning on the derivatives to conclude that y;, converges
uniformly with all derivatives to y, which is thus smooth and a solution of the Hamilton equa-
tions. This means that the set of critical points of .¢7}; is C*°-compact.

To show that S(H) is nowhere dense, we show that S(#) is contained in the set of critical
values of a smooth function from R?” to R. After that, the claim follows from Sard’s theorem.
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Let y:[0,1] — [0,1] be a smooth function, constantly equal to 1 near 0 and to 0 near 1.
Define ¢:[0,1] x R*” — R?" by

b(t,2)= x (Del(2) + (1= x (Dot ((2h)” (2))

Notice that ¢(1,2) = ¢(0,z) = z for all z € R?”. Moreover, if zy € Fix ga}{, then ¢(t,z,) =
gﬂg(zo). Define the function

fR” SR, f(z)=dy((,2)

Notice that the loop ¢ — ¢(t,z) is smooth for all z, so the function z — ¢(-, z) maps R?” into
W12(S1,R?"). The action functional .e/;; is smooth on W12(S1,R?") (see e.g. [29, Appendix
3]). Moreover, if z, € Fix ¢}, then z, € Crit f. Since f is smooth, its set of critical values is
nowhere dense. This concludes the proof. O

4.3.1. Non-degenerate perturbations

The next lemma is a perturbation result for non-degenerate periodic orbits bifurcating out of a
possibly degenerate periodic orbit. Since the C°-topology on C*(S!,R?") is metrizable, we
can choose a metric d-. which induces it. Recall from Section 3.5.1 that 10§) is equipped with
the C-topology.

Lemma 4.3.1 For every H € W) and every 8 > O there exists a neighborhood {1 C w$) of H
with the following property. If H € UNwo$), and & € Per! H is a 1-periodic orbit, then there exists
ay € Per' H such that

dees (7€) <8

Proof. We argue by contradiction: assume that there isa & > 0 such that for any neighborhood
U C s of H in the C° topology, the 1-periodic orbits of any H € {{N 1§, stay at distance
at least & from all 1-periodic orbits of H. As the C*-strong topology is finer than the C,%-

topology, we can further assume that there exists a & > 0 and a sequence (H*)), C W,

with H®) = H 4+ §®) such that h*®) — 0 uniformly on the whole R?” together with all their
derivatives, and a sequence &, € Per! H®) such that

dew (&,7)>8 Vy€Per' H 4.14)

Since H*) — H in the strong C*-topology, the same can be said about the paths of symmetric
matrices defining their quadratic Hamiltonians at infinity. Hence, inspecting the proofs of
Lemmata 2.3.2, 2.3.3 and 2.3.4 one may conclude that there is a compact set K C R?” such
that &,(S') C K for all k. Therefore (&,),, is an uniformly bounded sequence of smooth maps.
Since .

|§,€| =Xy wmo&| < ey +§r11>e<11)§|VH| , forsomee, —0
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by Ascoli-Arzela we find a subsequence (&, )¢y Which C O_converges to some continuous loop

y € C° (S LR?" ) Since the Hamiltonians H®) strongly C*-converge to H as k — 00, we
can iterate the reasoning and diagonalize to obtain a C*°-converging subsequence, therefore
yeC®(S§ 1 R?"). Now, the limit y is a 1-periodic orbit of X}, since the Hamiltonians C°-
converge. Therefore we found a subsequence £, C-converging to a I-periodic orbit of H, in
contradiction with (4.14). O

Remark This result implies that for every H € wf) and ¢ > 0 there exists a neighborhood
i C w$ of H with the following property. If H € 4Nw$, and & € Per' H is a 1-periodic
orbit, then there exists an a, € S(H) such that

|J271_~I(<f)—ao{ <e

In fact, the action spectrum S(H) as a function of H is a lower semicontinuous multivalued
function, as observed in [8].

4.3.2. Homotopy invariance of filtered Floer homology

In this section we investigate in which way filtered Floer homology depends on the Hamilto-
nian chosen to define it. We follow the line of thought of [8, 15].

Let a < b € R and define

msz’;)b = {H €, a,b ¢ S(H)}

Notice that 0% C 10§ is open. Therefore, t’oﬁi’b C H*? is dense.

Two Hamiltonians H°, H' € w*? are in the same path component of 0$*? if and only
if they can be connected by an asymptotically quadratic continuation # = F#* such that
a,b & S(°) for all s.

Proposition 4.3.1 Any two Hamiltonians H,H' € w$*" in the same path component of
wH*? have isomorphic homologies HFff’b](H 0) = HFiﬂ’b](H h.

Proof. Let H=Q+h € wH*? be fixed. First we show that there exists a small enough strong
C*-neighborhood il of H such that any H—,Ht € 4[N wH*? have isomorphic filtered Floer
homologies. Choose an £ > 0 so small that

S(H)N[a—4e,a+4e]=@=S(H)N[b—4e,b + 4]

This is possible because S(H) C R is compact and nowhere dense, and because 4,5 ¢ S(H).
The proof of Lemma 4.3.1 shows that there exists a strong C*-neighborhood i C w$H*? of
H such that every G € U satisfies

S(G)N[a—4e,a+4e]=@=S(G)N[b—4e,b +4¢]
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By taking 4 smaller, we can assume that every G = P + g € il is such that d (P,Q) < a,
where d denotes the distance of the quadratic forms introduced in Definition 4.1, and « > 0
is the constant, depending only on Q, of Proposition 4.1.2, where H° = H and H! = G.
Therefore, for any H* = QE+h* € { there exists a compact set K C R*” for which the energy
estimate (4.11) in Proposition 4.1.2 holds. By taking 4l even smaller, we can also assume that
H* = Q* + h* € Y are such that

— ¢ - i d
||}J _b+||Loo(S1>(K)<§a d(Q >Q+><mln{m’a}

In particular, , we can use the continuation Hamiltonian as in (4.10) to define a continuation
from H~ to H" (or viceversa). By the energy estimate (4.11) such continuation will shift the
action at most by

||h__h+||L°°(S1><K) +d (Q_, Q+> (diamK)* < ¢

Set U, = N tos,. Looking at the proof of Proposition 2.4.2, we see that 1), is residual
in 1) even in the strong C*-topology, so 4. is dense in 4. Take H* € {{_. A continuation
morphism from H~ to H* will give

: HE) () — HESOT™ () 2 HES ()

*

A continuation morphism from H" to H~ will give
G: HF“" (1) - HESP P (B = HFY (1)

The isomorphisms written at the end are from Proposition 4.2.1. The composition of these
continuations will give a morphism

G 0 6: HE" (H™) - HF @142 (g) = HF Y] (1)

By Lemma 4.2.2, this composition gives the inclusion-quotient morphism, which is an iso-
morphism by Proposition 4.2.1 and the choice of action window and ¢. This proves the claim.
Now, if H,H' € wH*" are in the same path component, we can find a continuous path
[0,1] s — H® € w$) connecting them such that H* € 5% for all s. We can cover its image
by finitely many strong C *°-neighborhoods having the property that any two non-degenerate
Hamiltonians within these neighborhoods have isomorphic Floer homologies. Composing
these finitely many isomorphisms gives the claimed isomorphism between the filtered Floer

homologies of H® and H'. O

4.3.3. Construction of filtered Floer homology for a degenerate Hamiltonian

Proposition 4.3.1 implies that two close enough non-degenerate perturbations of any Hamil-
tonian H € 10$*? have isomorphic Floer homologies. This means that we can take the Floer
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homology of any such non-degenerate Hamiltonian as the Floer homology of the degenerate
one.

Definition 4.3 Let H € w§H*?. Let H®) € t’o.ﬁi’b be such that H® = H 4+ §%®) and h*) — 0

uniformly with all their derivatives on the whole R*”. Define
HF!) (1) = HF®) ()

where & > 0 is so large that HF ] <[—~I(k0)> ~ HF*"] <I-I(kl)> for all ky,k; > k. That such a b

exists follows from the proof of Proposition 4.3.1.

This notion is well defined because any two sequences of non-degenerate Hamiltonians con-
verging to H will eventually lie in a small enough strong C *°-neighborhood, so by Proposition
4.3.1 their filtered Floer homologies will be eventually all isomorphic.

Remark Notice moreover that the proof of Proposition 2.4.2 implies that we can even take
the h®) to have compact support, as long as it is always containing the compact set where all
the 1-periodic orbits of H lie.

Remark 1t is also possible to define a genuine filtered chain complex whose filtered homology
computes the same filtered Floer homology for a degenerate Hamiltonian. This is done by
taking the colimit of the Floer chain complexes of non-degenerate Hamiltonians converging
C-strong to H. The algebraic details though are a bit more involved, so this shorter route
was chosen.

Important observation All the lemmata and propositions regarding filtered Floer homol-
ogy explained in Sections 4.2 and 4.2.2 continue to hold for degenerate Hamiltonians, since
they hold for non-degenerate ones. The only thing to be careful of is that the end-points of the
action windows must be gnaranteed not to lie in the action spectrum of the degenerate Hamilto-
nian, since in that case there is no canonical definition of filtered Floer homology. Therefore,
versions of those lemmata and propositions for degenerate Hamiltonians must include in their
hypotheses that the extrema of the action windows in consideration do not touch the action
spectrum.

4.3.3.1. Global calculation, degenerate case

Let H € w09). Since S(H) is compact, there exists a,,, b, € R such thata_,, b, ¢ S(H) and
S(H) C (a0 boo |- We set by definition

HF,(H) = HE“=’=)(11)
Let H = Q + h. Since Q is a non-degenerate quadratic Hamiltonian,

7)2, «=ind,(H)

0, otherwise

HEF, (H) = HF,(Q) = {
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As a corollary we again recover one of the main results in [12].

Theorem 8 Let H € 10$). Then H has at least one 1-periodic orbit y,. If this 1-periodic orbit is
non-degenerate and has index different from ind, H, then there is at least one other periodic orbit
¥y. If this second periodic orbit is also non-degenerate, there is a third 1-periodic orbit. One of the
three 1-periodic orbits must have index equal to ind ., H

Remark 1. We say that the 1-periodic orbit with index ind . H is continuing from infinity.
Notice that it’s not clear whether the corresponding fixed point is twist or not. Indeed,
it has the same CZ-index as the index at infinity, but the indices of its iterates don’t
necessarily have to match up with the index at infinity of the iterates.

2. The global calculation above shows that any fixed point, other than the one continuing
from infinity, is “unnecessary” in the sense of the Hofer-Zehnder conjecture ([29, pg.
263]). Abbondandolo [3, pg. 129-130] conjectures that the existence of two 1-periodic
orbits should imply infinitely many periodic orbits. The main theorem in this thesis
gives a positive answer to this conjecture in the case that the additional 1-periodic orbit,
not continuing from infinity, is twist, and the linear map at infinity is unitary.

4.3.4. Local Floer homology

In the filtered Floer homology of a degenerate Hamiltonian H, the 1-periodic orbits of the
original Hamiltonian H cannot be interpreted as generators, unless they are non-degenerate
orbits. The generators are instead the non-degenerate infinitesimal bifurcations of the degener-
ate orbits. Therefore to understand the Floer homology of a degenerate Hamiltonian, it might
be helpful to localize the perturbation process around the 1-periodic orbits. This is meaningful
only in the case of isolated 1-periodic orbits.

Let H € tv8). Recall that y € Per! H is said to be isolated when there exists a neighborhood
U C S'x R*" of the graph of y such that no graph of any other & # y € Per! H may intersect
% . We call such an % an isolating neighborhood of the periodic orbit.

Since y(S') is compact in R?”, we can assume that % is compact in ' x R, i.e. % isa pre-

compact neighborhood of the graph of y. We need a notation for non-degenerate perturbations
of H within % . Denote

w8 (H, %)= {G e G|51XRzn\@ = Hlslxﬂw\@’ (Gly non—degenerate)}

The set w$ (H, %) C w5 is a C*®-open neighborhood of H, because % is compact. Therefore
w9, (H,%) C w$H(H,%) is dense. The following Lemma is an immediate consequence of
Lemma 4.3.1.

Lemma 4.3.2 Let U be a pre-compact isolating neighborhood of y. For every ¥ C U isolating

neighborhood of y there exists a neighborbood B C w$)(H, V) of H such that whenever G €
BN, (H,V) the graphs of all 1-periodic orbits of G are either contained in V' or outside % .
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In other words, all non-degenerate 1-periodic orbits bifurcating out of y are contained in its
isolating neighborhood when the perturbation is small enough.

Let y, € Per! H be an isolated 1-periodic orbit with isolating neighborhood %. We can
always take % small enough such that its closure is compact. For G € w$(H,% ), denote
by Per' G N % the set of 1-periodic orbits of G whose graph is contained in %. Define the
following Z/2-vector space:

CEX (G, %)= {z/2:€ €Per' GNU, CZ(£,G)=r}

This 1s simply the free vector space generated by the 1-periodic orbits of G with graph in %.
We would like to define a differential d : CFl (G, %) — CFerfl (G, ) by counting Floer
cylinders which connect orbits of G in .

First of all, we need a notion of adequate almost complex structure which is tuned to the
problem at hand. We may assume that the almost complex structures are fixed outside %, for
example are equal to J outside %. A pair (G,]) where G € w$), (H, % ) will be called regular
if transversality is achieved for the Floer cylinders asymptotic to orbits within %/. For this to
be well defined, we must guarantee that these Floer cylinders remain in % whenever G is a
small enough perturbation of H.

Proposition 4.3.2 For every ¥ C U there exists an open neighborhood 20 C v0$)(H, V) of
H with the following property. For every G € W N, (H, V), every adequate almost-complex
structure | and EX € Per! GNY, any n € M (E,E+;G,]) is such that u (R X Sl> cv.

Proof. We argue by contradiction. Assume that there exists a sequence G*) € w$, (H, V)
with G®) — H in C*, sequences é;(f) € Per! G® N Y with cfik) — y in C*, a sequence of
adequate almost complex structures | (®) and a sequence u®) e M (éﬁk),é’f); G®),J <k)) such
that graph #(*) (s;,,-) ¢ ¥ for some s, € R. Notice that under these hypotheses,

EG(k)J(k) <%(k)> —0Qask — o0

Up to shifting each #*) by s, in the s-direction, we may assume that graph #*)(0,-) ¢ 7.
But by Proposition 3.4.2, we see that as £ — oo #*)(0,-) must get arbitrarily close to some
1-periodic orbit of G*) within %. But the isolation hypothesis together with Lemma 4.3.2
implies that no such orbit may exist. O

This last result implies that one may define a Floer chain complex which is generated by the
bifurcating 1-periodic orbits and whose differential counts the Floer cylinders between them.
For the sake of transversality, we can restrict our attention to almost-complex structures |
which coincide with J; outside a compact set. All results in Section 3.5.1 hold for this class,
namely, transversality can be achieved by choosing a generic almost-complex structure in this
class (see e.g. [15], where this is proven explicitly).

An argument completely analogous to the proof of Proposition 4.3.2 shows that continu-
ation Floer cylinders between 1-periodic orbits of two small enough perturbations also stay
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within a pre-compact neighborhood of the degenerate orbit, and similarly for the cylinders
entering the definition of a homotopy between continuations. Combined with an argument
analogous to the proof of Proposition 4.2.1, this implies the following proposition.

Proposition 4.3.3  There exists an open neighborbood $\ C w$(H, %) such that if G°,G! €
UNw$H (H, %) and J°, ]! are generic adequate almost-complex structures, then

<CFL°° (GO,]O) , dGoJo> is quasi-isomorphic to <CFL°° (Gl,]l) , dG1J1>
namely, there exist morphisms berween them which are homotopy inverses to each other.
The following definition is thusly justified.

Definition 4.4 Let H € tv$) and y € Per! H be an isolated 1-periodic orbit with a fixed, small,
pre-compact isolating neighborhood %. Let z, € Fix ¢}, be the corresponding fixed point.
The local Floer homology of z, is

HF\ (H, 20) = H, (CF*(G, %) dg)

where G e w$), (H,% ) is within a neighborhood of H so small that all the results above hold,
and ] is a generic adequate almost complex structure for which transversality is achieved.

We do not make much difference between 1-periodic orbits and fixed points, since we carry
the generating Hamiltonian in the notation.

Remark Recall that non-degenerate 1-periodic orbits are always isolated. Therefore their local
Floer homologies are computed immediately without need of perturbation. They will have
one generator in the degree corresponding to the Conley-Zehnder index of the orbit, and will
be zero in all other degrees. From this point of view, the local Floer homology of a degenerate
1-periodic orbit can be regarded as a kind of derived object, in the spirit of the famous derived
intersection numbers of Serre for non-transverse intersections of algebraic varieties. Here the
non-transverse intersection would be between the diagonal and the graph of the Hamiltonian
diffeomorphism in the product, locally around the fixed point. This is an intersection of La-
grangian submanifolds.

4.3.4.1. Properties of local Floer homology

We start with identifying in which degrees the local Floer homology can be non-trivial.

Lemma 4.3.3 Let z, € Fix ¢}, be an isolated fixed point. Define
degsupp HF'(H, z,) = {s €7 :HF(H, z,) # {O}} (4.15)

Then we have L L
deg supp HF'*(H, z,) C [CZ (2o, H)—n,CZ (29, H) + n]
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The proof of this lemma is an immediate consequence of the fact that we are taking the lower
semicontinous extension of the Conley-Zehnder index when dealing with degenerate orbits,
namely, it follows from the estimate in Lemma 1.2.12. In fact, a tighter bound can be proven
in terms of the nullity of the periodic orbit, but we don’t need it.

Another important property of local Floer homology, which in some sense justifies its name,
is that it depends on the Hamiltonian only in a neighborhood of the fixed point in analysis.
The proof of this fact follows immediately from its definition.

Lemma 4.3.4 Let S = H° be a 1-parameter family of Hamiltonians such that there exists a
2o € R*" with the following property: the orbit t — ¢',,,(25) = y*(t) is a 1-periodic orbit of 7*
for every s, and there exists a neighborhood Uy of the orbit y*, independent of s, such that y* is
the only I-periodic orbit in U,. Then

HES (A0, ) 2 HE (A%, 7") - Vo,

In particular, if F, G are Hamiltonians such that there exists a z, € Fix ¢ NFix ¢, and an %,
isolating the 1-periodic orbits of both F and G stemming from z,, and such that F|,, = G|y,

then HFI°(F, z;) = HF!°%(G, z,).

Using the isolation hypothesis, it is not too hard to prove the following lemma.

Proposition 4.3.4 Let z, € Fix ¢}, be an isolated fixed point such that its critical value .o/ (zy) =
a € R is isolated: there is an ¢ > 0 is such that I = (a — e,a + ¢ ] contains no critical values other
than a. Then there exists an injective morphism

HF (H, 2,) < HF“ ] (g
% 0

*

Proof. Recall that the Floer homology of H in action window (a — ¢,a + ¢] is by definition
the Floer homology of any small enough non-degenerate perturbation H in the same action
window. It is clear that choosing a G € w$),(H, %) there always exists a H € 1), which
coincides with G in 2. In particular, there is an inclusion of chain complexes CF'° (G, % ) —

CF(*“_E’HEJ <[—~I Ni ) whenever [ is used to define the differential of the local chain complex. What

we have to show is that this morphism remains an injection at the level of homologies, when
G and H are chosen close enough to H.

We argue by contradiction. Set y(z) = ¢},(2,) the 1-periodic orbit corresponding to z,.
Assume there exist sequences H*) € w$),, G®) e w$ (H, %) converging to H in C*, such
that G®)|,, = A®)|,,, J®) - J adequate generic almost complex structures, £, — 0 and chains
0 +# ¢, € CFle (G(k), ) for which ¢, € Im Ay joy C CFé—cpate;] <ﬁ(k>,]). In particular

there are sequences of 1-periodic orbits &, y;, € Per! H*) with
a—ep < Aye() Fyw(y)<a+te (4.16)

and (H®), J®))-Floer cylinders u,, with u,(s,-) — y, as s ——00 and #,(s,-) — &, as s — +00
for all k. We can even assume that y; lie outside 2 because the case of y; inside % does not
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contradict the claim. From (4.16) we see that

E ) jw () = 0

Up to shifting #, we can assume that graph#,(0,-) N d % # @ for all k. By compactness we
can assume that #;, — # in C;> where # is a non-constant (£, )-Floer cylinder of zero energy,
i.e. a l-periodic orbit of H. Since #; touches d% for all k, also this 1-periodic orbit must
intersect % . But this contradicts isolation of y = ¢7(z). O

As a corollary, we state the following

Lemma 4.3.5 Assume that Fix ¢}, is a discrete set. Then since it is contained in a compact set, it
is finite. In particular, if a € R is a critical value of .o/y;, then it is isolated as a critical value and

HF ™) (H) = (D {HF™ (H,7'): 2/ € Fix g}y, .oy (#) = a}
for any e > 0 such that (a — ¢,a + ¢] contains only a as a critical value.

Remark When defining the filtered Floer homology with a chain complex model, the rela-
tionship between local and filtered Floer homology arises in the guise of the spectral sequence
associated to the action filtration.

Finally, it is important to know how local Floer homology behaves under iteration.

Lemma 4.3.6 Let H € 1) and zy € Fix ¢},. Assume that HF!°(H, z,) # {0}. Then for every
k € Z which is not a multiple of any order of root of unity in the spectrum of d p},(z,), we have
that HE'O (H*F, 2,) # {0}.

A proof of this lemma which applies also to our situation can be found in [22]. In fact, much
more can be proven: these local homologies are isomorphic up to a shift in degree, depending
on the iteration. Moreover the growth rate of this shift in degree as one iterates can be shown
to be exactly the mean Conley-Zehnder index of the 1-periodic orbit in analysis.

Remark Local Floer homology does not have to be restricted to isolated 1-periodic orbits. It
can in fact be defined for any isolated invariant set, since an isolated invariant set bifurcates into
a finite collection of non-degenerate 1-periodic orbits when perturbing to a non-degenerate
Hamiltonian. It would be interesting to understand how this invariant compares with the

Conley index.
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5. A Poincaré-Birkhoff theorem for ALHDs

In this chapter, in order to prove our main application to dynamical
systems, we develop two techniques whose aim is to make it possible
to relate the Floer homologies of different iterates of the same asymp-
totically quadratic Hamiltonian. The first is a procedure, called re-
indexing at infinity, which can be used to change the index at infinity
of an asymptotically quadratic Hamiltonian without changing its pe-
riodic points nor their action value. The second is an interpolation
at infinity, which starts with two Hamiltonians with the same index
at infinity and produces two Hamiltonians with the same quadratic
form at infinity, without creating new 1-periodic orbits. The Floer
homology of the new Hamiltonian can be related to the old one.
These techniques are employed to prove the Poincaré-Birkhoff theo-
rem through a contradiction argument.

5.1. Proof of the Poincaré-Birkhoff theorem

We start the chapter by proving the main application to dynamical systems, a Poincaré-Birkhoff
theorem for ALHDs. In order to streamline the argument, we would like to first state a propo-
sition that incapsulates the constructions which are developed below, and show how to con-
clude the Poincaré-Birkhoff theorem from it.

Proposition 5.1.1 Let ¢ be an ALHD whose linear map at infinity ¢, € Sp(2n) is non-
degenerate and unitary. Assume that ¢ has finitely many fixed points and that the set of primitive
periods of periodic points of ¢ is also finite. Then there exist:

(4) an increasing sequence of prime numbers (p;) e, with po larger than the largest primitive
period of any periodic point of @,

(b) an asymptotically guadratic Hamiltonian H, non-degenerate at infinity, generating ¢,

(c) a sequence of asymptotically quadratic Hamiltonians G such that ol = goé;]_

such that for any fixed m € N, we have the following properties:

1. The spectrum of gozé never contains 1.

2. pjym—Pj = 0(p;), i.e. the gaps in the sequence (p;);cn are distributed like the gaps in the
sequence of all primes.
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3. Forany z € Fixp|, =Fix ¢’ = Fix ¢ we have
]

"dG]-(Z): "Q{HXP/'(Z):])]"'Q{H(Z)’
CZ(2,G;)=CZ(z,H?), CZ(2,G;)=CLUz,H*")=pCZ(z,H)  (.1)
HFloc <Gj,z) = HFlc (H*?1, 2)

Moreover, for any fixed m € N, there exists a sequence <Jj’m>jeN of integers and a sequence of
asymptotically quadratic Hamiltonians F; ,,, such that:

5. Gjand F; ,, have the same quadratic Hamiltonian at infinity. Moreover

HG;'—F/',mHLw =0(pjsm—1;) (5.2)

6. Every p;. ,-periodic orbit of H is a 1-periodic orbit of F; ,,, and viceversa. Moreover, for

every z € Fixpp = Fix @?i+» =Fix ¢, we have
],m

[ 0=t it 53
CZ(2,F; ) =CZ(z, H ") = p; ,CZ(z, H)
and finally, for every z € Fix ). = Fix p?i+n = Fix ¢, we have
jm
CZ z,F. =CZ Z,HPHM —0; s
{HFE)C <}§M>Z> N I—(IFIOC <1>T_ngim Z) (5.4)
* 7,m? - *+z7]-’m 4

The proof of this proposition will be shown in Section 5.2.3. Now, we are ready to state
and prove the main theorem of the paper. Recall that a fixed point z, € Fix¢ is said to be
twist, when CZ(zy, H) # ind,, H for some generating asymptotically quadratic Hamiltonian
H, and that it is said to be homologically visible when HF'(H, z) # {0} for some generating
asymptotically quadratic Hamiltonian H. Both these conditions do not depend on the choice
of generating Hamiltonian.

Theorem 9 Let ¢ be an ALHD with non-degenerate and unitary linear map at infinity ¢, €
U(n) C Sp(2n). Assume that ¢ admits a homologically visible twist fixed point zy € Fix ¢. Then ¢
has infinitely many fixed points or infinitely many periodic points with increasing primitive period.

The proof is inspired by the proof of Giirel [25].

Proof- Assume by contradiction that ¢ has finitely many fixed points and finitely many inte-
gers appear as primitive periods of periodic points of ¢. Therefore, Proposition 5.1.1 holds.
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Figure 5.1. Special action windows. For clarity, set 4y = p;, (4% 5)

Since ¢ has finitely many fixed points, the action value a; = .@/;(z,) of the 1-periodic or-
bit corresponding to the fixed point z is isolated. Therefore there exists an ¢ > 0 such that
(ag—e,ay+ ¢ ] contains only 4, as critical value of the action functional.

Notice that by construction, since py is larger than the largest primitive period of any pe-
riodic point of ¢, all p;-periodic points are iterates of fixed points for all ;, which come in a
finite number. Therefore, also p;aq, resp. p;, .44 is an isolated critical value of JZfG]_, resp.

o/ . In fact, these two functionals have no critical value other than p;ag, tesp. pi,,dg, in

jum
(pj(@—2)sp;(ao+e) ], resp. (pjsm(@0—2) pism (@0 +2)]

First, we analyze the filtered Floer homology of F; ,, in action windows around the critical
value p; 4, and identify action windows for which a certain inclusion-quotient morphism is
non-vanishing (see Section 4.2.2 and specifically (4.13)).

Set C; ,,, = ||F]»’m —G; ||L°°' This is the action shift given by a continuation between F; ,,
and G;, see Section 4.2.2. Since C; ,, = O(p;,, — p;) = o(p;) by point (2) in Proposition
5.1.1, we know that for any & > 0 there exists a j, > 0 such that 8 p;,,, > &p; > 6C; , for
every j > j,. So take & = ¢ as above and set

1=(pjem{0=5) £yem (504 5)]

Then we have (see Figure 5.1)

IU<I+ C]-’m)U<]+2Cj,m> C <p]-+m(ao—5),p]~+m(ao +5)]

Pj+m% Elﬂ<1+ Cf’m>0(1+2Cj,m> V7>

Since Pitmdo 1s an isolated critical value, we know that
A~ 1 . .
HF. <F/’m> = @ {HF*OC (F]»,m, z) :z € Fix go}]_’m =Fix ¢, VefFj,m(z) = Pj+mﬂo}
Vie{r1+2¢;,}
see Lemma 4.3.5. Therefore by Lemma 4.3.6 the local Floer homology of z, contributes non-

trivially to this sum, since p;., is by construction never a multiple of the order of the roots
of unity in the spectrum of d¢(z,). Moreover, as we take j > j, large enough, we see that the
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supports in degree (see (4.15)) of the local Floer homology summands corresponding to fixed
points with different mean Conley-Zehnder index become disjoint. This lets us conclude that
z €Fix g,
HE(F, )= @D { HEY(F, ,,2) - FF, ,(2) = Djmeo;

CZ(z,H)=CZ(z,, H)
Vs € deg supp HF' <Fj’m,zo), Vj e {],1+2Cj,m}

Recall from (5.4) that

HE (F; . 2) = HEY,  (H*Pin, 7).

jum> 0
Hence (Lemma 4.3.3)
degsupp HF°* (Fj’m,Zo> C Azp, j,m)=
= [P]‘era(zo’H)_‘Tj,m —n,pj+mC7(zo,H)—0]-,m + n]

As remarked above, since z, is homologically visible and p; ., is a large prime, we can apply
Lemma 4.3.6 together with (5.4) and conclude that

{0} AHF (H*Pim, 20) = HF (F; . 7))

],m>

In particular

{0} #HF/(F; ) =HE™(F, . z) @ V] €{l,1+2C; )

This implies that the inclusion-quotient morphism (see (4.13)) from action window 7 to action
window / +2C; , is non-zero:

0#¢:HF!(F,, )~ HE " (F, )

].m

Moreover, by definition, the classes corresponding to HF <Fj,m’ZO> are sent to themselves
under @.

Now, since F; ,, and G; have the same quadratic Hamiltonian at infinity, we can perform a
continuation between their filtered Floer homologies with action shift C; , = HF im—G; ||Loo
(Section 4.2.2):

€ :HF.(F,,)—HF. " (G)),

3 :HFi(GJ.)_,HFiJFC,',m(FJ_’m) V/cR

The inclusion quotient morphism is factored by the composition of these morphisms, see
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Lemma 4.2.2:

e
(5.5)

HF.(F;,,) ? HE, 9" (F, )

* ].m

We derive a contradiction from this factorization, by comparing the degrees where @ is cer-
tainly non-zero with the degrees where 6, 6 are both certainly zero.

As observed above, @ is certainly non-zero for some degrees s € A(z,, 7, m) for all j large

enough and all 72. On the other hand, 6 and € are non-zero only in the degrees corresponding
to the supports in degree of local Floer homologies of fixed points of G;. These in turn are:

degSUppHFLO(:(Gj’Z) - F(Z,]) = [p](i(z,H)—n,p](i(z,H)—I—n]

There are two cases: either z € Fix ¢ is such that CZ(z,H) = CZ(zy, H), or not. In the first
case, we use the twist condition. Recalling that by Proposition 5.1.1 we have

(P =, )indec H =1 <0, < (s — ;) ind oo H 41
it follows that

Azg, j,m)NI(2,]) £ D < )(p]-er—p]-)(i(zo,H)—aj,m’ <2n
2n
i< [CZ(z9)—ind ]

— Pjtm—
But p;,,—p; > 2m, so we can choose m large enough to make A(z,, 7, m)and I'(z, ) disjoint.
If instead CZ(z, H) # CZ(zo, H), then
Az, 7,m)NI(z,)) # D <= |pj+m&(zo,H)—oj,m —p]-C_Z(z,H)| <2n

Notice that point (1) in Proposition 5.1.1 implies that p;_,,/p; — 1 as j — oo and point (3)
thato; ,,/p; — 0as j — oo. Therefore dividing everything by p; we see

L Pj+mC2z0 H) =0}, — p/CZ(z, H)| —— [CZ(z, H)—CZ(z, H)| > 0

p] ] ]—>oo

But since p; isunboundedin 7, also |p]-+m(7(zo,H) — O p]-(i(z,H)‘ must be, and hence
eventually larger than 2. So for every ; large enough and with no condition on m, A(zy, j, m)
and I'(z, ) are disjoint.

This concludes the proof, because we found that for every ; large enough there always exists
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an m such that & is non-zero for some degrees in A(z,, j, m) while 6 and 6 are both zero for
all degrees in A(zy, 7, m). O

5.2. Re-indexing and interpolation at infinity

In this section we first explain the constructions involving the proof of Proposition 5.1.1, and
then tie everything together to prove Proposition 5.1.1.

We start with some notation.

Definition 5.1 Choose a smooth non-decreasing step function p: [0,1] — [0,1] such that
©'(t) < 2. If F,G are two Hamiltonians, define

(F#G), (2)=F,(2)+ G, ((p) (2)),

20'(26)G : 0,5
(F/\G)t (Z): IO/( Z) p(Z[)(Z) te | 2
2,0 <2t — 1)Fp(2t—1)(z)’ te 5,1

Denote by F,(z) =—F, (ph(2)).
The proof of the following lemma is a simple calculation.

Lemma 5.2.1 These Hamiltonians generate the following flows:

o(2t) 1
_ —1 t ot t t _ )% > tE[O,z]
¢f—<¢F> s Prsc =PrOPcs  PraGg = {gp;(zt—moggé, te[%,l]

_ -1
In particular 9011”#G = go} ° goé = §0}:/\G and %1? = (?911?) .

5.2.1. Re-indexing at infinity

In general, the index at infinity of an asymptotically quadratic Hamiltonian grows linearly
under iteration. This implies that as we iterate a Hamiltonian system, the different iterates will
in general lie in different homotopy classes of linear systems at infinity. Since we can expect
the continuation morphisms to be isomorphisms only within a fixed homotopy class of linear
systems at infinity, we must find a way to modify the index at infinity without producing or
destroying periodic orbits. To do this, we try our best to forget the flow and focus on the time-
k maps only. The k-periodic orbits of H are in 1-1 correspondence with Fix ¢*. Now, for
k €N, ¢ can be generated by the Hamiltonian H**, but this is not the only possible choice.
In fact, if we are only interested in Fix ¢*, we have the freedom to compose any Hamiltonian
generating * with a Hamiltonian generating a loop of Hamiltonian diffeomorphisms. Since
all we have to do is change the index at infinity, linear loops suffice.
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We start with a useful lemma. Recall from Section 2.2 that §) is the set of asymptotically
quadratic Hamiltonians with non-degenerate quadratic Hamiltonian at infinity. The difference
with 10§ is that the non-quadratic part of the Hamiltonian is assumed to be bounded.

Lemma 5.2.2 Let G ew$, G, =R, + g,, and P,(z) = % (B,z,z) a quadratic Hamiltonian
generating a loop in U(n) C Sp(Zn) ¢ =:N'€U(n), N°=N'=1. Then:

1. P#G ew$. If G € 9 then also P#G € .

2. For every z € Fix goll)#G =Fix gpé;, we have

Apyg(2) = d5(2)
Proof. 1. By definition P#G, = P#(R,+g,) =P, + R, o(N*) ' + g, o (N*)™". Clearly
V(2o N )(2)] = [V, (N7 2) | =o(l2]) as 2] — o0

since N* € U(n). If g is bounded, then also g o(N*)™" is bounded. Since the time-1 map
is untouched by composition with ¢, it is still non-degenerate at infinity.

2. We calculate

o (2)= | %<Nfgog<z>,fod%(Nfgoe(z))}—P#Gt (N'gl0)de =

+L (N'96(2).JoN" 66(2)) =G, (p5(2))dt =
:fo <§023(Z)’]O¢é;(2)>—Gt <¢é¢(z)>dt:£7@(z)

since (N',JoN*w) = (N'o,(N') ], ) ((N'Y'N'v,Jow) = (v,Jpw). Notice that
the assumption on P to generate a loop 1s only needed to conclude that the fixed point
sets coincide, Fixpl, =Fix ¢y, .

O

Remark The calculation above also shows that the action of a fixed point of a linear flow is
always zero in these conventions. In fact, we are tacitly imposing a normalization condition
on linear symplectomorphisms: we are asking our linear flows to be generated by genuine
quadratic forms, so the freedom of adding a constant to the quadratic Hamiltonian is ruled
out.

This lemma tells us that if we compose our Hamiltonian H with a quadratic Hamiltonian

generating a loop, we might be able to change the index at infinity without changing the fixed
points nor their action.
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Let H, =Q, +h, €9, 9 = ¢}, and ¢, = go(lg. Recall that

ind (HXk> :CZ(;[)(EX,e 1 €[0, 1]) =CZ (goé RS [O,k]),

— T <k
ind (H)= kli)n:o Z ind, <H )
If % is a multiple of an order of a root of unity in the spectrum of (/)(12, then the index at time k
is defined by lower-semicontinuous extension as in Section 1.2.5.1.

Fix two odd integers & > [ > 1 which are not multiples of orders of roots of unity in o (¢,,).
Then by Proposition 1.2.6 the parity of the indices at infinity of the iterates H** and H*! are
the same, so that

ind, (HXk) —ind, (HXZ) =2u

for some y € Z. Notice that Proposition 1.2.5 implies an automatic bound on y in terms of
the mean index at infinity, namely

(k—1D)indo . H—n <2u < (k—1)ind  H +n

Let Pf(z) = %(Btﬂz,z> be a quadratic Hamiltonian generating a loop N* = ¢y, € U(n) C
Sp(27) such that the Maslov index of [0,1] > ¢ — N is precisely u. By the elementary theory
of the Maslov index (Propositions 1.1.2 and 1.1.4) such a path of unitary matrices always exists,
and correspondingly a generating quadratic Hamiltonian P#. Define the following Hamilto-
nian

kel — ([)_/‘#Hx(k_l)>/\HXl

Lemma 5.2.3 The Hamiltonian H*®" has the following properties.
0. H*®! e w$.
1. It generates %k—] in time 1.

2. ind, (erz) =ind,, (H”). Moreover if z € Fix gog = Fix Qf’}{kez then
cz(z,erl) =CZ (2,HX’€)—2#

3. If zy € Fix g}, is seen as a k-periodic point, then o pei(2o) = A ppa(20) = by (2,).

Proof. 0. This is just Lemma 5.2.2.

1. P generates a loop based at the identity in time 1, and H**~) A H*/ generates ¢* in
time 1.

2. Thepatht— g, is Ham_iltonian-isotopic to the path t — (golﬂ P >_1 ogollf[[ , which is gen-
erated by the Hamiltonian P"#H>**. The quadratic form at infinity of this Hamiltonian
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is P“#Q**. Therefore

inde (H*®') =CZ (1) 0 9l 1t €[0,1]) =
=CZ (gpéxk 1t €0, 1])+2Mas<<go;,#>_1 :t €0, 1]) =
=ind,, <HXk>—2,u =ind, (HXk)

The calculation of the index of periodic orbits is completely analogous.

3. Notice that z, € Fixp}, = z, € Fix¢! NFix gog_l . So we are reduced to the situation
of two Hamiltoinans F, G and a point z, € Fix ¢}, NFix .. Then z; € Fix ¢} 0 ¢/, and

NI —

Ay pc(70) = f (9227(20)) 20 —20'(26)G a0y 0 922 (z0)d 1+

0

t—1)

2-—1 * 2
(#2270 pb(z0)) Ao—20'21)F a1y 2V 0 pli(zo)dt

+
Nb

1

1
= [ (pate0) 20— Groghtzoidi-+ [ (5(ao) domF 0 pfa)d =
0 0
= .d(20) + Ap(2)
Using Lemma 5.2.2, we calculate

Aprei(20) = A (20) + iy (20) = Ly (2g) + (b — ).y (25) = kel (20)

5.2.1.1. Action of linear loops on Floer homology

Re-indexing at infinity has a simple effect on the Floer homology: it shifts the grading of the
Floer homology by an explicit integer and does not shift the action filtration at all.

Lemma 5.2.4 Let P,(z) = % (B,z,z) be a quadratic Hamiltonian generating a loop of linear
symplectomorphisms N* = ¢',, N® = N' =1 of Maslov index u € Z. Consider H € w$),. Let
I CR bean interval. Let | be an adequate family of almost-complex structures on R*" with (H,])
a regular pair. We have

*

CF!(P#H,N'])=CF._, (H,])

Proof. To exhibit the isomorphism, it suffices to give a bijection of sets of 1-periodic orbits and
a bijection of moduli spaces of Floer cylinders.

The bijection on the orbits is given by sending a 1-periodic orbit y of H to § = N -y which is
a 1-periodic orbit of P#H, since N is a loop. By Lemma 5.2.2 we already know that .o/}, (y) =
pur (&), so the bijection respects the filtration on the chain complexes. Moreover by the
change of index formula (Equation (1.5)) for the Conley-Zehnder index of the composition of
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aloop in Sp(27) with a non-degenerate path in Sp(27), we get
CZ(N-y)=CZ(y)+2u

therefore this bijection sends the generators of CFL(P#H,]) to the generators of CF/_, u <H J >
where J is to be determined by studying the corresponding bijection on the moduli spaces of
Floer cylinders.

Namely, if we take #: R x §! — R?” solving the Floer equation for (H,]), then v(s,t) =
N'u(s, t) solves the Floer equation for (P#H,N*]) where (N*]), ,) = [(N*)"],],- Notice that
since N is a loop of linear symplectomorphisms, the family N*/ is still an adequate family of
almost-complex structures.

Allin all, the bijection extends by linearity to a chain complex isomorphism as claimed. [

Remark Since filtered Floer homology groups are independent of the almost-complex struc-
tures used to define the chain complex, we see that this chain complex isomorphism descends

to an isomorphism between HF/ (P#H) and HF!_, p (H).

Corollary 5.2.1 Let H € w$), k > | two odd numbers, and 2 = ind . H**—ind,, H*". Then
for any fixed point zy € Fix ¢}, we have

HE (49!, 7)) = HFYS, |, (H**, z))

5.2.2. Interpolations at infinity

Consider two asymptotically quadratic Hamiltonians H°, H', both non-degenerate at infinity.
Assume that the two systems have the same index at infinity. In this situation, it is possible
to define continuation maps between the Floer homologies of H® and H?, as we’ve seen in
Section 4.1.2.2. But a problem arises in trying to find a good estimate for the action shift of
the continuation Floer morphism. In this section we explain how to circumvent this problem
in the case that the quadratic forms generate linear unitary flows, by interpolating one of the
two quadratic forms to the other. The result is a new Hamiltonian which has the same fixed
points as the starting one, and equal to it in a large ball. This will permit us to obtain a better
control of the action shift constant.

We start with a preliminary lemma on dynamical systems.

Lemma 5.2.5 Let X, = E, + F, be a vector field on R” such that E,(0) =0, |DE,(z)| < C and
|F,(z)| = 0(|z]) as |z| = oo forall t. If there exist My, Cy > O such that

[ob()—2|> Colz| Viz|> M,
then there exist M, C, > 0 such that

[k(2)—2|>C; Vel >,
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Proof. The argument is just a routine application of the Gronwall lemma. Fixa z € R” and a
7 €[0,1]. First of all let’s estimate the distance between ¢(z) and ¢} (2).

05 (2)— p5(2) < f X, 0 gk (2) —E, 0 pl(2)] dit <
SJO |Xto¢§<(z)—EtO(p)t((z)|+|Eto¢§((z)—Etogpg(z)}dt§ (5.6)
< f IF, 0 0%y (2)|dt + C j () — pl(2)| d

We have to estimate the first integral. To do this, fix an arbitrary ¢ € (0,1). Then M, > 0 such
that |x| > M, => |F,(x)| < e|x|. Set

L={te[0,r]:lpy(2)| <M.}, J.={t€[0,7]:|py(z)|> M.}

We obtain
f IF, 00 (2)dt = f[ F, 00l () dt + f] IF, 0 gt () dt <
0 - B

< mx B+ f elot(2)dt <D, +e f oL () de
~ 0

(t,%)€[0,1]xBy;_(0) Je

Notice that D, becomes possibly very big as ¢ — 0. Now

[Cestende< [ lotnr-spalder [ ool
0 0 0
but since E,(0)=0for all ¢ and [DE,(z)| < C, we can estimate using the Gronwall lemma

|9£(2)] = |9 (2) — 9 (0)]| < ez

Plugging in these estimates in (5.6), we obtain

(7 =1)

05(2) =g <D+

2] +(C+) f oh(2)—ph(2)] di

We can apply the Gronwall lemma to obtain the estimate, for v =1,

c

—1
Py (2)— ph(z)] < e <DE + %M) <. +¢Tle]
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where S, =eC+ID_, T =eCH1 i — e L. Now, take |z| > M,. Then

[ok(2)—2|2 |so}5<z>—z|—|so§ (2)=ph(2)| 2
> Golz| =S, — e T|z| =(Co—eT) 2| -

To conclude, Wetake£< 2 so that Cy—¢T >0. Then M, = T+1 C,=C—eT. O

Next, we work at the linear level: we interpolate the quadratic forms without creating fixed
points.

Proposition 5.2.1 Let Q% and Q! be two non-degenerate quadratic Hamiltonians of the same
index, i.e. gﬂ . does not contain 1 in its spectrum for both i = 0,1 and

CZ(gpQO :t €0, 1]) :CZ(gprl :t €0, 1]>.

Assume that go(tgi € U(n) forall t and all i =0,1. Then for every Ry > O there exists an R, > R,
and a Hamiltonian K € C*(S' x R?") with the following properties:
1. K interpolates between Q° and Q':

—N° —_ Nl
Kt|BRO - Qz ’ KI|R2”\BR1 - Qt
2. K has no non-trivial 1-periodic orbits:

Fix g = {0}

Proof. Write Q(z) = %<Aiz,z> for A*: S' — Sym(2n). Let A:[0,1] x S' — Sym(2%) be a
homotopy of symmetric matrices such that A% = A% Al = A, A*: §! — Sym(2#) is non-
degenerate for all 5, and —J,A3 € u(n) for all 5, ¢. This exists because Q° and Q' have the same
index at infinity, and their flows are unitary at all times.

Fix an arbitrary Ry > 0 and a R; > R, to be determined later. Consider a non-decreasing

smooth function y:[0,00) — [0,1] such that y(») =0 for all » < Ry and y(r) =1 for all
r > R,. We want to determine R, so that the Hamiltonian system defined by

K(t,z)= 2<AX(|Z|) z>

has only 0 € R*” as 1-periodic orbit. We calculate the Hamiltonian vector field

I A >
z,z ) oz
s=x(|z?)

t

XK<r,z>:—foAi‘('Z'Z)z—x’(|z|2>< 25
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The Hamilton equations can thus be written as

) x[? JAS
i+ Jpar )x=—x’(IXI2)<3—;

x,x>]ox
s=x(Ix)

Let’s show that the norm of an integral curve of K is constant. Indeed, if x: [0, 7] — R?*" is
an integral curve of K,

1d : Ix? / dA;
Sl = (et) == (ot Dx )y <|x|2>< -

x,x> (x,Jox) =0
s=x(|x?)

because J,A; € u(n) C 0(27) which is the set of skew symmetric matrices. Therefore, if we set
1o = [x(0)]%, xo = x(7o), x5 = x'(rg), e can use the fact that A* generates a non-degenerate

system for all s to invert the operator % + JoA? using the variation of constants method, as
in Lemma 2.3.1 and its Corollary 2.3.1. We obtain the integral expression (see equation (2.6))

t QAS
xt:Mi(O XO_L XO/< gst

where M*: [0,1] — U(n) C Sp(2#) is the path of symplectic matrices generated by A°. We use
this formula to estimate

1 é’AS
%) —xo| = Mf"xo—xo—f )(o/<8_t
s

XL, xT> (M)T“’)_l]oxfdr

S=Xo

>
0

Xy X, > MngdeT
e (.7)

> (M0 — x| —

X0
Xy X, > M x.dr
S=Xo

Since the systems defined by A are all non-degenerate, there exists a C, > 0 such that
IMiz—z|>Cylz| VzeR™ Vse[0,1]

Therefore to reach our conclusion we have to bound from above the integral in the second part
of equation (5.7) by Cy|x,|. We start with

Jl L
O)(O 85

where C,; =|d.Al|; . We are led to impose the point-wise constraint

1
SJ C1)(/(|xo|2>|xo|3d7':C1)(/(7o)75/2
0

Xy %X, > M? x_dr
$=Xo

/
<
X(’)—qr
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0

R
. . 0 . .. 1 .
Figure 5.2. Construction of the step function y. The smoothing is done in such a way that the pink
. 1 . .
area contributes e.g. 7 to the total area and the blue striped area contributes 1 to the total area. The
resulting primitive, which is our y, is drawn below.

Observe that fR ' =1, while ! has diverging integral. Therefore given any fixed R, > 0,
let R, > R, be such that

/ . & g
Define y’ to be a smoothed out version of gz, o where Lk, denotes the indicator

function of [Ry, R, ] (see Figure 5.2). We can assume that the smoothing is done in such a way
that f]R x’ = 1. Imposing the boundary condition that y (R,) =0 gives an unique primitive y
of our y’ which will have the sought-for properties. O

Remark We gather the formulas for the two constants C, and C; which enter the definition
of R, since their behaviour under iteration is crucial for the proof of the main proposition:

. Mz —]
G = min —— >0

selo1],zeR»  |z| G ||35A||L°°([0’1]><51,5ym2n) (5.8)

The fact that Cy > 0 is implied by the fact that 1 ¢ o(M) for all s € [0,1].

Proposition 5.2.2 Let H! = Q! +h?, i € {0,1} be two (weakly) asymptotically quadratic Hamil-
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tonians whose quadyatic forms at infinity Q(z) = %(Aiz,z> are non-degenerate and generate
flows of linear unitary maps. Assume that ind . H®° =ind_, H'. Then there exists an Ry > 0 and
a Hamiltonian F € C*(S! x R*") such that:

1. F is (weakly) asymptotically quadratic, has Q' as quadratic Hamiltonian at infinity, and

0
FtlBRO = H,

Ro
2. Fix (pll; = Fix goll{o.

Proof. By Proposition 5.2.1, for any Ry > 0 we find an R; > R, and a K € C*°(§! x R?")
interpolating between QP and Q! without creating 1-periodic orbits. So let R, > 0 be so large
that By (0) contains all 1-periodic orbits of H 9, This always exist because of Lemma 2.3.4. So
set

F=K+h°=Q'+(K—Q'+5h°) = Q! +/P
The first point follow immediately from this definition. For the second point, we apply Lemma

525t0 X = X, E = Xy, F = Xj0. The hypotheses on E and F are clearly met in this case.
All in all, the resulting F will have the same fixed points as H°, and no other fixed points. [

5.2.3. Proof of the main proposition

First of all, we show that any ALHD ¢ with ¢, € U(n) can be generated by an asymptotically
quadratic Hamiltonian H = Q + 5 such that gaa € U(n) forall ¢.

Lemma5.2.6 Let H = Q) +h, € §) where 9022’ € U(n). There exists a (possibly non-autonomous)

quadyratic Hamiltonian P generating a loop of unitary maps such that H, = P#H, = Q + b, is
an asymptotically quadratic Hamiltoninan with autonomous quadratic form at infinity such that
?q € U(n) for all t and ¢}, = ¢},

Proof- The proof is standard Krein theory. Let gpé, = U € U(n). Since U is unitary, it has a

logarithm b =log U € u(n). Notice that J,6 = b], and b* = —b, since u(n) = 0(2n)Ngl(n,C).
Set B =J,b. Then B is symmetric: BT =—b7 ], = B. Define

Qz)=3(Bz.2), P=QiY

Notice <pé € U(n) and §"(13 = U by construction. Then ¢} = §"(13 o (goé,) =id so ¢}, is a loop

of unitary matrices. Finally

P#H, :Pt—i—Hto(go;,)_l:Q—nggth,ogp6t+Q;o§p6,ogpat+b£ogpaogp6t:
:Q+bt
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where b, = h) o (gof,)_l. O

Moreover, since every Hermitian matrix can be unitarily diagonalized, we can find a basis
of C” for which Q is the following diagonal quadratic form:

1 n
Q(z):zz% lz,1*, z=(z...,2,)€ECH---@C=C" (.9)
r=1

Notice that we are not imposing that @, > 0 for any 7.

The Hamiltonian H of point (c) in Proposition 5.1.1 is any H which is autonomous at in-
finity and whose flow at infinity is unitary and diagonal. We have ¢ = ¢}, and ¢, = go(lg.
Recall that we are assuming that ¢ has finitely many fixed points and finitely many integers are
attained as primitive periods of periodic orbits of ¢.

Next we find the sequence (p;) ;e To do this, we simply apply Proposition 1.1.5 to the map
¢ oo and we obtain an increasing sequence of prime numbers (p;); which satisfies properties
(1) and (2) in Proposition 5.1.1, and such that

dyq <a(gogé), 1> >

for some ¢ > 0 independent of ;. Without loss of generality we can assume that the first

element py of the sequence is larger than the largest primitive period of a periodic point of ¢.
The sequence o} ,, is defined as follows:

Oim= % [indoo H>Pi+m —ind HXPI']
That this is an integer follows from the fact that p; and p;,, are odd, so the indices have the
same parity. The estimate on the growth of 0; ,, follows immediately from the estimate of the
iterated Conley-Zehnder index in terms of the mean Conley-Zehnder index.

The Hamiltonians G; are defined as G; = 0A H *?i. The properties of equation (5.1) in
Proposition 5.1.1 are clear.

Next we define F; ,. Notice that G; and H? i+nSP; have the same index at infinity by con-
struction of the re-indexed Hamiltonian H?+7°?i. So we aim to apply Proposition 5.2.2 to
HC = H?i+®Pi and H' = G - But to gain control over the iteration process, we must construct
the non-resonant path A in the proof of Proposition 5.2.2 explicitly.

For convenience set k = p;, ,, and [ = p;. Let’s construct H kol explicitly. Here the diago-
nalization (5.9) helps to write explicit formulae. In fact we can compute explicitly the indices
at infinity and the Maslov index of the unwinding loop, and obtain

Pé(z)= %Z%t{%J 12 [
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where |a| =max{j € Z:j < a}. We calculate

P_H#HtXUC_Z)(Z):%ZZn[(k_l)ar—{(k;l)a’ﬂlzrl (k= Dby 0 phulz) =

= 27 T

x(k—1
=R(z)+h, ( )ogof)},(z)

This gives us
kel — <Plu#H><(/e Z))AHXI :R/\QXZ +<h><(/e—l)o¢}w>/\b><l

By construction ind, (H*®") = ind_ (H*!) = ind, (0 A H*?), which is the index at infinity
of G;. Therefore we next construct an explicit non-degenerate homotopy to perform the in-

terpolatlon at infinity of section 5.2.1. Set for notational convenience R(z) = 5 Z] Bz, %
Notice that 3, € (0,27). We define

1
:EZﬁﬂzAz
-

where the angular velocities 33 are determined in the following way: fix an r and notice that
the flow of Q*/ fixes the 7-th complex line in the decomposition C” = C&---@C and restricts
to it to the map

z, e la,ztz

Set {, = el { e the image of the vector 1 under the map above. Now consider the arc
y: [0,1] — sl C, y(s)= e—i,@’y(1_5)(r

We know by hypothesis that y(1) # 1. If there is no s € (0,1) such that y(s) = 1, then we set
B5 =(1—5)8,. Otherwise /57 =(1—s)(2m—3,), i.e. we trace the complementary arc in
the unit circle. By construction, R® = R and R' = 0. Therefore s — R* A Q*/ is a homotopy
between RAQ*/ and 0AQ*!. A moment of thought shows that for every s, the linear system
defined by R* A Q*/ is non-degenerate by construction, exactly because we avoid the possible
resonance which might happen if the arc traced by y at some s hits 1 for some ». Notice that
by construction

0< |8 <2 = R(2)| < 2m0?
<|B}<2m (S,Z)E[rgﬁ;&(o)l (z)| <2mp

We thus define F; , to be the interpolation at infinity of H° = H” i+nOP; to H' = = G, with

the non-resonant path s — R* AQ*!. Notice that the initial radius of interpolation R, can be
chosen independent of j and 2, because we are working under the hypothesis that all p, -
periodic orbits of H are iterations of fixed points, so they are all contained in the same compact
set. For this choice, the properties in equation (5.3) and equation 5.4 are clear.

The last thing to show is the estimate on the uniform distance of £; ,, and G; in equation
(5.2). Again for notational convenience we are denoting £ = p;,,, and [ = p,. Recall the
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interpolation Hamiltonian K, (z) = RX2") A Q*L(2). We write F =0AQ*! +0A b, G =
0A QX! + g where

g =K—0AQX! +(hx(k_l>ogp},#>/\h><l =RX /\O—i—(hx(k_l)ogpm)/\h)(l
Notice that z — <R9( (1) A O> (2) has support precisely By (0). We can therefore estimate

[En =Gy, < o™ —g|.. <4k =Dlb].- +2<s,z>e[5r,1ﬁ§BRl<o>|R5(z)l =

< 4(k—1)||h||jo + 4R

5C

We are finished if we can control R;. Recall that R, = eﬁRo where C,, C, are defined in
(5.8). It suffices to show that we can take C, and C, independent of ; and m, because, as
remarked above, R clearly can be taken independent of j and m. This is clear for C,, because
Cy = ||0.A]|;e < 27 for our path s — R* A Q*!. The last is C;. Our non-resonant path
never touches the eigenvalue 1 for s € (0,1), but a priori the end-points might be approaching
a resonance as we iterate. This is guaranteed not to happen, because we took the uniformly
non-resonant iterations (p;), for which the spectrum of gofé always remains at a fixed distance
from 1. Therefore R, is also independent of j and m. This concludes the proof of the main
Proposition 5.1.1.
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Appendix A.

Rudimental Fredholm theory

A.1. Fredholm operators

In this section, when we say “Banach space”, we mean a real, separable, normed vector space
which is complete. When X, Y are Banach spaces, we denote by 98 (X,Y) the space of contin-
uous linear operators from X to Y, equipped with the operator norm, i.e. the strong topology.

Definition A.1 Let X,Y be Banach spaces. A bounded linear operator D: X — Y is said to
be Fredholm if it has finite-dimensional kernel and cokernel. Its index is defined as the number

ind D = dimker D — dim coker D

The set of Fredholm operators is open in 88(X,Y"). The index is a locally constant function on
it. The adjoint D’: Y" — X’ of a Fredholm operator is always Fredholm, with index ind D’ =
—indD.

Definition A.2 A linear operator K: X — Y is said to be compact when for any bounded
subset W C X the image KW has compact closure in Y. Compact operators are automatically
bounded. The set of compact operators is closed in BB(X,Y). The adjoint of a compact op-
erator is always compact. The useful property of compact operators is that the image of any
bounded sequence in X has a converging subsequence in Y.

Lemma A.1 Let X,Y,Z be Banach spaces, D: X — Y a bounded linear operator, K: X — Z a
compact operator. Assume that ¢ > 0 such that for any x € X, we have an estimate

Ixllx < c([IDx[ly +[[Kx[l2)
Then D has finite-dimensional kernel and closed image i.e. D is a pre-Fredholm operator.

Proof. kerD is finite dimensional. To see this topologically, we can show that the unit ball
Bi‘erD(O) = kerD N BF(0) in kerD is compact. Let (x;), C B{‘erD(O) be a sequence. The
estimate says that

glly < cllKxgll, VEEN

Since KB i‘er D(0) is pre-compact, the sequence (Kx;, ), has a subsequence (K X, ) converging in
the closure. Passing to x,, , the estimate tells us that it is Cauchy, hence it converges. So every

sequence admits a converging subsequence, meaning that B%‘er D(0) is compact.
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To see that im D is closed, it suffices to show that if (x), is a sequence in X such that Dx;, =
Y, =y €Y, theny € imD. Now, (x}) is either bounded or unbounded. If (x;) is bounded,
then (Kx;,) has a converging subsequence (Kx,, ). Passing to this subsequence, it still holds that
Yn, — - The estimate tells us

| )

Hence (x,, ) is bounded by converging sequences, implying it is Cauchy. So it must converge

xnk

Y + ||Kx”1e

<o
X k

to an x € X by completeness. Finally, since D is continuous, Dx = y. If (x;) is not bounded,
then it must have a norm-diverging subsequence, which by the sake of the argument can be
taken as the full sequence. Since kerD is finite-dimensional, it has a complement in X, say
X =kerD @& X,. If x;, € kerD for all k, then there is nothing to prove, so we might as well
take x;, € X, for all & € N. Now set #, = x;/||x;|| € B1X1 (0). Clearly ||D#u|| — 0, and since
(Kuy,) is pre-compact, it has a Cauchy subsequence. Hence the estimate again tells us that (#;,)
has a converging subsequence. Now, the only possible limit is #, — 0 while ||#,|| = 1 for all
k. This contradiction shows that (x;,) cannot be an unbounded sequence. O

If X is a Banach space, we denote by X its topological dual. If D € B(X,Y), then an adjoint
D*: Y’ — X’ is defined naturally by the formula (D*¢)x = ¢ (Dx). This is clearly a linear
operator. It is continuous in the strong topology on the duals. The following lemma is obvious.

Lemma A.2 IfD: X —Y and the adjoint D*: Y' — X' are both pre-Fredholm operators, then
they are both Fredholm operators.

Towards regular values The following lemmata are used in the proof of the transversality
theorem for the projection of the universal moduli space of Floer trajectories.

Lemma A.3 Let X,Y,Z be Banach spaces, D: X — Y a Fredholm operator, L: Z —Y a bounded
linear operator such that D@ L: X & Z — 'Y is surjective. Then D & L has a right inverse.

Proof. First, ker D is finite dimensional, so it has a complement X, in X - that is, there exists
a closed Banach subspace X, such that X; @ kerD = X. Then, cokerD = Y /imD is finite
dimensional, so im D has a finite dimensional complement. Hence we may pick finitely many
vectors z, € Z, v=1,...,N such that span{Lz, : 1 <v < N} is the complement in ¥ to imD.
Now, D & L is surjective so for each y € Y we can always choose (x,z) € X @ Z such that
y = Dx + Lz. We may always pick x = x; € X;, because otherwise Dx = 0, and we may
always pick z =3 Az, because otherwise z € im D. Hence we get the operator

Y-XoZ
Y= <xl’Z/1va>

which by our specific choices for each y € Y is obviously a right inverse to D & L. O
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Corollary A.1 Let X,Y,Z be Banach spaces, D: X — Y a Fredholm operator, L: Z — Y a
bounded linear operator. Then the operator D @ L: X @ Z — 'Y has closed image.

Lemma A.4 Let X,Y,Z be Banach spaces, D: X — Y a Fredholm operator and L: Z — Y a
bounded linear operator, suchthat D@ L: X & Z — Y is surjective. The operator

P:kerf(D®L)—Z

(x,2)—z

given by the projection X & Z — Z restricted to ker(D @ L) is Fredholm with kernel ker D and
cokernel coker D. In particular ind D = ind P.

Proof. Obviously ker P = ker D @ {0}. So dimker P = dimker D < co. Moreover, its image is

imP={ze€Z:dxeX st. (x,z)eker(DSL)} =
={ze€Z:3xeX st. Lz4+Dx =0} =L~ (imD)

so by elementary linear algebra we get the chain of isomorphisms

cokerP =Z/imP=Z/L7 (imD)=imL/imLNimD =
= (imL+imD)/imD =Y /imD = coker D

Hence the kernel and cokernel of P are finite dimensional, P is Fredholm and with the same
index of D. d

A.2. Non-linear Fredholm theory

Let &,,&, be separable Banach manifolds and f: &, — &, be a C! map. We say that f is a
Fredholm map at u € & if the tangent map T f|,,: T, 6, — T(,y&; is a Fredholm operator. We
say that f is a Fredholm map if it is at every point # € &,. The index of a Fredholm map is the
Fredholm index of its tangent map, which is thus locally constant, since 7 f is a continuous
map of Banach bundles.

Fredholm maps transverse to submanifolds in their target cut out finite-dimensional sub-
manifolds in their domain. As for its finite-dimensional counterpart, this property hinges on
the inverse function theorem, which holds on (separable) Banach manifolds. Moreover, al-
ways in the Banach setting, there is a Sard-type theorem, called the Sard-Smale theorem, which
guarantees that Fredholm maps can be generically put in a transverse situation. This is the
main mechanism that is used to show that the moduli spaces of Floer trajectories are smooth
finite-dimensional manifolds.

Remark In the Fréchet setting of spaces of smooth maps, the main theorems we cited above

do not hold, specifically, there is no Fréchet inverse function theorem. This fact makes the
Proposition 3.3.4 absolutely crucial for the analysis of the Floer equation. Indeed, we can
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work with a Banach ambient space but still obtain results which hold for the C% topology on
the space of solutions.

We state the two main theorems used in the transversality theory for the Floer equation. The
first is a direct consequence of the implicit function theorem, and mimics the corresponding
result in the finite-dimensional case.

Recall that a regular value of a smooth function f: §; — &, between separable Banach man-
ifolds is a point v € &, such that for all points # € f~'(v), it holds that Tf|,: T, &, — T,&,
is surjective and has a continuous right inverse, i.e. its kernel has a closed complementary
subspace.

Theorem A.1 Let &y, &, be separable Banach manifolds and f : &y — &, be a smooth map between
them. If v € &, is a regular value of f, then f ~\(v) C &, is a smooth submanifold.

Notice that if f is Fredholm, the kernel of its linearization is always finite-dimensional,
therefore always admits a closed complementary subspace. We conclude

Theorem A.2 Let &,,8, be separable Banach manifolds and f: & — &, be a smooth Fred-
holm map between them. If v € &, is a regular value of f, then f~'(v) C &, is a smooth finite-
dimensional manifold, of dimension

dim £~ (v) =ind Tf|, = dimker Tf],,
where u is any point in the fiber.

Finally, one may show that the set of regular values of a smooth Fredholm map is “large” in
the target. This is the content of the famous Sard-Smale theorem, which we recall below.

Theorem A.3 (Sard-Smale theorem) The set of regular values of a Fredholm map between sepa-
rable Banach manifolds is residual in the target.
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Appendix B.

Equidistribution and prime iterates

Here we gather some lesser known facts about prime multiples of ir-
rational numbers, and some simple calculations regarding the distri-
bution of gaps of primes. These facts are used in a crucial manner for
the construction of the uniformly non-resonant sequence of prime
iterations, which is in turn crucial for the proof of the Poincare-
Birkhoff theorem.

We start with a number-theoretical definition from [30]. There it is referred to as uniform
distribution mod 1, but we preferred to retain the nomenclature from dynamical systems.

Definition B.1 Let (x;);cy C R” be a sequence of points in R”. We say that (x;) is equidis-

tributed mod 1 when for any measurable subset C C [0, 1]” of volume |C|, one has

#ix., mod1l:7<N,x.€C
lim s €€} =|C|
N—oo N
We are interested in the following criterion for equidistribution [30, Theorem 6.3]:
Proposition B.1 The sequence (x;);c 1s equidistributed mod 1 if and only if for every non-zero
lattice point h € 7" \ {0} the real sequence (< Xj, h>> _C R is equidistributed mod 1.
j

This result is combined with the following theorem of Vinogradov [41]:

Proposition B.2 Let a be an irrational number. Enumerate the prime numbers in increasing
order,2=P; < Py <--- < P; <---. Then the sequence (P;a), oy is equidistributed mod 1.

From these two results, we immediately obtain the following

Corollary B.1 Let @ = (ay,...,a,), 9 > 2, be a vector of rationally independent irrational
numbers. The sequence (P;d); oy C R™ is equidistributed mod 1.

Remark The condition for 2 = (ay,...,a,) to be a vector of rationally independent irrational
numb.ers is equivalent to saying.that t.he set {1,ay,...,4,} C R is rationally independent, so
spanning a Q-subspace of R of dimension g + 1.
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This corollary is the starting point for the construction of the uniformly non-resonant prime
iteration sequence.

Lemma B.1 Letd = (ay,...,a,) be a vector of rationally independent irrational numbers. Let
C C[0,1]7 be a measurable subset of measure |C|. Denote by 1 the cumulative distribution of the
prime numbers, i.e. (M) =#{P prime: P < M}. Define

Vo (M) =#{P prime: P <M, Pamod 1€ C}
Then
V(M) =|Clr(M)+o(r)
Proof. Let P, be an enumeration of the prime numbers P such that Pa mod 1 € C. By defini-
tion of equidistribution mod 1, we have that P}, is an infinite sequence of primes, and that

#{PkaSN, Pk2m0d1€C}

lim =|C]
N—oo N
Define -
I _ #{P,:k<N, Pramod 1€ C}
N=

N

Notice that the function 7: N — N is a monotone increasing function. Therefore we can
consider the subsequence (L ;1)) yen- We obtain thusly that

IC|= lim L, = lim #{P,:k <7(M), PLamod1eC}
M—o00 (M) M— o0 7T(M)

Now k < 7(M) if and only if P, < M. Therefore we can forget k and obtain

. #{Pprime:P <M, Pamod1e C}
|C|= lim
M—oo ﬂ(M)

which is our claim. O

Lemma B.2 Let a and C be as above. Let ( p]»> o be an increasing enumeration of the set
]

{P prime : Pa mod 1 € C}. Then for any fixed m > 1 we have

Pivm—bj=0(p;) asj— o0

Proof. Notice that

m—1

Pi4m—P; = Z Pjtk+1— Pj+k
k=0
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therefore the claim is reduced to showing that

P =o(p) asj = oo

In order to do that, we use the prime number theorem:

N N
N)=
m(N) logN+O<logN>

where 7 is the prime counting function. Since ¥-(N) = |C|7(N)+ o(7), we also have that

N
#i7:p, <Nt =7( C
{] P = } c(N)=| |logN <logN>

In particular, we have that

lim -2 —|C|
j—oo jlogj
Hence we may compute
. P Pi+1 jlogj (j+1Dlog(j+1) [C| .. (j+1Dlog(j+1)
lim —— = lim — - ’ . =— lim ’ ’ =1
j=oo pi j=oo (jH+1)log(7+1)  p; jlogj |Clj—ee jlogj
whence it follows that
fim 2R TP By
]j—00 p] ]j—00 p]
which was our claim. O
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Appendix C.

Conventions

In the following, the split forms refer to the splitting of R?” into symplectic 2-spaces R?” =
R?@--- ® R? with corresponding coordinates z = (2, ...,25,) = (q1> P1s-+ >G> Py )-

1. Wy :Zl dql /\dpl :Z;l:_ll le‘ /\le'+1.

®n
2. ]o:<c1’ _01> :

Therefore we have the identity
wo(v, w) = (Jyv, w) (C1)

where (-, -) is the standard Euclidean inner product, (v, w) = v” w. Hence, an almost-complex
structure J is compatible with w, when the following is a Riemannian metric:

g = wo© Ix])
The Hamilton equations for a Hamiltonian H € C*°(R?**) are

Combining this with the identity (C.1) we obtain the formula for the Hamiltonian vector field
in these conventions:
Xy =—JoVH

We often use the following radial anti-primitive of wy,
1 1
Aozzqu‘dpi_f)idqi’ dl, (”):E(Z,fo‘?})a —d Ay =y

This gives us that the action of a curve y: [0,1] — R*" is

1

"1
)= |y domHiop(ee = | 3o — (e, (o)
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