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What is weird? [...] T want to arque that the weird is a particular
kind of perturbation. It involves a sensation of wrongness: a weird
entity or object is so strange that it makes us feel that it should not
exist, or at least that it should not exist here. Yet if the entity or
object is here, then the categories that we have up until now used to
make sense of the world cannot be valid. The weird thing is not
wrong after all: it is our conceptions that must be inadequate.

Mark Fisher, “The Weird and the Ferie”

iii



iv

CONTENTS



Acknowledgements

As it turns out, writing acknowledgements is a substantially different experience
from writing the rest of the thesis. The other chapters are relatively straightfor-
ward: there is something I see, I say it, and it is sorted. I guess the focal point
of that kind of effort is the way things are written and justified, but overall I can
claim that a non negligible proportion of what I think lies now there, on the page.
Acknowledgements are another kind of beast entirely: I know that no amount of
effort will ever make justice to the shards of life shared with all of you; more-
over, your sheer number makes it awfully difficult to write these lines in finite
time. I beg thus for your kind mercy, my readers. Let us close the braid together.

Je dois tout d’abord te remercier, Vincent, avec tout mon coeur. Tu t’es
démontré prét & me rassurer quand il me le fallait et & m’aider & développer
mon style. Je trouve que tu es allé bien au déla de ce qu'on peut méme espérer
de ton role. Ces quatre années passées a travailler a tes cotés ont été un véritable
plaisir, et je te dois beaucoup de ce que j’ai appris ici, & Paris, du point de vue
humain comme du point de vue mathématique.

I am going to thank next Alberto Abbondandolo and Vincent Colin, for
making me the honour of accepting to referee my thesis. Your comments have
been helpful in improving my work and in assessing its value. I am also grateful
to the other members of the committee for accepting to be part of the defence:
Margherita Sandon, Patrice Le Calvez and Raphagl Krikorian.

Next comes the symplectic community: I hope going forward I will be able
to contribute as a mathematician among you. Agnés Gadbléd, Agustin Moreno,
Ailsa Keating, Alejandro Passeggi, Alexandre Jannaud, Alexandru Oancea,
Alfonso Sorrentino, Andrea Venturelli, Anne Vaugon, CheukYu Mak, Claude
Viterbo, Dusan Joksimovi¢, Emmanuel Giroux, Erman Cineli, Fabio Gironella,
Frédéric Bourgeois, Gabriele Benedetti, Grégory Ginot, Jean-Philippe Chassé,
Jean Gutt, Jo Nelson, Julian Chaidez, Lev Buhovsky, Luca Baracco, Lucas
Dahinden, Marie-Claude Arnaud, Marco Golla, Marco Mazzucchelli, Noah Por-
celli, Olga Bernardi, Oliver Edtmair, Paolo Ghiggini, Pazit Haim-Kislev, Rémi
Leclercq, Shira Tanny, Sobhan Seyfaddini, Simon Allais, Sonja Hohloch, Syl-
vain Courte, Urs Frauenfelder, Umberto Hryniewicz, Vinicius Ramos, VukaSin
Stojisavljevi¢, XiaoHan Yan, Yuichi Ike, Yusuke Kawamoto. I would also like



vi ACKNOWLEDGEMENTS

to thank the participants to the Spring School: truth to be told it was a bit
overwhelming to organise, but it turned out to be a awesome experience. With-
out your amazing work as co-organiser, Amanda, this would have never been
possible.

Je souhaite donc aussi remercier les gestionnaires de 'IMJ-PRG : avec votre
travail, vous avez permis que cette idée dévienne une concréte réalité.

Méme si je n’ai pas été le membre le plus présent, j’ai toujours appré-
cié laccueillant environnement que j’ai trouvé au sein du CMLS. En partic-
ulier, je suis reconnaissant a Annalaura Stingo, Cécile Huneau, Charles Favre,
Christophe Margerin, David Renard, Kléber Carrapotoso, Lorenzo Fantini, Nico-
las Perrin, Omid Amini, Paul Gauduchon, Siarhei Finski, et aussi aux autres
(anciens) doctorants du CMLS : les Lucas, Felipe, Etienne, Melvyn, Paulo,
Pierre, YiChen. Je ne pourrai pas non plus oublier 'ardu travail des gestion-
naires Béatrice Fixois, Carole Juppin et Marine Amier : vous avez toujours été
trés disponibles & m’aider, et m’avez fait épargner beaucoup de temps et de
frustrations. Pour la méme raison je souhaite remercier les informaticiens du
laboratoire, sans lesquels ma vie aurait été plus compliquée.

My office mates at Polytechnique: Benjamin, Dorian, Saeed, Anustup, Félix.
I think I never really managed to convince you that I, indeed, have spent an
adequate amount of time on my work: I hope this thesis may represent a some-
what compelling argument. If it does not, I give up.

Now, la communauté des (post)doctorants en maths a Paris : le cinquiéme
étage 1516 s’est averé étre un de mes endroits préférés & Paris, caractérisa-
tion surprenante d’un lieu de travail. Je tiens donc & remercier mes cobu-
reaux passés et présents : KEva, Germain, Parian, Pierre, Thomas et Yann.
Le reste des habitants du couloir ont contribué a rendre mon expérience de
thése bien plus agréable et amusante : Anna, les Antoines, Arnaud, Camille,
Christina, Christophe, Desirée, Enrico, Felipe, os Gabrieis, Haowen, Jacques,
Jodo, Joaco, Mahya, Matteo, Mattias, Nelson', Paolo, Perla, Pietro, Raphaél,
Sasha, Thomas, Thiago, Tristan.

Because the work occupying most spaces of this document is somehow in
between low-dimensional topology and Hamiltonian dynamics?, I have had the
luck to cross paths with several topologists (in a broad sense) working in low
dimensions, between Providence and Budapest. These people made my jour-
neys even more special: Eric Stenhede, Fabio Capovilla-Searle, Hannah Turner,
JiaJun Yan, Juan Gonzélez-Meneses, Lei Chen, Marc Kegel, Marco Maren-
gon, Maria Cumplido Cabello, Marithania Silvero Casanova, Michele Capovilla-
Searle, Miriam Kuzbary, Orsola Capovilla-Searle, Paula Trudl, Peter Feller,
Rima Chatterjee, Willi Kepplinger. Edmund and Alanna, after our first meet-
ing in the US, you have also contributed to make my life in Paris more enjoyable

1He was missing from the first draft and decided, rightfully, to whine about it.
?No surprise here hopefully.



vii
and interesting.

Our reading group between Aachen and Paris has been extraordinarily en-
riching: , I learnt a lot, beyond Persistence Modules and their far-reaching ap-
plications in Symplectic Topology. Bernhard, Jessica, Leo, Renata, Sam. I have
a lot of memories with you (a surprising amount of which related to food...),
thank you for everything and good luck, I wish you all a bright future. T1d atin
no estabas en Aquisgran, David, pero creo que lo habrias disfrutado también.
Sin embargo, gracias por tu tiempo, tu paciencia y tu soporte. Marcelo and
Matthias, our elder participants: thank you for your time and interest.

Héléne, je voudrais vous remercier : sans vous cette thése n’aurait probable-
ment pas vu la lumiére.

Un grazie di cuore a Salvatore: Lei é stato una figura fondamentale durante
pressoché tutto il mio soggiorno a Parigi.

To my students: I hope you enjoyed our time together. I certainly did, even
when it was at 8 am and no one was actually awake in the room as far as I could
tell. I tried to be a good teacher, and learnt a lot from you guys.

Je trouve que Paris soit un endroit assez difficile, mais vous, mes amis, avez
réussi & donner un sens & mon séjour dans cette ville. Alejandro, Alessandro,
Amanda and Andrin, Amine, Anna con Martin e Lorenzo, Cristina y Enmanuel,
Dustin and Elyse, Ella, Enrique and Daniel, Evan (good luck with your own
PhD!), Hsuan Hui, Ibrahim, Jorge et Johanna, Julio, Marcela, Matija and Sara,
Ricardo, Salammbo, Sarah, Tina, Virginia, Yuan. Cette thése est aussi pour
vous. No quantity of words would be able to express almost anything non-trivial
(I hope I do have your mercy, which I begged for above. If you skipped to this
place to see if you were mentioned, go back up and give me mercy). Un grand
merci aussi aux groupes PS Phoenix et de Handstand, pour m’avoir accueilli si
chaleureusement ces derniéres annéees !

An unwelcome consequence of travelling so far and wide is that, at any given
moment, most of my friends are not with me?.

The story of my life abroad started with an Erasmus at Warwick University,
where I met plenty of wonderful people. Bernhard, Charles, Clothilde, David,
Jakob, Maria, Paul, Simon: all of you marked my life some way or another, and
of this I am grateful.

London friends now: Geo and David of course, Melissa and Will. Let us not

forget about Lawrence, I hope he sees this and will be happy he was thanked?*

3Likewise, they may complain that I am not with them. I can’t know if they do though.
41 cannot fail to point out how he broke lasagne to make them fit in a tray. This counts
as a name and shame, Lawrence, do not do it again or I will know.



viii ACKNOWLEDGEMENTS

Les agradezco por su hospitalidad en Zurich, Alfonso y Sonia, y por su aceite
de oliva, mucho y muy sabroso. Justo ahora estoy escribiendo sentado en el sofé,
aun no he partido pero ya tengo muchas ganas de volver a verlos.

Talking about interesting encounters: Volodymyr, you made the journey
back from Budapest extremely interesting with your tales about when you
worked on Soviet missiles. I will let you know if I ever get a Nobel, but as
of know I don’t think it is in the cards.

Sumir af vinunum minum bta 4 smarri eyju, alveg nordanlega i Atlantshafinu.
Eg parf ad pakka Degi, Gylfa, Laru og Alex. Gangi ykkur vel, ég vona ad lifin
ykkar séu hin bestu sem haegt er.

In Paris, one can also meet someone living in Ireland, an expat from Lithua-
nia. Dovile, I hope your adventures will satisfy your natural curiosity.

Mi viaje a Latinoamérica empezé en Montevideo, Uruguay, donde tuve la
suerte de conocer a personas especiales, talentosas y gentiles: Camila, Esty,
Hansel, Lucia.

Most of the guests at the hostel were mathematicians, and by the end of the
week we had become friends. After a few days listening to them speak in their
wonderful language, I had started thinking in the peculiar rhythm of Brazilian
speech: Arthur, Brayan, Jonathan, Marcelo, Rafael, Renato.

I then went on to Brazil, and I would like to thank Marcelinho, Valerio e
Giorgia for the great experiences we had in Rio. Let’s do it again sometime! I
would also like to thank the Love Time Hotel in Gléria for providing me with a
quiet space to write a good portion of this thesis, in the middle of the Carnival
madness.

Otros amigos mios viven en otra isla del Atlantico, un poco mas caliente.
Empecemos entonces a agradecer a mi familia adoptiva de la Habana: Chrys-
laine y Jorge Mario y las tres chihuahuas; Rodrigo y Lorena, y sus amigos;
Marisel con Enmys y el pequefio Alejandro. Todos ustedes hicieron mi viaje
extraordinario, espero podré yo también ofrecerles algo tan precioso como lo
que me dieron ustedes.

Ricordiamoci adesso del coinquilinato a Cachan. Santiago, grazie per le
discussioni di politica, economia e matematica ad ore improbe. Dividere un
appartamento con te é stato un’esperienza divertente, 10/10 lo rifarei. Thank
you Steven for the numerous evenings we spent together, and for your chapati
that I never learnt to make in a satisfying way. Sebastian, gracias por darme la
bienvenida en Barcelona, e Donato, sappi che le due regole che mi desti furono
vacuamente rispettate.

Per finire, le mie radici. A Padova ho ancora amici stretti, il tipo di amici
che ogni volta che li rivedo, a distanza di mesi o anni, ¢ sempre come se non
fosse passata una settimana. Iniziamo con il NOM: Cri, Dadive e Roxy, Emma,
Fry, Marco, Pietro. Il nucleo del gruppo del liceo: Bianca mora, Kekko, Max,
Ludo, Pietro e le loro famiglie (soprattutto a Ombra, quella vecchia signora
che ho conosciuto quando era bambina); Bianca bionda, Gigi, Marco e Pega.



ix

Il gruppo dei giochi di ruolo, cui non ho potuto partecipare abbastanza: alle
persone gia nominate devo solo aggiungere Luis e Toba. Il gruppo dei giochi da
tavolo: Dami, Procione e Smoke. A Giovanni, per i nostri giri in montagna e
le birre, buona fortuna con la magistrale. Grazie ovviamente ad Aurora, Patrik
e Fas, anche se purtroppo non ci vediamo quasi mai. Lorenzo e Tobia, amici
dall’umore dissacrante, grazie anche a voi. Il problema qui &, ancora una volta,
tutti voi meritate ben pitl parole di quanto non possa permettermi di scrivere,
ma so anche che in realta non ne avete davvero bisogno, sono cose che gia sapete
dopotutto®.

Devo ricordarmi del gruppo di Thai boxe, guidato da Yemen e di cui ho fatto
pitt 0 meno parte per piu dieci anni ormai. Mi avete dato tanto, ragazzi!

Non ci si puo dimenticare dei miei amici e compagni della triennale a Padova,
con cui ho lavorato (molto) e fatto festa (di pitt): Angelica, Arturo, Francesco,
Gaia, Kuba, Mango, Maria, Micol, Matteo, Alessandro, Alfredo, Andrea, An-
tonio, Damiano, Emma, i Giacomi, Gloria, Luigi, Filomena, Marco, Marta,
Monica, Riccardo, Sabrina, Veronica.

Vorrei pure ringraziare i miei insegnanti del liceo Ventrone e Cerasi, ai quali
penso sempre con grande affetto e riconoscenza.

Un pensiero a Domenico: é passato tanto tempo gia da quanto te ne sei
andato, spero che tu sia fiero di noi da lassi.

Parlando con i miei amici, il fatto che io apprezzassi davvero la presenza e
la compagnia dei parenti ¢ spesso stato motivo di scherno. Chi mai, infatti, puo
essere contento di passare una giornata con i suoi cugini di terzo grado?

Iniziamo dal principio, con il nonno Gianni e la nonna Anna, il nonno Em-
manuele e la nonna Gabriella, passando ovviamente per lo zio Sergio e la zia
Nora, e lo zio Roberto con la zia Carla. Ormai non siete piu tutti qui con noi,
ma le vostre impronte perdureranno. Da parte di padre, la zia Vera; la zia Silvia,
lo zio Aldo e Antonio e Margherita; zii Michele e Elisabetta, con Elena; la zia
Patrizia e lo zio Remo, e Andrea e Fabio. Da parte di madre, gli zii Benedetta
e Sandro, con Matteo, Jacopo, Marco e Addisalem.

Per terminare, mamma, papa e Ale. Grazie per essere stati sempre li, anche
quando era pesante, anche quando era difficile. Non sarei arrivato fin qui senza
il vostro sostegno. Menzione speciale ai mangiawurstel perdipelo Ice e Calypso,
pit importanti per me di quanto non lo sapranno mai.

5E se no, parliamoci di persona cosi che possa ricordarvele, preferibilmente con una birra
in mano.



X ACKNOWLEDGEMENTS

Even though the ends of my braid are now welded together, one can always add
more strands. . .



English Introduction

In the present dissertation we study how we can extract information about
Hamiltonian diffeomorphisms of surfaces using braids obtained from Hamilto-
nian trajectories. We are going to approach this problem from two very different
perspectives: a global point of view, in which we use braids to find estimates
of Hofer distance between diffeomorphisms in a given class, and a local one, in
which we focus on a specific Hamiltonian diffeomorphism. The tools we use are
a new flavour of Lagrangian Floer homology, recently developed by Cristofaro-
Gardiner, Humiliére, Mak, Seyfaddini and Smith in [21] for the former, and
for the latter generating functions for Hamiltonian diffeomorphisms (with its
relations to Hamiltonian Floer homology). The results contained here will come
from [51], from a joint work with Ibrahim Trifa [52] and from a yet unpublished
work by the author.

0.1 Overview: setting and methods

The braid group of a surface is the fundamental group of its configuration space.
Let X4, be a surface with genus g > 0 and p > 0 boundary components different
from the sphere. Consider the natural action of the permutation group on n
letters &,, on the n cartesian power of X, ,, deprived of the fat diagonal

A={(@1,.,wn)|Fi # 2 = 25}

The quotient is called n-th configuration space, and we may define the braid
group By, 4. by
Bugw =1 (S5, \ B)/6,)

When g = 0,p = 1, i.e. in the case of the disc, we recover the usual braid group,
described by the classical presentation

Bn = <Ula'-~70nl

The linking number of a braid, also called “exponent”, is the group homomor-
phism

0;0i410; = 044100441 1 < 1 <n— 2

oio; =00 i —j|>1 >

Bn,O,l — 7

xi



xii ENGLISH INTRODUCTION
which sends the generators to 1.

In this work we study Hamiltonian diffeomorphisms using the braids formed
by their orbits. A Hamiltonian diffeomorphism is the flow at time 1 of a Hamil-
tonian vector field, which in turn is a gradient vector field of a function with
respect to a symplectic form. Ultimately, the linking numbers carry information
about Hamiltonian diffeomorphism because of a variational principle describing
its fixed points. This principle states that critical points of the action functional,
defined on the loop space of a symplectic manifold, are precisely closed Hamilto-
nian orbits. A Morse-like theory may be defined for the action functional: this
is, philosophically, how Floer theory is defined. The generators of the Floer ho-
mology groups are then closed Hamiltonian loops, and the differential is defined
counting perturbed pseudoholomorphic cylinders with asymptotics at Hamilto-
nian loops. It turns out that pseudoholomorphic curves (in our case, the graphs
of Floer curves) in 4-manifolds intersect positively, and this fact admits a braid
theoretical interpretation: the linking numbers of braids formed by Hamiltonian
orbits increase along the Floer differential.

In the direction of research described in the paragraph “A linking filtration”
below, we discretise the variational problem to finite dimensions using gener-
ating functions: their critical points are in bijection with the fixed points of
the diffeomorphisms they represent. From infinite dimensional Floer theory, we
pass to Morse theory on a non-compact space.

A work of Patrice Le Calvez [44] shows that, for a specific choice of generat-
ing function, linking numbers of orbits still increase along the Morse differential.
We define the self-linking number of a fixed point in a way that is consistent
with the linking numbers of all the possible pairs of orbits, to obtain a filtration
on the tensor product complex. Such filtration also exists for other generating
functions, and we prove its existence using a theorem of uniqueness for gen-
erating functions due to Viterbo. After this, we go back to the Floer setting
and study the behaviour of the filtration we defined under the higher homology
operations between Floer complexes. The tool here is explicitly the positivity of
intersections between holomorphic curves, which in the more general setting of
punctured holomorphic curves in 4-dimensional symplectisations is translated
into the positivity of the Siefring intersection product. The main element of
novelty is given by the structural results we obtain via generating functions.
We report that in the literature similar filtrations have already been observed,
for instance see [35], [55] and [54], but that these works use an approach based
on asymptotic analysis of pseudoholomorphic curves, which is the backbone of
the definition of the Siefring product. We expect that in the future the fil-
tration we construct here will bear dynamical applications, possibly using its
Floer-theoretical definition.

The positivity of intersections between holomorphic curves appears in the
paragraph “Braids and Hofer estimates” as well, hidden in the definition of the
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action for generators of the complex. The theory we describe is a Lagrangian in-
tersection Floer homology in the symmetric product. It also admits a variational
principle, and critical points of the action functional now are (capped) paths
between a Lagrangian torus in the symmetric product to itself. The differential
will be defined by counts of perturbed pseudoholomorphic discs with Lagrangian
boundary conditions in the symmetric product. The positivity of intersection we
have here is between the pseudoholomorphic discs and a holomorphic divisor® of
(real) codimension 2. This phenomenon is crucial in the proof of the existence
of an action filtration in our Floer theory, and in the monotonicity of the action
along Floer continuation maps. The specific shape the action functional takes
in this setting, together with Hofer Lipschitz properties of spectral invariants of
this Floer theory, allows us to perform Hofer measurements based on braid type
of Hamiltonian diffeomorphism in a specific class, which we define below. The
result is an estimate of the Hofer norm of Hamiltonian diffeomorphisms based
on the complexity of the braid they draw: loosely speaking, the more complex
the braid is, the more energy it takes to draw it.

0.2 Main results and sketch of the proofs

Braids and Hofer estimates The content of this section will be presented
in Chapter 2.

We work on an arbitrary compact surface 3, , with genus ¢ > 0 and p > 1
boundary components. A collection L of k+ g circles is said to be pre-monotone
if it satisfies certain geometric conditions (detailed in Definition 2.2.1): we are
interested in the group of compactly supported Hamiltonian diffeomorphisms
that fix L as a set. To every such diffeomorphism ¢ we may associate an
element b(p) of the braid group of the surface. It turns out, as we shall see in
Theorem 2.2.3, that the Hofer norm of ¢ may be estimated from below by a
function that encodes the complexity of the braid b(y). From now on in this
introduction we assume that 3, , = D, since the main result is considerably
easier to state in this setting.

Theorem 0.2.1. If L is pre monotone in the unit disc D, and if @ fizes L, then

el = (L) |k(b(e))]

where ¢(L) is a constant which only depends on L.

The definition of the invariant lk, the “linking number”, may be found in
Section 1.1, and the one of the Hofer norm in Section 1.2. An analogous result
for general surfaces with boundary still holds, and its proof is contained in the
above-mentioned joint work with Trifa [52]. The statement in full generality
may be found in Theorem 2.2.3.

SThe discs counted by the differential are not really pseudoholomorphic, because of a
Hamiltonian perturbation term. In the construction of the homology theory however one has
to change the Hamiltonian to a time-dependent constant in a neighbourhod of this divisor,
thus forcing holomorphicity of the discs there.
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A corollary of the Theorem is that we may estimate from below the distance
between Hamiltonian diffeomorphisms preserving a common L in terms of their
braid types. We use this to define, following an idea of Frédéric Le Roux, a
family of norms on the braid group (or a proper subgroup, when necessary), for
which we provide estimates from below.

We wish to highlight that it is the first time, at least at the best of our
knowledge, that this a Hofer estimate of this kind is given without relying on
non-trivial homotopy of the surface. It is indeed possible to see our results as a
generalisation of those in [46, Section 1.2] and of [41, Theorem 1]. In the former,
Le Roux considers the standard annulus

A:=(0,1) x S!
and a smaller one
A= (a,b) xS'CA 0<a<b< 1

The group of compactly supported Hamiltonian diffeomorphisms of A preserving
A admits a morphism to Z, the rotation number rot. This function measures
how many times A turns around following the generator of the homotopy of
A, along any compactly supported isotopy between the identity and ¢. Using
the Energy-Capacity inequality in the universal covering, Le Roux then finds
a lower bound for the Hofer norm of such a diffeomorphism in terms of the
rotation number only:

el = O (Jrot(e)])

Khanevsky then, answering to a question of Le Roux’s from [46], considers a
non displaceable disc D in A and provides a solution to an analogous problem:
to each compactly supported Hamiltonian diffeomorphism ¢ of A such that
©(D) = D we associate its rotation number rot(p). In this larger context,
Khanevsky proves a similar inequality as above, using the Entov-Polterovich
quasimorphisms defined in [22].

Let us now describe the strategy of the proof of our result on the disc. The
proof for general compact surfaces with boundary relies on roughly the same
idea, but with some extra technical difficulties to overcome.

The homology theory constructed by the authors in [21] is an invariant of
a collection of circles L which has to satisfy certain geometric assumptions,
and of a Hamiltonian diffeomorphism . In particular, Hofer-Lipschitz spectral
invariants

cL(p) €R

are defined. We embed symplectically our discs I into spheres S?(1 + s) of
different areas. Each embedding gives rise to a different homology theory, and
with it different Hofer-Lipschitz spectral invariants. We cannot compute the
spectral invariants directly, as often is the case outside very specific examples,
but can instead compute their difference. In order to provide a more precise
description of the proof, we need to give a basic description of the Floer complex.
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Let L be a pre-monotone collection of k circles in D, and denote by L, its
image in S2(1 + s). We consider the symmetric product Sym”S2(1 + s): it can
be given the structure of a symplectic manifold. The collection L, defines a
Lagrangian torus

Sym”L,

in the quotient, and for s in a certain interval this torus is monotone. Given
a Hamiltonian diffeomorphism ¢ € Ham.(D) generated by a Hamiltonian H,
denote by ¢, the extension by the identity to S? and by H, the extension of H
by 0. The complex

CF(H, L,)

we are interested in is generated by capped Hamiltonian paths from SykaS
to itself. A capping is a homotopy between such Hamiltonian path and the
constant path at a point in Symk’LS. The differential will be defined counting
holomorphic discs in SymkS2(1 + s) with Lagrangian boundary conditions. The
homology, as per [21, Lemma 6.6], is well defined, and by [21, Lemma 6.10] it
is non zero: to define spectral invariants, we now only need to have an action
filtration. We now recall from [21] that there are two monotonicity constants
associated to Sykas, a strictly positive A > 0 and a positive or null n > 0.
Denote now by A the fat diagonal in the symmetric product:

A= { (1, ..., 2] € Sym"S?(1 4 8)|3i # j, z; = z; }

and let § be a generator of the Floer complex. Its action is defined to be

1
AL (§) = / SymH, (y(t)) dt — / G wx — i) - A
0 [0,1]x[0,1]

It is also shown in [21] that changing capping shifts the action by an integer
multiple of A, and that the action is monotone along the differential (strictly
increasing or decreasing depending on the conventions).

We can now explain how to compute the difference of spectral invariants
announced above. Let us consider s; and ss parameters for our embeddings.
The Floer complexes

CF(Hs,, Ly,), CF(Hs,, Ly,)

are in fact isomorphic as chain complexes: to prove this point, choose any
biholomorphism
S%(1+ s1) = S*(1 + s2)

and it will descend to a biholomorphism
Sym”"S%(1 + s1) — Sym*S?(1 + s2)

This biholomorphism induces a chain complex isomorphism, as it is easy to see.
This chain complex isomorphism will not however respect the action filtration,
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but it turns out that it will simply shift it uniformly. In order to show this
we use an interesting consequence of the definition of pre-monotonicity: for
embeddings in S?(1 + s;) with different area parameter s, the two constants A,
associated to Sym" (L,,) will coincide, while the two 7, will be different. Now,
we mention that the spectral invariants cp_(¢s) satisfy a (Spectrality) axiom:

3y € CF(Hs, L,) such that AF; (9) = cp_(vs)

This implies that the difference of spectral invariants will be equal to this action
shift. Because this action shift is uniform, moreover, we may choose any pair
of generators related by the isomorphism to compute it. Another property we
obtain is that the difference we want to compute

‘L, (¢s1) — ‘L., (©s,)

is additive under concatenation of Hamiltonian diffeomorphisms preserving L.
Because of this last property, we can focus our attention on Hamiltonian dif-
feomorphisms of particularly simple braid type, generators of By for instance.
Consider a pair of capped Hamiltonian paths ¢; from Symk(Lsi) to themselves
related by this isomorphism, and we assume that the two cappings, up to ho-
motopy, are entirely contained in

Sym"(D) ¢ Sym"(S?(1 + s,))

Recall the definition of the action given above: in this context we easily see
that

CL,, (¢s1) — ‘L., (psy) = Afol (0h) — AUHZ (92) = (s, — msy) 1] - A

Such capping are homotopies between the braid type of ¢, b(¢), and the
trivial braid: if we can compute the term [g1]- A from above we are done. This
computation is carried out in Section 2.4.2; after describing a class of inter-
sections of cappings with A which are guaranteed to be transverse. Given the
Hofer Lipschitz property of the difference of spectral invariants, the intersection
number we find (up to multiplication by a known constant) bounds from below
the Hofer norm of .

A linking filtration The content of this section is the object of Chapter 3.

Let us consider a compactly supported Hamiltonian diffeomorphism ¢ of
R2. Let H be any Hamiltonian generating it. Any diffeomorphism of this kind
admits a generating function

h:R2xRF 5 R

which is quadratic at infinity. After perturbing the generating function, for
generic g close to the standard metric on R2xR*, the Morse complex C M (h, g; Z)
is defined. The generator of the Morse complex being critical points of h, they
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are in bijection with the set of fixed points of . It is known that the homology of
this complex is isomorphic to the homology of the Floer complex CM (H, J;7Z)
of ¢, defined for a generic choice of almost complex structure J. The Floer com-
plex is generated by fixed points of ¢, and its differential is defined counting
cylinders

u:R xSt — R?

satisfying the Floer equation
Osu + J(Ou — X (u)) =0
It is a classical fact that the graph of u,
T:RxS" = RxS!xR?

is pseudoholomorphic, and pseudoholomorphic curves in 4-manifolds intersect
positively. Consider now four distinct fixed points x4, y+ of ¢, such that there
are two Floer cylinders, u and v, asymptotic to these generators:
Seeing the pair of cylinders (u, v) as a homotopy from the braid (z_,y_) to the
braid (z4,y4+ ), and using the positivity of intersections of holomorphic curves
we conclude that

k(z_,y-) <Ik(z4,y4)

It is possible to obtain a similar result using generators functions: Patrice Le
Calvez in [44] proves it decomposing ¢ as a product of twist maps, and con-
structing a generating function for which the linking number between orbits has
a Lyapunov property. Using this and a dominated splitting of R? x RF (still
defined in [44]), we prove the following:

Theorem 0.2.2. Let ¢ a compactly supported Hamiltonian diffeomorphism of
the plane with its standard symplectic form dx A dy. Then for any generating
function quadratic at infinity S : R2 x R¥ — R for ¢, there exists a non-
degenerate quadratic form @ on R!, a Riemannian metric g on R2T*+l such
that the pair (S ® Q, g) is both Palais-Smale and Morse-Smale, and making (an
extension of ) the function

I:CM(S8Q,g:Z)® CM(S & Q,g:Z) = Z,
3k(ve,7y) P#4
Ip®q):= {2 [czwq B
—|7= | P=4q
into an increasing filtration of the tensor complex.

The number CZ(v,) in the Theorem is the Conley-Zehnder index of v,,
which coincides, up to translation, with the Morse index of p. The multiplicative
factor of % appears in light of our normalisation of the linking number.
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The proof of the Theorem is divided into two parts: we show the existence
of this kind of filtration for generating functions of Le Calvez type, and then
push it forward to all other generating functions.

The proof on the generating functions defined by Calvez relies on the an-
nounced Lyapunov property for the linking number, and on the study of the
asymptotics of different gradient lines 71, 72 approaching the same critical point
x. There is in fact an interplay between the dominated splitting at x and the
asymptotic linking of curves represented by points ~v1(t) and o (¢) for ¢ > 0
(it is not clear for general generating functions how points in the vector bundle
R? x RF are associated to loops in R?, but the construction that Le Calvez uses
makes this relation apparent).

Once we obtain the existence of the filtration for a Le Calvez generating
function, we extend it to arbitrary generating functions using Viterbo’s Unique-
ness Theorem (73], [69]. In order to apply it, we have to show that the ones
defined by Le Calvez are generating functions quadratic at infinity in the classi-
cal sense, up to gauge equivalence: this is one of the three elementary operations
on generating functions as defined by Viterbo, and it induces an isomorphism of
Morse complexes. Filtrations may also be pushed forward along these elemen-
tary operations, so that an application of the Uniqueness Theorem then proves
the main result.

We prove a folklore theorem about the relation between the Hofer metric
on Ham,(R?) and the supremum norm of generating functions. If two diffeo-
morphisms ¢, are Hofer-close, then there are two generating functions, one
for ¢ and one for 1, which are ¢°-close: this is the content of Lemma 3.4.5.
We also show that the filtration I defined above increases along continuation
maps between generating functions. With these elements we are able to prove
a simple case of [3, Theorem 2]: for small Hofer perturbations, linking numbers
of orbits persists (see Proposition 3.4.6).

We now go back to the Floer perspective: let ¢ be a Hamiltonian diffeomor-
phism of a closed oriented surface ¥, of genus g > 1 or of R? (in which case we
also assume ¢ is compactly supported). We denote by ¥ the surface on which
@ is defined. Some classical results of Hofer, Wysocki and Zehnder show that,
near critical points of the action functional of ¢, there is an infinite dimensional
analogue of the dominated splitting defined by Le Calvez. Choose a fixed point
x of ¢. They show, as a start, that each eigenfunction of the linearised Floer
operator at = has a well-defined linking number with respect to the z itself. If
two different eigenfunctions share the same eigenvalue moreover, then they have
the same linking number with x. For each integer n, the space of eigenfunctions
having linking number n with  has dimension 2, and the function associating
to an eigenvalue the corresponding linking number is monotone increasing.

Much like in the Morse case, a cylinder

u:RxS' =32

negatively (resp. positively) asymptotic to a fixed point x will locally be rep-
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resented by a sum of eigenfunctions with positive (resp. negative) eigenvalues,
and by the above facts about eigenfunctions and linking numbers there are a
priori bounds on the linking number between the curves

us: St =%, t > u(s,t) and x: St — Bt — x(t)

for s = —oo (resp. s — +00). These estimates are used to define the Siefring
product between Floer cylinders, and its positivity gives us the Floer analogue
of the main result we have in the Morse setting:

Theorem 0.2.3. Let ¢ € Ham(X) (compactly supported if X = R?) be non
degenerate (if ¢ is compactly supported, we only require non degeneracy on the
interior of the support) and generated by a Hamiltonian H. Then for generic
almost complex structure J, we have an increasing filtration I on

CM(H,J;Z) @ CM(H,J,Z)
defined on generators by

L1k(x,1 T #£1
I(z®y):= {2{22(;/3} x_;
e =

We immediately see that the filtrations obtained via Floer and Morse theo-
retical methods, perhaps unsurprisingly, coincide.

We finish Chapter 3 studying how the filtration I behaves with respect to
the pair of pants product in Floer homology. We define the pair of pants with
p+1 legs

Sy i=S*\{a1,...,apy1} with i # j = a; # a;
as the two dimensional sphere with p + 1 punctures, of which one positive and
the remaining p ones negative. The pair of pants product is a map

P, : CF(H,J; )% — CF(H*?, J;7)

that to p fixed points of ¢ associates a fixed point of P. Remark that C F(H#?, J;7Z)%?
may be endowed with the filtration I as above, while we may define I, on the
source space of Pp:

p
L@l ®ap) ® @i ©al) = I} o))
j=1

The operation P, is defined counting curves
u:Sy =%

which are pseudoholomorphic far from the punctures, and which satisfy Floer
equation near them. Their graphs

U: Sy — S x X

in this case as well turns out to be pseudoholomorphic. We aim to show the
following
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Theorem 0.2.4. For 2},... ,:z:;\l,7 x3,. .. ,xf, fized points of v, we have

L((@i® - 0)0 @@ ®22) <I(Pp(r] @ ®2,) @Pp(2] ® -+ @)

To prove this Theorem we are lead to compute Siefring intersection products

@ * v between graphs of pairs of pants u, v involved in the definition of P,. We
need to distinguish two possibilities: either u = v or u # v. The former case is
very simple to deal with: a simple degree count is enough, because both I and I,
1,2 2

are functions of Conley-Zehnder indices of the fixed points z1, ... s Tps Ty e vy Ty

In the other case, it turns out that @ * © bounds from below the difference
L((1® - 0r)@ @ e ©1)) —I(Py(z]® - 01,) @ Pp(z] ® - ®3))

so that it is enough to prove w * v > 0. Pseudoholomorphicity is enough to
conclude this, and proves the Theorem.
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Dans cette thése, nous étudions comment nous pouvons extraire des informa-
tions sur les difféomorphismes hamiltoniens de surfaces en utilisant des tresses
obtenues a partir de trajectoires hamiltoniennes. Nous allons aborder ce prob-
léme depuis deux points de vue trés différents : un point de vue global, dans
lequel nous utilisons les tresses pour trouver des estimations de la distance
d’Hofer entre les difféomorphismes d’une classe donnée, et un autre, local,
dans lequel nous nous concentrons sur un difféomorphisme hamiltonien spé-
cifique. Les outils que nous utilisons sont un variant de I’homologie de Floer
lagrangianne, récemment défini par Cristofaro-Gardiner, Humiliére, Mak, Sey-
faddini et Smith dans [21] pour le premier point de vue, et pour le deuxiéme
les fonctions génératrices pour les difféomorphismes hamiltoniens (avec ses re-
lations avec I'homologie de Floer hamiltonienne). Les résultats contenus ici
proviendront de [51], d’un travail avec Ibrahim Trifa [52], et d’un travail pas
encore publié¢ de 'auteur.

0.3 Un apercu: contexte et méthodes

Le groupe de tresses d’une surface est le groupe fondamental de son espace de
configuration. Soit ¥, différente de la sphére, avec genre g > 0 et p > 0 com-
posantes de bord. Considérons l'action naturelle du groupe des permutations
sur n lettres &,, sur I'n-iéme puissance cartésienne de ¥, privée de la grande
diagonale

A={(z1,...,¢0)|F # jiai=a;}

Le quotient est appelé n-iéme espace de configuration, et nous pouvons définir
le groupe de tresses By, 4 par

Br.gp =T ((E;ﬁp \ A)/G"’)

Lorsque g = 0,p = 1, c’est-a-dire dans le cas du disque, on retrouve le groupe
de tresses habituel, décrit par la présentation classique

Bn = <0’1,...,O’n_1

005 =050 [i—j| > 1
0i0i410; = 0410041 : 1L <1< n—2

xxi
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Le nombre d’enlacement d’une tresse, également appelé "exposant" dans la lit-
térature de la topologie de la basse dimension, est I’lhomomorphisme de groupes

Bn,O,l — 7

qui envoie les générateurs sur 1.

Dans ce travail, nous étudions les difféomorphismes hamiltoniens en util-
isant les tresses formées par leurs orbites. Un difféomorphisme hamiltonien est
le flot au temps 1 d'un champ de vecteurs hamiltonien, qui & son tour est un
champ de vecteurs de gradient d’une fonction par rapport & une forme symplec-
tique. En définitive, les nombres d’enlacement contiennent des informations sur
le difféomorphisme hamiltonien en raison d’un principe variationnel décrivant
ses points fixes. Ce principe stipule que les points critiques de la fonctionnelle
d’action, définie sur I'espace des lacets d’une variété symplectique, sont précisé-
ment des orbites hamiltoniennes fermés. Une théorie de type Morse peut étre
construite pour la fonctionnelle d’action : c’est ainsi, philosophiquement, que la
théorie de Floer est définie. Les générateurs des groupes d’homologie de Floer
sont alors des lacets hamiltoniennes fermés, et la différentielle est calculée en
comptant des cylindres pseudoholomorphes perturbés avec des asymptotiques
aux lacets hamiltoniens. Il s’avére que les courbes pseudo-holomorphes (dans
notre cas, les graphes des courbes de Floer) dans les variétés de dimension 4
s’'intersectent positivement, et ce fait admet une interprétation du point de vue
de la théorie des tresses : les nombres d’enlacement des tresses formées par les
orbites hamiltoniennes augmentent le long de la différentielle de Floer.

Dans la direction de recherche décrite dans le paragraphe “Une filtration en
enlacements” ci-dessous, nous discrétisons le probléme variationnel en dimen-
sion finie en utilisant les fonctions génératrices : leurs points critiques sont en
bijection avec les points fixes des difféomorphismes qu’elles représentent. De la
théorie de Floer, définie en dimension infinie, nous passons a la théorie de Morse
sur un espace non compact mais fini-dimensionnel.

Un travail de Patrice Le Calvez [44] montre que, pour un choix spécifique
de fonction génératrice, les nombres d’enlacement des orbites augmentent tou-
jours le long de la différentielle de Morse. Nous définissons le nombre d’auto-
enlacement d’un point fixe d’une maniére qui est cohérente avec les nombres
d’enlacement de toutes les paires d’orbites possibles, afin d’obtenir une filtra-
tion sur le complexe produit tensoriel. Une telle filtration existe aussi pour
d’autres fonctions génératrices, et nous prouvons son existence en utilisant un
théoréme d’unicité des fonctions génératrices dit a Viterbo. Aprés cela, nous
revenons au cadre de la théorie de Floer et étudions le comportement de la fil-
tration que nous avons définie sous les opérations de produit homologique entre
les complexes de Floer. L’outil utilisé ici est explicitement la positivité des inter-
sections entre courbes holomorphes, qui, dans le cadre plus général des courbes
holomorphes piqtrées dans les symplectisations de dimension 4, se traduit dans
la positivité du produit d’intersection de Siefring.
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Le principal élément de nouveauté réside dans les résultats structurels que
nous obtenons a travers des fonctions génératrices. Nous signalons que des
filtrations similaires ont déja été observées dans la littérature, voir par exemple
[35], [65] et [54], mais que ces travaux utilisent plutét une approche basée sur
I’analyse asymptotique des courbes pseudo-holomorphes, qui est I’épine dorsale
de la définition du produit de Siefring. Nous nous attendons qu’a lavenir la
filtration que nous construisons ici aura des applications dynamiques, peut-étre
en utilisant sa définition en homologie de Floer.

La positivité des intersections entre courbes holomorphes apparait égale-
ment dans le paragraphe “Tresses et estimations de norme d’Hofer”, cachée dans
la définition de l’action des générateurs du complexe. La théorie que nous
décrivons est une homologie de Floer lagrangienne dans le produit symétrique.
Elle admet également un principe variationnel, et les points critiques de la fonc-
tionnelle d’action sont maintenant des chemins (avec capping) dans le produit
symétrique entre un tore lagrangien et lui-méme. La différentielle sera définie
par un comptage de disques pseudo-holomorphes perturbés, avec conditions la-
grangiennes au bord, dans le produit symétrique. La positivité des intersections
que nous avons ici est entre les disques pseudoholomorphes et un diviseur holo-
morphe 7 de codimension (réelle) 2. Ce phénoméne est crucial dans la preuve
de Texistence de la filtration d’action dans notre théorie de Floer, et dans la
monotonicité de I'action le long des applications de continuation de Floer. La
forme spécifique que prend la fonctionnelle d’action dans ce cadre, ainsi que
les propriétés de Hofer Lipschitz des invariants spectraux de cette théorie de
Floer, nous permettent d’effectuer des mesures d’énergie d’Hofer basées sur le
type de tresse du difféomorphisme hamiltonien dans une classe spécifique, que
nous définissons ci-dessous. Le résultat est une estimation de la norme d’Hofer
des difféeomorphismes hamiltoniens basée sur la complexité de la tresse qu’ils
dessinent : en gros, plus la tresse est complexe, plus il faut d’énergie pour la
dessiner.

0.4 Les résultats principaux et leurs preuves

Tresses et estimations de norme d’Hofer Le contenu de cette section sera
présenté au chapitre 2.

Nous travaillons sur une surface compacte arbitraire ¥,, de genre g > 0
et p > 1 composantes de bord. Une collection L de k + g cercles est dite pré-
monotone si elle satisfait certaines conditions géométriques (détaillées dans la
Définition 2.2.1) : nous nous intéressons au groupe de difféomorphismes hamil-
toniens & support compact qui fixent L en tant qu’ensemble. A chaque difféo-
morphisme ¢ de ce type nous pouvons associer un élément b(y) du groupe de

"Les disques comptés par la différentielle ne sont pas vraiment pseudoholomorphes, & cause
d’un terme de perturbation hamiltonienne. Dans la construction de la théorie de I’homologie, il
faut cependant changer ’hamiltonien en une constante dépendante du temps dans un voisinage
de ce diviseur, for¢ant ainsi ’holomorphie des disques & cet endroit.
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tresses de la surface By 4. 1l s’avére, comme nous le verrons dans le théoréme
2.2.3, que la norme de Hofer de ¢ peut étre bornée du bas par une fonction
qui encode la complexité de la tresse b(y). L’énoncé pour le disque est le plus
simple, et nous le rapportons ci-dessous :

Theorem 0.4.1. Si L est pré-monotone dans le disque standard D, et si ¢ fize
L, alors

lell = e(L)[1k(b(¢))]

ot ¢(L) est une constante qui ne dépend que de L.

La définition de 'invariant 1k, le “nombre d’enlacement” se trouve en Section
1.1, et celle de la norme d’Hofer en Section 1.2. Le résultat pour des surfaces
a bord plus générales est bien plus compliqué a énoncer, essentiellement parce
que nous autorisons un nombre quelconque de composantes de bord pour la
surface. La preuve est contenue dans le travail avec Trifa [52], et I'énoncé en
toute généralité se trouve dans le théoréme 2.2.3.

Un corollaire du théoréme est que ’on peut estimer par le bas la distance en-
tre les difféomorphismes hamiltoniens préservant une configuration pré-monotone
commune L en termes de leurs types de tresses. Nous utilisons ceci pour définir,
en suivant une idée de Frédéric Le Roux, une famille de normes sur le groupe
de tresses (ou un sous-groupe propre, si nécessaire), pour lesquelles nous four-
nissons des estimations par le bas.

Nous souhaitons souligner que c¢’est la premiére fois, du moins a notre con-
naissance, qu'une telle estimation d’énergie d’Hofer est donnée sans s’appuyer
sur une homotopie non triviale de la surface. Il est en effet possible de considérer
nos résultats comme une généralisation de ceux de [46, Section 1.2] et de [41,
Théoréme 1]. Dans le premier, Le Roux considére 'anneau standard

A:=(0,1) x St
et un anneau plus petit
A= (a,b) xS'CA 0<a<b<1

Le groupe des difféomorphismes hamiltoniens & support compact de A préser-
vant A admet un morphisme vers Z, le nombre de rotation rot. Cette fonction
mesure le nombre de fois que A tourne autour du générateur de I’homotopie de
A, le long de n’importe quelle isotopie & support compact entre l'identité et .
En utilisant I'inégalité capacité-énergie dans le revétement universel, Le Roux
trouve ensuite une borne inférieure pour la norme de Hofer d’un tel difféomor-
phisme en termes de nombre de rotation seulement :

el = O (Jrot(e)])

Khanevsky, répondant & une question de Le Roux dans [46], considére un disque
non déplagable D dans A et fournit une solution a un probléme analogue : &
chaque difféeomorphisme hamiltonien compactement supporté ¢ de A tel que
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©(D) = D, nous associons son nombre de rotation rot(y). Dans ce contexte
plus large, Khanevsky prouve une inégalité similaire & la précédente, en utilisant
les quasimorphismes d’Entov-Polterovich définis dans [22].

Décrivons maintenant la stratégie de la preuve de notre résultat sur le disque.
La démonstration pour les surfaces compactes & bord générales repose grosso
modo sur la méme idée, mais il y a quelques difficultés techniques supplémen-
taires a surmonter.

La théorie homologique construite par les auteurs dans [21] est un invariant
d’une collection de cercles L qui doit satisfaire certaines hypothéses géométriques,
et d'un difféomorphisme hamiltonien ¢. En particulier, les invariants spectraux

cr(p) €R

sont définis, et ils ont une propriété de lipschitzianité par rapport & la norme
de Hofer. Nous plongeons symplectiquement nos disques D dans des spheéres
S?(1 + s) de différentes aires. Chaque plongement donne lieu & une théorie
homologique différente, et avec elle des invariants spectraux Hofer-Lipschitz
différents. Nous ne pouvons pas calculer directement les invariants spectraux,
comme c’est souvent le cas en dehors d’exemples trés spécifiques, mais nous
pouvons calculer leur différence. Afin de fournir une description plus précise de
la preuve, nous devons donner une description de base du complexe de Floer.

Soit L une collection pré-monotone de k cercles dans D, et désignons par L,
son image dans S?(1+s). Nous considérons le produit symétrique SymkS2(1 +5)
: on peut lui donner une structure de variété symplectique. La collection L,
définit un tore lagrangien

Sym”L,

dans le quotient, et pour s dans un certain intervalle ce tore est monotone. Etant
donné un difféomorphisme hamiltonien ¢ € Ham,(ID) généré par un hamiltonien
H, notons par ¢, l’extension par I'identité & S? et par H, I'extension de H par
0 a la sphére. Le complexe

CF(H, L,)

qui nous intéresse est engendré par des chemins hamiltoniens avec capping de
SykaS a lui-méme. Un capping est une homotopie entre un tel chemin hamil-
tonien et le chemin constant en un point de SykaS. La différentielle sera définie
en comptant les disques holomorphes dans SymkS2(1 + s) avec des conditions
lagrangiennes aux bords. L’homologie, selon [21, Lemma 6.6], est bien définie,
et par [21, Lemma 6.10] elle est non nulle : pour définir des invariants spectraux,
nous avons maintenant seulement besoin d’avoir une filtration d’action. Nous
rappelons maintenant, suivant [21], qu’il existe deux constantes de monotonie
associées a SykaS, un A > 0 strictement positif et un n > 0 positif ou nul.
Soit maintenant A la grosse diagonale du produit symétrique :

A= { o, oon] € SymS2(1+5)[3i £ i = 2 |



XxXVi INTRODUCTION FRANCAISE

Soit ¢ un générateur du complexe de Floer : son action est définie comme étant

.1
A (§) = / SymH, (y(t)) dt — / §rwx —nlg]- A
0 [0,1]x[0,1]

On montre également dans [21] que le changement de capping change 1'action
d’un multiple entier de A, et que ’action est monotone le long de la différentielle
(strictement croissante ou décroissante selon les conventions).

Nous pouvons maintenant expliquer comment calculer la différence des in-
variants spectraux annoncée ci-dessus. Considérons les paramétres s; et so pour
nos plongements. Les complexes de Floer

CF(Hs,, Ly,), CF(Hs,, Ly,)

sont en fait isomorphes en tant que complexes de chaines. Pour prouver ce
point, choisissons n’importe quel biholomorphisme

S%(1 + 51) = S*(1 + s2)
et il descendra & un biholomorphisme
SymFS2(1 + 1) — Sym”S?(1 + s)

Ce biholomorphisme induit un isomorphisme de complexes de chaines, comme
I'on peut aisément montrer. Cet isomorphisme de complexes de chaines ne
respectera cependant pas la filtration d’action, mais il la changera de facon
uniforme. Pour montrer cela, nous utilisons une conséquence intéressante de la
définition de la pré-monotonicité : pour des plongements dans S?(1 + s;) avec
parameétres d’aire s différents, les deux constantes Ay, associées & Symk(Lsi)
coincideront, tandis que les deux 7;, seront différents. Remarquons maintenant
que les invariants spectraux cr,_(ys) satisfont un axiome de spectralité :
3y € CF(Hy, L) tel que A} () = cr (¢s)

s s

Cela implique que la différence des invariants spectraux sera égale a ce dé-
calage d’action. Comme ce décalage d’action est uniforme, nous pouvons choisir
n’importe quelle paire de générateurs liés par 'isomorphisme pour le calculer.
Une autre propriété que nous obtenons est que la différence que nous souhaitons
calculer

CL,, (¢s1) — CL,, (¢s2)

est additive sous concaténation de difféomorphismes hamiltoniens préservant L.
Grace a cette derniére propriété, nous pouvons concentrer notre attention sur
les difféomorphismes hamiltoniens de type de tresse particuliérement simple, les
générateurs de By, par exemple. Considérons une paire de chemins hamiltoniens
avec cappings gy; de Symk(Lsi) a lui-méme reliés par cet isomorphisme, et nous
supposons que les deux cappings, & homotopie prés, soient entiérement contenus
dans
Sym® (D) ¢ Sym"(S%(1 + s;))
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Rappelons la définition de 'action donnée ci-dessus : dans ce contexte, nous
voyons facilement que

er, (pe) —cr., (0u) = AW (31) = A2 (52) = (s — sy [d] - A

De tels cappings sont des homotopies entre le type de tresse de ¢, b(yp),
et la tresse triviale : si nous réussissons a calculer le terme [g;1] - A & partir
de ce qui précéde, nous avons terminé. Ce calcul est effectué dans la section
2.4.2, aprés avoir décrit un type d’intersections de cappings avec A dont la
transversalité est garantie. Donnée la propriété de Hofer lipschitzianité des
invariants spectraux, on arrive & montrer que le nombre d’intersection calculé
(& une constante multipicative prés) borne du bas la norme d’Hofer de ¢.

Une filtration en enlacements Le contenu de cette section fait I'objet du
chapitre 3.

Considérons un difféomorphisme hamiltonien & support compact ¢ de R2.
Soit H un hamiltonien quelconque qui le génére. Tout difféomorphisme de ce
type admet une fonction génératrice

h:RZxRF SR

qui est quadratique & l'infini. Aprés perturbation de la fonction génératrice,
pour un g générique proche de la métrique standard sur R? x R*, le complexe
de Morse CM (h, g;Z) est défini. Les générateurs du complexe de Morse étant
des points critiques de h, ils sont en bijection avec ’ensemble des points fixes
de . On sait que 'homologie de ce complexe est isomorphe a I’homologie
du complexe de Floer CM(H, J;Z) de ¢, défini pour un choix générique de
structure presque complexe J. Le complexe de Floer est engendré par les points
fixes de ¢, et sa différentielle est définie en comptant les cylindres

u:R xS — R?

qui satisfont I’équation de Floer

Osu+ J(Ou— Xpg(u)) =0
C’est un fait classique que le graphe de u,

T:R xSt =5 R xS xR?
est pseudo-holomorphe, et il est aussi connu que les courbes pseudo-holomorphes
dans les 4-variétés s’intersectent positivement. Considérons maintenant quatre
points fixes distincts x+,y+ de ¢ tels qu’il existe deux cylindres de Floer, u et

v, asymptotiques & ces générateurs du complexe :

Lskrinoo U(S, ) = T sgrinoov(si ) = YE
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En considérant la paire de cylindres (u,v) comme une homotopie de la tresse
(x_,y_) vers la tresse (x4,y4+), et en utilisant la positivité des intersections de
courbes holomorphes, nous en concluons que

1k($77 y*) < lk(erv er)

Il est possible d’obtenir un résultat similaire en utilisant des fonctions génératri-
ces : Patrice Le Calvez dans [44] le prouve en décomposant ¢ comme un produit
d’applications déviants la verticale, et en construisant une fonction génératrice
pour laquelle le nombre d’enlacement entre les orbites a une propriété de Lya-
punov. En utilisant ceci et une décomposition subordonnée de R? x R* (toujours
définie dans [44]), nous pouvons prouver ce qui suit :

Theorem 0.4.2. Soit ¢ un difféomorphisme hamiltonien du plan & support
compact avec sa forme symplectique standard dx ANdy. Alors, pour toute fonction
génératrice quadratique & Uinfini S : R? x RF — R pour ¢, il existe une forme
quadratique non dégénérée Q sur R, une métrique riemannienne g sur R2TF+
telle que la paire (S ® Q,g) est a la fois de Palais-Smale et de Morse-Smale, et
rendant (une extension de) la fonction

I:CM(S®Q,9;Z)2CM(S®Q,g;,Z) — Z,

31k (7,
oo = {1 17
2

une filtration croissante du complexe produit tensoriel.

Le nombre C'Z(y,) du théoréme est I'indice de Conley-Zehnder de ~,, qui
coincide, & translation prés, avec I'indice de Morse de p. Le facteur multiplicatif
de % apparait a cause de notre normalisation du nombre d’enlacement.

La preuve du théoréme est divisée en deux parties : nous montrons I’existence
de cette filtration pour les fonctions génératrices de type Le Calvez, puis nous
la poussons en avant a toute autre fonction génératrice.

La preuve sur les fonctions génératrices définies par Calvez repose sur la pro-
priété de Lyapunov déja annoncée pour le nombre d’enlacement, et sur ’étude
de 'asymptotique des différentes lignes de gradient 1, 2 approchant le méme
point critique z. Il existe en fait une interaction entre la décomposition subor-
donnée en x et les enlacements asymptotiques des courbes représentées par les
points y1(t) et y2(t) pour t > 0 (il n’est pas clair pour les fonctions génératri-
ces générales comment les points du fibré vectoriel R? x R* sont associés a des
lacets dans R?, mais la construction utilisée par Le Calvez rend cette relation
évidente).

Une fois que nous avons obtenu 'existence de la filtration pour une fonction
génératrice de Le Calvez, nous I'étendons a des fonctions génératrices arbitraires
en utilisant le théoréme d’unicité de Viterbo [73], [69]. Pour l'appliquer, nous
devons montrer que celles définies par Le Calvez sont des fonctions génératrices
quadratiques a l'infini au sens classique, a une équivalence de jauge prés : c’est
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I'une des trois opérations élémentaires sur les fonctions génératrices définies par
Viterbo, et elle induit un isomorphisme des complexes de Morse. Les filtrations
peuvent aussi étre poussées en avant le long de ces opérations élémentaires, de
sorte qu’une application du théoréme d’unicité prouve le résultat principal.
Nous prouvons un théoréme folklorique sur la relation entre la métrique de
Hofer sur Ham.(R?) et la norme % des fonctions génératrices. Si deux dif-
féomorphismes ¢, 1 sont proches au sens d’Hofer, alors il existe deux fonctions
génératrices, une pour ¢ et une pour v, qui sont proches pour la norme %°
c’est le contenu du lemme 3.4.5. Nous montrons aussi que la filtration I
définie ci-dessus augmente le long des applications de continuation entre fonc-
tions génératrices. Avec ces éléments, nous pouvons prouver un cas simple de |3,
Théoréme 2] : pour des perturbations Hofer-petites, les enlacements desorbites
persistent (voir Proposition 3.4.6).

Revenons maintenant au point de vue de la théorie de Floer : soit ¢ un dif-
féeomorphisme hamiltonien d’une surface fermée orientée 3, de genre > 1 ou de
R? (dans ce cas, nous supposons également que ¢ est compactement supporté).
Nous désignons par X la surface sur laquelle ¢ est défini. Certains résultats clas-
siques de Hofer, Wysocki et Zehnder [31] montrent que, prés des points critiques
de la fonctionnelle d’action de ¢, il existe un analogue en dimension infinie de la
décomposition subordonnée définie par Le Calvez. Choisissons un point fixe x
de . Ils montrent, pour commencer, que chaque fonction propre de 'opérateur
de Floer linéarisé en x posséde un nombre d’enlacement bien défini par rapport
a x lui-méme. Si deux fonctions propres différentes partagent la méme valeur
propre, alors elles ont le méme nombre d’enlacement avec z. Pour chaque en-
tier n, 'espace des fonctions propres ayant un nombre d’enlacement n avec x
est de dimension 2, et la fonction qui associe a une valeur propre le nombre
d’enlacement correspondant est monotone croissante.

Comme dans le cas Morse, un cylindre

u:RxS'—= %

négativement (resp. positivement) asymptotique & un point fixe @ peut étre
localement représenté par une somme de fonctions propres aux valeurs propres
positives (resp. négatives), et par les faits ci-dessus sur les fonctions propres et
leur nombres d’enlacement, il y a des bornes a priori sur le nombre d’enlacement
entre les courbes

us : St = B, t u(s,t) et xSt — Bt x(t)

pour s — —oo (resp. s — 4+00). Ces bornes sont utilisées pour définir le produit
de Siefring entre cylindres de Floer, et sa positivité nous donne ’analogue de
Floer du résultat principal que nous avons dans le cadre de Morse :

Theorem 0.4.3. Soit ¢ € Ham(X) (a support compact si ¥ = R? ) non dégénéré
(si @ est a support compact, nous exigeons seulement la non dégénérescence
a Uintérieur du support) et généré par un hamiltonien H. Alors, pour une
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structure presque complexe générique J, nous avons une filtration croissante I
sur
CM(H,J;Z)® CM(H, J;Z)

définie sur les générateurs par

Lk )1 1
I(z®y):= {i[(fzzﬁ ziz
2

Nous voyons immédiatement que les filtrations obtenues par les méthodes
théoriques de Floer et de Morse coincident, ce qui n’est peut-étre pas surprenant.

Nous terminons le chapitre 3 en étudiant le comportement de la filtration
I par rapport au produit paire de pantalons sur ’homologie de Floer. Nous
définissons la paire de pantalons avec p 4+ 1 jambes

S, =8\ {a1,...,aps1} avec i # j = a; # a;

comme la sphére bidimensionnelle avec p + 1 piqires, dont une positive et les
restantes p négatives. Le produit paire de pantalons est une fonction

P, : CF(H,J;7)%" — CF(H*?, J;Z)

qui & p points fixes de ¢ associe un point fixe de ¢?. Remarquons que CF(H#P,.J; 7)®?

peut étre equippé de la filtration I comme ci-dessus, tandis que nous pouvons
définir une filtration I, sur I’espace source de Pp:

L((z1 @) ® (17 ®a3p)) = Y Iz} ®a3)
j=1
L’opération P, est définie en comptant les courbes
u:Sy =3

qui sont pseudo-holomorphes loin des piqiires, et qui vont satisfaire ’équation
de Floer prés d’elles. Leurs graphes

u: Sy — S xX

dans ce cas aussi s’avérent étre pseudo-holomorphe. Notre but est de montrer
ce qui suit.

Theorem 0.4.4. Pour x},... ,:r}o, 3, ... 7w12) points fizes de p, on a

L((#® - 0)0 @i - 0z) <I(P(z1®- - ®1) Pzl ® - ® 7))

Pour prouver ce théoréme, nous sommes amenés a calculer des produits
d’intersection & la Siefring @ * U entre les graphes des paires de pantalons u, v
impliqués dans la définition de P,. Nous devons distinguer deux possibilités :
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soit u = v, soit u # v. Le premier cas est trés simple a traiter : un simple calcul
de degré suffit, car I et I, sont des fonctions des indices de Conley-Zehnder des
points fixes z1,. .. ,xll,, x2,...,22. Dans lautre cas, il s’avére que u * ¥ borne

P
par le bas la différence
L((#® - 0r)@ @0 ®12) (P ®- - ®1) @Ppai ® - ® 7))

de sorte qu’il suffit de prouver uxv > 0. La pseudo-holomorphie suffit & conclure
cela, et prouve le théoréme.
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Chapter 1

Preliminaries

In this Chapter the reader will find a description of those notions that seem
necessary to the understanding of this text. The Chapter is divided essentially
in two parts: in the first we present braid groups for surfaces, and in the second
one we talk about Hamiltonian diffeomorphisms, the geometry of Ham and the
Floer homologies we use to approach their study.

1.1 Braid groups

Braid groups are classical objects in group theory. Typical references on the
subject include the book [37] and the paper [28]. The name of the group was
coined by Emil Artin in [6], where he gave an abstract definition in terms of
generators and relations: for k > 2,

By, = <01,---70k1

There are more geometrical ways of seeing the braid groups, the one we are
going to use in the present paper being the following one. The permutation
group on k letters &y admits a faithful action on the complement in D of the
set

|7;—j|>1:>0'i0'j=0'j0'i > (11)

1<i<k—2=040i410; = 0i410:0441

A={(z1,...,25) €ED*|Fi £ jz; = 2; }

and we call the quotient
Conf*(D) := (D*\ A)/&;

the configuration space of k& unordered points of the disc. It turns out that
71(Conf *(D)) = By. This means essentially that after choosing k base points
P1,--.,pr on D, one can define an element of By uniquely as the homotopy class
of a path v : [0,1] — D* \ A such that there is 0 € &}, verifying v(1) = (0),
and that any braid may be realised this way. The multiplication in By then
corresponds to concatenation of braids the obvious way.
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There is a quotient homomorphism By — &, mapping positive and negative
generators to the same transposition, or equivalently identifying o; with o, L
Its kernel is called P, the set of pure braids. One can visualise pure braids as
braids such that, following the strands, bring each basepoint on itself.

In the following sections of this work we shall need the definition of linking
number!

k:By —7Z

which is the only morphism of groups whose value on all the generators o; is
1. Remark that this convention, very natural from the algebraic viewpoint,
requires a different normalisation from the standard one in topology: choosing
basepoints 0 and % in D, the braid represented by t — [O,%exp (2mit)] has
linking number 2 according to our definition, while it is customarily used as
example of loop with linking number 1 in geometric settings.

Another possible definition for the linking number, which only applies to pure
braids, is the following (see [19] for a deeper explanation, including the case of
capped braids). Consider a lift to D* pure braid with k strands b = [v1, ..., 7],
be it b, and take any homotopy

h=(hi,...,ht):[0,1] x [0,1] — D*

starting at the trivial braid at the basepoints (each strand is constant there)
and ending in b. One can prove that

Ik(b) =Y " (hs th hy) (1.2)

i#]
where on the right we count intersections with signs.

Remark 1.1.1. Fach transverse intersection in the count corresponds to a link-
ing difference of 2, due to our normalisation 1k(c;) = 1. With the more usual
convention general one considers the sum indexed on i < j or divides the sum
above by 2.

By homotopy invariance of the intersection product, this quantity does not
depend on the choice of (h;); two different lifts of b being connected by a permu-
tation of the strands, this definition does not depend on the choice of b either.
The linking number then quantifies how far a braid is from being trivial some-
how, quantifying the failure of any homotopy h as above to be a homotopy
between the trivial braid to b through braids.

One may of course define the braid group for any compact, oriented surface
with boundary? Y4,p- Geometrically speaking, the braid group B, 4, can be
seen as the fundamental group of the n-configuration space of the surface 3, ,:

Br.g.p = m1 (Cont™ (X, ,))

n the low-dimensional topology literature it may also be called “exponent”.
2The version for non orientable surfaces also exists, but it is not relevant here.
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If g > 1,p > 1, the presentation in 1.1 gets substantially more complicated.
We are going to report here the results we need from [10]. Let us fix n distinct
base points on X, ,. There exist then four families of generators (for a picture,
see Figure 1.1):

® 01,...,0n_1: they correspond to the generators of B, 01 C By g,p, i.€. to
half-twist swapping two of the base points, in such a way that the images
of the paths are contained in a disc on the surface;

® a,...,aq, bi,...,bs: they are obtained by homologically independent
loops based at the first base point, P; (the other base points are instead
fixed throughout the path). One way to describe them is seeing 3, ,, as
the connected sum of ¢ tori with p punctures, so that the loops a; and b;
represent the generators of the homology of the i-th torus;

® zi,...,2p—1: they correspond to loops based at P; and winding around
the ¢ — th puncture exactly once (here as well the other base points are
fixed). Remark that there are p — 1 generators, but p punctures. A loop
around the last puncture may in fact be written as composition of the
others.

The relations in this group are rather complex, and we are not going to
report them here to keep the presentation lean. The interested reader will find
a detailed account in [10, Theorem 1.1].

1.2 Symplectic manifolds and associated groups
We recall here some basic definition in Symplectic Topology. We do assume
basic knowledge in differential geometry.

Definition 1.2.1 (Symplectic manifold). A smooth manifold M is said to be
symplectic if there exists a de Rham 2-form w which is closed and non degener-
ate. A symplectic manifold (M,w) is exact if w is exact.

Basic examples of symplectic manifolds are R? with the form dx A dy, any
cotangent bundle 7 : T*@Q — @ with its tautological symplectic form

Wstd = A\, A(g,p) (V) := p(d(g,p)T-v)

and any compact, oriented surface X, ;, of genus g and p boundary components,
with its area form.

In the category of symplectic manifolds, the morphisms are diffeomorphisms
that preserve the symplectic structure.

Definition 1.2.2 (Symplectomorphism). Let (Mg, wq), (M1,w1) be a symplectic
manifold. A diffeomorphism

©: (Mo,wo) — (Ml,wl)

is said to be a symplectomorphism if p*w; = wy.
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Figure 1.1: The generators of the braid group B,, 4,,. In clockwise order, starting
from top-left: o;, a;, z; and b; . We draw a fundamental domain of the surface,
and all base points which are not endpoints of the green paths are to be thought
of as constant paths.
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The symplectomorphisms of a symplectic manifold (M, w) form a group, de-
noted by Symp (M, w). If we require the symplectomorphisms to be the identity
outside a compact set of M, we talk about compactly-supported symplectomor-
phism. They also form a group, which we denote by Symp,(M,w). We will
drop the symplectic form whenever it is clear from context, or irrelevant.

A remarkable subgroup of Symp(M) is that of Hamiltonian diffeomorphisms.
To introduce it, we have to define Hamiltonian vector fields first.

Definition 1.2.3. Let (M,w) be symplectic. Let H € €>°(S} x M;R). The
Hamiltonian vector field associated to H, which we call Xpg, is defined by the
equation:

(A]()(]—[t7 ) = —dHf

The function H is called the Hamiltonian of Xg.

If the manifold M is not compact, we assume by default that all our Hamil-
tonians are null outside of a compact set: this makes the flow of Xz complete.
We make a similar assumption if the manifold has boundary: we assume that
the Hamiltonians are null outside of a compact set of the interior of the manifold
(equivalently, they are null in a neighbourhood of the boundary).

Definition 1.2.4. A diffeomorphism ¢ € Diff( M) is Hamiltonian if there exists
a function H as above such that ¢ is the time 1-map of Xy, denoted ¢t,. The
diffeomorphism ¢ is called autonomous if the Hamiltonian may be assumed to
be time-independent.

As anticipated above, every Hamiltonian diffeomorphism is symplectic. We
denote by Ham(M,w) the group of Hamiltonian diffeomorphisms of (M,w). If
M is non compact, our Hamiltonian diffeomorphisms will be compactly sup-
ported and the group denoted Ham.(M,w). It will still be a normal subgroup
of Symp,.(M,w). Given our conventions, we shall write Ham.(M) throughout
the present text, regardless of whether M is compact or not.

Given ¢ € Ham,.(M), a Hamiltonian isotopy is a path in Ham.(M) connect-
ing the identity to ¢. Any Hamiltonian H generating ¢ gives an isotopy to ¢:
the Hamiltonian flow

te oy

Remark 1.2.5. It is implicit in the discussion above that our Hamiltonian
1sotopies are always compactly supported.

There are several possible group norms on Ham.(M). Here we are going to
focus on the so-called Hofer norm. Given a compactly supported Hamiltonian
H, we define its oscillation to be

1
H| = Hy(x) — min Hy(x) | dt
1] /O (ggﬁ o(@) — min t(x)>

and the Hofer norm of a compactly supported Hamiltonian diffeomorphism by

= inf |H
el HH;%II I

Ne
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We define the Hofer distance between two Hamiltonian diffeomorphisms in
a bi-invariant way:

di(p,0) = !

nondegeneracy of the Hofer distance is non trivial to show: it was proved
in various degrees of generality in [30], [58], [42]. The Hofer norm retains non
trivial dynamical information: see just as an example the results in [59] and [3].
A flourishing domain of study is also that of the large scale geometry of the
Hofer norm: see for instance [20], [60] and references therein.

Remark 1.2.6. [t is in general complicated to find Hamiltonian diffeomor-
phisms with large Hofer norm. Known examples yield the following heuristics:
in order to have large Hofer norm, a diffeomorphism should “move around big
open sets in a complicated manner”. The main result of Chapter 2 should be
seen as a confirmation of these heuristics in a specific context.

One of the main tools for the study of the Hofer metric on Ham are quasi-
morphisms, introduced in the field of Symplectic Topology in [22].

Definition 1.2.7. A quasimorphism on a group G (in our case G = Ham.(D,w))
s a function @Q : G — R such that there is a constant D > 0, the defect of the
quasimorphism, verifying for all g,h € G

|Q(gh) —Q(g9) —Q(h)| < D

A quasimorphism is said to be homogeneous if it is a homomorphism when
restricted to powers of the same element: Vg € G,Vk € Z, Q(g*) = kQ(g).
Given any arbitrary quasimorphism @, we define its homogenisation by
n
Q(x) := lim Q")
n— oo n

Homogeneous quasimorphisms may be used to study properties of Hamil-
tonian diffeomorphism groups with respect to the Hofer metric when they are
Hofer-Lipschitz. The research for and the study of Hofer-Lipschitz quasimor-
phisms has now a long history and a wide plethora of applications: some can
for instance be found in [21] [22], [23], [38] [40], [61], and several others. The
research for quasimorphisms on Ham.(M,w) may be justified by the simplicity
theorem of Banyaga [8] (see also [9] and [49]): for a closed manifold Ham is sim-
ple, so that it does not admit any non trivial homomorphism (kernels are normal
subgroups). If however M?" is an open manifold with symplectic form w = d\
(for us M = D with its standard structure) there’s a natural homomorphism on
Ham.(M,w):

Cal : Ham.(M,w) = D, ¢4 — [ Hw"
M

The morphism Cal will appear in the Appendix B as a part of definitions of new
quasimorphisms.

We conclude our introduction to the group of Hamiltonian diffeomorphism
with a classical result on surfaces. We write it down as a reference, since we
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could not find one elsewhere. It is contained in a joint work with Ibrahim Trifa
[52], and it makes use of results of Gramain’s, Moser’s and Banyaga’s which we
are not going to introduce here as they are not required anywhere else.

Lemma 1.2.8. If %, , #S? Ham.(Z,,) is simply connected.

Proof. Let B = 0%, p: it is a disjoint union of p circles. The embedding B —
¥,,p provides a fibration

Diffo(X4,p, B) — Diffo(X2,,,) — Diffo(B) (1.3)

where the fibre is the group of diffeomorphisms of 3, , inducing the identity
on the boundary and isotopic to the identity, the total space is the connected
component of the identity of the diffeomorphisms of 3, ,, and the base is the
connected component of the identity in the group of diffeomorphisms of a disjoint
union of circles.

Let us consider the long exact sequence of the fibration in (1.3):

WQ(Dlﬁo(B)) — 1 (Diﬁo(2g7p, B)) — Wl(Diﬁo(Z%p)) — Wl(Dlﬁo(B)) (14)

The term 72 (Diffo(B)) is always 0, since it is a power of ma(Diffg(S!)) and this
is trivial (Diff(S') has the homotopy type of the circle itself). This proves that
the second arrow in the exact sequence (1.4) is always an injection. Now, if
g>1lorg=0,p>3,[29, Theorem 1] shows that Diff((X,,) is contractible: in
such a case we deduce that m (Diffo(3, ,, B)) = 0. We want to prove that in
this case Diff((X, ,, B) and Ham.(X, ) have isomorphic fundamental groups.

Let Sympgy(Xg,p, B) be the group of symplectic diffeomorphisms of ¥, in-
ducing the identity on the boundary and isotopic to the identity through sym-
plectic diffeomorphisms with the same property. By [7] (generalising a result
of Moser [53]) Symp (X, p, B) is a deformation retract of Diffy(X, ,,, B), and in
particular

m1(Sympg(Xg,p, B)) = m1(Diffo (X5, B))

Fix a decreasing sequence of open collar neighbourhoods of the boundary, call
them (U, )n>1: they satisfy the property
(U.=B (1.5)

n>1

Define by Sympy; (2,,,) the group of symplectic diffeomorphisms of X, ;, which
are supported in ¥, ,, \ U,, and are isotopic to the identity via such diffeomor-
phisms.

Clearly,

Sympy;, (£4,5) C SympUnH(Eg,p), U Sympy, (34,5) = Symp,(Zg,) (1.6)
n>1

and both these conditions together imply that

! (SympC(Zgyp)) = liTIan(SympUn (Eg,p)) (1.7)
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We are now going to prove that w1 (Symp, (2, ,)) injects into 1 (Symp, (34 5, B)) =
0 via the map induced by the inclusion. This will in turn imply that 7 (Ham.(2,,)) =
0, since the map:

mi(Hame(3g,p)) — m1(Symp(3g.,p))

induced by the inclusion is in fact an injection (see [49, Proposition 10.2.13]).

Let therefore t — ¢; € Symp.(X,,) be a loop based at the identity which
becomes contractible once seen as a representative in w1 (Symp (2, 5, B)). There
is therefore a homotopy of symplectic isotopies fixing the boundary pointwise
shrinking t — ¢; to the constant path at the identity:

(R [07 1]5 X [07 Ht — SympO(ngpo%
¢(0at) = SOtJ/)(lzt) = Ide(sa O) = ¢(87 1) =1Id

The goal now is to modify this isotopy to a new one, in area-preserving
diffeomorphisms which fix a small enough collar neighbourhood of the boundary.
Since the support of ¢; is compact in ¥, , \ B for all ¢, there exists an n big
enough such that the support of ¢, is contained in X, \ U, for all ¢.

Since we know that Symp, (2, ,, B) is a deformation retract of Difty (2, . B),
we may homotope 7 to another homotopy 1)’, this time via diffeomorphisms fix-
ing U,, pointwise (but not necessarily area-preserving), from the identity to itself.
We now consider ¢’ as a homotopy in diffeomorphisms of X, , \ U,: applying
Moser’s result again we find a homotopy in Symp;; (3,,,), call it ¢”, between
the symplectic loop ¢ — ¢; and the constant loop. Since Sympy (X,,) C
Symp, (X, ), the existence of )" proves that we have a sequence of group mor-
phisms

w1 (Ham,(3y,,)) < m1(Symp.(2y,p)) = 71(Sympy(Xg,p, B)) = m1(Diffo(Xg p, B))

and the rightmost group is 0 whenever ¢ > 1 or ¢ = 0,p > 3 by Gramain’s
result. We have thus proved that Ham.(X,,) is simply connected under the
above topological assumptions.

We are now left with the cases of the disc D and cylinder Z to consider. In
these two cases [29] shows that

Diffy(ID, 9D) ~ Diffy(Z,0Z) ~ SO(2,R)

where ~ denotes homotopy equivalence, the diffeomorphisms induce the identity
on the boundary, and O(2,R) is the real orthogonal group of rank 2. Let us
again adopt the notation from above: X, is our surface (disc or cylinder), and
B its boundary. We have again an exact sequence

0—m (Diﬂ\o(zg)p, B)) — T (Dlﬁ.o(zgyp)) — T (Dlﬁo(B))

but here the third group is not trivial. We need thus to show that the image of
the second arrow is 0.
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If ¥,, = D, then SO>(R) is a subgroup of Diffo(X, ), and is in fact its
deformation retract. A generator of w1 (SO2(R)) is given by a full rotation, which
is mapped to the generator of m (Diffy(0D)): the third arrow is an injection in
the case of the disc, so that the map

m1(Diffo(Xg p, B)) = m(Diffo(X4.p))

from above is 0 as claimed.

If we examine Yo = Z instead, the argument is similar: the generator
of m (Diffp(Z)) is the full rotation, which is mapped to a nonzero element in
71(Diffp(0Z)) (not a generator in this case, of course). The third arrow is an
injection in this case as well.

Summing up, in the cases g = 0,p € {1,2} we still have m; (Diffy(2, , B)) =
0. The rest of the arguments above did not depend on the actual surface we
worked on, and they carry over to this context: we infer that

71 (Ham,.(D)) 2 7 (Ham.(Z)) =0

O

Almost complex structures Symplectic manifolds always admit almost
complex structures. They are going to be used in the following sections to
describe the construction of Floer theories.

Definition 1.2.9. Given a manifold M, an almost complex structure J on M
is an endomorphism of its tangent bundle such that J? = —Id.

The standard complex structure on C
z—=V—1z

is the most basic example of almost complex structure.
The set of almost complex structure is contractible, like the set of tame and
compatible almost complex structures, whose definitions now follow.

Definition 1.2.10. Let (M,w) be a symplectic manifold. An almost complex
structure J is said to be w-tame if

Vo € M,Yv € T, M \ {0},w(v, Jv) >0

The almost complex structure J is said to be w-compatible if furthermore J is a
symplectic transformation:
w(lJ,J) =w

Lagrangian submanifolds Lagrangian submanifolds are maximal isotropic
manifolds, and they exhibit strong rigidity properties when deformed by Hamil-
tonian diffeomorphisms.
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Definition 1.2.11. A submanifold (L,. : L — M) of a symplectic manifold
(M,w) is said to be Lagrangian if

w=0and 2dim L = dim M

A Lagrangian (L,t) in an exact symplectic manifold (M,w = d)\) is said to be
ezxact if there exists
fL € €°(L;R) with dfy, = *\

Simple examples of exact Lagrangians are graphs of differentials in cotangent

bundles.

1.3 Hamiltonian Dynamics and Variational Prin-
ciples

In this section we are going to describe the theories we apply in the text. We
start by giving some elementary definitions, proceed then with a paragraph
more historical in nature, which we use to introduce the notion of Hamiltonian
twist maps on surfaces. With this in our hands, we describe the classical the-
ory of generating functions in cotangent bundle, which may be used to describe
Hamiltonian diffeomorphisms. After that we move to the Floer side: we sketch
the construction of Quantitative Heegaard-Floer homology and the associated
spectral invariants following [21], and to finish we talk about Hamiltonian Floer
Homology, its product operations and the Siefring product for punctures holo-
morphic curves in symplectic cobordisms.

Let ¢ be a Hamiltonian diffeomorphism of a symplectic manifold (M, w).

Definition 1.3.1. A point x € M is a fixed point of ¢ if p(x) = x. In such
a case, we write x € Fix(y). A fized point is contractible if, for any choice of
path in Ham.(M) between the identity and o, the loop t — @i () is contractible.
This notion does not depend on the isotopy one considers.

An iterated of ¢ is simply a power ©F, for an integer k > 0. By definition,
@Y = Idys. There is a composition formula for Hamiltonian functions: if H and
K are Hamiltonians on M generating respectively ¢ and 1, the function

H#K(t, .I') = H(t7 T) + K(t7 ((pt)_lx)
generates @ o 1. In fact, more is true: it generates the isotopy
t = ¢y 0 P

Definition 1.3.2. A periodic point x of ¢ is a fized point of an iterate. The
period k of x is
min { k € Nog|z € Fix(p*) }
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For the next definition, remark that given z € Fix(¢), dg¢ is an endomor-
phism of T, M.

Definition 1.3.3. A fized point x is non degenerate if 1 is not an eigenvalue
of dyp. A Hamiltonian diffeomorphism is non degenerate if every x € Fix(yp) is
non degenerate.

It is possible to show that non degenerate critical points are isolated.

Remark 1.3.4. Our Hamiltonian diffeomorphisms of R? will always be com-
pactly supported, and as such cannot be non degenerate in the above sense.
When we say that ¢ € Ham.(R?) is non degenerate, we mean that all critical
points in the interior of the support of ¢ are non degenerate. If our goal is to
define a Floer theory for ¢, we perturb a generating Hamiltonian by a summand
which outside of a compact set is a small affine function of the radius. When
necessary then we tacitly assume to fix a perturbation of a compactly supported
Hamiltonian diffeomorphism.

Without giving a proper definition for it, we introduce the Conley-Zehnder
index. Let = € Fix(p) be non degenerate: the integer denoted by CZ(z) is its
Conley-Zehnder index. It essentially quantifies how the infinitesimal flow twists
a symplectic frame of reference at the fixed point during a Hamiltonian isotopy.
Accurate definitions may for instance be found in [18], but see [63] for a more
general case. The definition of the index however already appears in [27].

1.3.1 Poincaré-Birkhoff theorem and Arnol’d conjecture

The content of this section is classical: a good introductory reference may be
found for instance in [65]. Before stating the famous Poincaré-Birkhoff Theorem,
we have to introduce a remarkable class of diffeomorphisms of the plane:

Definition 1.3.5. Let ¢ : R? — R2 be an orientation-preserving diffeomor-
phism. We say that ¢ is a twist map if, denoting ¢(xo,y0) = (z1,y1), we have
the inequality

8561

— >0
Yo

Geometrically, this may be visualised as follows: given any vertical line
of constant = coordinate, it is sent to the graph of a strictly increasing func-
tion. The definition may be extended to diffeomorphisms realising the inequality
% < 0, in which case vertical lines are mapped to graphs of strictly decreasing
functions.

Remark 1.3.6. This interpretation justifies the French denomination of twist
maps: they are called applications déviant la verticale, literally “functions de-
viating the vertical”. The vertical will be deviated & droite (“to the right”) or a
gauche (“to the left”) in respectively the first and second case.
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Example. The prototypical example of a twist map is the Dehn twist
D:(z,y) = (x+y.y)

It is apparent that such a diffeomorphism is a twist map (and in fact it is déviant
la verticale a droite). The clockwise rotation

R: (J"ay) = (ya _I)
s also a twist map, again a droite.

Let us now moreover assume that the twist map ¢ is symplectic. In such
a case, there exists what is called a generating function for ¢: it is a map

h:R? — R such that

y = —01h(z,2)

Yy = Ooh(z,x") (18)

V(z,y), (¢,y') € R?, ¢a,y) = (',¢) & {
Example. An example of generating function for the Dehn twist above is
! 1 ! 2
RxR =R, (’L‘,T)I—>§(T — ) (1.9)

while the clockwise rotation is generated by
RxR—R, (z,2)— —z2’ (1.10)

Generating functions make their entrance in the picture in the proof of
Poincaré-Birkhoff Theorem. Before stating it, we extend the definition of twist
map to the annulus: ¢ : St x (a,b) — St x (a,b) is a twist map if on top of the
conditions above (being orientation preserving and satisfying the inequality on
the derivatives) it preserves the two boundary components of the annulus, and
is moreover a rotation there.

On an annulus to a periodic point x of ¢ of period p > 1 one may associate
a rotation number <. The number ¢ € Z is the degree of the composition
t— () = (11(t),72(t)) — ~7(t). In this definition, (¢) is a Hamiltonian
path in S x (a,b) of length p for ¢ such that v(0) = v(p) = z, and ~; are its
projections onto the two factors of the annulus.

Poincaré-Birkhoff Theorem, in its original statement, therefore reads:

Theorem 1.3.7 (Poincaré-Birkhoff). Let ¢ be a twist map of the annulus, and
01,05 € R be the rotation angles of the two boundary components. Assume that
0, < 0,05 >0. Then, z'f% € (01,02) is rational, there exists a pair of p-periodic
points of ¢ with rotation number %.

The proof is in fact given by an application of Weierstrass theorem. We first
consider a lift of the problem to the universal cover of the annulus, R X (a,b): a
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%—periodic point of ¢ is then a point = (z1,x2) such that ¢*(z) = (z1+ ¢, z2).
We then apply Weierstrass theorem to the function

p—1
H(Eos s 6p-1) = D h(&i &ivn)
i=1

defined on the compact subspace of R?” given by the constraints
o<&i1 < <1< =mtq

One then has to verify that the global maximum and the global minimum do
not lie on the boundary (this would give rise to a “degenerate orbit”, i.e. an
orbit of lower period). The projection on S' of the first coordinate &, of the
maximum or the minimum is the first coordinate of a %—periodic orbit of ¢.

Historically, the proof of Poincaré-Birkhoff Theorem and the existence together
with the existence of a second kind of generating functions (explained in the
next section) motivated Arnol’d conjecture, one of the main reasons for the
very existence of the field of Symplectic Topology:

Conjecture 1.3.8 (Arnol’d Conjecture - Hamiltonian version). Let ¢ be a
compactly-supported, non degenerate Hamiltonian diffeomorphism of a symplec-
tic manifold M?", and let b; be the i-th integral Betti number of M. Then

2n
#(Fix(9)) = b,
=0

There also exists a more general Lagrangian formulation:

Conjecture 1.3.9 (Arnol’d Conjecture - Lagrangian version). Let M?" be a
compact symplectic manifold, and L and embedded Lagrangian submanifold. If
a Hamiltonian diffeomorphism ¢ is such that ¢(L) th L, and we denote by b; be
the i-th integral Betti number of L. Then

#(o()NL) =S b,
=0

The Lagrangian Arnol’d conjecture implies the Hamiltonian one in the com-
pact setting: if ¢ € Ham.(M,w), one may to consider the intersections between
diagonal A (Lagrangian in (M,w) ® (M, —w)) and the graph of ¢.

The theories explained in the following sections prove Arnol’d conjecture
under some geometrical hypotheses on the involved manifolds.

1.3.2 Generating functions a la Viterbo

The first construction we would like to introduce is the one of generating func-
tions, used to study Lagrangian intersections in cotangent bundles.

In the following, M is going to be a closed manifold or R?". Endow T*M
with its canonical exact symplectic structure.
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Definition 1.3.10 (Generating functions). Let L C T*M be an exact La-
grangian submanifold. We say that S : E — R is a generating function for
L if:

i) m: E — M is a real vector bundle on M;

it) S is vertically transverse to 0. By this we mean that we define the vertical
differential of S, let us denote it by

VS : E — (kerdn)*
and we ask that V'S 0.

iii) L is the image of the following Lagrangian immersion. Let Ag := 0V .S~1(0)
(it is a submanifold of E by previous point), and define the Lagrangian im-
mersion by

ts:Asg = T*M, (x,&) — (z,075(z,£))
In the third point, 0% S(z,€) € T*M s defined as
(x,0) = dz SV, for any v' € Ty e)E,dyent =0

By definition, the critical set of a generating function is in bijection with
the intersection points between such Lagrangian and the zero section of T*M,
so if we want to bound the cardinality of the latter we are naturally lead to
do Morse theory on a generating function. A vector bundle is however never
a compact manifold, so we need to work within a class of generating functions
which satisfy the Palais-Smale compactness condition.

Definition 1.3.11. A generating function S : E — R is said to be quadratic at
infinity (and we shall write GFQI for it) if there exists a function Q : E — R
which when restricted to the fibres is a non degenerate quadratic form, and such
that S — Q is supported on a compact set.

Remark 1.3.12. This definition may in fact be relazed a bit (see [69]), but we
will not need the extended definition.

Given a GFQI, S, we denote by o(.59) its signature, defined to be the signature
of the quadratic form at infinity (maximal dimension of a subspace on which it
is negative definite).

To answer our intersection-counting question via Morse theory, we need an
existence statement: as of now, we are not sure for what class of Lagrangian
submanifolds one can construct generating functions, if they ever exist at all.

Theorem 1.3.13 (Sikorav ’87 [68]). Let us assume that L C T*M admits a
generating function: then if ¢ € Ham(T*M), so does o(L).

Remark 1.3.14. It is in fact possible to prove (see [69]) that the map from gen-
erating functions to Lagrangian submanifolds is an infinite dimensional smooth
Serre fibration in a precise sense.
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The set of Lagrangians which admit generating functions is therefore closed
under Hamiltonian isotopies. Since the zero section 0p; C T*M is generated by
any non degenerate (fibre-independent) quadratic form, at the very least any
Hamiltonian deformation of the zero section admits a generating function.

For general knowledge, we choose to now state the Nearby Lagrangian Con-
jecture:

Conjecture 1.3.15. Any closed exact Lagrangian in T* M is Hamiltonian iso-
topic to the zero section.

Remark 1.3.16. This conjecture is not a Theorem yet.

Existence of a generating function alone however does not guarantee the
possibility of counting intersections by means of Morse theory, as mentioned
above. Moreover, it is not clear how different generating functions for the same
Lagrangian submanifold are related to one another. We introduce then certain
elementary operations using which, given a generating function, we may obtain
new ones for the same Lagrangian submanifold.

Definition 1.3.17. Assume S : E — R is a generating function on w: E — M
for the Lagrangian L C T*M We call the following operations elementary:

(Shift) If c € R, S+ c is a new generating function for L, defined again on E;

(Gauge equivalence) If ¢ is a vector bundle automorphism of E,
Sop: E—R
is a new generating function for L, defined on the bundle

mogp: E— M

(Stabilisation) If Q : E' — M s a non degenerate quadratic form on the vector bundle
w' : E' — M, then
S+Q:EQFE —R

is a generating function for L, defined on
ron EQE — M

Remark 1.3.18. We may, without loss of generality, always assume to be
adding trivial bundles for the (Stabilisation) operation. In fact, if ' — M
is a vector bundle, there exists another vector bundle on M, say E”, such that
E' ® E" is trivial. Moreover, it is remarked in [69] that any non degenerate
quadratic form is equivalent diffeomorphic by a gauge equivalence to one which
does not depend on the point of the base, i.e. if the vector bundle E is globally
trivial, and p,q € B, then Q|1 = Qlr-1(g)-

We may now state Viterbo’s Uniqueness Theorem:
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Theorem 1.3.19 (Viterbo, [73]). A Lagrangian submanifold L C T*M is said
to have the GFQI-uniqueness property if, given S : E - R, S’ : ' — R gener-
ating functions for L, there exist two finite sequences of elementary operations
taking both S and S’ to the same S : M x RN — R, GFQI for L. Then:

i) If L has the GFQI-uniqueness property, and o € Ham(T*M), then so does
e(L);

ii) The zero section 0p; has the GFQI-uniqueness property.
Proof. For a complete proof of the Theorem, see [69]. |

Remark 1.3.20. If L. C T*M is a Lagrangian with admitting a generating
function (its quadraticity at infinity is not necessary) S, S is Morse if and only
if L0

Lagrangian Arnol’d conjecture is now proved in the context of Hamiltonian
deformations of the zero section of cotangent bundles.

Generating functions may be used to describe compactly supported Hamilto-
nian diffeomorphisms of (R*",w = > da’ Ady"): denoting by R?" the symplec-
tic manifold (R?", —w), if A is the diagonal of R2" @ R?", there is a symplectic
identification

R2" @ R*™ — T*A
mapping A to the zero section, given by
('raanaY)'_}(x7Y7y_Y7X_z) (111)

We have endowed above T*A with its tautological exact symplectic form. Given
a Hamiltonian diffeomorphism of R?™ with compact support, we push forward
its graph to T*A by the symplectic identification above. One may then find a
generating function for the Lagrangian deformation of the zero section in 7% A
one obtains this way. Fixed points of the Hamiltonian diffeomorphism are in
bijection with the Lagrangian intersections between the zero section and its
deformation, and thus with the critical points of the generating function. Let
¢ € Ham,.(R?"), and
h:AxRY - R

a generating function of its graph in T*A. The map in (1.11) yields then the
equivalence
Oeh(X,y;6) =0
e(r,y) = (X)Y) & ¢ X —x =0y h(X,y;§) (1.12)
Y —y=—-0:h(X,y;¢)
Remark 1.3.21. Let us remark that in principle the kind of generating func-

tions we have just talked about is a different one from the ones earlier in this
Chapter, for twist maps.
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Remark 1.3.22. A diffeomorphism ¢ € Ham.(R?") is non degenerate if and
only if for any GFQI S with quadratic form Q that represents it, S —Q is Morse
in the interior of its support.

We now quote a Lemma as reported by Brunella about composition formulas
for GFQI.

Lemma 1.3.23 ([14]). Let L C T*R?*" be an immersed Lagrangian submanifold
with a GFQI S : R?™ x R¥ — R coinciding with Q : RF — R at infinity. Let
g be a compactly supported Hamiltonian diffeomorphism of R*™ with generating
function F : R?" x R?™ — R. Then g(L) has a GFQI with fibres of dimension
dn + k.

This Lemma is proved providing an explicit formula.

Morse theory for GFQI on R?" Trying to define Morse theory for a GFQI
S : R?™ x RF — R of a non degenerate, compactly supported Hamiltonian
diffeomorphism ¢ € Ham.(R?") , one immediately runs into the problem that
S is never going to be Morse on the whole of R?". It is possible to try to define
the whole Morse complex as a limit of complexes of perturbations in a given
family. We are not going to proceed this way, as considering the limit one has
to take the homology first for the continuation maps to be well defined, thus
losing the correspondence generator<«+fixed point.

An alternative approach is to fix a single perturbation of S, assuming it
has only finitely many critical points: this is possible for instance making the
hypothesis that the perturbation is radial with respect to the R?*-coordinate at
infinity, without critical points outside a compact set. It is possible to read this
text supposing that all functions be really Morse, and the pairs function-metric
to be both Morse-Smale and Palais-Smale.

We now present an approach that has the advantage of retaining perturbation-
independent information only. It has been inspired by an analogous constrtuc-
tion in [3].

Definition 1.3.24. Let o € Ham.(R?"), and x € Fix(p). For a fized generating
function S of p, the S-action of x is defined to be the critical value of the critical
point of S corresponding to x. The set of all critical values of S is called the
spectrum of S, and will be denoted by Spec(S).

Remark 1.3.25. For a fized ¢ € Ham.(R?*"), the spectrum depends on the
generating function we choose up to translation, because of the (Shift) operation.
If we restrict our attention to GFQIs however the spectrum is well defined.

Assume that ¢ has no non degenerate fixed points of S-action 0. This
condition is generic in Ham,.(R?"), as it may be seen using the definition of
action given in Section 1.3.4, which is equivalent to the one above. Perturb
the generating function S as above (we call the perturbation S again). Fix any
a < bwith 0 & (a,b), or equivalently ab > 0, allowing a = —oo or b = 400 when
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possible, and any g making (.S, g) both Palais-Smale and Morse-Smale. One can
then define
CM*(S,q;7) = @ Z-x
z€eCrit(9),S(z)<a

and similarly CM°(S, g; 7).

Remark 1.3.26. Assume the perturbation of S to be small enough. If a > 0 both
subcomplezes contain the non degenerate critical points obtained from perturbing
the degenerate critical points of 0 S-action. If b < 0, such points do not appear
in either subcomplex.

We then define the Morse complex in the action window (a, b) to be
CM'“P)(S, g:Z) := CM"(S,g;Z)/CM“(S, g; L) (1.13)

where the differential counts gradient lines connecting generators. In the text,
whenever we write

CM(S,g;7)

for a generating function S of a given compactly supported Hamiltonian diffeo-
morphism, we mean the collection

(a,b) .
(CM (S.g: Z))a<b,0§z(a,b) (1.14)
as defined in (1.13).

We now shift the grading of the complex much like in the work of Traynor
[70] (this operation does not affect what has been done above). Let o(S) the
signature of a GFQIL S. If x € Crit(S) has Morse index k, it is a generator of
CM(S,g;Z) in degree k — o(S). With this convention, the three elementary
operations of Definition 1.3.17 induce isomorphisms of graded complexes. The
grading shift is clearly needed due to the stabilisation operation, which in general
changes the Morse index.

Continuation maps We now sketch the construction for Morse continuation
maps. Let Sp,S; be GFQI R?>"® x RF — R for two compactly supported non
degenerate Hamiltonian diffeomorphisms. Let @y and @1 be the two asymptotic
non degenerate forms, which we may assume to be independent of the base point
x € R?". We require that the S; be defined on the same space (we did so above
implicitly), and that Q¢ = Q1: up to stabilisation they have the same signature,
and then apply a fibre-preserving diffeomorphism taking an orthogonal basis of
one to an orthogonal basis of the other. As highlighted above, Sy and S; will be
non degenerate only in the interior of the supports of S; — @);. We ignore this
problem in the exposition, using the above method. Fix Riemannian metrics g;
such that, up to small perturbations, the (S;,g;) are Morse-Smale and Palais-
Smale pairs.
Define the function

S:[0,1] x R?™™ x R* — R, S(t,x) == (1 —t)So(x) + S ()
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and the metric on [0, 1] x R?" x RF
g(t,x) := (1 — t)go(x) + tgi(x) + dt*

Perturb S so that it has a smooth extension to (=6, 1 + §) x R?"**for a small
0 > 0. Likewise, extend g on the same set. Define a smooth h: (—0,1+9) = R
such that for a ¢ > 0 we have

o h(0) =[S0 — Sillc +€

e h(1)=0

e h/(t) <0 forallte(0,1)

e ( is a point of global maximum for h, and 1 one of global minimum.

Remark that such function h may be constructed for an arbitrarily small value
of . Then we also may assume that

Yt € (—=9,1+ 9), [R/(t)] > ||S1 — Solloo (1.15)
Because of this inequality, studying the Morse complex of
(t,x) — h(t)+ S(t,x)
together with the perturbation of the metric g above, one may define a map
CM(So, go; Z) — CM(S1, 91 Z)

In fact, (1.15) forces negative gradient lines to connect critical points of S with
t = 0, which are in bijection with critical points of Sy, to critical points of S
with ¢ = 1, which are secretly critical points of S7.

The complexes above are defined if the S; are Morse. Otherwise, we are
forced to look at the homology of the complexes CM (%) (S;, g;; Z). To describe
continuation maps in this case, we need to be able to describe how the value of
the filtration changes.

Lemma 1.3.27. Let oy € Crit(Sp) be a generator of the Morse complex for
(S0,90). Assume x1 € Crit(S1) is a generator for the target Morse complex
such that there exists a negative gradient line for (h+ S, g)

7R = (=6,148) x R7"F 3(5) = —VI(h + S)(y(0))
negatively asymptotic to (0,x0) and positively asymptotic to (1,x1)

lim (o) =(0,z0), lim ~(o)=(1,21)

o——00 o——+oo

Then
Si(z1) = So(xo) < [1So — Siflec +€ (1.16)

where € appears in the definition of h.
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Proof. Because 7 is a negative gradient line for h + S, clearly
(h+8)(1,21) = (h+ 5)(v(+0)) < (h + 5)(7(=00)) = (h + 5)(0, z9)
By definition therefore
S1(z1) — So(zo) < h(0) — h(1) =[S0 — S1llec + &
O

One inconvenient of the definition in (1.14) is that continuation maps get
more complicated to describe, since the chain complex is not defined for all
action values at once. The Lemma above lets us define the continuation maps
for fixed intervals of values of the Morse functions.

Corollary 1.3.28. Let a < b with ab > 0, and write
A= HS() - 51”00

Then, for € > 0 small enough, the following continuation maps are defined if

(and only if) both ab > 0, (a + X)(b+ A) > 0:
CM @ (S, go; Z) = CMHHER (5, g,:7)

Proof. The action shift is clear by the above Lemma. We only need to be
mindful about the definition of the Morse complex of h 4+ S: we have to show
that as soon as the Morse complexes for the S; above are defined, then so is
the one of h + 5. To define the morphism we use the differential of the Morse
complex

C«M(a+)\+5,b+)\+5)(h + S,g;Z)

For € small enough there are no degenerate critical points of h+.S in this interval.
Critical points in {0} x R2"** coincide with critical values of Sy by construction,
but the critical value is increased by A, so the morphism is indeed defined where
claimed. |

In particular this Corollary shows that continuation maps in this framework
may therefore be defined for small ¥°-deformations of the generating function
only, the size of which depends on the actual action window (a, b) we start from.

1.3.3 Quantitative Heegaard-Floer Homology

This section is the most technical of the introduction. It will set the notation
and the groundwork for Chapter 2. We use here the conventions from [47].

The tool we shall use is the family of quasimorphisms defined in [21]: we are
going now to sketch their construction, and refer to that paper for details. These
quasimorphisms come as homogenisation of spectral invariants of a Lagrangian
Floer theory associated to a collection of curves on a surface.
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To fix notation, if ¥ is a closed surface, Sym**9(%) := % /&, will denote its
k-fold symmetric product, and A will be its singular locus, i.e. the fat diagonal

A={(z1,...,2)|F #J,2s =2 } /&

The action of &}, is given by permutation of the factors: for (zy,...,z,) € X¥
and o € Gk,

(O (zl,...,zk) = (za(l),...,zg(k))

If ¥ is also oriented, it is symplectic and the symplectic form w®* descends to
a singular symplectic form Weymk+e(x) on the symmetric product. While the
symmetric product of manifolds in full generality is not a manifold but an orb-
ifold, one can give a structure of complex manifold to symmetric products of
Riemann surfaces. The symplectic structure on the quotient can be smoothed
out using a procedure devised by Perutz following a paper by Varouchas: for
details we refer to [57] and [21]. The fact that we use a Perutz-type symplectic
form on the symmetric product will always be in the background without be-
ing explicitly mentioned here, but it is fundamental in the construction of the
homology theory we are about to describe carried out in [21].

In what follows, X := Sym"**9 (¥4), and wx is the singular symplectic form
induced by the symplectic form on 3.

Let Ly X -+ X Lgyg =: L C X be a collection of k£ non intersecting circles
on ¥, (ie. LNA =0). We assume Ly,..., Ly to be contractible. Let (Bj) be
the collection of connected components of ¥, \ Uf:lg L;, k; be the number of
connected components of 0B, and A; = Area(B;). The collection L is said to
be n-monotone, for some 1 > 0, if there exists a A > 0 such that for every j

A= 277(kj — 1) + Aj (1.17)

The circles in L will be required to satisfy some topological conditions as well:
in [21] it is required that the cloures of the B; in ¥ be of genus 0, but as we show
in Section 2.3.1 we may relax this assumption. In this text we shall assume that
the g non contractible circles in L be homologically independent meridians in
g

Remark that Sym"**+9 (L) is in fact a Lagrangian in the symmetric prod-
uct, and the authors of [21] proceed to the definition of a Lagrangian Floer
complex associated to any Hamiltonian deformation of it. More precisely, let
H : %, xS' — R be a periodic Hamiltonian of time 1 map ¢ = ¢};: it naturally
defines a Hamiltonian function Sym**9(H) and a (non smooth) Hamiltonian dif-
feomorphism of the symmetric product which we denote Symk+9(ga). Assume
that for all i # j € {1,...,k} we have ¢(L;) h L;, and let x € Sym""9(L). Let
us consider S the set of all Hamiltonian paths from Sym**9(L) to itself which
are homotopic to the constant path x through paths between Sym”**+9 (L) and
itself. A homotopy 4 : ([0,1] x [0,1],[0,1] x {0,1}) — (X, Sym"T9(L)) between
a Hamiltonian path

y:[0,1] =X
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with endpoints on Symk"’g(L) and x is going to be called a capping. By
[21], Lemma 4.10, the image of the Hurewicz morphism (X, Sym" (L)) —
Hy(X, Sym’”g(g)) is freely generated by s homology classes, u1, ..., us, where s
is the number of connected components in £\ J L;. In the case we are interested
about there will be k£ + 1 connected components and all of them, except for one,
will be discs: in this case we have k + 1 homology classes, uj,...,ugt+1, and we
get the refined information about their intersections with the diagonal:

’U,ZAZQ(]%—].)

where k; =1 fori=1,...,k and kpy1 = k.

Each of these homology classes may now be used to change capping of an
orbit using he following method: if u represents any of the u; above and g is a
capped Hamiltonian path, we may consider their concatenation yu = y#u, and
the quantity wx (u) + u - A does not depend on the choice of representative w.
It makes sense then to define the set of capped orbits modulo equivalence

S:{ﬁlyeg}/w
where T ~§ &z =y, wx(Z) + 12 - A =wx(9) +ny - A. Define now

CF" (Sym*9(H), Sym**9(L);C) = @ C - [g]
geS

Recapping gives a Z action on CF (Sykarg(H), Sym*+9 (L); C), so that we
can see it as a C[T, T~ !]-module: the Floer complex we are interested in is going
to be the tensor product

CF*(H,L;C) = CF (Sym""9(H),Sym**?(L); C) ®cirr-1) A

with the Novikov field A

A=C[T))[T] = { Z%’Tbi a; € C,b; € Z,b; < bigq }

=0

The differential on CF'®*(H, L; C) as customary is defined by a count of holomor-
phic curves with Lagrangian boundary conditions: fix two Hamiltonian paths
y; : [0,1] — X,i = 0,1 with boundary conditions on Sym**9L and a time-
dependent almost complex structure on X. We consider strips u : Rx[0,1] — X
which satisfy the following constraints:

u(s,0), u(s,1) € Sym*+9(L)
limg oo u(s,t) = yo(t), lims_y o0 u(s,t) = y1(t) (1.18)
(85 + Jtat — XH)U(S,t) = 0

Remark 1.3.29. Given a holomorphic structure J on X4, one induces naturally
a holomorphic structure on X, denoted Jx.
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Solutions to these equations belonging in moduli spaces of virtual dimension
0 (after holomorphic reparametrisation of R+ 1[0, 1]) are going to be regular, so
that a differential can be well defined, and it can be proved that 92 = 0. Along
these curves, the quantity

1
(i) = [ SymHia(0) i - /[ T il w)
, 1 X0,

strictly decreases: A7, is called the action, and CF*(H,L;C) is a filtered dif-
ferential complex. Remark that to make sense of this, we need to observe that
A7, is constant on the equivalence classes in S, and to make the interaction
between the Z action (or equivalently, the action of the formal variable T') and
AY, explicit: as it is now classical (see for instance [71]) it corresponds to a
translation, and given our monotonicity requirement

A ([91T) = A ([9]) — A
Let HFE?(H, L; C) be the homology of the subcomplex

CFy(H,L;C)= @  C-[j

[gles, AL ([9)<a

In analogy with classical theories, we define the spectrum Spec(H : L) as

the action values of capped intersection points: it is a closed and nowhere dense
subset of R ([56]).

Remark 1.3.30. If g = 0 the definition of the action functional in Equation
1.19 is an extension of the usual one: the term counting intersections with the
diagonal depends on a procedure of inflation of a Perutz-type symplectic form one
does in order to achieve monotonicity of the Lagrangian link in the symmetric
product, when the circles satisfy the larger definition of n-monotonicity. For
details, we refer to [21], Remark 4.22. For the following it is necessary to
notice that one makes no normalisation assumptions on the symplectic form in
order to define the action as in 1.19.

This Lagrangian Floer theory comes with its PSS isomorphisms ([21], [75]),
and as A-vector spaces

HF*(H,L;C) = H((S")"; A)

This implies that HF*(H, L; C) is non trivial, and that it moreover has a mul-
tiplicative structure ([16]), so let e € HF*(H, L; C) be the unit for its product
and define

Cgymr+o()(H) = inf{a € Rle € Im(HF; (H,L;C) - HF*(H, L; C))}

and cp, = %csymwg@). One of the fundamental results in [21] is the following
Theorem:
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Theorem 1.3.31 (|21], Theorem 1.13). For any n-monotone Lagrangian link
L on ¥, the link spectral invariant

e 1 €(0,1] xEy) = R
satisfies the following properties:
o (Spectrality) For any H, cp(H) € Spec(H : L).

e (Hofer Lipschitz) For any H, H' Hamiltonians,

1 1

min(Hy (@) — H{(2)) dt < e ()~ ey (H') < | max(Hi(x) ~ H{(x)) dt
0 € 0 <€

e (Lagrangian Control) If for eachi € {1,...,k+ g}, we have H;
for time-dependent constant s; : [0,1] — R, then

L; = si(t)

k+g
i) = 5 3 [t
and for a general Hamiltonian

k+g
1
H <cp(H) < —— il
MZ/O mp o) < ) < 713 [ e

o (Subadditivity) For any H, H', cp, (H#H') < cp(H)+cp(H'), if H#H'(x,t) =
Hy(x) + Hy((¢5) ! ()

e (Homotopy Invariance) If H,H' are two normalised Hamiltonians with

same time 1 map and which determine the same element in %(E,w),
then cp(H) = cp(H').

o (Shift) If H= H' + s, for a function s € €([0,1];R), then
1
CL(H)ZCL(H/)—‘F/ s(t) dt
0

The proof of this Theorem can be found in Section 6.4 of [21].

In the case g = 0, we may homogenibe the spectral invariants cz to find

quasimorphisms on Ham(S?,w): if ¢ € Ham(S w) let

pr(p) = lim —=

n—00 n

and since 7 (Ham(S?, w)) is finite, yf, only depends on the time 1 map. We can
then formulate the following theorem, proved in Section 7 of [21].
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Theorem 1.3.32 ([21], Theorems 7.6, 7.7). ur : Ham(S?) — R satisfies the
following properties:

o 11 only depends on the monotonicity constant 7 and on the number of
components of the Lagrangian link L: we will then write uy,, for the quasi-
morphism associated to any n-monotone Lagrangian link of k components.

o The differences g, — prr,y are € -continuous.

Moreover, the properties in Theorem 1.3.31 translate to the following ones for
the fig -

o (Hofer Lipschitz) |pk.yn () — pen(¥)| < du(p,v)

e (Lagrangian Control) If ¢ = ¢k for a mean normalised Hamiltonian H
such that Hy|r, = s;(t),

1 [
mealie) =3 3 [ sitya

and in general, if H is mean-normalised but not necessarily a time depen-
dent constant on the Lagrangian link:

<
kZ/mH S il kZ/mH g

e (Support Control) If o = ¢}, where Supp(H) C S*\ U, Li, then
Hkn () = —Callp)

As we are going to work with spheres not necessarily of area 1, say a, we
shall write yj; , for the quasimorphisms on Ham(S?(a)).

Remark 1.3.33. The properties listed in Theorem 1.5.81 are clearly interre-
lated, for instance (Shift) is an immediate consequence of (Hofer Lipschitz).
The same is true for Theorem 1.8.32, and one remark is needed: for the (Sup-
port Control) property we are assuming that the symplectic volume of S* to be
1. Indeed, this properties follows from the (Shift) property of cr, the definition
of k., and its (Lagrangian Control) property: to compute pux, n(¢Y) we need to
normalise H, and this operation in general consists in defining H' as follows

1

H,/(TE) = Ht(x) - W

Hto.)
2
and (Support Control) reads MATGG(S (oY) = Area(sg Cal(qSH) This fact is

not essential but explains the relatively convoluted definition of the quasimor-
phism appearing in the Appendiz B.

Remark 1.3.34. In the case g > 1 the spectral invariants do not have the
quasimorphism property, but they are shown to be local quasimorphisms in [47].
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1.3.4 Hamiltonian Floer Homology

In this Section we assume that mo(M) = 0. Suppose that ¢ € Ham.(M) is
non degenerate®. Under these hypotheses, one can define the Floer complex
associated to ¢ the following way. Choose an almost complex structure J €
Fc(M) compatible with the symplectic form (if M is non compact we also have
to assume that J behaves well at infinity). The generators of the group are
contractible fixed points of ¢, and we take their integral linear combinations:

CFP(H.J:Z)= @ Z-=2

z€Fix(p)

This complex is graded by the Conley-Zehnder index. The differential of
CF(H,J;Z) counts perturbed J-holomorphic cylinders with asymptotic condi-
tions. Such maps are smooth functions

uw:Ry xSt - M
solving the Floer equation
Osu+ J(u)(Opu — Xg(u)) =0 (1.20)

We denote by /\;l(:c,, x4;J) the set of all cylinders u satisfying to the previous
conditions, and such that are moreover asymptotic to z_ and z:

z£(t) = (s:1)

where the convergence is uniform in ¢, and all derivatives in s tend to zero.
A map u defined on the cylinder, satisfying Floer equation and asymptotic
to Hamiltonian orbits is called a Floer cylinder. Remark that /\;l(a?_7:c+; J)
has an obvious R-action, given by translation along the variable s. Denote by
M(z_,x4; J) the quotient of this action. For a generic choice of J, it CZ(z_) —
CZ(xy) < 2, the set M(z_,z4;J) is in fact an oriented smooth manifold of
dimension CZ(x_) — CZ(zy) — 1. If CZ(z_) — CZ(x4) = 1, it is moreover
compact, i.e. a finite set of points with signs. We define the differential of
CF(H;Z) by

lim ¢
s—too

Or_ = Z HM(x_,xy; ey

CZ(x+)=CZ(xz_)—1

The fact that 9% = 0 is a deep theorem, and is obtained from the analysis of
M(z_,zy;J) when CZ(x_) — CZ(x4) = 2: in this case it is an 1-dimensional
open manifold which may be compactified adding “broken trajectories”. This
gives a 1-dimensional oriented compact manifold with boundary M(x_,x;.J),
and the boundary is described by the identity

OM(z_,213J) = H M(x_,y; J) x M(y,x4;J)
CZ(x_)<CZ(y)<CZ(zy)

3Recall that if M is non compact or has non empty boundary we have to perturb ¢ to
achieve non degeneracy.
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The complex comes with a filtration: given a loop on the manifold, we
consider a capping _
D — M, z(e*™) = x(t)

and define the symplectic action

A €°(SY M) = R, Ay(z) = H(x(t))dt — / Trw
St D
The Floer complex is morally the Morse complex of the action functional. In
particular, the action decreases along the curves we use to define the differential,
and extending the definition of Ay to chains

Am (; Aﬂi) = max A (z;)

we obtain the inequality

Ap(0z) < Ag(x)
The subgroup

CFMNH,J,Z) = b 7
z€Fix(¢), A (z)<\

is therefore a subcomplex. We denote by HF'(H, J;Z) the homology of CF(H, J;Z),
and by HF?(H,J;7Z) that of the subcomplex filtered by action.

Floer homology is invariant, in the following sense: given two pairs (H,.J),
(H',J’) of regular (i.e. generic) Floer data, there is a homotopy connecting
them, and inducing chain morphisms (called “continuation maps”)

CF(H,J:;7) — CF(H',J';7)

These maps turn out to be quasi-isomorphisms. In particular, the homology
HF(H,J;Z) depends neither on the Hamiltonian nor on the almost complex
structure we have chosen. Furthermore, if M is compact the Floer homology
is isomorphic to the singular homology of the manifold, as computed by Morse
theory.

The action filtration also behaves well under continuation maps, in anal-
ogy to what happens in the case of generating functions, see (1.16). For two
Hamiltonians H and H' denote by

1
EY(H'— H)= | max(H{(z) — Hy(x))dt
0 TEM
If ® is a continuation maps from H to H' then for any generator x of CF(H;Z)
A (®(z)) < Ag(z) + ET(H' — H)

which means that for all A € R, ® restricts to its filtered version

O : CFNH;Z) — CFME H=H) (', 7)



28 CHAPTER 1. PRELIMINARIES

The underlying philosophy is that, while the homology of the complex as a whole
does not carry information about the specific diffeomorphism at hand, the filtra-
tion is a finer invariant. It may be in fact used to perform Hofer measurements:
without going into the details, taking the homology of the subcomplexes filtered
by maximal action, one finds a persistence module. The space of persistence
modules is endowed with a distance, called interleaving distance. The function
sending a diffeomorphism to its persistence module turns out to be Lipschitz
with respect to the Hofer and interleaving distances; a reference is [59].

Higher homology operations Floer theory comes with higher operations.
They are defined counting moduli spaces of curves satisfying a Floer-type equa-
tion as well. They were first defined by Schwarz in his PhD thesis [64], and
some technical generalisations and improvements are for instance contained in
[1], [62] and [25].

Let ¢ € Ham.(M) be non degenerate, let p € N and assume that ¢P is
also non degenerate. Fix a generating Hamiltonian H for ¢, and H#? its p-th
iterate. The p-pair of pants product is a linear map

CF(H,J;7)®" — CF(H"?,.J;7)

The moduli spaces it counts are defined the following way: let S, be a model
for the pair of pants with p legs, let us assume it is a p + 1 times punctured
2-dimensional sphere. Among the punctures, exactly one will be called “posi-
tive”, the other being “negative” Due to the lack of global coordinates for 71'S,
one cannot just write Floer equation globally as in the case of the Floer dif-
ferential. A way to go around this problem is to choose cylindrical ends for
Sp: this operation amounts to defining a biholomorphism between a negative
half-cylinder
(=00, —R] x S (R >0)

and a neighbourhood of a puncture, for the p negative punctures, and a biholo-
morphism between a positive half cylinder

[R,400) x S' (R > 0)

and a neighbourhood of the only positive puncture. We assume cylindrical ends
of different punctures to be disjoint. On each cylindrical end we can now write
Floer equation, so

Mz, ..y )

is defined to be the set of smooth maps
u:S, — M

which at the i-th negative puncture tend to x; (1-periodic orbit of ¢), at the
positive puncture are asymptotic to y (closed orbit of ¢, of period dividing p),
satisfy Floer equation on the cylindrical ends and are J-holomorphic elsewhere.
The last two conditions are made to be compatible using a partition of the
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identity on S),. For the good definition of the operation, i.e. for the moduli
spaces to be smooth manifolds of the right dimension, we still need transver-
sality. We mention that it can be achieved (see the references given above) via
what is called a domain-dependent perturbation: whenever needed, we require
u as above to satisfy a so perturbed Floer equation on the cylindrical ends.

Counting elements in M(x1, ..., zp;y; J) defines an operation between chain
complexes

CFy, (H, J;Z)@...@Cka(H, JyZ) — CFQ(l_p).t,_Zf:lk:i(H#paJQZ)
xl®...®xp»—)Z#M(Il,.-.,$p§y§J)'y
Yy

The sum runs on the fixed points y of ¢? of correct Conley-Zehnder index.

What we shall need next is a holomorphicity Lemma proved by Fabert. Fix
a Hamiltonian H and an almost complex structure JJ on M. We paraphrase the
Lemma as follows.

Lemma 1.3.35 (Fabert, [25]). Let 7 : S, — R x S be a holomorphic cover of
the cylinder. Let u : S, — M be smooth. Then there exists an almost complex
structure J on R x S* x M such that, given a pair of pants u which is negatively
asymptotic to 1, ..., x, and positively asymptotic to y, u € M(x1,...,2p;y, J)
if and only if the map

(myu): Sy = Rx St x M

is J holomorphic.

1.3.5 Siefring product of Punctured Holomorphic Curves

We now recall the basic properties of the intersection product of punctured
holomorphic curves in 4-manifolds as defined by Siefring [66] (but a good source
is also [74], and we are going to heavily draw from there).

Remark 1.3.36. Since our definition of linking number differs from that of
[67] and [74], we shall have to insert normalising factors of & in some of the
definitions below, to maintain consistency.

The Siefring product * of two asymptotically cylindrical maps (maps de-
fined on a punctured Riemann surface with values in a symplectisation and
asymptotic conditions near the punctures) is an integer which generalises the
intersection product for pseudo-holomorphic maps in 4-manifolds with compact
domain. In particular, the Siefring product is a homotopy invariant in a class
of asymptotically cylindrical maps with fixed asymptotics. We refer to [66] and
[74] for details of the definitions. Since we are going to apply this to curves
appearing in the definition of Hamiltonian Floer homology, we cast everything
already in this language: we shall focus on curves of genus 0, with p negative
punctures and 1 positive one, embedded in a symplectisation and asymptotic
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to simply covered Hamiltonian orbits. This way, the discussion greatly simpli-
fies and we do not need to define asymptotically cylindrical maps with greater
generality.

Fix ¢ € Ham(X), where ¥ is either a closed symplectic surface or R? gener-
ated by a Hamiltonian H (if ¥ = R?, we assume H to be compactly-supported).
Fix an w-compatible almost complex structure J on Y. The 2-form, not sym-
plectic in general, we consider on R, x S} x ¥ is twisted by the Hamiltonian: if
w is the form we consider on Y, the one we obtain on the 4-manifold is

Q:=w+dtNdH

Now fix two cylinders
w,v: Ry xSt = %

satisfying Floer equation (1.20). The graphs of u and v, from now on denoted
w and v, are holomorphic for a choice of compatible almost complex structure:

Jlrs =J, JOs =0, + Xy

The almost complex structure J is also invariant under s-translation. Such an
almost complex structure is said to be “cylindrical”. One can check that u and
v satisfy the Floer equation if and only if 4 and v are J-holomorphic.

For now we assume @ and T have only finitely many intersections. The
Siefring product u*v will be the sum of two terms: % -7, which counts intersec-
tions between the graphs contained in a compact set, and (oo (u, v), which may
be interpreted as a count of “intersections hidden at infinity”. What follows is
needed to detail the definition of the latter contributions.

We start by fixing a symplectic trivialisation of 7' at the asymptotic orbits
of w and v, let T be this trivialisation. We can now look at the asymptotic Floer
operator: in such a trivialisation it takes the form

d
A=—-J 7 S
where Jj is the standard complex structure on R? and S is a closed path of sym-
metric 2 x 2 matrices. It is a Theorem ([31]) that the eigenfunctions of this kind
of operators have a well defined linking number (they solve a non-autonomous
linear ODE), and moreover eigenfunctions sharing the same eigenvalue have the
same linking number. For an eigenvalue A € 0(A) of A we may then write

1
" (\) = §lk(f/\’0)’ where A fy = Af\ and 0 is the constant path at 0

This function is increasing, surjective in Z and every integer has precisely two
preimages.
We define then what is called the extremal winding at an orbit ~
a’ (y) =min{ E"(A\)|]A € o(A),A >0}
a’ (v) =max { " (AN €o(A), <0}
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and the parity
p(y) =af(y) —al(v)

which takes values in {0,1}. These three quantities are related to the Conley-
Zehnder index* of ¥ by the relations

—CZ7(7) =227 (v) + p(v) = 27 (7) — p(7) (1.21)

Remark that the Conley-Zehnder index in principle does depend on the trivi-
alisation one chooses, but this was not important in our discussion above since
we restricted to the symplectically aspherical case.

Denote by uy, vy (resp. by u_,v_) the orbits which w and v are positively
(resp. negatively) asymptotic to. We set now

(" (u, £oo;v £ 00) =0

if uyx # vy. Otherwise we do the following: assume u(+400,-) = v(400,-) = 7,
parameterise u(s, ) = v(s,-) for s >> 0 using an exponential map on Y*TX.
Call

Py, By, @ [0, +00) X St = 4* Ty

such expressions for u and v respectively. Remember that the 7 we defined above
restricts to a trivialisation for v*T'Y (such 7 is in fact a choice of trivialisation
at every asymptotic orbit of our pairs of pants). The number ¢7_(u, +00; v, £00)
is defined as

oo (u, 005 v, £00) = :F%lkT(hu(s, ) = hy(s,)) (1.22)

The term on the right is the linking number with 0 of a S'-family of nonzero
complex numbers: we have a braid with two strands in C, and we compute the
linking number as defined at the beginning of this Chapter. The expression in
the right hand side of (1.22) is well-defined because of our hypothesis: u and v
have only finitely many intersections, so in particular

hu(s,) = hy(s,-) £ 0

for |s| >> 0. We highlight the fact that 7 coincides with the asymptotic linking
number only at negative punctures, it is its opposite at the positive ones. We
define ¢7_(u, v) to be the sum of the contributions of linking numbers at positive
and negative infinity:

T

1o (u, ) =17 (u, —00; v, —00) + 1o (u, +00; v, +00)

Now, by definition of o7 (v), ¢Z(u, £00;v,+00) may be a priori bounded:

since u and v are pseudo-holomorphic, up to an infinitesimal error the maps h,,
and h,, coincide with eigenfunctions of the asymptotic Floer operator, multiplied

40ur normalisation is the opposite of that in [74] and [66]
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by an exponential depending the s-coordinate and asymptotic to 0. Defining
the integer

T :FaT - =
QL (71,72) = {0 =) 11#12 7 (1.23)

we have the inequality
17 (u, 005 v, £00) > Q7 (u(£o0, ), v(£00,+)) (1.24)
So for u,v Floer cylinders with finitely many intersections we set
oo 11,0) = 1 (1,0) — (7 (u(—00, ), v(—00, )) + . (u(+00, ), v(+00, )))

and one may check that ¢ (u,v) does indeed not depend on the trivialisation
7. We define the Siefring product of v and v to be

UV =TT+ loo(U,v) (1.25)

If w and ¥ do not have finitely many intersections, we perturb either cylinder,
say U by a section of 7*T'S (the tangent space of ¥ is naturally a subspace of
the tangent space of the symplectisation) whose linking number at +o0o at both
punctures is 0. Let U, be the perturbed copy of v: it has now finitely many
intersections with u and we define

Ue, V=TT,
In this case, the Siefring product is defined to be
UxT:="ue, T — (Q (u(—00,-),v(—00,-)) + Q) (u(+00,-),v(+00,-))) (1.26)

We extend these definitions to the case of curves with several positive and
negative punctures, asymptotic to Hamiltonian orbits at each puncture, such as
those we use in the definition of Floer products. The context we are going to
apply Siefring’s theory here will be a bit different from the above, since we are
not going to consider curves in Ry x S} x ¥ anymore, rather into a branched
cover of it. Since the curves will still live in an almost complex cobordism in
the sense of [66, Section 2.2] and this is the setting in which Siefring’s theory
was originally cast, what we stated above can indeed be extended to the case
of curves with more than two punctures. In principle we could keep working
with pairs-of-pants in the symplectisations, but we would run into two problems.
The first is that at punctures curves in R x S' x ¥ the asymptotic orbits might
turn out to be multiply covered, and the definitions we shall presently give here
should be changed to take this into account. The second is that we would not
be able to interpret intersections counting towards uw * T as changes in linking
numbers of braids.

If w and v are two pairs-of-pants with p negative punctures (inputs) and 1
positive puncture (output), we see them as maps

u,v: S\ {21,... 2P, 2} - %
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As before we consider their graphs (embbeded in a branched covering of the
symplectisation R, x S} x 3), and we want to compute their intersections. The
asymptotic quantities ¢, and Q7 still make sense in the case of pairs-of-pants
since they just need cylindrical coordinates near the ends for their definition.
We define '

tho(uy 2850, 27), oD (uy 2450, 24 )

oo
as above, and we have
P ) .
Lgo (’U,, U) = Lgo(u7 2450, ZJr) + Z Lgo(uv ZZ—; v, Zi) (127)
3,5=1

Likewise, we set

P
LOO(uv U) = LZ;O(U, U) - QQ(U(ZJM ')7 U(Z+, )) + Z Qr (U(Zi, ')7 ’U(Zi, ))
ij=1
(1.28)
to define u * v formally as above if u and v have finitely many intersections,
otherwise we set

T =Te, T — [ O (u(zy,),v(ze. )+ Y Q (u(z, ), 0(z", ) | (1.29)

4,j=1

We highlight the fundamental property that the Siefring product is a homotopy
invariant in each class of asymptotically cylindrical curves; in particular if w and
u' are asymptotically cylindrical maps which are homotopic via a compactly
supported homotopy, for any other asymptotically cylindrical map v we have
the equality

u kU =Uu*xv

This simple fact is one of the main motivations for the definition of the Siefring
product, and a heuristic explanation may be found above, in the discussion after
(1.25).
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Chapter 2

Hofer Norms on Braid Groups

2.1 Introduction

In this chapter we report the results contained in [51] and in a joint work with
Ibrahim Trifa [52]. The results of the former are about the Hofer geometry
of Ham.(D), while those of the latter will give information about the Hofer
geometry of Ham.(X, ) for any ¢ > 0 and p > 1. Since the work with Trifa
is more general and there is a significant overlap of the techniques we adopt,
we report the results and methods directly from [52] with the addition of some
material from [51] which is used there. The hope is to avoid redundancies which
might make the exposition heavier.

Given a pre-monotone configuration of circles (Definition 2.2.1), we consider
the subgroup of Ham fixing it. To every diffeomorphism ¢ of this kind, we may
associate a braid type b(y), which is an element in B,, 4,. We give an estimate
from below on the Hofer norm of ¢ which only depends on the pre-monotone
configuration of circles and b(p). We then pushforward the Hofer norm on Ham
to obtain a pseudonorm on By, (in the case of the disc) or on a proper subgroup
of By, g,p (for higher genus surfaces). Our results on the geometry of Ham will
be pushed forward as well to lower bounds on the induced metrics on braid
(sub)groups.

Our main result might be stated as follows:

Theorem 2.1.1. Let L be a pre-monotone configuration of circles on Xg ,, and
let By C By,g,p be the image of the braid type function b. There exists a function
f: B — Z, non trivial on the generators of By, and unbounded, such that if ¢
preserves the link L then

1
lell = S1(b(#))]
For the precise statement, we refer to Theorem 2.2.3.

35
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Figure 2.1: This illustration shows what a pre-monotone configuration looks
like, without claiming to accurately depict the area conditions. In red we have
the non contractible components of the configuration, in green the contractible
ones.

2.2 Setup and Main Results

Let ¥, be a compact oriented surface of genus g with p boundary components,
with area form w normalised so that

/ w=1
by

9,p

Let L = Li,...,Liyq be a set of k 4 g disjoint, embedded circles in X, ,: we
call L a Lagrangian link.

Definition 2.2.1. We say that L is premonotone if the following conditions are
satisfied:

i) exactly g of the circles in L are non contractible;

44444

pants Biy1 with p+k+2g — 1 legs;

ii1) There exist A € (k%rl,%), such that A = fB'w forj=1,... k.
J

See Figure 2.1 for a depiction of a configuration satisfying conditions i) and ii).

Given a premonotone Lagrangian link, we denote by Hamp (3, ,) the sub-
group of Ham.(X, ) stabilising the Lagrangian link as a set:

Hamp (¥g,) := { ¢ € Ham(Xy p)|30 € Gpyg, p(Li) = Lo }

To a diffeomorphism in Hamp (2, ,) we may associate an element of the braid
group By, 4.p. This function is defined the following way: choose one base point
per contractible circle in L, denote it by p; € L; for i = 1,..., k. Any Hamilto-
nian isotopy (¢¢)icjo,1) between the identity and ¢ € Hamp (¥, ) provides then
a collection of k curves ¢ — (p;). Remark that there exists a permutation o
in &4 such that for all i, ¢(L;) = Ly(;), and contractible circles are mapped
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/

_ -1
= = 01049

Figure 2.2: The definition of the braid-type function b in the case ¥, , = D.

to contractible circles. For each contractible L;, choose then a path in Ls ;)
connecting ¢(p;) to py(;). The concatenation of the curves t — ¢;(p;) with the
respective connecting paths yields an element in By, 4,,. The braid obtained this
way does not depend on the choice of the base points, of connecting paths or of
the Hamiltonian isotopy (a proof of this fact is included later). We thus have
defined a groups homomorphism

b:Hamp(3,,) = Brgp
Denote by Bg the image of b (it will be described in detail in Section 2.3.3).

Remark 2.2.2. We choose to require in this definition that the circles Ly, ..., Ly,
bound discs of same area. Allowing for discs of different areas might result in a
slight generalisation, but since we are considering Hamiltonian maps (which in
particular preserve areas), if the configuration is not pre-monotone we are not
going to be able to produce any braid in B, 4, as braid type of a Hamiltonian
diffeomorphism. If however the configuration is pre-monotone and ¥4, = D,
the morphism Hamp(D,w) — By, is easily seen to be surjective: if k = 2, up
to symplectomorphism of D the two discs are conjugated by a half-turn, which
corresponds to a generator of Bo. If k > 3, to represent any generator of By,
it suffices to consider a disc containing the two circles corresponding to the two
strands in play, and then remark that we can apply what said in the case k = 2.
If g > 1, the braid type function b cannot be surjective. Indeed, any non con-
tractible circle in L is Hamiltonianly non displaceable, and therefore has to be
mapped to itself by any element in Hampg(X,,). See Section 2.3.3 for details.
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Our main result is the following:

Theorem 2.2.3. There exists a family (f(v, vy))vicv 0f group homomorphisms
Br — R indezed on the square of a p-dimensional simplex V' (defined in Section
2.4.2) such that for every v; € V and ¢, € Hamg(2,,p),

110, 9) 2 5w o (Bl (21)

In particular, we have the following estimate for the Hofer norm:

1
[l =5 s [y (0(0)) (22)

(v1,v2)EV

If we define the following function on Br:

= ma V1,09 2.3
f@)(mméwm 02)(9)] (2.3)

In the case of the generators o;, a;, bi_laibi we then obtain the explicit values:

I (k+1)A-1
(k+g) k+29—1

i(07) = gi(as) = 5007 ") = 5

Remark 2.2.4. We compute in (2.17) explicit values for the mazimum in 2.3

Remark 2.2.5. This result seems counter-intuitive when compared to a result
of Khanevsky’s contained in [39]. In that paper, Khanevsky defines the notion
of homological trajectory of a Hamiltonian diffeomorphism defined on a surface
and fizing a given disc. He then proceeds to prove that, whenever the genus of
the surface is positive, there exists a constant only depending on the disc such
that one can realise any trajectory with a Hamiltonian diffeomorphism of Hofer
energy lower than this threshold. In fact, it is easily seen that such diffeomor-
phisms cannot stabilise any non contractible component of the Lagrangian link
L, therefore they do mot appear in our treatment. If anything, this shows that
to find a result like ours, the constraint of fizing a number of non contractible
circles equal to the genus is in fact minimal (otherwise it is possible to construct
those diffeomorphisms, realising arbitrarily complex braids with bounded Hofer

energy).

In the case of the disc, we in fact find a quasimorphism that is sensitive to
the linking number of braids (this is contained in [51]).

Theorem 2.2.6. Let L be a pre-monotone Lagrangian link in D with k compo-

nents bounding discs of area \ € (%4—17 %) There exists a Hofer 2-Lipschitz ho-
mogeneous quasimorphism Qy : Ham.(D,w) — R such that if ¢ € Hamp (D, w)

has associated braid type b(y), then

1 (k+1DA—1

Qi(p) = % 2h-1)

lk(b())
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Remark 2.2.7. There exists in fact a linear independent family of quasimor-
phisms with the feature that restricted to Hamp(D,w) they are proportional to
the linking of the braid associated to the diffeomorphism; the quasimorphism in
Theorem 2.2.6 happens to be the one with the largest proportionality constant.

We prove Theorems 2.2.3 and 2.2.6 in Section 2.4.2.

We now define a norm on Bg. For any a € B we set

lallz = el (2.4)

inf
pEHamp (34 5),b(p)=a

It is easy to check that ||-|| is a pseudonorm on By,.

A corollary of Theorem 2.2.3 is an estimate from below of ||-||:

Corollary 2.2.8. Let a € B. Then, if | is the function from Theorem 2.2.3,

1
lallz = 5 - I7(a)] (2.5)
As in [51], this is not enough to conclude non degeneracy as soon as k+g > 2
(as soon as the genus is positive, there are no interesting cases we can consider
for kK + ¢g < 2). We may however adapt a proof by Chen contained in [15] to
show that

Theorem 2.2.9. For a pre-monotone L, the pseudonorm ||-|| is non degener-
ate.

Chen had in particular proved this fact for braids on the disc.

Recall the existence of the real-valued Calabi morphism on Ham. (%, ,) (for
a definition, see for instance [49, Section 10.3]). An immediate corollary of this
result is the existence of Hamiltonian diffeomorphisms in the kernel of Calabi
with nonzero asymptotic Hofer norm.

For any ¢ € Ham.(X,,), we define its asymptotic Hofer pseudonorm by

n
lipllo = tim 171
n n

We may now state the following elementary consequence of Theorem 2.2.3:

Corollary 2.2.10. Let ¢ € Hamp(X,,). Then

1
lilloe > 5 - ()
Moreover, any braid type in the image of b may be realised by a diffeomorphism
in the kernel of Calabi.

Proof. Since f(,, 1,) and b are both morphisms of groups for all v; € V, the only
statement which is not entirely trivial is the one about the kernel of Calabi.
This is easily seen, since Calabi is a morphism of groups, and we may compose
any element in Hamp (X, ,) by a diffeomorphism realising the trivial braid and
arbitrary Calabi. O
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2.3 Technical Preliminaries

2.3.1 A proof of monotonicity

In this section we are going to prove that, given a pre-monotone (Definition
2.2.1) Lagrangian link L on a closed surface ¥, and a Hamiltonian H on 3,
the Quantitative Heegaard-Floer Homology of the pair (L, H) is well defined.
We achieve it showing Proposition 2.3.1 and applying the arguments contained
in [21]. Our Proposition is needed since in [21] they need more non contractible
link components to prove a monotonicity result for the Lagrangian (they use
links such that the closure of each connected component of the complement
is planar). The homology also turns out to be nonzero: this follows from an
application of the Kiinneth formula (together with the independence of the
Homology on the Floer data) developed by Trifa and Mak in [47].

We assume that fzg w = A, A not necessarily being 1. In the following, we
split the circles in L in two classes: the contractible and the non contractible
ones. We assume that Ly, ..., Ly (k > 2) bound disjoint discs By, ..., By of area
A€ [k%l, %), and that ai, ...,y (o := Lj4;) be meridians for each handle of
4. This way, we have L=L; U.. UL, U1 U...Uay and X := Syml”g(}]g).
Let Bj41 be the only connected component of ¥, \ L that is not a disc, and let
A1 be its area. Let i be the real number satisfying

App1 +2n(k+2g—1) = A
Then 7 can be recovered by the formula

A—Apy (k+1DA—-A

"=k +29-1)  2(k+29-1)
and in particular is non negative.

Proposition 2.3.1. For all [u] in the image of o (X, Sym™ ™9 (L)) — Ho(X, Sym™9(L))
one has

wx((ul) + - fu] = Zp(ul)

Proof. For 1 < i < k + 1, let B; be the closure of B; in Y4. Let k; be the
number of boundary components of B;. For each i, fix a point a; in B;, and
let X,, be the projection of X597 x {a;} in Sym**9(%,). In [21, Section 4.5],
it is explained how, when B; is planar, one can construct a disc class [u;] in
Hy(X,SymL), which satisfies [u;] - X, = 055, [us] - & = k; — 1, and p([ug]) = 2.
Here, the B;’s for 1 < i < k are discs, therefore we can apply this construction
to get k classes satisfying wx ([w;]) + nA - [ug] = A+ 0 = Spu([ug]).

However, By, 11 is not a planar domain (it is equal to the whole surface minus
k disjoint discs). But we can still apply a similar construction:

Let D := Ek+1 u]_[léjgg D;, where the D;’s are copies of the closed unit disc

Din C. Let 75 : D—Dbea (k 4 g)-fold simple branched covering, such that
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75|p; is a biholomorphism for all j, and 7 B, |§k+1 is a topological k-fold simple
branched cover, such that a1 is not a branched point. Since k > 2, such a
branched cover always exists; one can construct it using techniques presented
in John Etnyre’s lecture notes [24]. Let vgy1 : D — X, be a map whose
restriction to By is the identity, and which sends D; to a point in «;. Then,
by tautological correspondence, we get a map ugy1 : (D,0D) — (X,SymlL),
defined by ugy1(2) = vk+1(7rli)1(z)). The class [ug41] also satisfies [ugy1]- Xa, =
Vg1 - @; = 03 g1 for 1 < i < k4 1. Therefore, the proof of [21, Lemma 4.10]
goes through, and we get that the image of mo(X,SymL) — Hy(X,SymL) is
freely generated by {[u;]}F!, and that the image of ma(X) — Ha(X,SymL) is
freely generated by Zi:ll [u;].

Since the [u;] satisty the equation wx ([u;])+nA-[u;] = 3p([u;]) for 1 < i <k,
it only remains to show it for [ug41].

We start by computing [uj41] - A in a similar fashion as in [21]. Let 7 :
¥, — S? be a topological (k + g)-fold simple branched covering of the sphere.
Let u : S? — X be the map tautologically corresponding to the pair (, ids, ).
Then, since [u] is in the image of mo(X) — Ha(X, SymL), there exists an integer
¢ such that [u] = ch;l [u;]. Since [u] - X4, = 1 for all i, we get that ¢ = 1.
Therefore, [u]-A = (Zf:ll [ui])- A = [upy1]-A. Since ids, is injective, there is a
one-to-one correspondence between branched point of 7 and points of S? whose
image by u lies in A. Moreover, since the branched points are simple, we have
that [u] - A is actually equal to the number of branched points of w. Therefore,
the Riemann-Hurwitz formula implies that 2 — 29 = 2(k+¢) — [u] - A, and we
finally get [ugy1] - A = 2(k+ 29 — 1). It only remains to compute the Maslov
index of [ug41]:

k

u((ua]) = p ([u} - Zm) — 2ey(TX), [u) — 2k

i=1

Let v be the Abel-Jacobi map, from Symd(Eg) to its Jacobian variety J,
which is isomorphic to the 2g-dimensional torus 729. According to [5, Chapter
VII, Section 5|, there is a class @ in H?(.J) and a point ¢ in ¥, such that:

c1(TSym?%,)) = (d — g+ 1)PD(X,) — v*0

Now, in our case, d = k + g, and as above [u] is a generator of the image of
72(X) — Ho(X,SymL). Since J = T% is aspherical, v, [u] vanishes, and

(1)) = 2(en(TX), [u]) — 2k = 2(k + 1)[u] - X, — 2k = 2

where the last equality comes from the fact that [u] - X, = ids, - ¢ = 1 when ¢
is not a branched point of 7, which we can assume by perturbing 7 if necessary.
As claimed, we get

ox((tnn]) +0A - [k = Air + 200k +29 1) = A = 2a({us])
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Remark 2.3.2. One can use the results of this section to show the monotonicity
property for a more general class of links. In fact, let L be a link on Xy, and
By, ...,Bs be the connected components of ¥, \ L. Let k; be the number of
boundary components of B; (the closure of B; in X,), gi be its genus, and A;
be its area. Assume the following is satisfied:

e for all i, B; contains exactly one non contractible component of L around
each of its handles (otherwise said, the non contractible components of the
link generate a g-dimensional subspace of the first homology of £4);

o ifg; >0,k >2;

o there exists constants A and n such that for all 1 < i <'s, A;+ 2n(k; +

Then, L satisfies the monotonicity property: for all [u] in the image of mo(X, Sym(L)) —
Hs(X, Sym(L)), one has wx ([u]) + nA - [u] = 3u([u]). As in [21], it is enough

to check the monotonicity property on the basic disc classes tautologically corre-
sponding to the B;’s. When they are planar (g; = 0), it is shown in [21] that they
satisfy the monotonicity property by embedding B; into the sphere. If g; # 0, we

can embed B; into g, by gluing k; discs of area A on the boundary components.

Then, we can apply the result of this section to get the monotonicity property

for B;.

2.3.2 Intersections in the symmetric product

We define elementary intersections between two strands: they are local de-
scriptions for intersections counting towards u - A which do not lift along the
projection to the symmetric product. The goal of this section is to prove that
elementary intersections are transverse in the symmetric product, and may thus
be used to compute the intersection product with the diagonal.

First off, let us reduce the computation of the intersection product to count-
ing the intersections between two strands.

Let w : [0,1] x [0,1] — Symk(Eg’p) be a capping for an intersection point
between the Sym* 9L and Sym* 9o (Sym*T9L). Assume that for some (so, o),
u(sp,to) € A. Generically, u(sg,to) belongs in the top stratum of the diagonal,
which means that considering the path in the symmetric product

t — u(sg,t)

as a collection of k 4 g curves, at ty exactly two of them coincide (and there
are no other intersections at ¢y or different t-we may assume this generically).
Denote these two paths by us : [0,1] x [0,1] — Syszg, and the 2-dimensional
diagonal by As.

Lemma 2.3.3 (Locality of the intersection problem). In the setting as above,
the sign of the intersection at (sg,to) between u and A is the same of the inter-
section at (sg,to) between us and Asg.
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Proof. Let us now consider a local chart of Sym**9 (34) adapted to A at the in-
tersection u(so, to) = [@1, 21,23, ..., %k1g] € A. Consider the function Sme(EQ) —
Sym**9(%,) defined via

[yla yQ] — [:l/h Y2,x3,. .. 7xk+g} (26)

This map is a complex embedding: it is clearly a continuous injective maps
between compact topological spaces, hence a homeomorphism on its image, and
its differential is injective. To prove this last point, we consider local charts
given by symmetric polynomials. In formulas,

Sym?(C) = C?, [y1,y2] = (y1 + y2, y192) (2.7)
Symkﬂ(c) > CH, [T1s s Thpgl 2 (e1(T1, s Thtg), - s Chtg(T1, - Thgg))
(2.8)

In the equation above, e; is the i-th symmetric polynomials on k + g variables,

ei(1,..., Tptgq) = Z H 7y (2.9)

1<l <<l <k+g j=1

In particular, e; and es on two variables are the expressions appearing in (2.6).
To prove injectivity of the differential, we just have to compute four derivatives.
When restricting to the image of the topological embedding,

e1(Y1, Y2, T3, - Tk) = Y1+ Y2 + T3+ -+ Ty (2.10)
e2(Y1,Y2, T3, .. -, Thpg) = (W1 F+Y2) (@34 F+Tptg) FY1Y2+T3Ta++ - Thgg—1Thtg
(2.11)

One can see that the topological embedding is in fact complex. Now, in local
charts,

ay1+y261 =1, 83/121261 =0, ayH—yzeQ =T34+ Thag, 8y1y262 =1 (212)

that which proves injectivity of the differential. Now, we see Sme(Eg) as a
complex submanifold of Symk+g (¥4), and remark that the embedding maps A,
into A.

Assume now that the k + g — 2 strands which do not intersect do not
move on an interval (sp — €,80 + €) (we do not lose generality since we are
just reparametrising the capping). This condition implies that I'm(d(s, ., )u) C
T(u(307t0))8ym2(2g’p) (it is implicit in the notation that u(sg,tg) € As). Now,
choose a complex chart around wu(sg, tg) adapted to Sym*(3,,,): such a chart
maps Sym2(Eg,p) locally to C? x {0}++9~2 and Tu(so,t0)A also splits:

Tu(sg,to)A >~ V @ Ck*”g*l

where V is a complex line in C? (we have C**9~! as second factor because the
other k + g — 1 coordinates may change as they wish, it won’t change the fact
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that the point is in the diagonal because of the first two coordinates). Therefore,
in order to compute the sign of the intersection, we are led to consider the
determinant of the real matrix

voow z y O 0
0 01 0 0
: 0 1 o - 0
M:= 1. . . . . (2.13)
: Do 0
0 -+ -+ 00 «+ - 0 1

which is a block matrix. Here v,w € R* are a real basis of Im(ds,,1)u), and
x,y € R* are similarly a real basis of V. Clearly

det(M) = det(v, w, z,y) (2.14)
which is what we wanted to show. O

Definition 2.3.4. Let (s,t) € [0,1]2. We say that a capping u has an elemen-
tary intersection at (s,t) with A if u(s,t) € A and if there exist charts as those
defined in Lemma 2.3.3 around u(s,t) such that us coincides with the roots of
the complex polynomial

X2 — (s4it)

Lemma 2.3.5. Elementary intersections between two strands are transverse.

Proof. We will start by considering a homotopy 7 : [-1,1]sx[—1,1]; — Sme((C)
between two braids v_ and v, . There is a diffeomorphism ¢ : C? — Sme((C)
which maps (a, b) € C? to the pair of roots of the degree 2 polynomial X?—aX +b
(its inverse being given by ¢ !([z_,z4]) = (z_ + z4,z_x4)). Through this
diffeomorphism, the diagonal A C Sym2((C) corresponds to the set

e 1 (A)={(2z,2%),2€C} = {<a, a;) .a € (C}

whose tangent space at (a, %2) is the complex vector subspace generated by
(1,%), i.e. the real vector subspace generated by (1, %) and (i, %).

Let (a(s,t),b(s,t)) := ¢ *(v(s,t)). Assume that ~ intersects the diagonal
at (s,t) = (0,0). Then, the intersection is transverse if and only if the vectors

(1, o 0)> , <7 w> (8:a(0.0),8,5(0,0)) and (9a(0,0), 3;b(0,0))
generate the whole space C? as a real vector space.

In particular, consider the case where (s, t) is the pair of square roots of
s+it. Then, ~y intersects the diagonal at (0,0), and (a(s,t),b(s,t)) = (0, —s—it).
Therefore, we get that the intersection is transverse if and only if the vectors
(1,0), (i,0), (0, —1), (0, —i) generate C2. Since this is true, we have transversality
of the intersection. |
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YaWags

t +— [a, b](—0.01,1) — [a, b](0,t) — [a,b](0.01,¢t)

Figure 2.3: The homotopy (s, t)

X

t'—>7 —0.01,¢ t— v(0,t) t—y( 001tl
s

Figure 2.4: The homotopy 7(s,t) as seen on C.

Remark 2.3.6. From the proof we see that the sign of the intersection we
studied above as local model is positive.

Remark 2.3.7. The homotopy s + it — /(s + it) € Sym*>C does not lift to a
function to C2. If we, in more generality, suppose that an intersection is trans-
verse, the capping cannot be lifted to C?. Assume in fact that an intersection
counting towards [u] - A does lift to C? (we take k = 2 in light of Lemma 2.3.3).
Then it cannot be transverse: up to time-translation, assume the intersection
appears at (s,t) = (0,0). Define

(71772) : (—578) X (—5’5) - (CQ
such that if 7 : C2 — Sym>C is the quotient projection, we locally have

© (71772) =u

Then (v1,72)(0,0) € 7= 1(A). The differential of m being 0 there, so is the
differential of u. This proves that the intersection of u with A at (0,0) is not
transverse.

2.3.3 The braid type function

In this Section we discuss the good definition and the image of the braid-type
function b.
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In the introduction it was claimed that b was a well defined function from
Ham,(X,,,). To prove it, we need to remark that b does not depend on the
Hamiltonian isotopy one chooses. This is true if, for instance, 71 (Ham.(2,,)) =
0, which we proved in Lemma 1.2.8. In fact, since in such a case any two
Hamiltonian isotopies are homotopic relative endpoints between isotopies, we
may deform one Hamiltonian path into the other keeping strands from crossing.
Such a deformation then provides a braid isotopy between the images of the two
Hamiltonian isotopies, and b is well defined.

We aim to describe the braid type of a Hamiltonian diffeomorphism preserv-
ing a given premonotone Lagrangian configuration L in X, ,. We refer to the
description of By, 4, provided in Section 1.1. Consider the subgroup of By 4
generated by (Ui)i=1,...7k-717 (a‘j)jzl,...,g’ (bjlajbj)j:1,..,,q and (Zl)l=l7...,p71 only
(no b; alone is present), with the restrictions of Bellingeri’s relations. For clar-
ity, we remark that the o; we consider are those describing exchanges between

contractible components of the link. Denote this subgroup by Br.

Remark 2.3.8. FEwven though we have p punctures, the associated generators
are only p — 1. As remarked in [10], one may express a single loop z, around
the last puncture using the relation

1_—1 —2 1_—1_-1 -1

1 — 1 — -1 -1 _—
la1, by ].“[a!]?bgl]:al Oy "+ 0p_1°°°09 01 21 """ %p

Lemma 2.3.9. Let us consider the group homomorphism
b: Hamp o(E4) = Bigp (2.15)
Its image is precisely By .

Proof. We are going to describe the group B as the fundamental group of
the k-th configuration space of the surface ig,pa which we obtain by removing
tubular neighbourhoods of the curves Ly y1,..., Lty from X, ,. Now, f]g,p is
a punctured sphere, with 2¢g + p punctures. Its braid group is described in [11,
Theorem 2.1]: it has the k — 1 generators corresponding to moves which take
place in a disc on the surface, and p + 2g — 1 corresponding to non contractible
loops around punctures.

Let us show that we may identify the image of b with this fundamental
group. Let ¢ € Hamyp (X, ), and let L; be any non contractible component of
L. Since it cannot be displaced by any Hamiltonian diffeomorphism, if (¢?) is
any homotopy between the identity of Ham and ¢, L; satisfies

Ly (Ly) #0

This implies that there is a loop in Ham. (3, ;) based at the identity, ¢t — 9",
such that for all £ and for any non contractible component L; one has

Prot(Ly) = Ly
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Q;

Figure 2.5: The generator bi_laibi

Since the circles cannot intersect during this isotopy, and since b does not depend
on the particular isotopy one chooses without loss of generality (up to shrink-
ing the tubular neighbourhoods we take off to produce ¥, ,) the braid b(yp) is
represented by a braid entirely contained in ig,p. Furthermore, choosing such
an isotopy makes it clear that no contractible circle may wind about the base
point on a non contractible component: this bounds the number of o-generators
to k — 1 (only exchanges between contractible circles are allowed). All of this
proves that the image of b is contained in 7 (Conf*(3,,)), which is what we
wanted. To prove equality, we just need to be able to represent all generators
of Br r as images of b. This is readily done: given any o;, we may consider a
disc containing Ly and L; and apply a half rotation. In the case of any z; (loop
around a puncture) we may use an annulus with centre at the puncture, and a
full rotation on it.

We end this proof showing that the generators above, elements in By g p,
are in fact the images of the generators of 771(ConflC (igp)) under the inclusion
morphism. In fact, it is easy to see that the o;’s in By 4, correspond to the
half-twists in 71 (Conf* (3, ,)), and that the turns around the punctures in 3, ,
are sent by the inclusion to turns around the punctures in ¥, , (the z;’s) and
turns around the handles (the a;’s and b; 'a;b;’s) (see Figure 2.5 for a picture
of b;laibi).

O

2.4 Proof of the main results

As the title says, in this Section we prove the main results of the Chapter. A
sketch of the proof is the following: consider ¢ € Hamp(3,,), with L pre-
monotone. We symplectically embed the surface with boundary ¥, , into two
closed surfaces, gluing discs of different areas to the boundary components.
This operation yields two different Floer complexes, which turn out to be chain-
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isomorphic; the isomorphism however does not respect the action filtration. We
compute the action difference, and relate it to the braid type of the Hamiltonian
diffeomorphism ¢. In Section 2.4.1 we construct the chain isomorphism and
study its effects on spectral invariants, while in Section 2.3.2 we finish the proof
connecting the difference of spectral invariants to braids. This difference of
spectral invariants will be what we use in the definition of the functions f(,, u,)
in Theorem 2.2.3, and the quasimorphisms in Theorem 2.2.6.

2.4.1 Construction of the chain isomorphism

The content of this section comes from [51], but it is adapted to the more general
setting of surfaces with boundary and arbitrary genus.

Let L be a pre-monotone link on ¥4 , with k+¢g components, and let (y, ..., (,
be its boundary components. Gluing discs of area s;; along (; for i = 1,2,
j =1,...,p gives rise to two embeddings of ¥, into a closed surface of area
1+s;,1=1,2, denoted X4(1 + s;), where

si=8i1+..+8,€(0,(k+1)A-1)
In the following, by v; we denote the vector
v = (831, ., Sip)
and the set of possible values vy, vo may take is
Vi={(s1,:8p) € Rx0)"[s1+ ... + 5, < (k+1)A -1}

We write j, : X4, — X4(1 + s) for the symplectic embedding we obtain as
just described. For any ¢ € Ham.(¥,,) denote by ¢, € Ham(3,(1 + s)) the
obvious extension by the identity, L, := j,(L) the corresponding monotone link
on ¥,(1+s), and by 7, the associated monotonicity constant. If ¢ is generated
by a Hamiltonian H € 4>°(%,, x S*;R), let H, be the Hamiltonian generating
©, coinciding with H on the image of j,. In this Section we assume H to be non
degenerate: it cannot be the case of course if ¢ € Hamp (X, ,,w), so later we
shall have to consider small perturbations to make the intersections transverse.
Fix a diffeomorphism of the surface

dy? i Bg(L+v1) = Xg(1+ v2)

and assume that for all j, vy j,v2 ; > 0. We require that the following diagram

commute:
dz2

g(1+51) Yg(1+s2)

T%

In particular, since j,, is symplectic for i = 1,2, by the commutativity of the
above diagram we have that d;? is symplectic between the images of D in the two
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different spheres and globally preserves the orientations given by the symplectic
forms. The map d;? induces a bijective correspondence between the Hamiltonian
paths! which, after being capped, generate the Floer complexes CF(Hy,,L,,)

and CF(H,,, L,,) for any non degenerate ¢ € Ham.(3, ;). We would like to use

02 = Symk(dgf) to define a chain-isomorphism, and the first step to do so is
checking that +;? commutes with the Z-action on both sides given by recapping.
Before stating the lemma, recall that ;2 is smooth because it is induced by a
biholomorphism ¥4(14s1) — £4(1+4s2), hence biholomorphic itself (after fixing
the complex structure on X (1 + s1), the other one is its pushforward by d;?,
and it is integrable by Newlander—Nirenberg Theorem [48, Appendix E]). Two
ways to see it for instance are applying the Removable Singularity Theorem on
the diagonal (where the function may not be holomorphic), or checking by hand
using Cauchy’s Integral Formula that, even when a point of Symk(Eg) has non
trivial isotropy, ¥;? may be developed in a power series using the holomorphic
coordinates of the symmetric product.

We prove now that 1,2 determines a bijection W2 between capping classes.

Lemma 2.4.1. If §, § are two equivalent cappings for an intersection point
y, then ¥2(4), 2 (9') are two equivalent cappings for the intersection point

v2(y). Moreover, the associated Z-action induces a translation by multiples of

A of the action for both CF(H,,, L, ) and CF(H,,,L,,).

Proof. Start by remarking that ¢;? induces an identification between the rel-
ative homology groups: if X, denotes the quotient ¥,(1 + s;)¥/&). as above,
and L,, := Sym”(j,,)(Sym”*(L)) i = 1,2, then

Y2 s Ho(Xyy, Ly Z) = Ho(Xs,, Ly, Z)

V1 %

The restriction of 132 to the image of the Hurewicz morphism H (X, , Ly, ; Z) <
Hy(Xy,, Ly, ;Z) is still an isomorphism. To check that the equivalence classes
of cappings are respected it suffices to check that given two classes u,u’ in

HP(X,,, L, ;7) satisfying
<WXUZ. su) + 1y [u] - Ay = <vai ') 0, [W] - Ay
then
(W, Ut )+ o [0 ul - Dy = (wx,y 07 0) + 0, [0 0] - Ay
Now, Lemma 4.19 from [21] shows that

A
<WXU,;’U> + o [u] - Ay = §M(u)

for each uw € HP(X,,, Ly,;Z) where u € H*(X,,, Ly,;Z) is the Maslov class;
an analogous statement holds for classes in HY (X,,, Ly,;Z). In light of this, 7

I This is due to the commutativity of the diagram above and the fact that the extensions
of the Hamiltonian are 0 outside small neighbourhoods of the images ju, (Xg,p)-
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and ¢ are equivalent cappings if and only if their images through the Hurewicz
morphism, denoted u and v respectively, satisfy

() = ()

An analogous result is true for 1y?u and ¢;2u’. To prove the first statement it
is now enough to show that

p(u) = p(y? u)

and the analogous conclusion for u’. These are true because ;2 is a biholomor-
phism, and thus preserves the Maslov indices (see [49], Theorem C.3.7).

To prove the second statement, we need to prove that the generators of
Hp(X,,, L,,;Z) act the same way on the action for ¢ = 1,2. Notice that in
both cases A\; = Ay = A =: X the area of a disk bounded by a component of
the lagrangian link. Now, capping by one of the generators of Hp(X,,, Ly, ; Z)
shifts the action by A = A in both cases since the generators have Maslov index
2, see Corollary 4.8 and Lemma 4.19 in [21]. |

Applying the above Lemma to ;! = ( ”2)71 we prove that the mapW}?

v1
defined on the generators of the complexes by

[9] = [y3 0]

is a bijection between capping classes which extends linearly to a chain complex
isomorphism.

Fix an w-tame almost complex structure on X4(1 + s1) and push it forward
by ¢;2. Let H be a Hamiltonian generating ¢, and 1,2 be the group morphism
induced by 2.

Lemma 2.4.2. Let ¢ : ¥4, — X4, be a Hamiltonian diffeomorphism of the
symplectic surface such that (L) th L. Then 12 is a chain isomorphism, and
in particular HF(H,,, L, ) ~ HF(H,,,L,, ).

Proof. Let us denote by 9V, i = 1,2, the differentials of the two complexes: we
want to prove that
a’Uz o ,(/J'UQ — v2 1) a'Ul

U1 U1

To achieve the transversality in the symmetric product one needs to define the
Floer complex we look at a class of almost complex structures which coincide
with the one induced by the quotient projection near the diagonal: for i = 1,2
let

Tu: (A)
be the set of almost complex structures on Sym” (%, (14-s;)) which coincide with
J%, on a neighbourhood of the fat diagonal A C X,,, and elsewhere they are
tamed by wx, . Here we use wx, and J¥ for the natural (singular) symplectic
form and almost complex structure on the quotient of the remarks above.
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Let now u : R x S — Sym*(%,(1 4 1)) be a smooth function satisfying the
conditions

u(s,0) € Sym" (%J(Sym (L))

u(s, 1) € Sym"* (ji,, ) (Sym" (L))
limg oo (8, 1) = o, Yo (2.16)
limy oo (5, 1) = Jur 1

Osu(s,t) + J;* (Ou(s, t) — Xp, u(s,t)) =0

where J"' € J,,(A) is an almost complex structure on X4(1 + s;). Endow
Yg(1+ s2) with the almost complex structure J¥2 := 12 J** (the push-forward
by Yy? of J¥), so that by definition the dlfferentlal of W’f is complex linear.

We want then to show that J¥2 thus defined is an element of [J,,(A): we
only need to show that J“2 is tamed by wx,, if J** is tamed by wx, . Tameness
being an open condition, and since the natural complex structure is tamed by
the natural symplectic structure, let us assume for the moment that J*! is close
enough to J}}i The pushforward ;2 defines a homeomorphism between the
spaces of almost complex structures on X, and X,,, and sends by definition
J}’g to J;}(i?: this implies that if J"! is close enough to J)“gSQ then J”2 :=
(¥p2)« ¥ is close to J;’(QSQ and is tame: J¥2 € J,,(A).

A bijective correspondence between holomorphic curves u; : D — X, and
up : D — X, is given by the post-composition with 132 (or its inverse), since
¥y? conjugates the Hamiltonian vector fields on X,, and X,,. We are left to
show that the differentials are defined at the same time, i.e. that if J¥* achieves
the transversality one needs for the good definition of the Floer complex, then
so does J¥2. As mentioned above we have a well defined homeomorphism

(W) U S U?

where U' C J,,(A) are neighbourhoods of the natural almost complex struc-
tures; the inverse is given by the pullback via 32, If J,, .(A) C J,,(A) is
the Baire set of almost complex structures giving good definition for the Floer
complex (proof in [21], Section 5), let us prove that Ju, -(A) N (¥22)*(U? N
Tvy.r(A)) # 0. If it is the case, we may choose J*! in it, and push it forward
to J¥2, so both Floer complexes can be defined with these choices. Now, the
intersection cannot be empty: since J,,, - (A) is generic in J,,, (A), UZN Ty . (A)
is a Baire set in U2, and (¥22)*(U? N Jy,,+(A)) is Baire in U*. Intersecting the
latter with 7,, -(A) gives a Baire set in 2!, which is in particular not empty.

As for the orientation of moduli spaces, one can arbitrarily define a spin
structure on Symk(L) already on the disk, that which gives spin structures
on on Symk(Lw) and Symk(Lvl) by pushforward by j,,, and then these two
correspond by pushforward by ;2 since 12 preserves the orientation of the
Lagrangian link. O

Remark 2.4.3. The isomorphism between the Floer complexes in Lemma 2.4.2
s an isomorphism of persistence modules only up to shift: what we are going
to do later essentially amounts to computing how much it fails to preserve the
action filtration.
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Let Quy? : QH(Symk(Lvl);Z) — QH(Symk(LU2);Z) be the morphism on

quantum homology induced by ;2.

Lemma 2.4.4. Let PSS(v;) : QH(Sym"(L,,);Z) — HF(ps,,L,.;Z) be the
PSS isomorphisms for i = 1,2. Then the following diagram commutes:

Quu2
QH(Sym*(L,,);Z) — QH(Sym"(L,,); Z)

lpss(vl) lPSS(vz)
v
HF(H,,, L, ;Z) ——— HF(H,,,L,,;Z)

V1 ZHuyo

Proof. The matters of definitions of the PSS isomorphism and its bijectivity in
the case of symmetric products are addressed in [21], Section 6.2: modifying
the (singular) Hamiltonian Sym”(H) near the diagonal in fact one can find a
filtered chain isomorphic complex for which the standard proofs work. In the
following we assume that this operation has been done.

As in the proof for 1,2, we need to check that ;2 induces a bijective corre-
spondence of generators of the chain complexes and of moduli spaces defining the
differential. This is immediately clear for Qi;?: gradient lines on Symk (L,,) are
mapped to gradient lines if one fixes a Morse-Smale pair and then pushes it for-
ward, and to holomorphic discs in the pearly model for QC' (Symk (L,,)) we make
bijectively correspond holomorphic discs in the pearly model for QC (Symk (Ly,))-
As for the orientation of the involved moduli spaces, the same remark as above
holds. O

2.4.2 Filtration shifts and braids

What follows is material from the joint work with Trifa [52].

We now study the action shift given by the chain isomorphism W32, and
relate it to the braid type of the Hamiltonian diffeomorphism. We assume that
¢ generated by H is in fact a small perturbation of an element in Hamp, (3, ,,, w).

Its braid type is in particular still well defined.

Lemma 2.4.5. The difference of action Ay, ([9]) — An,, ([¥329]) does not
depend on the choice of the generator [f].

Proof. Start by fixing a generator [¢]. Since H,,, i = 1,2 are supported in
Yg.p, We get that y; are paths in Symk+g (3g.p). The biholomorphism between
Y4y(1 4 s1) and E4(1 + s2) restricts to the identity on X ,, so the two paths y
and v?y coincide, and H,, |, = H,, P2y = H|,. Therefore, using the formula
for the action, the terms containing the integral of the Hamiltonian will cancel
out, leaving us with:

A, (19) = Ar, ((V39]) = 10, [P35 9) - A = 10, [9] - A + w0, ([W339]) = wu, ([9])
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We first show that this quantity does not depend on the choice of capping for
the path y. Let [¢§'] be another capping. We want to show that

oy (3G 5)Y) - Ao, (W91 L2 (0] 1)~
= (o (G1#[9)71) - A + o, ([§171) = 0

Since [g]#[9] " and W2[g]#¥2[7'] 1 are homotopies between z and itself, it is
in fact a disc with boundary on SymZL, so by monotonicity (Proposition 2.3.1),

B (G#1)) - A+ o, (1)) = Sl

~ v [N — V[ v [ A v [ v [N —
Moo (W03 (1AW 5] 70) - A+ wny (W [0 5] 1) = Su(UR [01# 3 [0

Since the Maslov index is preserved by W32, the difference above vanishes, which
proves that the difference of action does not depend on the choice of capping.
Now we show that it does not depend on the path y either. If 3’ is another
trajectory of H,, between SymL, and itself, then we can define a capping for
y’ by choosing any capping for y and concatenating it with any homotopy [w]
from y to 3. Since we showed that the action difference does not depend on
the capping, it is enough to find a single homotopy [w] for which

Moy ([ugw]) - A+ wu, ([p3w]) = (o, ([w]) - A+ wy, ([w])) = 0

Such a w exists: we can first find a homotopy sliding the end points of y and 3’
inside the circles so that they coincide (and therefore define braids), and then

we can take a homotopy inside Symk"’g (X4,p) that does not intersect A, because
y and 1’ have the same braid type. O

The previous Lemma implies that for any ¢ € Hamp (X, ), and any choice
of generator [j], we have g, () — i (¢) = gz (A, ()~ Am,, ([0227])) as
in [51, Lemma 3.6].

Definition 2.4.6. We define fu, v, : Ham.(X,,) = R as

1

form () = °L,, () — °L,, () = ﬁq(v“m1 (9] — An,, (T33[9]))

Moreover, we have:

Lemma 2.4.7. The map fo, v, : Hamp o(34,) — R is a group homomorphism,
which factorises over b : Hamp, (X4 ,) — Br, i.e. there exists a group homo-
morphism o, v, : BL — R such that fu, v, = fo, 0, ©0.

Proof. Let ¢, ¢ be in Hamyp, .(¥,,). Let H (resp. H’) be a Hamiltonian
supported inside X, , generating ¢ (resp. ). Let [g] (resp. [yA’]) be a gen-
erator of C’F*(Symk""gHvl,Syval) (resp. C’F*(Symk"’gH,l’,l,Syval). Let
z:[0,1] — Symk*'gEg’p be a trajectory of H#H' from SymL to itself. We want
to construct a capping 2 : [0,1] x [0,1] — Sym* ™%, (1 4 s;) from the constant
path  to z, using the cappings § and y’. We define it as follows (see Fig. 2.6):
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Y

- Symk+g(zgm) \ A

C Sym(L)

~/

Y1

C Sym(L)

C Sym(L)

Figure 2.6: The capping 2;
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e On [0,%] x [0, £]:

- 2([05 %] X [07 %}
—for0 <t <

— 3(L,0) = 2(0)

bR

(Such a homotopy exists because SymL, is path-connected, it is in fact
isotopic to a Clifford torus, cf. [21])

(s,t) = 9(2s,5t — 1)
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— for%ﬁtﬁl, 2(0,t) =z
—for0<s<i 2(s,2)= v (2s,1)
- 2(%71) = Z(l)

e On [4,1]x[0,1], 2 is a homotopy of braids between (3, -) and z, contained
in Symk+g (Xg.p). Indeed, since b is a group homomorphism, those two

paths are isotopic as braids.

Now, the capping Z consists of a concatenation of , 7] , homotopies contained
in SymL,, , and a braid isotopy contained in Sym*+9 (34.p). Homotopies con-
tained in Symk+9(2g7p) do not contribute to the difference of symplectic area,
and as SymL, is away from the diagonal, and (by definition) a braid isotopy
does not cross the diagonal, the only contribution to the difference of action
comes from § and y’. Since the intersection number and the symplectic area are
additive, we get that fu, v, (0V) = fo,,0.(¢) + for,0,(¥). Moreover, since braid
isotopies do not contribute to the action difference, fy, 1, (¢) only depends on
the braid type of ¢. O

Therefore, it is enough to compute the value of f,, ,, on the generators of
BL i to express fu, v, (@)
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Bi % Bi (o%

671

Figure 2.7: Homotopy between a; and the constant path

Lemma 2.4.8. The values of fy, , are the following:

Ny — Mo — Nuy — 1
fvl,vg(ai) = 20]?791 = _fv1,v2 (bz 1aibi)7 f'Ula'UZ (Jj) - Z+gvl7

525 — 15 k+29—1s2;—515
k+g k+g S2 — 81

fv1ﬂ)2 (zj) - - _2(771)2 - 77v1)

Proof. To do these computations, according to Lemma 2.4.5 it is enough to
produce explicit homotopies between the reference path x (which is a trivial
braid) and the braid for which we know how to compute the action difference.
For a;, b;laibi and o, we exhibit homotopies contained in ¥ ,,, so that the only
contribution to the action difference comes from intersections with the diagonal.
We also choose our homotopies so that the intersections with the diagonal are
transverse. To be sure of their transversality, we make use the content of Section
2.3.2. We show there that the intersections we count here are transverse, and
give their signs.

The result comes from counting such intersections (with sign) on Figures 2.7,
2.8 and 2.9. All the intersections appearing in those homotopies are modelled

Bi
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Figure 2.8: Homotopy between b;laibi and the constant path
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Figure 2.9: Homotopy between o; and the constant path
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on the example of Figure 2.4, therefore we know they are transverse and can
compute their signs.

For z;, the braid becomes trivial after embedding X, , into X,(1 + s;), and
we can choose an isotopy to the trivial braid (without crossing) which sweeps
the disc glued to the boundary component (;. Therefore, the only contribution
to the action difference comes from the difference of symplectic area between
the two embeddings:

SQJ‘ — Sl,j

k+g
By the monotonicity property applied to the only non contractible connected
component of ¥,(1 + s;), we have

for vz (Z]) =

A=1+s;—kA+2n,(k+29—1)

S1—82

et 2g-1)° which implies that

and therefore n,, —n,, =

k429 —1s3;—s1,
k+g S92 — 81

fUhUQ (ZJ) = _2(77112 - "71}1)
O

Remark 2.4.9. With this last expression for fu, v, (2;), it is easy to check that
the values of f,, v, are consistent with the relation of Remark 2.3.8.

Remark 2.4.10. The reader might be surprised by the fact that

f(vlyvz)(biaib;l) # f(vl,vz)(ai)

Now, remark that the f(,, v,) are not defined on the b;, which indeed are not
elements in Br.

Remark 2.4.11. The reader will see that the intersection numbers we compute
for the generators o; here is he opposite of what we find in [52], the reason being
that the o; in [52] correspond to a clockwise half-twist, while here the half-twist
s counterclockwise.

By the Hofer-Lipschitz property of link spectral invariants, we have that for
all ¢ € Hamy, (3, ), and for any choice of (v1,v2) = (8;,j)i=1,2:1<j<p € V X V:

1
el 2 Sliow ()]

To get the best estimate, we compute the maximum of [f, ,)(¢)| over the
choice of (v1,v2). We have

p—1
S1— S
(k + 9)for0a () = m(ngen — ko) + Z kj(s2,; — s1,5)
j=1

where we have decomposed b(y) as a product of the generators a;, (b; *a;b;) ™,
oj and z;, and kg, is the sum of the exponents of all the a; and (b;laibi)_l in
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this decomposition; k, is the sum of the exponents of all the o;, and k; is the
sum of the exponents of z; (according to the relations between the generators,
Egen, ko and the k; do not depend on the decomposition of b(¢) as a product
of generators). Observe that this expression is homogeneous in (vy,vs), i.e.
[frvy.m0s (©)] = |E|[for .00 (©)]. Therefore, the maximum has to be attained when
s1 or sg is maximal, i.e. equal to (k+ 1)A — 1. Since permuting v; and vy does
not change [fy, v, (¢)|, we can assume that 0 < s; < s9 = (k+1)A — 1. Let
kmag := max{k;}, kmin := min{k;}, and let j,qe and jmin be indices such that
k = kmaa:: and k = Kmin- Then,

Jmax Jmin

(ngen - ka) + Z kmaaz(SQ,j - Sl,j)+

s2,j—51,;>0

S§1 — So
(k+ g)fm,vz () < m

81— S
+ Z kmin(SQ,j - sl,j) < m(ngen - ko) + 32kmaw - Slkmin

52,5 —51,;<0
2kgen — k 2kgen — k
— sk . gen o . gen A A
'52< max 2(/€+29—1)>+31 <2(/€+29—1) mzn)

with equality when s; ; = §; s1 and s j = 0;

Similarly,

JJmin Jmae 52+

(ngen - k(r) + Z kmin(SQ,j - 31,j)+

s2,j—51,;20

S1 — 82
(k + 9)for0. () = ht2g—1)

S1— S
+ Z kmax(SQ,j - sl,j) > 2( ! 2 (ngen - ka) + 52kmin — S1kmax

82yj—81Y]'<0 k+2g_ 1)

2kgen — ko 2kgen — ko
=83 | kmin — =—"— ) + 51 | = —T— — kinaw
2(k+2g9—1) 2(k+2g9—1)
with equality when s; ; = §;;,...51 and s j = J; $o. Since those expressions
are linear in s, the extremal values are attained for s; = 0 or s = s5. Set:
ngen - ko 2kgen - ko

R =Fknaz — kmina S = kmaz — s T = — kmin
2(k+29—-1) 2(k+29—-1)

sJmin

In the end, we get:
(k+1)A-1

V1,V = R,ST 2.17
@f?jﬁ’évz'f L (9)] g max {R, S, T} (2.17)
and therefore
(k+1)A—-1
- R,S,T
el > 5 max (R, 5.7)

This ends the proof of Theorem 2.2.3.
The proof of Theorem 2.2.6 is very simple now. Remark first that the func-
tion fy, 0, if X4, = D in fact depends on only one pair of parameters, s; and
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So2, s0 we are going to adjust the notation accordingly. From Lemma 2.4.8 we

find that
Nsy — Ns
fs1,52 (Uj) = _ﬁ

and taking optimal s; and sy yields

1 (k+1A—1
fo,(k+1),\71(03) =5k h-1

as anticipated in Section 2.2. Since fs, s, is a homomorphism, we may write,
for any ¢ € Hamy (D), that

formaa(®) = T AT i)

since by definition lk(o;) = 1 for all j. We now homogenise:

Qr(p) == lim Jo.ra-1(#")

n—00 n

The right hand side is now a homogeneous quasimorphism on Ham.(D) (dif-
ference of two homogeneous quasimorphisms), and since fo,(x41)x—1 is in fact a
homomorphism of groups when restricted to Hamy (D), we finish the proof of
Theorem 2.2.6:

Vo € Hamy (D), Qi(p) := lim foeripale) _

n—o00 n

1 (k+1DA—-1
= fo,kr1)r—1() = ﬁ%lk(b(@)

2.5 Hofer norms for braid groups on surfaces with
boundary

Let us start this Section proving that the quantities ||-||; are at least pseudonorms
on the images of b.

Lemma 2.5.1. For all g1,92 € BL, |91l = llg1 ' || and ||g192]| < [lg1]| + llg2-

Proof. The first point is obvious since for all ¢ € Ham.(3, 5, w), [[¢] = [l 1|
and b(¢) = b(p 1)1, For the second one,
192||lL = inf < inf 192
lorg2llz QOGHamA(Eg,pvw)’b(tP):leHSOH tpi,GHamL(Eg,p,w),b(%):giH(p el

and applying triangular inequality
91921l < llall + llp2ll, Vi € Hamp (8g,p, w) with b(g;) = g;

so that taking the infimum first on ¢; and then on ¢y we conclude. O
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Now, Chen in [15] proved non degeneracy of the pseudonorms we defined in
[61]. We aim to show how Chen’s proof may be adapted to extend his theorem
to:

Theorem 2.5.2. Let L be a pre-monotone link on X4 ,, a compact symplectic
surface of genus g and with p boundary components. Then there exists an e > 0,
only depending on L , such that if ¢, € Hamp(3g,) are such that dp (@, ) <

e, then b(¢) = b(y).

This theorem in turn implies that the pseudonorms we defined are non de-
generate.

Corollary 2.5.3. If (¢;) C Hamp(X,,) is a sequence of Hamiltonian diffeo-
morphisms preserving L, and ||@;|| — 0, then there exists a positive integer n
such that for every i > n the braid b(y;) is trivial.

We are now going to adapt Chen’s proof to our setting.

In [15], the author considers Hofer-close Hamiltonian diffeomorphisms ¢ and
1. Choosing generating Hamiltonians for both of them and perturbing them
gives rise to the associated Floer complexes, and continuation maps between
them. If the generating Hamiltonians are C°-close, one may furthermore prove
that the pseudoholomorphic curves appearing in the continuation maps do not
intersect the diagonal of the symmetric product, nor the divisor

D =z + Sym*}(s?)

where z is the north pole of the sphere (outside the image of the embedding
D — S2. The fact that the two Hamiltonians may be chosen to be close of
course follows from the definition of the Hofer norm. One may then use these
pseudoholmorphic curves to produce a braid isotopy between chosen represen-
tatives of b(¢) and b()) using the pseudoholomorphic curves of the continuation
maps.

In our case we wish to prevent pseudoholomorphic curves from intersecting
the diagonal and exiting the surface ¥,,: we glue discs of appropriate areas
to the boundary components, so that L becomes monotone, and consider the
centres (;, i = 1,...,p of the discs we just glued. Define the divisors

D; = ¢ + Sym* 9 l(%)) (2.18)

ifu:D— Symk(Zg) is a pseudoholomorphic disc with Lagrangian boundary
conditions on the link L, if [u] - D; = 0 for each ¢ then the image does not
leave the image of the embedding ¥, , < X, by positivity of the intersections
between (pseudo)holomorphic submanifolds: the Hamiltonian vector field is in
fact identically zero close to the (;.

As in [15], we then decompose the differential in the Floer complex as a sum
of contributions, each of them counting pseudoholomorphic discs with fixed in-
tersection number with the diagonal A and the divisors D;. The function Oy,
counting pseudoholomorphic discs not intersecting A or any of the divisors D; is



2.5. HOFER NORMS FOR BRAID GROUPS ON SURFACES WITH BOUNDARY®63

a differential, and we consider the complex (C'F(L, H), o). As Chen points out,
it is possible to do the same with continuation maps: if K is a compactly sup-
ported Hamiltonian generating ¢ € Hamp (X, ), let h: CF(L,H) — CF(L, K)
be the continuation map associated to a regular homotopy between H and K.
One may consider hgg, obtained from h counting contribution of pseudoholomor-
phic curves not intersecting A or any D;: it turns out to be a chain homotopy
between the two complexes (CF(L,H),du) and (CF (L, K),00). The argu-
ments used in [15] to prove existence of pseudoholomorphic curves contributing
to hoo (assuming that || — K| (1 o) is small) carry over to our case: they in fact
either involve local considerations around the Lagrangians, or use monotonicity
of the link which we have now proved (see Proposition 2.3.1). As a consequence,
one may follow through the proof of Theorem 1 in [15], which provides the braid
isotopy we are looking for: such an isotopy is given by gluing a pseudoholomor-
phic curve contributing to hgg with a disc whose image does not leave the torus
SykargL. This completes the proof of Theorem 2.5.2.
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Chapter 3

A Filtration in Linking
Numbers

3.1 Introduction

In this chapter we describe one of the main results of this thesis, namely the
existence of a filtration in the Morse theory for a compactly supported Hamil-
tonian diffeomorphism that keep tracks of the linking number of pairs of orbits.
We shall start describing the works of Patrice Le Calvez, and then use his setup
to prove this Theorem. The main tools used here are the classical theory of twist
maps and generating functions; standard references for the field are the works of
Le Calvez themselves [45] and [44], the works of Viterbo (see for instance [73])
and those of Theéret [69]. At the end of the chapter we are also going to discuss
how the Morse picture relates to the Floer one: a good technical prerequisite
here is the beginning of the series of papers by Hofer, Wysocki and Zehnder [32],
[31]; one can find a good and succint overview in the work of Connery-Grigg
[19].
The main Theorem may be stated as follows:

Theorem 3.1.1. Let ¢ be a compactly supported Hamiltonian diffeomorphism
of the plane with its standard symplectic form dx Ady. Assume ¢ is non degen-
erate on the interior of its support. Then for any generating function quadratic
at infinity S : R? x RF — R for ¢, there exists a non degenerate quadratic form
Q on R', a Riemannian metric g on R2T*+ sych that the pair (S®Q, g) is both
Palais-Smale and Morse-Smale, and making (an extension of) the function

I:CM(S®Q,¢:Z)@ CM(S® Q,9:Z) — Z,

sk(v, ) T #y
P} x|y

Iz ®y) = {_[CZ(%)-‘ rT=y
{ -

into an increasing filtration of the tensor complex. Here, x and y are critical
points of S @ Q, and 7, vy are the associated fixred points of .

65
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Moreover, an analogous filtration exists for the Floer complex of ¢, and it
behaves well with respect to the pair of pants product.

3.2 Setup: Le Calvez-type generating functions

All the material in this section comes from the works of Le Calvez’s [45], [44].
Let ¢ € Ham (D). As Patrice Le Calvez points out in [45], it is possible
to describe ¢ as a composition of Hamiltonian twist maps of the plane, which
therefore have generating functions in the sense of Section 1.3.1. A way of doing
so is for instance choosing a Hamiltonian isotopy (¢¢)iep,1] ending at ¢, and
cutting it into pieces @, ..., @n_1 so that each ; is €*-close to the identity anf

Y =Ppn-19"°0¢o
If the ¢; are close enough to the identity and
R:RQHRQa(‘,an) = (ya 71‘) (31)

is the positive rotation, then ¢; o R™! is a twist map (Definition 1.3.5) for all i.
We thus obtain a decomposition of ¢ as product of twist maps

o= (pn10R ) oRo(puroR YoRo o(poR Yok  (32)

Remark 3.2.1. Le Calvez in [44] uses Dehn twist instead of rotations. This is
not going to affect the properties we exploit here in any way. What is important
is the twist condition, that here still holds.

Write ®2; := R and $9;41 := ;0 R~1 in order to simplify the notation:
Y= (I)2n71 O"'o(I)O (33)

Now, we let h; : R2 — R be the generating function for ®;. Recall that by
definition then the following equations are verified:

y = —01h(z,2)

y = Ooh(x, ') (34)

V(z,y), (@', y) € R, ®i(z,y) = («',y) & {

The critical points of h;, as expected, are in a bijection with the fixed points of
®,. Following Le Calvez’s notation, we are going to write

{g(oc7 ') = =0 h(z, )

g/(ﬂf, .77/) = am’h’('rv 'T/)

One can then take the sum of the h; to find a function whose critical points
(equivalently, fixed points of its gradient flow) are in bijection with the fixed
points of ¢. We define a function

2n—1
h:E:=R™R, h(z)= Y hi(zizi41) (3.5)
=0
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where we set o, := z9. We endow R2" with the standard Euclidean scalar
product, let us call it g; let £ be the negative gradient vector field defined by
the pair (h, g)

The tool we use to calculate the linking number between fixed points is a
function defined on an open subset of R?". If

V={2eR"z; #0Vi€Z} (3.7)
we define
1 2n—1 )
L(z) = 1 Z (—=1)’sgn(z;)sen(zit1) € Z (3.8)
i=0

This function admits a continuous extension to the subset
W = { x € R%L‘Vi el, x;i=0= Ti—1Ti41 > 0 } (39)
A first result is the following Lemma:

Lemma 3.2.2. Let 2° and x! be critical points of h (equivalently, £(z) = 0).
Then,
1
L(‘ro - Il) = 511{(’%1 :Ya0) (310)
On the right hand-side, v, € Fix(p) is the fixed point (or indifferently, 1-
periodic orbit) represented by the critical points x* of h.

Remark 3.2.3. The factor of one half is absent in [{4]. We introduce it here
because we choose a different normalisation for the linking number. The reason
for this difference is simply explained: in Chapter 2 we work with braids which
are not necessarily pure, and within that setup the algebraic definition (mapping
the generators of the braid group to 1) seems more convenient. Furthermore, it
makes the linking number agree with the intersection numbers of cappings with
the fat diagonal in the symmetric product. This normalisation differs by a factor
of 2 from the one of Le Calvez: to see it for instance remark that the linking
number of the braid

1
t— [O, 3 exp(2m't)} € Sym*D

is 1 according to Le Calvez’s conventions, but with our normalisation it is 2
since it corresponds to the square of the generator of Bs.

Remark 3.2.4. A consequence of this lemma and the fact that L takes values in
the set { — L%J ey L%J } is that the length of the decomposition of ¢ necessarily
depends on the mazimal (in absolute value) linking number of two different fized
points.

The first main result is the following theorem:
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Theorem 3.2.5 (Le Calvez, [45]). Let 2' € E, i = 0,1, and denote by x'(t) the
images of ' under the flow of £&. Then the function

t s L(2°(t) — 21 () (3.11)

is defined and continuous outside a finite set of points, and if it is not defined
for at eR then

lim L(z%(t —¢) —2'(t —¢)) < lim L(2°(t +¢) — 2'(t +¢)) (3.12)
e—0t e—0t
This theorem is the first step to define the filtration. The goal is, for any S
generating function for ¢ and ¢ is a Riemannian metric on the associated vector
bundle, to define a function

I1:CM(S,g;Z) 2 CM(S,¢9;Z) = 7 (3.13)

which is increasing along the differential. The Theorem tells us that, if we take
h as generating function (it is yet to be seen in which sense it is one) whenever
y & Oz, we have the inequality

IHzey) <I0z®y) (3.14)

What remains to define a filtration is removing the assumption that y ¢ Ox,
or equivalently defining a notion of self-linking number for a fixed point of ¢
which is consistent with the linking numbers of all other pairs of fixed points
in the Morse complex. To carry out this operation, we need to understand the
behaviour of L under the linearised dynamics of £. Before carrying this out, we
would like to explain how this function h is in fact a generating function in the
classical (& la Viterbo) sense, to fix the ideas. This fact is relevant as it will be
exploited in constructing the filtration for any (reasonable) generating function
in the following.

Le Calvez’s h is a generating function

We show that this h is a generating function for ¢ in the sense of definitions
1.3.10 and 1.3.11 as seen through the equations (1.12). This is the content of
Corollary 3.2.7, stated below.

A point (z,y) € R? is mapped to (X,Y) if and only if there are (unique)
points (z;,y;) € R%,i € {0,...,2n} such that (zo,50) = (2,9), (Ton,y2n) =
(@', y"), pi(xi,,¥i—1) = (x;,y;). This last condition is verified if and only if]
since h; generates f;,

Yio1 = =0 hi(Tim1,25) = gi(@i—1, x;)
Vi = Og,hi(@i—1, i) = gh(xi1, x;)

Let us assume that the decomposition ends in R~ o R (we are not losing in
generality, we are essentially adding a trivial factor in the decomposition of ¢
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into ¢’*-small factors); the order is important , since we want our maps in the de-
composition to twist positively and negatively alternatively. The decomposition
of ¢ more concretely will have to look like this:

R 'oRop, 10R to---ppoR'oR

where each ¢; is ¢!-small.

Remember now that R is generated by (z,2') +— —z2’ and R™! by (z,2') —
zx’. A Le Calvez generating function associated to this decomposition is there-
fore:

2n—1

. 2142
heR¥H2 SR, (20, ., @ant1) = —@ox1+ Y hi(@i, Tiy1) —TanTont1+T2n 1170
i=1

We isolated the first and the last two terms because they are the ones we are
going to differentiate in the following.
We now define the projection:

R2n+2 — RQ, (Io, . ,:E2n+1) —> (:L'o, :L'2n+1)

Requiring the vertical differential to be 0 is then equivalent to asking for &; = 0
fori=1,...,2n, i.e. (compare [44]) for

Q1 (vio1,yi1) = (i, ys), fori=1,....2n

A simple computation then gives:

{372n+1 —T1 = amg h('an s 7Jf'2n+1) (3 15)

—Zop + Tog = 8962n+1 h(l‘o, .. 7l'2n+1)

Let us show how this is enough to conclude. The vanishing of the vertical
differential ensures that xo,11 = Yo, in fact

812nh =0¢& Tan41 = génfl(lénflv an)
but, on the other side, we know (€2, = 0) that
Pon—1(T2n—1,Y2n-1) = (T2n, Y2n)

that which is verified if and only if

{yQ’nl = 92n71(~r2n1 5 x2n)

Yon = génfl (x2n1 ; x?n)
and the second equation allows us to conclude that
Toan+1 = Yon

as desired.
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Going back to the formalism of the introduction,write

(X,Y) = o(z,y)

then (zan,y2,) = (X,Y). The equations (3.15) above then become

h=0
oo, y0) = (X,Y) & (X —ax=0yvh(zg =z,21,...,%2,Tonp1 = Y)
Y —y=—0,h(zg =z,21,...,%20,Tony1 =Y)

and this is precisely the same equivalence as in (1.12). This shows that h is
indeed a generating function for ¢ in the classical sense, but we do not know
vet if we can do Morse theory with it: we need the Palais-Smale condition. A
first step is proving that h can be made quadratic at infinity by a linear map of
R2" that is also a gauge equivalence (Definition 1.3.17).

Quadraticity at infinity

If ¢ has compact support, it is easy to see that every term in the decomposition
can be assumed to coincide with the positive or the negative rotation outside
a compact set (see [45]). Write ¢ = ®g,, 11 0 -+ - 0 §j as above. The generating
function associated to the decomposition, outside of a compact set of R?"*2,

coincides with
2n+1

hoo (o, .+, Tont1) = Z (=124
=0

which is a genuine quadratic form whose kernel has dimension 2: the Gram
matrix associated to h is a so-called Jacobi matrix

o -1 0 - 0 1
-1 0 1 0
0 1 0

-1 0
0 -1 0 1
1 0 0 1 0

Such a bilinear form clearly has a two dimensional kernel, spanned by ((e;) is
here the canonical basis of R?"+2)

n n
Z €2i, Z €2i41
i=0 i=0
Completing the squares as follows gives a linear diffeomorphism of R?"*2 that
preserves the fibres of the projection
R*2 5 R? (203 ..., Ton+1) — (T, T2nt1)

and that makes h non degenerate on such fibres.
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Lemma 3.2.6. Up to a linear gauge equivalence,

2n

1 .
hoo(Toy ..y Tont1) = 1 Z(—l)zxf
i=1

Proof. Let us remark that
—Z2iT2i41 + T2i41T2i42 + Tant1T2i = (T2i42 — T2;) (T2i41 — Tant1) + T2it2Tont1

We apply this identity inductively to show

n—1

hoo(®0, -, Tong1) = Y (@202 — T2i) (T2i41 — Tant1)
=0

Every summand in the right hand side can be easily checked to be equal to

1
1 {($2i+2 — X2 + X2i41 — 372n+1)2 — (@442 — T2 — X241 + -732n+1)2}
so that
1 n—1
hoo(20; - Tant1) = 1 Z {(w2i12 — @i + w2011 — Tany1)? — (T2iv2 — T2i — Taig1 + Tony1)’}

=0

We define the endomorphism by

Toi41 > T2i42 — T2 + T2i41 — Tant1
T2 > T2 — T2j — T2i41 + Tant1

for i between 0 and n — 1. We map ¢ and z2,41 to themselves as promised.
The composition of h with this linear, fibre-preserving diffeomorphism has the
shape we were looking for. O

Corollary 3.2.7. Up to a fibre preserving diffeomorphism generating functions
of Le Calvez type are quadratic at infinity, of signature n for a decomposition
of length 2n + 2.

Palais-Smale condition Let 1 € GL(R?") be the linear map defined in the
previous section, and let g be the standard Euclidean product on R2". Le
Calvez’s results (Theorem 3.2.5, the existence of the Dominated Splitting and
the Homothety Law (3.21) discussed in the next section) hold for the pair (h, g),
hence also for the pair (h o v,1*g), since there is a clear bijection between the
flow lines of the two pairs. We are now interested in showing that (ho,1¥*g) is
Palais-Smale, to achieve the good definition of the Morse complex (up to small
perturbation of the metric) on the one hand, and to preserve the Lyapunov
property of the linking number on the other.

The Palais-Smale property for (h o1, g) is clear because h o 9 is quadratic
at infinity. This implies what we want, by the following obvious lemma:
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Lemma 3.2.8. Let f be a function on R¥, A € GL(R), and g an inner product
on RE. If (f,g) satisfies the Palais-Smale condition, so does (f, A*g).

Proof. The conclusion is very easy to see: given a sequence of points x; such
that |f(z;)| is bounded and |[|[VA"9f(z;)|| 4+, — 0, we have to check that

IV f()llg = O (3.16)

and then apply the fact that (f,g) is Palais-Smale to deduce the existence
of a convergent subsequence. The limit (3.16) is readily verified by standard
estimates obtained using the operator norm of A. O

Remark 3.2.9. This proof clearly works in the more general setting of diffeo-
morphisms whose differential is bounded.

In Section 3.3.1 we are going to apply the construction from Section 1.3.2

to therefore define the Morse complex CM (h, g), for some Riemannian metric
2n
g on R*",

3.3 Definition of the filtration

Le Calvez’s work [44] provides us with another useful tool, a “dominated split-
ting” (the original wording being “décomposition subordonnée”) of TE. The
content of the following paragraph may be found in [44, Proposition 3.2.1].

Let ¢ : R x E — E be the flow of £ (the flow being complete is a result of
Le Calvez). Define, for j € {—|%],..., %]}, the subset of T,E = E
Ej(z)={veT,E|Vt € R, L(dy'(v)) =j } U{0} (3.17)

The first result one needs to be aware of is that E;(x) is in fact a vector
subspace of E. This is not immediately clear, since one from the definition
only has invariance under scalar multiplication. Le Calvez also computes its
dimension: if n is even and j = :N:L%J then dim F;(x) = 1, in all other cases
dim E;(z) = 2. The E; form a decomposition of the tangent bundle in the sense

that
T,E = o, Ej;(x) (3.18)
ie{-[%]|3]}
forall z € E.

The decomposition is subordinated to the flow in the sense that it is com-
patible with it: for all z € E and t € R we have the equality

4ot By () = B (4 (x)) (3.19)

We also define, for each j in the image of L, the spaces

Ef@) = @ B, Bf@)= @ Ewa) (3.20)

i<k<|3] izk>-| 3]
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Equivalently, Ej (z) (resp. E; (z)) is the set of vectors u in T, E such that
L(dx¢t~u) > j (resp. L(dx¢t-u) <j)VteR

The last property will prove crucial in the next section, as we are going to
use it to prove the existence of said filtration.

Proposition 3.3.1. Let u; € E;(z) and u, € Ey(z) be two vectors of norm
1. We assume that j < k. Then, along the linearised flow of &, the norm of
u;j shrinks much faster than the one of up does. More formally, there exists a
A € (0,1) and a positive constant C such that for all positive time t > 0 we
have:

ot oy ¢

———I= < O\ 3.21

o]l < 20
Here the symbol ||| indicates the norm of the standard Euclidean product on E,

which we denoted g above. We call (3.21) the “homothety law”.
This is proved in [44, Lemma 3.2.2].

Remark 3.3.2. When comparing with [{4], the reader should be mindful of
the fact that here £ is the negative gradient of h, in contrast with Le Calvez’s
convention. In his conventions, the function L is decreasing along pairs of flow
lines, and in Equation 3.21 one needs to swap numerator and denominator.

3.3.1 Existence of the filtration

The main idea we are going to exploit here is that the way the linearised flow
of £ at a critical point changes the norms of unit vectors is governed by two
phenomena. The first, which is classical, is simply given by the eigenvalues of
the Hessian of h at the critical point. The second phenomenon is the homothety
law contained in Equation 3.21. The two phenomena will turn out to be clearly
not independent, and their interplay will yield the value that I should have
on the diagonal; equivalently, it will yield a well-defined notion of self-linking
number of a fixed point of ¢. We assume here for simplicity that ¢ is non
degenerate (and h Morse as a consequence): the Morse-Bott case will be treated
in the Appendix A.

We start by fixing a critical point x of h, and we take two other points
x!, 2% € E such that

. 7 _ _
thin )=z, x=1,2. (3.22)
and which belong to different gradient lines, i.e.

vt € R,z (t) # 22

Remark 3.3.3. This allows for ' or 22 to be a critical point, but not both.
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T, Ws(x)

We take the difference vector and we normalise it:
i (t) — 22(t)

R — St ot) =t 2 (3.23)
[ (#) — 22(#)]|
We denote by v(oo) the limit-set at positive infinity:
v(oo) = { 2 € " 3(ty) C Rty — +o0,v(ty) — 2 } CTLE (3.24)

The first lemma shows that in fact any vector in v(o0) is tangent to the stable
manifold of £ at x.

Lemma 3.3.4. v(c0) C T,W#(x)

Proof. For this proof, we assume without loss of generality that v admits a limit
at +oo (i.e. v(00) is a point). The fact that this is the case is going to be proven
in the following lemma.

It suffices to check that the quantity

_r
[zt (8) — 22 (2)|1?

where Hh(z) is the Hessian of h at x, is positive at the limit. Let us consider a
Morse chart centred at x, and assume that the metric in the chart is Euclidean:
we may assume this if we allow for changes in the Riemannian metric on F,
which we now do.

Given that x%(t) — z as t — 0o, we may assume without loss of generality
that x%(¢) (for i = 1,2) and z!(t) — 2%(¢) belong in the Morse chart. Working
in said chart, we are now going to prove the estimates

|2*(t) — x| ~ C*(x,t)e Hait) i =1,2

Hh(z) (@' (t) — 22(t), 2 (t) — 22(¢)) (3.25)

where the f1,: are the lowest eigenvalues of ‘Hh(z) appearing in an expression
of 2*(t) in the Morse chart around x. To simplify the notation, let us suppose
without loss of generality that £ = 0. Denote by ¢ the Morse chart around .
' l=*®le 1
[zl = = Fmmlle =" @Ol ~
¢tz ()]
”xz(t)”E ”xiHe—umit
|

T et (n)]
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The terms C*(z,t) := M are positive and bounded in ¢, as follows from
a Taylor expansion to the first order of ¢—!. They do not tend to 0 as t — +oo
since ¢! has invertible differential. Furthermore, as 2(t) — x, both eigenvalues

Jei are positive.

We can use this description to find a function C1+2(-) defined for large times,
such that |zt (t) — 22(t)|| ~ C12(t)e #!. To do so, simply apply cosine formula,
keeping in mind that the cosine of the angle spanned by the vectors (x!(t) —

2 . . . .

x,2*(t) — x) cannot be 1 since the flow of the gradient is conjugated by a
diffeomorphism to a radial vector field. If 4(¢) is the cosine, we have

! (8) = 2*(@)|* = [l (¢) — 2]|* + [la?(t) — @||* = 20(8) || (t) — @|[|2*(t) — 2 ~
~ Clw, t)eatt 4 C% (1) e a2t — 25(1) O (a,£)C2 (, t)e ™ et F2)l =
[ ( ) + CZ(CL‘ t) —2(py2 —pg 1)t 25(t)01(.r,t)CQ(CL‘,t)ei(uﬂiﬂzl)t]e*m%lt

For large t
Oz, )% + C%(x, t)2e 2 ez =o't _ 95(1)CH (i, t) O (, t)e ™ Ha2 ~Hat)t 5 )

and it does not tend! to 0, as § < 1 — ¢ for large enough ¢t. Without loss of
generality, we assume g2 — puz1 > 0: the quantity above is then bounded as a
function of . We denote it by C12(t).

Now, let (v1,...,v2,) be a basis of E in eigenvectors for Hh(z). Let A; be
the eigenvalue of v;. We can write in this basis the directions x!(t) — x and
22(t) — x, defining functions «a;, 8; : R — R.

1
t t
EGEE] =2 ailtu, ||x2t T = 2By

Using the obvious identity z'(t) — 22(t) = z*(t) — z + = — 22(t), we can now
expand the quantity (3.25): it is thus asymptotic to

01»2#@2 > (M@ Dailt) — G2, el )t gy 1) "\

Since C (2,22, ), C (2, x,-), C(2?, x, ) are positive and bounded, 1,2 — i1 >
0, and whenever \; < 0 we have a;(t), 8;(t) — 0, the limit for ¢t — 400 of (3.25)
is positive or 0. Also, at least one of the terms in the sum does not vanish at
the limit. If g1 # pg2, since a;(t), B;i(t) are also bounded and C'(x,t) does
not tend to 0 at infinity, it suffices to notice that Ct(z,t)a;(t) — 0 for all i
implies that «;(t) — 0 for all 7. This is a contradiction with the fact that the
«; are coordinates of a unit vector, and there is at least a nonzero element in
the sum: (3.25) is positive in this case. If instead pz1 = pz2, the proof is a bit

IThis an application of the standard inequality a? + b2 > 2ab, where both a and b are
positive.
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more involved. We start from noticing that, the limit above being 0, it would
imply
2i(t) —x 22(t) —

im C*(x R e
lim C(z,t) C*(,1) |z2(t) — ||

L PO -

which in turn yields (p := gz = pg2 > 0)

lim et (2! (t) — 22(t)) =0

t——+oo

so that z!(t) — 2%(t) = o(e #!), contradiction with the fact that C1:2(t) does
not tend to 0. Here as well the value (3.25) is then strictly positive in the limit,
and we have proved the lemma. O

A consequence of the proof is that in fact v converges.
Lemma 3.3.5. v(c0) is a point.

Proof. With the notations above,

1’1 _ (E2
||x18 - 8| o (Z ()0 @, v = 3 filt)e” et C e, t><t>“>

The «; and the (; clearly admit limits as the quantities ”7187;‘, nggt;*;“

tend to a unit vector, since they do so in a Morse chart. For the same reason,
Cl(xz,t), C?(x,t) converge to some positive value. For C1-2(t), just remark that
the same is true for §(t). O

We shall now see how the homothety law (3.21) lets us compute L in terms
of the eigenvalues of the hessian matrix. We need the following obvious corollary
of (3.21):

Corollary 3.3.6. Let v;, v; be two nonzero eigenvectors of Hh(x), of eigen-
values respectively p; and pj. Then if L(vj) < L(v;) (provided they are both
defined) we have ; < pi;.

Proof. Without loss of generality we assume we are in a Morse chart so that, in
the coordinates given by Morse lemma,

wt('rl’ T 7x2n) - (eiultxh e aeiuzntlén)
Since the flow in the chart is linear, (3.21) gives

[l5]

tH e—(uj [Lz)t” ]” <C/\f_>0

vl

[[v
so that necessarily pi; — p; > 0. O

Remark 3.3.7. We have already allowed for changes in the Riemannian metric
on E around the critical points: we need to highlight this as it will be used several
times in what follows.
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We want now to prove the following Lemma, which is going to later imply
our main result:

Lemma 3.3.8. Let x,y,z be three critical points of h, such that there is a
negative gradient line connecting x to z, and one connecting y to z. Then if n

s odd
Lz -y = M?J_'{ 2

Liz—y) < EJ B Pn;lhz"

where Indyz is the Morse index of h at z.

and if n is even

Proof. We can estimate the maximum possible L for an eigenvector in T, WW*(x)
(remember that we are looking at the negative gradient flow), using the dimen-
sion of F;(x). Let us remark first that function L is defined on every eigenspace:
in fact the E;(z) are stabilised by the linearised flow and are therefore mapped
into themselves by the Hessian. Now, the restriction to a subspace of a diago-
nalisable matrix is still diagonalisable: this fact together with (3.18) shows that
there is a basis for T, F in eigenvectors of the Hessian Hh(z), v1,. .., vay, such
that L(v;—1) > L; for all i. Using the homothety law (3.21) we also know that
they are ordered by eigenvalue: if ¢ < j then p; < p;. In particular, if v; has
eigenvalue \; we have the relations

Ao <AL << A S hgiqn <KAo
in the case where n is odd, and
Ao <AL < A <o < g1 KA < < Ao

if n is even. We can fill the bases of the different E;, starting from the highest

eigenvalues and from the lowest possible L, fth We find via elementary

calculations that if a vector v is in T, W?(z), then it is in E (2) for j = 2] -

LIMT”J whenever n is odd (so that every FE; has dimension 2), or for j =

L%J — [I“dThﬂ if n is even.
Assume now n is odd (the proof for even n being identical). By Theorem

3.2.5, we have the following inequalities, for ¢ — +o0:

{gJ B {Ingth - L( i (t) — 23(t) ) >

o\l () =22 (@)
,l)[}ft(‘,L.l) _ ,l/}ft(l,Q) )
>L > L(z—y
(W) 2 o v
where similarly to the proof of Lemma 3.3.8
. 1 _ . 2 _ . 1 BT 1 o
im0 =5l a0 =0, B a0 =l (0=
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Remark 3.3.9. In the proof above we have also allowed for changes in the
metric around the critical points. These changes do not affect the validity of Le
Calvez’s Theorem 8.2.5, and the inequalities above still hold.

From Section 1.3.2 we know that C M (h, g;Z) is well defined for at least one
choice of Riemannian metric g on R?".
We now define the function

I:CMy(h,q;Z) ® CMay(h,g;Z) — T

L(z —y) T#Y
Iz®y) = LJ*LMT”J xz=1vy, nodd (3.26)

n
2
2] - [—I“é”'ﬂ T =y, neven

on the generators and extend the usual way by

I ANt Qui | = i I(z; ® x; 3.27
ZJ: gt @y | = min g F(v © 7)) (3.27)
Proposition 3.3.10. The function I as defined in (3.26) induces a filtration
on CMe(h,g;Z) @ CM(h, g;Z) for a choice of Riemannian metric g.

Proof. The differential in the tensor product is defined to be 0 ® Id + Id ® 0,
where 0 is the Morse differential on C'Mq(h,g;Z) and € is a sign (standard
definition of the product differential). We may apply the proofs above to the
special cases in which either z or y (critical points which negative gradient lines
of h flow away from) is equal to z: this shows that v(c0) also in this case belongs
in T,W#(z). Switching to —h one can find opposite inequalities in the case in
which # = y, and a flow line connects y to z. The result is I(z,z) > I(z,y) in
the former case, and I(x,y) < I(x,z) in the latter. This proves that I gives a
filtration on CMq(h, g;Z) @ CMe(h,g;Z). a

The expression (3.26) is rather awkward, for essentially two reasons. First,
even though the actual number on the diagonal may not depend on the gener-
ating function, the description does. Second, it is not apparent what kind of
topological information I(z ® x) bears. Both points are in stark contrast with
the situation outside of the diagonal of the tensor product: for z # y, L(x — y)
is a half of the linking number of the orbits associated to = and y, a piece of
totally intrinsic information. We aim now to decode the meaning of I(z ® z).
A deeper analysis will be provided when comparing with the Floer picture, in
a later section.

Fix ¢ € Ham.(R?) non degenerate, and h as above. By Viterbo’s work
[72] we know that differences of Morse indices of critical points of h coincide
with differences of the Conley-Zehnder indices of the associated orbits of .
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If x € Crit(h), we denote by -, the associated periodic orbit of ¢. We may
therefore normalise the Conley-Zehnder index the following way:

Indp(z) —a(h) = CZ(v:) + 1 (3.28)

Recalling that o(h) = n—1, we plug this equality and (3.28) in (3.26). What
we obtain is the following, more natural definition of I:

21k (Vs 1
IHz®y) = {2 [((:Z(Wjﬁ) z f Z (3.29)
Ll =

We are going to justify the normalisation (3.28) later on, and prove that it
coincides with one of the usual ones.

3.4 Extension to Viterbo-type generating func-
tions

Fix ¢ € Ham.(R?): Laudenbach-Sikorav’s Theorem [68] provides a generating
function S : R? x RV — R which is quadratic at infinity. Such a function
is obtained by cutting any Hamiltonian isotopy between the identity and ¢
into ¥'-small components, say n of them. The proof of Sikorav’s theorem as
developed by Brunella [14] shows that in such a case there exists a generating
function defined on R***+2. We are now going to prove the central theorem, let
us restate it:

Theorem 3.4.1. Let S : RZxRF — R be a GFQI representing a non degenerate
compactly supported Hamiltonian diffeomorphism o € Ham.(R?). Then there
exists a non degenerate quadratic form on R' and a metric g on R*TF+ such
that (S ® Q,g) is a Morse-Smale, Palais-Smale pair, and the function

I:CM(S®Q.g:2)® CM(S ® Q.g:Z) —+ L

$k(va,7y) T#Y
I(x®y):{2[czm)w v—y
C2() _

increases along the tensor product differential.

Proof. Fix S as in the statement, and let h be a Le Calvez generating func-
tion. Then, by Viterbo Uniqueness Theorem, there exist two non degenerate
quadratic forms

Q;:RF SR, i=1,2, k;eN

and a gauge equivalence
w . RQTH-IQ N RETH—/ﬁ

such that
(h®Q1)oyy =5SD Q2
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We are clearly going to set @ := Q2 and [ := ko. Now, let g be the Riemannian
metric on R?" for which we know that I defines a filtration on CM (h, g;Z) ®
CM(h,g;Z). If ¢’ is the associated Riemannian metric defined on R¥**1 we
have the following isomorphisms of complexes

CM(h,g;Z) = CM(h® Q1,9 Z) =
= CM((h® Q1) o, ¢"gZ) = CM(S @ Q,¢"g'; Z)

The filtration I is then pushed forward along these isomorphism of chain com-
plexes, proving the statement of the Theorem. O

3.4.1 Linking filtration and continuation maps

We now analyse the behaviour of the linking filtration under continuation maps,
i.e. chain homotopies between Morse complexes induced by regular homotopies
between Morse data. Given the result of the previous section about the construc-
tion of the filtration for general generating functions, it suffices to understand
the behaviour of the filtration under continuation maps between the functions
constructed by Le Calvez. Let (h;, g;) for i = 0, 1 be two such Morse-Smale and
Palais-Smale pairs defined on the same vector bundle E over R? (in particular,
the two quadratic forms at infinity coincide). From Lemma 3.2.8 we know that
both
CM(hi, 9i,7) ® C]\/f(hL 9, Z)

carry a filtration I as defined above. We want to compare the filtration on the
two sides of a continuation map between the two chain complexes. We consider
continuation maps of the kind we described in Chapter 1. We consider a convex
homotopy (H,G) between (hg,go) and (h1,91), and let s € (=§,1 + &) be the
time of the homotopy. The homotopy H contains a term which only depends on
s in its construction: we ignore it, since it does not affect the properties of L as
long as the Riemannian metric G is a small perturbation of a product metric.

Because the twist condition read off the generating function is a convex
condition on the derivatives, a homotopy as above has the property that any
(H(s,"),G(s;-,-)) is a Le Calvez pair, so that L has the Lyapunov property for
every fixed s, and likewise for any fixed s there exists a dominated splitting as
above.

Lemma 3.4.2. Define L: (—0,1+0) x E — Z as
(8,0, ..., 2pn—1) = L(xg, ..., x2n_1)

If for some & € (—0,1+ 68) x E the quantity L(Z) is not defined, then there is a
positive € such that for all 0 <t < |||, if &' = ¢! ¢ _ ¥, L(Z") is defined and

L(z™" < L(z

forall0 <t <e.
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Proof. This Lemma is in fact a corollary of the proof of Theorem 3.2.5. Assume
L(#) is not defined: this means that if & = (s,z), L(z) is not defined either.
Then by Theorem 3.2.5 there is an € > 0 such that 2" € W;—, ' € W~ for
all 0 <t <e, j~ < j. Here 2" is the flow of the vertical vector field —V g« h*
evaluated at x at time ¢. Now, the W;+ are open in E: for small times then
the vertical part of the flow will still be in W~ in the negative direction, and
in Wj+ in the positive one.

More precisely, let X! : R x E — R be the first projection of the flow of
~VgH, and nt : R x E — E be the second one. Then by continuity of x
for any small d1, for times 0 < [t| < §, |[x!(s,x) — s| < d1; remark now that
the transversality condition between the vector field and the boundary between
W;- and W;+ is open, so for small perturbations of the vector field Vgsh® it
is still verified. By continuity for any € > 0 there is some § > 0 such that for
se(s—0,s+9)

lpraVeH(s' 2) — Vyah®(2)|| < e

so by the lines above for an arbitrary small ¢ the transversality condition is
satisfied for times which are small enough (possibly smaller of course than the
time in Theorem 3.2.5), and we conclude. O

We now want to extend the result of the previous Lemma to say that I
increases along continuation maps. Let (H,G) be a cobordism as above. The
proof of Lemma 3.3.4 is still valid in this context, since it is simply a dynamical
result which does not depend on the form of the Morse function: if z,y €
Crit(ho), z € Crit(hy) and there are gradient lines connecting = and y to z,
with the notations above

v(oo) e T,W3(2) =R E

and the function L really computes the L of the vertical projection of v(00).
Applying exactly the same proof as above (it is necessary to use the dominated
splitting of E at z for the Morse flow induced by h1), we find the inequality:

Iz®y) <I1(2®2)
We have thus proved the Proposition:

Proposition 3.4.3. Let (h;, g;) be pairs for which the filtration I is defined on
CM (hi, gi; Z) ® CM (hi, gi; Z)
Assume ® is a continuation map
@ : CM(ho, go; Z) — CM(h1, g1; Z)
given by a linear cobordism (H,G). Then

Iz ©y) < I(®(x) © 0(y))
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As a corollary, we obtain that the same property holds true for continuation
maps between more general generating functions, not necessarily of Le Calvez-

type.

Corollary 3.4.4. Let (S®Q,g),(S"®Q’, g’) be two pairs as in Theorem 3.4.1,
defined on the same vector bundle. Then, if ® is a continuation map induced
by a linear cobordism of Morse data, Vx,y € CritS,

1((x,0) @ (y,0)) < I(@(z,0) @ (y,0))

Proof. Use that fact that both S, S’ coincide with a function of Le Calvez-type
up to stabilisation, then apply the previous proposition. O

We now report a Lemma about the relation between the ¢°-metric on gen-
erating functions and the Hofer metric. This Lemma is a variation of Theorem
1.2.B in [12], and the author could not find a proof in the literature. A proof
may also be given via the theory of Hamilton-Jacobi equations.

Lemma 3.4.5. Let € > 0. Given o € Ham.(R?) there exists a § > 0 such that
for every 1 € Ham.(R?) with dg(p,v) < 6 there are GFQI S and T for ¢ and

1 respectively such that
IS —T)oo <& (3.30)

Proof. By bi-invariance of the Hofer metric, it suffices to check that if H is a
compactly supported Hamiltonian generating ¢, and || H||(1,o0) < 0 for a positive
real number §, then there exists a GFQI S for ¢, a non degenerate quadratic
function on the fibres @) (which therefore generates the identity) with

IS = Qllec <&

For any compactly supported Hamiltonian G' on R?, consider an autonomous
Hamiltonian L on R2?, constantly equal to § on the support of G, with very
small first and second derivatives, positive and compactly supported. Then (blL
has a generating function F' without fibre variables. The function F' is moreover
positive and maximum equal to §: this is true because (in the notation from
[73]) c_(¢}) = 0 by positivity of the Hamiltonian, c¢_(¢!) = min F by the fact
that F has no fibre variable and spectrality axiom, c;(¢}) = max F for the
same reason and every fixed point of ¢! has action either 0 or 4.

Take now a decomposition of ¢}; into N Hamiltonian diffeomorphisms ¢y,
fori=0,...,N —1, so that for every t € [0, 1]

t =
¢H7¢ = ¢H

We may thus assume qf)}{ to be generated by the Hamiltonian

Hita) = 1 (S0 )

For N large enough then:
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e Each H, is €?-small;
o [ Hill(1,00) <0 = [[Hl|oc;
° [Hillw <0

Then we apply the above remark to each H;: we obtain generating functions F;
for L; which are positive and with maximum less than or equal to C. Now, since
H; is €%-small, it admits a generating function S;. Since H; < L; we moreover
have

Si<F; <9

In fact F; — S; generates L; — H; (because L; is constant on Supp(H;)) which
is a positive Hamiltonian, and we end as above for the inequality S; < F;.
The inequality F; < § was already proved above. We then apply composition
formulas for generating functions to the S; (see Lemma 1.3.23): we obtain
a generating function quadratic at infinity S, with associated non degenerate
quadratic form @ such that

1§ = Qlloc < No

We get what we wanted setting § = +. O
We have then the following dynamical application:

Proposition 3.4.6. Let ¢ € Ham.(R?) be a non degenerate Hamiltonian dif-
feomorphism. Assume that the action values of distinct fixed points of ¢ are dis-
tinct. There then exists a § > 0 such that if 1 is non degenerate and dg (@, 1) <
0 and x #y € Fix(p) are non degenerate critical points, 1k(z,y) = k, there exist
2,y € Fix(y) with Ik(2/,y’) = k.

Proof. Take generating functions h and & for ¢ and 1 respectively from Lemma
3.4.5, perturb them to have only finitely many critical points, and fix metrics
9,9 allowing for the definition of the respective Morse complexes. We may
assume that

Ih = klloo <€

for
e < %min{h(aj) — h(y)le,y € Crit(h)}

Define the continuation map

®:CM(h,g;7Z) — CM(k,g';7)
and its opposite W:

U:CM(k,g';Z) — CM(h,g;7)

We have to show that, given any critical point x of h corresponding to a non
degenerate fixed point of ¢, there exist two gradient lines, y¢ . and vy ., the
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former defining ®, negatively asymptotic to x and positively asymptotic to some
a’ (which is then a critical point of k), and the latter defining ¥, negatively
asymptotic to ' and positively asymptotic to . By standard results in Morse
theory, ¥ o ® is homotopic to Idcas(h,g:z).- Furthermore, let A = h(x). Fix a
i’ > 0 such that

w4 2e < min{h(z) — h(y)|z,y € Crit(h)}
which is possible from the hypothesis in the statement. Then by definition
CMMHE(h,g;Z) = CM P42 (h, g: 7)
This implies that, by the above, that

Wo (I)|CM>\+“(h,g;Z) ~ Id(:MHu(h,g;Z)

because, under the composition ¥ o &, the filtration may jump upwards by 2e
at most. This is still true at the quotient

Vo | cpro—mrtm (hgizy ~ Idopro—watm n,g:2) (3.31)

but in this case the complex CMAX—#A+1) (b, g:7) is generated by exactly one
critical point: the composition (3.31) is exactly the identity. This proves that
the gradient lines ¢ and vy . exist. Repeat the argument for y, to find vg 4
and vy 4. Since these lines exist, we have

Iz ®y) = I(ve,2(—00) @ Yo,y (—00)) < I(Yo,2(+00) ® Yo ,y(+00)) =
= I(yw,2(—00) ® w4 (—00)) < I(yw,2(+00) @ w4 (+00)) = I(z ®y)

We define then (2/,y") = (yo,.(+00),va,y(+00)). We are now left to show
that o’ # y'. By the ¥°-Lipschitz property of continuation maps, |h(z) —
k(2)],|h(y) — k(y")| < &, where ¢ is the one appearing in the proof of Theorem.
Since now by definition of € we have |h(z) — h(y)| > 2¢ by triangle inequality

k(@) = k(y)] = [h(z) — h(y)| = [k(2") — h(@)| — [k(y') — h(y)| > 26 — 26 =0
Since k(2’) # k(y'), obviously 2’ # y'. We may now at last conclude that
k(zy) =I(z®y)=I(z'®y) =1k y)

3.5 Floer’s picture

Since the Morse theory of generating functions is known to be isomorphic to
Floer Homology for (compactly supported) Hamiltonian diffeomorphisms (see
for instance [50]) as filtered modules, it may come as no surprise that one may
define a filtration I on Floer complexes, again computing the linking number
outside the diagonal. The two filtrations, as we are going to see below, coincide
under the isomorphism Morse-Floer. We are going to define the Floer filtra-
tion in this section, building on work mostly by Hofer-Wysocki-Zehnder [32],
Hutchings [34], and Siefring [66].
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Normalisation of the Conley-Zehnder index The Conley-Zehnder index
is going to play a fundamental role in the very definition of I. In order to com-
pare our results with existing ones, we need to make sure that the normalisation
we use for the index coincides with the reference literature. Remember that we
had set

Indp(z) —o(h) =CZ(v,) + 1

in (3.28). The previously cited works normalise the index the following way:
if H:R? — R is a ¢?-small Hamiltonian, and « is a 1-periodic orbit of the
Hamiltonian diffeomorphism of R? defined by H and associated to a critical
point a of H (under the ¢2-smallness hypotheses, fixed points of the time 1-
map are exactly the critical points of H), we set

CZ(a) + 1 =Indp () (3.32)

We have to check that the two normalisations (3.28) and (3.32) coincide on
a simple example.
Consider H defined as

H(z,y) = %p(x, y)(@® +y°)
where p is a plateau function we use to make H compactly supported. For small
¢ the Hamiltonian H is indeed %2-small, and the origin is a non degenerate fixed
point of the time 1 map . The Morse index of 0 for H is clearly 0, so that by
(3.32)
CZ(0)=-1

We now have to find a generating function for H of the Le Calvez kind and
compute its Morse index at the point representing the origin of the plane as a
fixed point. The problem is local in nature, so ignore the contribution of p, and
we assume H generates a genuine rotation of angle e. A generating function
for the symplectomorphism R~! o ¢ (remember, R is the clockwise rotation of
order 4) is

23 sine 1 23 sine

Tol1
2 cose cose 2 cose

}Lo (330, 1'1) =
so that using Le Calvez’s results we obtain the following generating function:

23 sine 1 27 sine
2 cose cose 2 cose

h(zo, 71, 2,73) = — 2120 + T — 223 — X320

The critical point corresponding to the origin of the plane is the origin of R*:
we have to compute the Morse index of h there. The Hessian of h at 0 € R* is

sin e 1
C01S £ cos € 0 1

S COS 0
M=1<55 % o 4
1 0 1 0
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and we approximate it by means of the obvious Taylor expansion:

1
17552/2 1—e2/2 0 -1
1 _ = _ _1 0

M = 1—e2/2  1-€2/2
0 —1 0 1
-1 0 1 0

(3.33)

The signatures of M and M’ coincide. We compute then the determinants of
the square submatrices of M’ whose diagonal is contained in the one of M’: for

small € > 0, the top-left entry
€

1—¢2/2

is positive, and the determinants of the other submatrices are negative. There
is exactly one sign change for these determinants, which implies

oM =c(M") =1

By definition then
Indh(O) =1

From (3.28) and knowing that o(h) =1 we find
CZ(y) = -1

which is what we wanted to show.

3.5.1 A filtration on the Floer complex

Consider again ¢ € Ham.(X) generated by a Hamiltonian H. If ¢ is non
degenerate, for a generic choice of almost complex structure J the Floer complex
(CF(H,J;Z),0) is well defined. Let x,y € Fix(p). We may define the function

L1k (z, T
Iz®y) = {i [éz(i/))w . f z (3.34)
e =

on the product of generators in complete analogy to what was done above, and
we extend to the whole complex CF(H, J;Z) ® CF(H,J;Z) as done in (3.27).
In this case it induces a filtration as well: we have to prove that

Proposition 3.5.1.
10(x®y)) = 1(z®y)

In this last expression, O denotes the tensor product differential
Az ®y)=dx@y+(-1)“?Da o dy

Before starting with the proof of the proposition, we mention the following
equality:
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Lemma 3.5.2. In the notation of the previous chapter, if x is a 1-periodic orbit

of ¢,
Iz ®z)=a" (x) (3.35)

for a trivialisation T, canonical up to homotopy.

Proof. First off, 7 is constructed taking a capping disc u in X for the orbit
x. Since the pullback bundle v*T'% has contractible basis, it is globally trivial
and any two trivialisations are homotopic. Adding to this fact our assumption
that m2(X) = 0, we obtain that 7 is indeed canonical up to homotopy. After
remarking this the Lemma is a trivial consequence of Equation (1.21), because
p takes values in {0,1}. O

We are going to use the canonical trivialisation 7 of the above Lemma
throughout this section.

Proof. Of Proposition3.5.1 In the Hamiltonian Floer setting, we are lead to
count intersections between pseudoholomorphic curves defining the differential,
in order to estimate the variation of I. Let u,v : Ry xS} — X be two Floer cylin-
ders with distinct images. The two cylinders have therefore only finitely many
intersections: since the images are distinct, the asymptotic description given by
Siefring in [67] implies that the cylinders do not intersect in a neighbourhood
of infinity, but they cannot have infinitely many intersections in a compact set,
else they would have the same image. Let u(4o00,-) = x4, v(+o0, ) = y+. Here
we make the abuse of notation of giving the same name to a fixed point and the
periodic orbit through that fixed point. Denote by u and v the graphs of u and
v respectively. Remark that we are allowing for the case in which the cylinders
are trivially constant at a Hamiltonian orbit.

Looking at the (unordered) pair (u,v) as a homotopy between the braids
composed by the asymptotic Hamiltonian orbits, we easily see from (1.2) that
to each (transverse) intersection counted in @ - o corresponds a linking increase
of 2 since such intersections are positive. If x+ # y+ then we have the following
formula:

UkV=U"V+ log(W,0) =u-0=I(zy Qys)—I(z_Qy_)
In the second equality we use x+ # y+ to deduce that to(,7) = 0, and in the
third equality we use this assumption again to infer that
1
Iz ®yz) = Flk(zs, y2)

Assume now that z— = y_ (the case at 400 being analogous). Then the
same calculations as above lead to

0 =047 (8,0) = (a) = Loy, ys) — I(w—,y-)

since -0 +17 (@, 7) = 1k(z4,y4) by (1.2). These are all the possible cases we
have to consider: in the tensor product differential we have to count constant
cylinders at periodic orbits and Floer cylinders connecting periodic orbits of
Conley-Zehnder index difference 1. U
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Floer theory comes with a package of higher operations, see for instance [64].
We now give some results in the case of pair-of-pants products. We first have
to describe the geometric meaning of the intersections of the relevant curves.

A pair of pants with p legs (and one waist) is a branched p-fold cover of the
cylinder Ry x S}, trivial on the region s < 0 and non trivial on s > 0. The point
(s,t) = (0,0) is the only branching point. The preimage under the covering
map of sets { s = s¢ } are circles of length p for sg < 0, and the disjoint union
of p circles of length 1 for sg > 0. Considering two pairs of pants u,v : S, — X
(not necessarily holomorphic), and denote by us, v, the restrictions

Ug, Vg : Wﬁl({s} X Sl) — X

with 7 : S, — R x S! being the branched covering map. Since intersections
of pseudoholomorphic curves are isolated, we may assume that the graphs of
us and vg do not intersect for small |s| > 0, but we allow for intersections in
7 1({0} x S'). Then, if without loss of generality s > 0, the pair (u_s,v_)
forms p braids with two strands of length 1, and (us,vs) forms one braid with
two strands, and of length p. The relation between these two sets of braids is
easily described by the following Lemma:

Lemma 3.5.3. In the same context as above, for e > 0 sufficiently small we

have
p

1 1 , .
k(e ve) = 5 > Ik(u’ vt ) + 0(u,v) (3.36)
i=1
where 6(u,v) is the count of intersections between the graphs of u and v in

7 1({0} x Sh).

Proof. Denote as above u. and v, are the restrictions of v and v respectively
to the unique connected component of 7=1({e} x S!). By continuity of v and
v, since (0,0) is the branching point of the cover S, — R x St there exists
a numbering u’. . (resp. v’ .) for the maps S — ¥ defined by restriction of
u (resp. v) to the connected components of 7~ 1({—e} x S!) so that for all
je{0,...,p—1} and t € [0,1] we have

lim v’ _(t) = lim uc(t + 7), lim o/ _(£) = lim ve (¢ + j)

e—0 e—0 e—0 e—0
Consider the two equalities for ¢ = 0: when passing through the branching point
(letting € — 0) we are concatenating the p braids of two strands and length 1
to obtain one braid with two strands and length p. Up to a small perturbation
of either pair of pants, we may assume that each intersection counting towards
O(u,v) is away from the branching point and transverse. Each transverse inter-
section appearing in 7 1((—¢,0)) x S!) makes the linking number of the corre-
sponding braid change by 2. Each transverse intersection in 7 1((0,¢)) x S!)
makes the linking number of (us,vs) change by 2, for s € (0,¢). For each trans-
verse intersection in 77 1({0} x S!) the two points of view are equivalent. Since
lk is additive under concatenation, this proves the Lemma. O
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Remark 3.5.4. Remark that the order of concatenation of the p braids is not
canonical, but the two sides of (3.36) do not depend on it.

We may now define an analogue of I on the tensor power of CF(H, J;Z):

I,: CF(H,J;Z)*" @ CF(H,J,Z)*" — Z, (3.37)
p

(@@ @)@ e ®r)) =Y Iz o) (3.38)
i=1

By definition of the tensor product differential, I, is still a filtration (we are
counting, as above, intersections between trivial Floer cylinders and Floer cylin-
ders appearing in the definition of the differential). Let H#P be the concatena-
tion of the Hamiltonian H, so that H#P generates @%;. The Floer complex of
H#P also bears a linking filtration I, defined as before in this chapter. Let

P, : CF(H,J;Z)%" — CF(H#?,J,;7) (3.39)
be the p-pair of pants product on the Floer complex. We want to show:

Theorem 3.5.5. The pair of pants product (3.39) preserves the filtrations I
and I, i.e.

L((@® - ®2)0 @@ @2)) <I(Py(r] @ ®@2) @Pp(z] ®@ - ® 7))
Notation 3.5.6. Ifu : S, — X is a pair of pants in 3, we denote by u ils graph
U:S, = S, x X

Assume u' is a pair of pant u’ : S, — ¥, negatively asymptotic to xi,. .. 7x;
and positively asymptotic to y?, for i = 1,2. If u! = w2, then y! = y2 = y and

for all j, w} = x? = xj, so that we can estimate the difference

Iyey) —L(z1® - Qxp) @ (11 ® - Q@ xp))

using the Conley-Zehnder indices only, assuming that the transversality is achieved.
If the two pairs of pants are distinct instead, we are going to need to compute
the Siefring product u! * u2 between the two graphs

ulu2: S, = S, x X

and remark that in this case ul * u2 > (0 to conclude.

For the next Lemma we are not yet requiring the moduli spaces to be cut-out
transversely, we just ask for the existence of these curves. Recall that for the
pairs of pants product we use the setup provided by [62] and [25].

Lemma 3.5.7. Let H be a Hamiltonian on X, ¢ be its time I-map. Let
ri, ... ,x;,x%, e ,xi be fized points of v, and y*,y? be fized points of ¢P. As-

sume that u® is a pair of pants appearing in the computation of P(z} ®---® m;,)
with positive asymptotic orbit y* € Fix(pP) and that Im(ul) # Im(u?). Then

w2 <Iy'ey’) - I((zl® - 2p) ® (2] @ ®a2)) (3.40)
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Proof. Remark that because intersections between pseudoholomorphic curves
are isolated and an asymptotic description of the behaviour of pseudoholomor-
phic half-cylinders (see [67]) if Im(u') # Im(u?) then there are only finitely
many intersections.

Suppose that ajjl #+ xf for 5 € {1,...,k}, and that for different indices
zl = xf =: x;. Either y! = y? =: y or not: we carry out the proof assuming
the equality, the other one being essentially the same. This is a straightforward
computation using (1.25) and the definitions of Q7. In particular the reader

should be mindful that if x #+ x then by deﬁmtlon QT (z} T, J) 0.

p P
TR WEEEEEURS o IR R
j:l j=k+1
. 1
= - §Zlk s J Z O (xj,25) = 1o (u™, +o0;u”, +00)
j=k+1
1 r
— Q7 (y) — 12 (ut, +o0; u?, +00) — 3 Zlk(le, r?) ZQ (xj,25)
j=1 j=1
Now, recall that by (1.2) and Lemma 3.5.3 we have
p —_— —_—
o7 (ut, 4005 u?, 400) ——Zlk T3, ]) Z Lotz u?, 2) = ulb - u?
j=1 j=k+1
so that, summing and subtracting ¥ k1 oI (ul, 255 u?, z;) in the equality above
we find
P
Iy®y) ZI (z; ® T ) >ub-u? 4 (Lgo(ul, +o00;u?, +00) — Q7 (y,y)) +
Jj=1
p —_— —_— —_— —_—
+ ZLT(ul,zj;uQ,zj) Qr (x],le) =ul - u? 4+ (vt u?) = ul xu?
Jj=1
which is what we wanted. (]

Remark 3.5.8. We remark that in the Lemma we only have an inequality and

] — el 2 T . T ) -
not an equality as soon as for some x; := x; = x5 we have aZ (v;) < (7))

this may happen depending on the parity of the Conley-Zehnder index of x;.
Lemma 3.5.9. In the setup of the previous Lemma,
0<Iy' @) —I((z1 @ 2)) ® (2] ® - ® 7)) (3.41)

Proof. Clearly it suffices to prove that the left hand side of (3.40) is positive or
0, and in turn it is enough to show that the u’ are holomorphic for a certain
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choice of almost complex structure on S, x X. Let u represent either pair of
pants u’. Recall that by Lemma (1.3.35) the map

mu): S, > RxS' x 2
(m,u) : Sp

is holomorphic for a choice of almost complex structure J on R x S! x ¥. We
have a map
(m,Id): S, x ¥ - RxS' x ¥

satisfying (7, Id)o = (7, u). Denote by 0 the branching point of 7: the branched
cover (m,1d) is a local biholomorphism on (S, \ {0} x X) and may therefore be
used to pull J back to an almost complex structure on (S, \ {0} x %), which we
denote by .J. Since the curve u is holomorphic near the branching point (the
Hamiltonian terms vanish outside the cylinder-like ends), the almost complex
structure considered by Faber on R x S! x ¥ is the product almost complex
structure (see the proof of [25, Lemma 2.3]). This implies that the almost
complex structure J may be extended to a smooth almost complex structure on
S, x 3, since (m,1d) is holomorphic between the product structures on

R xS'x ¥ and S, x &

by definition. By this argument, we obtain J-holomorphicity for both u! and
u2. All intersections in u! - u2 will be positive. The term o (ul, u2) is positive
or zero by holomorphicity as well. The Siefring product u! - u2 is positive or
zero, and by (3.40) we have proved the Lemma. O

For the following Lemma we assume that the transversality one needs for
the good definition of the product is achieved, to restrict our attention to pair
of pants of null Fredholm index.

Lemma 3.5.10. The following inequality is verified:
p—1<Iy'@y") - I((z]® - Qz,) ® (21 ® - ®x))) (3.42)

Proof. To prove this lemma, we may just simply apply the definition using the
Conley-Zehnder index translation given by the product:

P
CZ™(y) =Y CZ7(z;)+22-p—1)
j=1
Divide by 2 and take the floor function: given the elementary inequality
[z +yl <[zl +[y] Yo,y eR

22 <] 1

we obtain

j=1
and this yields the claimed result. O

Now Theorem 3.5.5 follows easily from Lemmata 3.5.9 and 3.5.10.
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3.6 Relations to other work and future directions

We finish this chapter mentioning the relations between these results and works
of others. The dynamical Corollary 3.4.6 is in fact a weaker but more elementary
version of [3, Theorem 2]. They prove that given a collection of k orbits of a
Hamiltonian diffeomorphism ¢ of an aspherical surface 3,, (if p > 1 they
assume the diffeomorphism to be compactly supported) which draws a braid
b € Bi.g,p, if one perturbs ¢ to ¢ with a small Hofer deformation, there are k
orbits of ¢ of braid type b. Essentially, they prove that the pseudoholomorphic
curves in the continuation maps do not intersect, thus providing a braid isotopy.
Some generalisation of Alves and Meiwes’s result have already appeared: see [35]
and [4].

Another fundamental work we would like to mention is the one by Connery-
Grigg [19]. He used the machinery provided by Hofer-Wysocki-Zehnder [32] and
Siefring [67],[66] to deeply analyse the geometry of the Floer complex. On the
one hand he manages to construct singular foliations obtained from the Floer
differential (this is connected to Le Calvez’s work on transverse foliations), and
on the other he finds a topological characterisation of the generators of the
Floer complex representing the fundamental class, generalising previous work
by Humiliére, Le Roux and Seyfaddini [33]. Most of the technical lemmata in
[19, Section 3.2.1] may be cast in the language of generating functions, and
the proofs adapted with ease within the Morse-theoretical context we provide,
building on Le Calvez results.

We wish to mention as well that a related linking filtration exists in Em-
bedded Contact Homology and the related theory of PFH. It measures linking
number with respect to a fixed Reeb orbit. So far, to the best of the author’s
knowledge, it has found a few applications: see for instance the paper where
Hutchings introduced it [36] and other works by Nelson and Weiler [55][54].
In particular, Hutchings’s result has been re-proved by Le Calvez using gen-
erating functions, see [43] and its recent generalisation, due to Bramham and
Pirnapasov [13].

The natural question arising from the above connections is then to what
extent generating functions may be used to re-prove these results obtained via
various flavours of Floer theory, and whether they can offer a way to write
simpler proofs (for known and new theorems), at least in the context of low
dimensional dynamics, since they may be defined for Hamiltonian diffeomor-
phisms on any surface (classical for surfaces with genus, for the sphere see [2]).

In some ongoing work, not advanced enough to be reported here, we aim
however to exploit the interaction between the filtration I, and the higher op-
eration in Floer homology to prove results about the topology of periodic orbits

with larger periods.



Appendix A

The Filtration [ in the
Morse-Bott case

In this Appendix we indicate what the self-linking number of a transversely
non degenerate fixed point should be. A Hamiltonian diffeomorphism which
presents only transversely non degenerate critical points will have a Morse-Bott
generating function. The Conley-Zehnder index of a transversely non degenerate
critical point is to be defined, and its place has to be taken by the Robbin-
Salamon index. First we compute the asymptotic values of L the same way as
it was done in Section 3.3. The methods are identical, but we need to keep
track of the nullity of the Hessian. After this, to give a topological meaning to
the number we find, we rewrite it as a function of the Robbin-Salamon index
of the orbit. To do this, after recalling the definition of Robbin-Salamon index,
we prove that the difference of Morse-Bott indices coincides with the difference
of Robbin-Salamon indices.

A.1 [ in the Morse-Bott case

Definition A.1.1. Let M be a smooth manifold. A function f € €°°(M;R) is
said to be Morse-Bott if Crit(f) is a disjoint union of smooth closed submanifolds
(Bj) of M, and the Hessian is transversely non degenerate, i.e.

Vj, Va € B, ker Hf(x) = T, B;

Let Ind(B) denote the signature of the Hessian on a complement of T, B; in
T.M. The Morse-Bott index of B; is then defined to be

2

If x € Bj, we also write M B(x) := M B(Bj), and since the Morse index of the
Hessian is locally constant on critical submanifolds, this definition is good by
connectedness of B;.

MB(B;) = Ind(B;) +

93
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Remark A.1.2. The fact that the dimension of the critical submanifold is di-
vided by 2 in the definition of the Morse-Bott index depends on the fact that
signatures appearing in the computation of the Robbin-Salamon index, later de-
fined, at the endpoints of a Lagrangian path are also divided by 2. This definition
we give here is nonstandard.

Suppose that a generating function h : E — R for ¢ € Ham.(R?) con-
structed as in [44, Section 1.12] is Morse-Bott on the interior of its support.
The same proof that implies that L is well defined at the difference of a pair of
critical points implies that it is continuous on a difference of points on critical
submanifolds.

Lemma A.1.3. Let B be a critical submanifold for h. Then L is continuous
on B x B\ A. It is in particular constant on its connected components.

Proof. Let x # y be two distinct points in B, and assume by contradiction that
L(z —y) is not defined. By Theorem 3.2.5 there is then some € > 0 such that for
all |t| < e, L(z" —y') is defined. But = and y belong to the critical submanifold
B, and 2! = z, y* =y for all real times, contradiction. O

Our aim is to associate a number I to a transversely non degenerate fixed
point of ¢.

Definition A.1.4. Let ¢ € Ham.(R?), and = € Fix(p). The fived point x is
transversely non degenerate if for any V. complement of Span (0) in R?, d,p|y
does not have 1 as eigenvalue.

The critical point of h associated to a transversely non degenerate fixed point
will belong in a critical submanifold of h. Let C(h) be the family of connected
critical submanifolds of h. We want to state a new definition for I, holding in
the case of Morse-Bott functions:

I:C(h) xC(h) > Z

(B,C)— L(zx —y) foranyxz € B,y C,x#y

This is a good definition by the lemma above. We are going to prove that an
inequality as in Lemma 3.3.8 still holds.
We can repeat the proof of Lemma 3.3.4 almost word for word, to find

Lemma A.1.5. Given a pair of gradient lines converging to a point z € B,
defining the function v as in Lemma 3.5.4, we have v(oo) € T,W*(z) C TW*(B).

Proof. Repeat the same argument as in Lemma 3.3.4 in Morse-Bott charts.
One only needs to check that v(co) ¢ T, B: this is achieved just remarking that
a;(t), Bi(t) — 0 when \; = 0 as well. O

Now, as a consequence again of Proposition 3.3.1, any vector in T'B has a
lower value of L compared to any vector in TW#(B): this motivates the following
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definition. Remember that n € N here refers to the length of the decomposition
of ¢ as a product of twist maps.

L(B,C) B+#C

,_
03
—

I:C(h)xC(h) = 7Z, (B,C) . {%

| B=C2

,_
N3
[

"MB(B)qU“’g B
i =

] B=0C,2n

Obviously this definition generalises the previous one, and we have the fol-
lowing property.

Definition A.1.6. Let A, B,C be three connected critical manifolds for a gen-
erating function h as above, not necessarily distinct, and assume that there is a
gradient line negatively asymptotic to A and positively asymptotic to B. Then:

I(A,C) < I(B,0)

A.2 Morse-Bott and Robbin-Salamon indices
A.2.1 The Robbin-Salamon index

Let us recall the definition of Robbin-Salamon index from [63]. It is a generali-
sation of the Maslov index for loop, whose definition may for instance be found
in |72, Section 1].

Let A be a Lagrangian in R?", t — A(t) a path of Lagrangians such that
A(0) = A € Gr(Lag(R?")). We denote by Gr(Lag(R?")) the Lagrangian Grass-
mannian in R?”. Then

Proposition A.2.1 (Robbin, Salamon [63]). Let W be a Lagrangian comple-
ment of A in R, v € A and t — w(t) € W defined for small t so that
v+ w(t) € A(t). Then the form

. d
QA A0)(v) == = w(v,w(t))
dt 1t=0
is independent of the choice of W. Moreover, it is invariant under application
of a linear symplectomorphism to A.

Now, for a fixed Lagrangian subspace V of R?” we may define its Maslov
cycle ¥(V): it is the set of Lagrangian subspaces intersection V' non trivially.
The set X(V) is in fact stratified by the dimension of the intersections. Assume
now again that ¢t — A(t) is a path in Lagrangian subspaces. At every t such
that A(t) € 3(V) we define the crossing form

DA V2t) = QA AE) v (A1)
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A crossing is called regular if T'(A,V,t) is non degenerate. It is shown in [63,
Lemma 2.2] that any Lagrangian path is homotopic rel endpoints to a path with
only regular crossings.

Definition A.2.2. Assume A has only regular crossings. The Robbin-Salamon
index for the path A, defined on [a,b], with respect to the subspace V' as

1 1
RS(AV) = §signF(A, V,a) + Z signl'(A, V) t) + §signF(A, V,b)
t|A(t)eX(V)

Remark A.2.3. Warning: sign here denotes the difference between the number
of negative and the number of positive eigenvalues' of a Gram matriz for Q.

The Robbin-Salamon index has several powerful properties, most notably:

(Homotopy) Two paths of Lagrangian subspaces are homotopic with fixed endpoints if
and only if they have the same Robbin-Salamon index.

(Catenation) If the path of Lagrangian subspaces A : ¢ — A; is defined on an non empty
interval [a,b] and a < ¢ < b, then

RS(A,V) = RS (Alja.g, V) + RS (Afeyy. V)

(Zero) If the path of Lagrangian subspaces ¢t — A; is defined on an non empty
interval [a,b] and the dimension of the intersection A, NV is constant,
then RS(A,V)=0.

(Localisation) If V.=R"™ x {0} and A(t) = Graph(A(t)) is Lagrangian, t € [a, b], then

1 1
RS(AV) = §SignF(A(b)) — §sign1"(A(a))
We refer to [63] for an exhaustive discussion of these and other properties of
RS.

Definition A.2.4. The Robbin-Salamon index of a path of linear symplecto-
morphisms 1 : t — 1 is defined to be

RS() := RS(Graph(s), A)
where A is the diagonal of R?"2" equipped with the symplectic form —w @ w.

If ¢ is the linearisation at a non degenerate fixed point of a Hamiltonian
isotopy, we recover the Conley-Zehnder index.

I This is the opposite of the definition in [63], we adopt it for consistency with the above
results.
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T(t) = Ty La
7(T)

Figure A.1: The path ~.

A.2.2 The differences of indices coincide
We want to prove the following.

Proposition A.2.5. Let h be a Morse-Bott generating function for a (therefore)
transversely non degenerate Hamiltonian diffeomorphism ¢ € Ham.(R*", w).
Given critical points x,y € Crit(h) associated to orbits v, and v,, one has

RS(d,,¢) — RS(d,,p) = MB(x) — MB(y)

To do so, we repeat the construction in [72, Section 4| adapting it to this
more general context using the Robbin-Salamon index. Let h : R*® x RF —
R a Morse-Bott generating function for a compactly supported Hamiltonian
diffeomorphism ¢ of R*". Denote by Ly = Op«(gzn xgr) and Ly = Gr(dh): they
are both Lagrangians in 7*(R2" x R¥), and the Lagrangian generated by h is
the image of Ly under symplectic reduction over the coisotropic submanifold

W= T*R*" x RN x {0}

Let O1, O2 be two critical manifolds of h: they intersections, still denoted
by the same name, between L; and L. Assume that O; and O are either
points (corresponding to non degenerate fixed points of Hamiltonian diffeomor-
phisms) or circles (corresponding to S'-families of transversely non degenerate
fixed points)?. Take any a € O1, b € Oa, a # b, and consider a curve 7 contained
in Lo, v(0) = a, v(1) = b. The Lagrangian path

T(t) = T’m (t)Ll YVt € [0, 1}

defines a map 7 : [0, 1] — Gr(Lag(CN*2")). See Figure A.1 for a depiction of v
and T.

Define then 1
m'(01,05) = RS(7,R*"+ V) ¢ 52

2The following proofs however still work without assumptions on the dimension of O1 and
O>
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By (Catenation) and (Zero) axioms the index m'(O1, O3) does not depend on
the choice of the points a, b on the intersections, let us see it for a (case of b
being identical). If ¢’ is another point in Oy, we may connect it to a by a path
in O;. Along this path, the tangent spaces are constantly equal to RN*+2”  and
therefore the path has 0 Robbin-Salamon index by (Zero). By (Catenation) now
the index of the chosen path coincides with that of . We also show that the
number m’(O1,02) does not depend on the choice of v either. In fact, every
two 7 are homotopic through an ambient homotopy because 71 (R?*") = 0, and
this ambient homotopy provides us with a homotopy between the Lagrangian
paths: by the (Homotopy) axioms, the Robbin-Salamon indices coincide.
We are going to prove now that on one side

TIL/(Ol, 02) = MB(Ol) - ]\/[B(OQ)
and on the other that
ml(Ola 02) = Rs(d‘m(p) - Rs(d’h(ﬁ)

where 7, is the orbit (non degenerate or transversally non degenerate) associated
to the O;. Let us prove the former equality.
We need the following

Proposition A.2.6. Let W := T*R?" x RN x {0}, 7 be as above, and 7' be the
reduction of T along W. Then

RS(1,RNT2") = RS(7/ R?")

To show it we are going to apply to Lemma A.2.7 (which we shall prove
shortly). This will allow us to reduce the problem to the simpler case in which
the generating function has no fibre variables. Before proving Lemma A.2.7, let
us show that to prove stability under reduction of the Robbin-Salamon index of
T we just need to verify stability at one endpoint of the path at most.

Assume, to start, that O; and Oz are points and the intersections are trans-
verse: this is the case in which h is Morse. Then by (Zero) and (Catenation)
axioms m/ (01, O3) is equal to the Maslov index of a loop of Lagrangians: con-
sider a path ~; : [0,1] — Ly with 71(0) = b and v;(1) = a. We can use it to
define a Lagrangian path 7 with the properties that

’7'1(0) = TbLQ, Tl(l) = TGLQ, Tl(t) Fh T’yl(t)Ll

Let p denote the usual Maslov index (a definition may be found in [72, Section
1]): then
RS(1,R¥"N) = RS(r#71, R¥N) = pu(m#71) (A2)

where we used the (Catenation) and (Zero) axioms, together with the fact that
the Robbin-Salamon index recovers the Maslov index in the case of loops. and
[72, Proposition 3| implies our Proposition A.2.6. We now drop the Morse
assumption.
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The second easiest case is found when both intersections, O; and Os, have
the same dimension. In such a case we may repeat the argument we just used:
define a Lagrangian path 7; such that 7#m; is a loop and the intersection
71(t) N R2"*N has constant dimension (for the existence of this loop we use
[63, Corollary 4.4]). This still implies (A.2), and as before [72, Proposition 3]
proves Proposition A.2.6.

Assume now that O; is a transverse intersection, and Os is a circular Morse-
Bott intersection (the roles are symmetrical and the argument may be repeated
swapping them). Construct a Lagrangian path 71 such that

71(0) = Ty Ly, ¥Vt € (0,1]7(t) A RZN) 7 (1) = T, Lo

Such a path may be constructed by [63, Corollary 4.4], together with a result
the fact that the set of Lagrangian subspaces with 1-dimensional intersection
with a fixed one has positive codimension. We apply once again [72, Proposition
5], finding

RS(1#7, R*HNY = y(147)
The path 7 now however has a crossing at time 0, which contributes by :t% to

the total Robbin-Salamon index. Denote by @ the intersection form of 7, at
time 0. We obtain

1
RS(r, R* N 4 §signQ = u(T#71)

Since the right hand side of the equation is known to be stable under symplectic
reduction by [72, Proposition 3], to prove Proposition A.2.6 it suffices to check
that sign@ also is.

Lemma A.2.7. Let Ly = Op«(genxrr), L2 := Graph(dh) be Lagrangian sub-
manifolds in T*(R?** x R*) and 7 a Lagrangian path as above. Assume that
L1 and Loy intersect in a circle C. Let b € C, Q) denote the crossing form at
b for Ty Lo with respect to TyLy. Let W denote the coisotropic submanifold of
T*(R?" x R¥) given by

W= T*R* x RN x {0}
Then
signl’ (T, RN 1) = signl’ (T’, R2", 1)

where 7' is the Lagrangian path obtained from T via symplectic reduction over
w.
Proof. Clearly the integrable orthogonal distribution at the intersection point
is given, in the chosen trivialisation, by W (b) = {0} x {0} x RY x {0}.

We first prove that we can identify the intersection with its reduction. Since
RN*2n © T,W, we have (the apostrophe denoting the reduction):

(RN N Ty Ly) := (RN Y2 N Ty Ly N T,W) + W (D) /W (b) =
= (RN*2" N Ty Ly) + {0} x {0} x RY x {0}/{0} x 0 x RN x 0
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Since now T,Ly N TyLa C R?™ x {0} x {0} x {0}, then
TyLi N TyLo N ({0} x {0} x RY x {0}) = {0}
We can conclude that
(TyLy NTyLo) = TyLy N TyLo (A.3)

The dimension of the intersection of the tangent spaces being 1, we need
to check that the two signatures coincide. The reduction of L;, L] is the zero
section of T*R?", while the one of Lo, L} is the Lagrangian that h generates.
We want to compute the signature of the quadratic form associated to the
intersection between Ty, L) and the horizontal Lagrangian Ty M = T, L),. Choose
a Lagrangian complement V' for Ty L} in Ty T*R?™: it extends to V := V' x
V1, a Lagrangian complement for 73Ls. The space Vp is then a Lagrangian
complement for the second factor of T, Lo with respect to the splitting

Tp(T* (R?™ x R¥)) = Ty p T*R?™ @ Ty py T*RY

Now everything is set: consider (notations as above) the path of Lagrangian
spaces 7. For any v € Ty L} N Ty L, there is then a unique w'(¢) € V'’ such
that v + w'(t) € 7/(t). Remark that by the isomorphism (A.3) the preimage
v of v/ in TyL; N TyLsy is well defined. Then if &’ is the symplectic form on
the reduction T*R?", by naturality (pull-back of the reduced symplectic form
coinciding with the restriction on the coisotropic manifold) for any preimage of
w'(t), say w(t) € V,

T (T',RQ”, 1) (v) W) == wv,w(t))

T dt =1 dt rt=1

The right-hand side is in fact the crossing form T’ (7', RN+27, 1) (v): while the
vector w(t) a priori does not realise v+w(t) € 7(t), if w(t) does satisfy v+w(t) €
7(t), then remark that v is w—orthogonal to w(t) —w(t). The symplectic form w
is in fact the direct sum of the canonical forms on T*R?" and T*RY, w(t) —w(t)
belongs in the space {0} x {0} x RY x RY (their difference is reduced to 0 under
reduction) and v € T,,(T*R?*") x {0} x {0}. O

Remark A.2.8. Clearly, if TyL1 and Ty Lo have intersection of dimension dif-
ferent from 1, the result of the Lemma above is still true because of (A.3).

We have finished the proof of Proposition A.2.6 as well. We are now reduced
to prove the equality in the case in which the generating function has in fact no
fibre variables. From now on N = 0, and L, is now a graph in T*R?". Define
the path 7 as above: we have to compute

RS(1,R?*™)
Clearly now, if Hh(~(t)) is the Hessian of h at (1),
T, yL2 NR*™ = T, (;)Graph(dh) NR*" # {0} < det Hh(v(t)) = 0
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The count is going to be exactly the same as in the Morse case, since intersections
correspond to times in which the Hessian becomes degenerate: the intersection
is positive if an eigenvalue from positive becomes negative, and negative in the
opposite case, by [63, Theorem 1.1 (2)]3. This count yields

RS(7,R*") = MB(b) — M B(a) (A.4)

The path 7 up to homotopy rel endpoints has in fact only regular crossings: this
implies that the signs of the eigenvalues which vanish at a crossing time need to
change, and also that if the dimensions of O; and Oy are different the change
in the dimension of the intersection happens at the beginning or at the end of
the path. Remark that we are not assuming that the eigenvalues change sign
one at a time: this would mean requiring the crossings to be simple, which is a
stronger condition.

Remark A.2.9. From the proof above we see the reason why the Robbin-
Salamon index is defined this way (with the dimension of the critical manifold
to be divided by 2): this condition is necessary for Equation (A.4) to hold, since
the eigenvalues dropping to 0 at the extremities contribute for a half.

‘We now show that
m'(01,02) = RS(dy, p) — RS(dy, )

To achieve it, we make use of perturbations defined in [17] and of the previous
point to prove the result without fibre variables: let us suppose for instance that
both O; and Oy are both Morse-Bott circles (the other cases are similar but eas-
ier). The function h then represents a transversely non degenerate Hamiltonian
orbits for a certain Hamiltonian diffeomorphism ¢ generated by a Hamiltonian
H. Then we can perturb locally H using a small Morse function on the circle
with exactly one maximum and one minimum: the perturbed Hamiltonian Hy
generates a non degenerate diffeomorphism, and the two orbits are decomposed
into two couples of non degenerate orbits, each term of the couple corresponding
to either the maximum or the minimum of the Morse function. Let a and b be
respectively on O; and Os be chosen in such a way that after the perturbation
(i.e. Hamiltonian deformation of Ly) they both correspond to the minimum of
the Morse function. Let Ly 5 be the perturbed Lagrangian: then a,b € Ly sNL;.
Now, by the result of Viterbo in [72] and using his notation,

m(a,b, L1, Las) = CZ(y2,5) — CZ(71,6)

where 7; s are the perturbed orbits, and m is computed using a path on the
perturbed Lagrangian (it is the Maslov index of a Lagrangian loop, whose con-
struction we mimicked here). These indices correspond to the Robbin-Salamon
indices by [63, Remark 5.4]

CZ(’yiyé) = Rs(dw,a@v 1=1,2

3Some care needs to be taken when comparing conventions about the signature. In [63],
the signature is defined as the difference between the number of positive and the number of
negative eigenvalues, here we are taking the opposite convention.
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Let 75 be the path we use to compute this index.
We apply [17, Proposition 3.2] to have

RS(dy, ) = RS(dy ) = CZ(72.5) = CZ(71.6)

The homotopy s — Hgs, for s € [0,1], chosen a path between a and b
contained in Ls, gives then a homotopy with fixed endpoints between the La-
grangian path 7 we have already defined, and the concatenation of three paths,
the first 7 joining Ty, Lo to T Lo s, the one in the middle being 75, and the third
one the inverse of 7° joining 7} La to Ty Las. We use [17, Proposition 3.2] again
to see that

RS(r*,R*") = RS(r", R*")

These indices in fact only depend on the Morse indices of the critical points
of the perturbation corresponding to the orbits 7; 5. We can now apply the
(Catenation) and the (Homotopy) axioms to conclude that

m/(01,02) = CZ(y2,5) — CZ(71.5)

This ends the proof in the case for O; and Oy both circles.

To cover the one where only O; is a circle, perturb only O; and repeat the
same argument (of course, in this case we are not going to have cancellations).
This ends the proof of Proposition A.2.5.

A.2.3 ] and the Robbin-Salamon index

The results in the previous section imply that we can again normalise the
Robbin-Salamon index in a way that it corresponds to the Morse-Bott index
as we did for the Morse and Conley-Zehnder indices in (3.28). We set then,
for a Morse-Bott generating function h of a diffeomorphism ¢ with connected
compact critical submanifold B and x € B

MB(z) — o(h) = RS(7,) + 1 (A.5)

Remark that if the dimension of B is 1, i.e. it is a circle, 7,(0) is a part of an
S!-family of fixed points (even if ¢ is not autonomous), whereas if 7, is isolated
and z € B, then dim B = 0. We can then recover the dimension of the critical
submanifold purely by dynamical information. Replacing M B in the definition
of I using (A.5) we can define

317z, ) Vo 7Y
I : Fix(¢) x Fix(¢) = Z, T (Yo ¥y) — 3 2 [ RS (s s dimB T
ix(p) x Fix() (Ya> 1) {_ [Rsm);d 2‘? Ve =7y, T € B

This formula is consistent with the Morse case.



Appendix B

A Generalisation of
Khanevsky’s Proof

In this section we are going to prove Theorem 2.2.6 in the restricted case where
k = 2 with the tools contained in Section 1.3.3. The methods here will also
generalise verbatim to higher numbers of strands, but to diffeomorphisms of
certain braid types only.

M. Khanevsky in [41] proved that given a non displaceable disc contained in
an annulus, the Hofer norm of a diffeomorphism fixing such a disc (not neces-
sarily pointwise) grows at least linearly with the absolute value of the rotation
number of the diffeomorphism. As we see in this section, Khanevsky’s proof may
be generalised in an elementary way to our setting: we are going to consider a
two disjoint discs in D whose boundaries constitute a premonotone lagrangian
configuration L, and give lower bounds on the Hofer norm of an element in
Hamp, (D, w) using the linking number of the induced braid.

Let D C C be the two dimensional unit open disc, with area form w nor-
malised such that wa = 1. Let Dy, D2 be two open disjoint discs in D
such that neither is displaceable in the complement (the area condition reads
A = Area(D;) € (%7%)) Let L; := 0D;, and L = Li X Lo, and assume
moreover that ¢(D;) = D;. Remember that for a compactly supported Hamil-
tonian diffeomorphism ¢ € Hamp(D,w) we can define its braid type, let us
call it b(p, L) € By. Since By is isomorphic to Z via the linking number, we
identify b(y, L) with 1 -1k(b(¢, L)) (the factor of 2 is needed since in our defini-
tion of linking number agrees with the group-theoretic one, and the elementary
loop ¢ + exp(2mit) has linking 2 with the origin of the complex plane). Since
¢(Di) = Dy, 5 - 1k(b(p, L)) € Z.

In a similar way as one can find in [41], we define the set

1
Sy = { ¢ € Ham (D) ‘ w(D;) = Dy, §lk(b(gp,L)) = n}
and if ¢ is a Hamiltonian diffeomorphism such that ¢ € S;, we have a decom-
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position S, = ¢"Sy. We want to prove that if ¢ € S, then its Hofer norm
satisfies
lell = O(n)

and to do this, we show that there is a quasimorphism which is Hofer-Lipschitz,
strictly positive on ¢ and zero on Sp.

Consider polar coordinates on the disc, so that the symplectic form reads
w = %r dr Adf. Up to conjugation by a symplectic diffeomorphism (which does
not change the computations of Hofer norms) we can suppose that the picture is
symmetric: the two discs D; are found in the halfplanes of positive and negative
x. Let ¢ be a compactly supported smooth approximation of a rotation of 2,
and a generating Hamiltonian is for instance

H(r,0) = p(r?)r?

where p is a plateau function which is 1 outside a small neighbourhood of 1 (p
will in general depend on the area of D;, and we choose it in a way that (r,0) —
p(r?) is equal to 1 in a neighbourhood of D; U D). Let j, be a symplectic
embedding from I into a sphere of area 1 + s, which we denote with S?(1 + s).
It induces a Hofer 1-Lipschitz injection jg . : Ham.(D) — Ham(S(1+s)) given by
extension by 0 of the Hamiltonians. Remark that the configuration L, := js(L)
is monotone in S?; let n, be its monotonicity constant that appears as an 7 in
Equation 1.17.
The quasimorphism on Ham,. (D) of our choice is

) : ) 1
Q2 = (M%mo o jox + Cal) — <M§23A1 0J(BA-1)+ T ﬁC:ﬂ)

Its Hofer Lipschitz constant is 2 (as sum of two Hofer 1-Lipschitz functionals)
and we may see as follows that they are furthermore %°-continuous by the
criterion by Entov-Polterovich-Py (in [23], see also [21]). We apply the (Support
Control) property and the fact that we may choose the discs we use to compute
the quasimorphisms pj , to see that @2, when applied to any diffeomorphism
supported on a disc of area less than A, vanishes: an application of the criterion
above concludes the argument.

Write Q2 = pg — ph 4, where

py = p3he 0 jen + %HCal
Let us compute Q2(H): for each of the p/ by the (Invariance) property we
can use a configuration of two circles, both contained in j;(ID) and whose centres
coincide with js(0). The area requirement translates to the condition that the
radii associated to the two circles are r = /A and r = v/1+ s — A, and . Then
by (Lagrangian Control), after mean-normalising H, we find:

P 75—1
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so that
1 3A—1—1_1—3A

Q2(¢)=—§— 5 5

Following the steps of [41], and assuming that Q2 does vanish on Sy (we are
going to later show that this is indeed the case), let us prove that if ¢ = ¢",
then Q2(¢) = Q(¢™) = nQ(¢). We have Qa(p) = Q(@") + D(p), where
D(¢) € R is bounded in modulus by the defect of the quasimorphism @ (in
particular, it is bounded uniformly on ). Since @2 is homogeneous, for all
positive integers k

k ~nk k k
Qo) = &) QD) _ gy pn) 4 DIF)

and taking the limit shows that Q2(¢) = nQ2(p) (recall that D(¢*) is bounded
on k). As Qo is Hofer 2-Lipschitz, we conclude that

n@y($),  3A-1
el > | | > n
2 4
Remark B.0.1. We immediately see that our lower bound is an increasing
function of A, which is zero in the limit case in which A = %: when the discs

are displaceable, we cannot say anything this way about the Hofer norm of the
diffeomorphisms. This is to be expected: for k = 2, by [46] (see Remark fol-
lowing his Question 5) if the two discs are displaceable there exists a family
of hamiltonian diffeomorphisms, whose Hamiltonians are supported away from
one of the two discs, with bounded Hofer norm but whose braid type may be
arbitrarily linked.

It is left to check that @ vanishes on Sy. Using the (Hofer Lipschitz) and
(¢°—continuity) properties of @2, it suffices to prove that Q2(Sj) = 0, where
S}, is defined as the subgroup of Hamiltonian diffeomorphisms that induce the
identity on a neighbourhood of 0DUJD; UOD4 ([41], Lemma 2). The argument
is essentially the same as in [41], adapted to our quasimorphism Q2. To compute
@2, by (Invariance), this time we choose the obvious configuration L; = 9D;.
Now, if ¢ € S}, it can be decomposed into ¢ = ¢p, o ¢p, o pp, where pp, is
supported on D; and pp on P =D\ (D; U Ds).

Since the boundaries of the D; are connected, ¢p,|p, € Ham.(D;) C Ham,(S?\
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