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Résumé

Dans cette thése nous étudions la dynamique engendrée par une famille de flots hamiltoniens.
Un tel systéeme dynamique & plusieurs générateurs est aussi appelé ‘polysystéme’. Motivés par
des questions liées au phénoméne de la diffusion d’Arnold, notre objectif est de construire des
trajectoires du polysystéme qui relient deux régions lointaines de ’espace des phases.

La theése est divisée en trois parties.

Dans la premiére partie, nous considérons le polysystéme engendré par les flots discrétisés
d’une famille d’hamiltoniens Tonelli. En utilisant une approche variationnelle issue de la théorie
KAM faible, nous donnons des conditions suffisantes pour 'existence des trajectoires souhaitées.

Dans la deuxiéme partie, nous traitons le cas d’un polysystéme engendré par un couple de
flots hamiltoniens & temps continu, dont 1’étude rentre dans le cadre de la théorie géométrique
du contréle. Dans ce contexte, nous montrons dans certains cas la transitivité d’un polysystéme
générique, a 'aide du théoréme de transversalité de Thom.

La derniére partie de la thése est dédiée & obtenir une nouvelle version du théoréme de
transversalité de Thom s’exprimant en termes d’ensembles rectifiables de codimension positive.
Dans cette partie il n’est pas question de polysystémes, ni d’hamiltoniens. Néanmoins, les résultats
obtenus ici sont utilisés dans la deuxiéme partie de la thése.

Mots clés: dynamique hamiltonienne et lagrangienne, théorie KAM faible, diffusion d’Arnold,
polysystéme, semi-groupe de Lax-Oleinik, ensembles d’Aubry et Mané, propriétés génériques,
théorie géométrique du controle, ensemble atteignable, théoréme de transversalité de Thom,
ensemble rectifiable.

Abstract

In this thesis we study the dynamics generated by a family of Hamiltonian flows. Such
a dynamical system with several generators is also called ‘polysystem’. Motivated by some
questions related to the phenomenon of Arnold diffusion, our aim is to construct trajectories of
the polysystem which connect two far-apart regions of the phase space.

The thesis is divided into three parts.

In the first part, we consider the polysystem generated by the time-one maps of a family of
Tonelli Hamiltonians. By using a variational approach falling within the framework of weak KAM
theory, we give sufficient conditions for the existence of the desired trajectories.

In the second part, we address the case of a polysystem generated by two continuous-time
Hamiltonian flows. This problem fits into the framework of geometric control theory. In this
context, we show in some cases the transitivity of a generic polysystem, by means of Thom’s
transversality theorem.

The third and last part of the thesis is devoted to the proof of a new version of Thom’s
transversality theorem, formulated in terms of rectifiable sets of positive codimension. Neither
polysystems nor Hamiltonians are explicitly involved in this part. However, the results obtained
here are used in the second part of the thesis.

Keywords: Hamiltonian and Lagrangian dynamics, weak KAM theory, Arnold diffusion,
polysystem, Lax-Oleinik semigroup, Aubry and Mané sets, generic properties, geometric control
theory, reachable set, Thom’s transversality theorem, rectifiable set
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Introduction

Lorsque I'on étudie les propriétés des systémes hamiltoniens presque-intégrables, et en particulier
le phénoméne d’instabilité connu sous le nom de diffusion d’Arnold, on est amené & considérer
des systémes dynamiques “a plusieurs générateurs”. Plus précisément, ces systémes sont obtenus
en itérant dans un ordre quelconque les éléments d’une famille de difféomorphismes hamiltoniens
d’une variété symplectique N associée au probléme. De tels systémes, ot la dynamique est
engendrée par une famille d’applications, sont aussi appelés polysystémes.

Du point de vue de la diffusion d’Arnold, I'intérét est de chercher des trajectoires du polysys-
téme qui relient deux régions “lointaines” de N. Dans cette optique, nous traitons dans cette thése
la question de I'existence de telles trajectoires dans le contexte d’un polysystéme hamiltonien
général.

Instabilité pour familles d’hamiltoniens

Dans cette section nous allons d’abord formaliser quelques définitions générales sur les polysys-
témes. Cela permettra dans la suite d’avoir un cadre unique pour situer les différents chapitres.
On introduira ensuite les objectifs et le contenu de la thése.

Soient N une variété symplectique et F une famille arbitraire d’hamiltoniens définis sur
N. Pour toute fonction H: N — R, on note {¢% }+cr le flot hamiltonien associé. On suppose
que tous les flots sont complets. Dans cette thése nous étudions 'action sur N du semi-groupe
engendré par

{¢y:t>0, He F}.

On appelle le systéme ainsi obtenu polysystéme hamiltonien a temps continu orienté. Nous allons
aussi considérer le cas ou les éléments de F dépendent du temps de maniére périodique (avec
période 1), dans ce cas nous étudions 'action sur N du semi-groupe engendré par

{¢f:neN, He F}.

et nous appelons polysystéme hamiltonien a temps discret orienté le systéme ainsi obtenu.’

La notion de trajectoire d’'un systéme dynamique s’étend naturellement au cas d’un polysys-
téme. Nous utiliserons dans ce dernier cas le terme polytrajectoire pour éviter toute ambiguité.
Nous formalisons ci-dessous cette notion.

'Les polysystémes & temps discret orienté sont parfois appelés systémes de fonctions iterées. Les
polysystémes a temps continu sont aussi appelés switched systems ou bang-bang control systems.

11



12 Introduction

Dans les polysystémes & temps continu orienté, une polytrajectoire est une courbe v: R — N
telle qu’il existe une suite strictement croissante (tj) jez € R avec limj 4o t; = 00 et une suite
(Hj)jez € F avec

V(1) = b, (W) VEEtytin] VjeL

Dans les polysystémes & temps discret orienté, une polytrajectoire est une suite (z;)jez C N
telle qu'il existe une suite (H;) ez C F avec

v =0k, () V€L

En remplagant F par F U —F dans les paragraphes précédentes on obtient les définitions
analogues pour les polysystémes a temps non-orienté (continu ou bien discret).

Nous abordons dans ces contextes les questions suivantes: existe-t-il des polytrajectoires
qui relient deux régions “lointaines” données de la variété N7 Sous quelles conditions sur les
hamiltoniens de la famille F7?

Par exemple, dans le cas particulier du polysystéme & temps discret orienté engendré par
une famille d’applications twist exactes-symplectiques du cylindre T x R, les travaux de Moeckel,
Jaulent et Le Calvez (cf. | , , |) montrent que la seule obstruction a 'existence de
polytrajectoires reliant deux “hauteurs” différentes du cylindre est représentée par les cercles non
contractibles invariants communs & toutes les applications de la famille. Nous reviendrons plus
en détail sur leurs résultats dans la suite.

La motivation sous-jacente & ces questions, au-dela de leur intérét intrinséque, réside dans
le fait que dans certaines situations I’étude de l'instabilité d’un systéme hamiltonien intégrable
perturbé peut étre réduit dans une certaine mesure a l’analyse d’un polysystéme & temps discret
orienté. Comme déja mentionné dans 'avant-propos, cet aspect est 1ié au phénomeéne d’instabilité
connu sous le nom de diffusion d’Arnold. Ce phénoméne constitue & présent I'un des thémes
majeurs de recherche en dynamique hamiltonienne. Nous renvoyons a | , , ,

, | pour des articles d’introduction et a | , , , | pour des
articles ol les liens avec les polysystémes sont explorés.

Structure de la thése

Cette these est divisée en trois parties.

Dans la Partie 1 nous nous plagons dans le cadre d’un polysystéme hamiltonien & temps
discret orienté engendré par une famille d’hamiltoniens Tonelli. Pour répondre aux questions
précédentes nous utilisons une approche variationnelle issue de la théorie KAM faible.

Dans la Partie 2 nous considérons le cas d’'un polysystéme hamiltonien & temps continu
(orienté et non orienté) engendré par deux hamiltoniens Hj et Hy. L’approche utilisée ici s’inscrit
dans le cadre de la théorie géométrique du controle.

Dans la Partie 3, qui a été développée en collaboration avec Patrick Bernard, nous présentons
une nouvelle version du théoréme classique de transversalité de Thom. Dans cette partie il n’est
pas question de polysystémes, ni d’hamiltoniens. Néanmoins, les résultats obtenus ici sont utilisés
dans la Partie 2.
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Présentation des résultats

Partie 1: Polysystémes hamiltoniens a temps discret (approche
avec la théorie KAM faible)

Dans cette partie la variété symplectique N introduite précédemment sera toujours l’espace
cotangent T* M d’une variété compacte connexe lisse sans bord M de dimension d € N. Notons
z = (z,p) les éléments de T*M, avec x € M et p € T M.

Soit F une famille d’hamiltoniens Tonelli sur 7* M. Nous considérons le polysystéme & temps
discret orienté engendré par les flots au temps un

by T*M — T*M, avec H € F.

Notons que les hamiltoniens Tonelli sont les hamiltoniens standard de la théorie KAM faible.
Nous renvoyons a [Fat] pour une exposition de cette théorie, et en particulier pour les notions
de solution KAM faible et d’ensembles de Mather, Aubry et Mafné, que nous utiliserons dans la
suite. Rappelons ici la définition d’hamiltonien Tonelli: une fonction H: T*M x T — R est un
hamiltonien Tonelli si elle est de classe C? et si les propriétés suivantes sont vérifiées:

(i) H est convexe dans les fibres et non dégénérée dans le sens suivant: la matrice des dérivées
secondes partielles 8§pH (z,p,t) est définie positive en tant que forme quadratique, pour
tout (x,p,t) € T*M x T,

(ii) H est superlinéaire dans les fibres, i.e.

lim ————~ = +o00 vV (z,t) e M x T,

|p|e—>00 |p’:1:

ol | - | est une norme quelconque sur TM dépendant continiment de x € M. Cette
condition est équivalente a la propriété suivante: pour tout C € R il existe D € R tel que

H(x,p,t) > Clple + D  V (z,p,t) e T"M x T.

(iii) le flot de H est complet.

Lorsque d = 1 on a nécessairement M = T et donc T*M = T x R. Il est connu (cf. | |) que
dans ce cas étudier la dynamique des hamiltoniens Tonelli est essentiellement équivalent & étudier
la dynamique des applications twist exactes-symplectiques sur le cylindre T x R.

Comme déja mentionné dans la section précédente, I'objectif de notre travail est de construire
des polytrajectoires qui relient deux régions lointaines de T* M. Pour mieux préciser cette idée,
nous regroupons dans 1’énoncé suivant certains résultats présents dans la littérature. Notre travail
s’interpréte comme une généralisation de ces résultats.
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Théoréme 1. Supposons M = T?, et soient cy,c1 € RY.

(i)

(i)

(iii)

Casd=1 et F={H}. Si H n‘admet pas de cercles invariants non contractibles dont la
cohomologie appartient & l'intervalle [co, c1], alors il existe une trajectoire (xj,p;)jez C TxR
telle que

po=-cyg et pp=2c1 pour un certain n € N.

(cf. [ , , , | pour des versions légérement différentes de ce résultat
dans le cadre des applications twist exactes-symplectiques);

Cas d =1 et Card F > 1. S’il n’existe aucun cercle invariant non-contractible commun
aux hamiltoniens de F et dont la cohomologie appartient a [co,c1] alors il existe une
polytrajectoire (xj,pj)jez C T x R telle que

po=co et pp=2c pour un certain n € N.

(cf. Moeckel | [, Jaulent [Jau] et Le Calvez | | pour des versions légérement
différentes de ce résultat dans le cadre des applications twist exactes-symplectiques);

Casd>1 et F ={H}. Il existe une fonction
R? > ¢ (R(c),e(c))

ot R(c) est un sous-espace vectoriel de R® défini a partir des solutions KAM faible de H
en cohomologie c et £(c) est un réel strictement positif, telle que la propriété suivante est
satisfaite: s’il existe une suite finie (c,)K_, C RY avec ¢y = o, = c1 et

/ _ A cR /
Ck/Jrl Ck, (Ck/) VEke {07 o K= 1}’ (1)
ki — il < eleq)

alors il existe une polytrajectoire (x;,p;)jez C T x R¢ avec
po=-cy et pp=2c1 pour un certain n € N.

Lorsque d = 1 on a R(c) = {0} si et seulement si H admet un cercle invariant non
contractible de cohomologie c.

Ces résultats ainsi que d’autres plus générauz sont démontrés par Bernard [ |. Des
résultats de nature similaire sont démontrés dans [ , , /.

Notre contribution concerne le cas d > 1 et Card F > 1. Elle est inspirée par I'approche
développé par Patrick Bernard dans | | dont la partie (4i7) du Théoréme 1 est une conséquence.
Comme il est courant en théorie KAM faible, lorsque M # T¢ le role de R? dans le Théoréme
1 est joué par le groupe de cohomologie H'(M,R), c’est-a-dire cg et c; sont deux classes de
cohomologie (rappelons que pour le tore T on a H'(T¢,R) = R?).
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On montre dans la Partie 1 le résultat suivant, qui est une généralisation naturelle au cas
Card F > 1 de la Proposition 5.3 dans | |.

Proposition 2. Il existe une relation d’équivalence -z sur H*(M,R) telle que:

(i) si co F c1 alors pour tous H, H' € F il existe une polytrajectoire (2;)jez C T*M qui est

a-asymptotique o Uensemble d’Aubry A (co) et w-asymptotique & Ap(cy);

(ii) si co Tx 1 et sino,m sont deux 1-formes de cohomologie cqy et ci respectivement, alors il
eziste une polytrajectoire (2;)jen C T*M telle que

zp € Graph (o) et =z, € Graph ()
pour un certain n € N.
(iii) soient
(Cia Hi7 Ei)’iGZ € Hl(Ma R) X ‘FX]Ov +OO[
tels que ¢; A=F cip1 pour tout i € Z. Alors il existe une polytrajectoire (2j)jez CT*M qui
visite dans Uordre les €;-voisinages des ensembles de Mather Mg, (c;).

D’aprés cette proposition, on est amené & étudier la relation 4 afin de montrer ’existence
de polytrajectoires reliant deux régions de T*M. Le résultat principal de la Partie 1 fournit
des conditions suffisantes assurant 'occurrence de la relation -x au voisinage d’une classe
c € HY(M,R). Ces conditions sont données en termes d’un sous-espace Rx(c) de “directions
admissibles”. Le résultat est énoncé ci-dessous.

Théoréme 3. Supposons que F est fini. Il existe une fonction
HY(M,R) 3 ¢+ (Rx(c),U(c))

ot Rr(c) est un sous-espace vectoriel de H'(M,R) défini a partir du polysystéme associé a F et
Ul(c) est un voisinage de ¢ dans H'(M,R), telle que:

/ /! c U
¢ (c) = JdH-z".
d"— € Rp(c)

Remarquons que méme si ce théoréme est un résultat local (en ¢ € H'(M,R)), il est possible
en principe d’en déduire des informations globales grace a la transitivité de la relation -+ .

Pour que le Théoréme 3 soit intéressant il faut avoir plus d’informations sur le sous-espace
Rx(c). Sa définition, plutot abstraite, fait appel aux composantes minimales du polysystéme
sur CY(M) engendré par les opérateurs de Lax-Oleinik associés aux hamiltoniens dans F. Nous
renvoyons au corps de la thése (cf. Definition 1.5.2) pour la définition précise. Dans le reste de
cette section nous donnons quelques propriétés du sous-espace Rx(c).

Nous commencons par la proposition suivante qui, avec le Théoréme 3 et la Proposition 2,
permet de retrouver des résultats similaires & ceux de Moeckel, Le Calvez et Jaulent énoncés dans
la partie (i) du Théoréme 1.



16 Introduction

Proposition 4. Lorsque M =T on a

Rr(c) = {0} < il existe un cercle non-contractible de cohomologie ¢

invariant pour tout flot (b}{ avec H € F.

Pour une variété M générale on obtiendra une généralisation partielle de la proposition
ci-dessus, & savoir:

Proposition 5. S’il existe une 1-forme lisse fermée n et une fonction u € CH1(M) telles que le
graphe de 1+ du est invariant pour tout flot ¢%,, H € F, alors Rx([n]) = {0}.

Lorsque F = {H} notre construction coincide avec celle développée par P. Bernard dans
| |. En particulier on a:

Proposition 6. Lorsque F = {H} le sous-espace Rx(c) coincide avec le sous-espace R(c) défini
par Bernard dans [ /, pour tout c € H*(M,R).

On démontrera aussi:
Proposition 7. Si les hamiltoniens dans F commutent on a
Rr(c) = R{H}(C) VHeF.

En général, soit V C H'(M,R) un sous-espace vectoriel de dimension 1 qui n’est pas inclus
dans Rr(c). Qu’est-ce que l'on peut en déduire sur la dynamique des hamiltoniens dans F? Une
réponse a cette question est donnée par la proposition suivante. Avant de I’énoncer, nous avons
besoin d’introduire deux notations. Pour tout A C M, notons [A] ’'ensemble des classes de
cohomologie des 1-formes lisses ayant support disjoint de A. De plus, pour toute 1-forme lisse 7
sur M et toute fonction w: M — R notons Graph (1 + du) C T* M Pensemble défini par

Graph (n + du) = {(x,ny + dgu) € T*M : x € M, dyu existe } .
Proposition 8. Supposons que V¢ Rx(c). Fizons une 1-forme lisse n. de cohomologie c.

(1) Pour toute suite finie Hy, ..., Hy d’hamiltoniens dans F il existe un sous-ensemble S C
T*M invariant par

1 1
Pm, © 0 P

et tel que:

e S est un graphe Lipschitz sur w(S) C M, oumw: T*M — M est la projection canonique;
e S C Graph (1. + du) pour une certaine fonction u: M — R semi-concave;

o V& [r(S)].

(ii) Pour tout couple d’hamiltoniens Hy, Hy € F il existe deux fonctions uy,us: M — R telles
que:

e u; est une solution KAM faible pour U'hamiltonien Hy o(x,p,t) = Hi(z,n. + p,t);
o uy est une solution KAM faible duale pour Hy (z,p,t) := Ha(z,nc + p,t);

o V¢ {(Graph (ne + duy) N Graph (n. + duﬁ)ﬂ :



Introduction 17

Partie 2: Polysystémes hamiltoniens & temps continu (approche
avec la théorie géométrique du controle)

La deuxiéme partie de la thése porte sur les polysystémes hamiltoniens & temps continu (orienté
aussi bien que non-orienté) engendrés par deux flots hamiltoniens associés & deux hamiltoniens H
et Hy indépendants du temps et définis sur une variété symplectique N quelconque (sans bord).

On dit que le polysystéme est transitif si pour tout couple de point (z,2') € N x N il existe
une polytrajectoire qui relie z a 2. Remarquons que dans le cas a temps orienté l’existence d’une
polytrajectoire reliant z & 2z’ n’implique pas en général 'existence d’une polytrajectoire reliant 2’
a z. La question abordée dans la Partie 2 est la suivante: pour un choix “typique” de H; et Ha,
le polysystéme engendré est-il transitif?

Comme souvent en systémes dynamiques, une partie de la réponse a cette question consiste &
donner un sens précis au mot ‘typique’. A ce propos, la notion de généricité au sens de Baire
est une des plus utilisées. Rappelons briévement sa définition: on dit qu'un sous-ensemble d’un
espace métrique complet est générique (ou résiduel) au sens de Baire s’il contient une intersection
dénombrable d’ouverts denses. On dit qu’un sous-ensemble est maigre au sens de Baire si son
complémentaire est générique au sens de Baire. Dans notre travail nous allons par contre utiliser
une notion différente, celle de sous-ensemble rectifiable de codimension positive dans un espace de
Banach ou de Fréchet, développée par Bernard dans | | (voir aussi Zajicek [ ). Il S’agit
d’une notion plus forte de “petitesse”, dans le sens ou si A est rectifiable de codimension positive
dans F' (ot F est un espace de Banach ou de Frechet) alors A est maigre au sens de Baire, tandis
que le contraire n’est pas vrai en général. Reprenons de | | la définition précise, qui est
donnée a partir du cas particulier d’un graphe Lipschitz de codimension positive:

Définition 9 (Graphe Lipschitz). Soit A C F un sous-ensemble de l’espace de Banach F. On dit
que A est un graphe Lipschitz de codimension ¢ € N s’il existe deux sous-espaces E et G tels que:

e dimG = ¢;
o F=FE®G et E fermé;
o il existe une fonction Lipschitz g: E — G telle que

AC{z+g(x):z e E}.

Définition 10 (Sous-ensemble rectifiable dans un espace de Banach). Soit A C F un sous-
ensemble de l’espace de Banach F. On dit que A est rectifiable de codimension ¢ dans F' si A
peut s’écrire comme une réunion dénombrable A = U, (Ay) ou:

o ©,: U, — F est une application de type Fredholm? d’indice i, définie sur un ouvert Uy,
d’un espace de Banach separable F,;

o A, CU, estun graphe Lipschitz de codimension ¢+ i, dans F,.

2Une application ¢: E — E’ entre deux espaces de Banach séparables E, E est de type Fredholm
d’indice i € Z si elle est de classe C! et si, pour tout z € E, on a i = dimker d,¢ — codim im d .
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On dit aussi que A est rectifiable de codimension positive dans F' s’il est rectifiable de codimension
c dans F avec ¢ > 1.

La définition ci-dessus peut étre étendue au cas ou F' est un espace de Frechet ou une variété
de Banach (voir | , D.

Rappelons que lorsque N est compacte les espaces CF(N), k € N, sont des espaces de Banach.
Lorsque N n’est pas compacte, nous munissons les espaces Ck(N ) de la topologie faible de
Whitney, ils sont alors des espaces de Frechet.

Les deux résultats principaux de la Partie 2 sont les suivants. Notons 2d = dim N.
Théoréme 11 (Cas & temps non-orienté). Soit Hy € C*HL(N). Supposons que l’ensemble
{z€ N :d,H; =0}
est inclus dans une réunion dénombrable UleNNl de sous-variétés N' C N de classe C? avec

dim N

codim N > +1 V1eN.

Alors pour tout k > 4d [’ensemble

{Hg € C*(N) : le polysystéme & temps continu non orienté

(2)

engendré par Hy et Ho est transitif}

a complémentaire rectifiable de codimension positive dans Ck(N ). En particulier, il est générique
au sens de Baire.

Théoréme 12 (Cas a temps orienté). Supposons N compacte. Soit Hi comme dans [’énoncé
précédent. Alors pour tout k > 4d l’ensemble

{Hg € C*(N) : le polysystéme a temps continu orienté

(3)

engendré par Hy et Ho est transitif}

a complémentaire rectifiable de codimension positive dans Ck(N). En particulier, il est générique
au sens de Baire.

Des résultats analogues seront obtenus pour des hamiltoniens H;, Hy périodiques dans le
temps (avec la méme période). Remarquons que les conditions demandées & H; dans les énoncés ci-
dessus sont trés faibles: en effet, pour une fonction Hy générique l'ensemble {z € N : d,H; = 0}
est constitué de points isolés, d’aprés une application immédiate du théoréme classique de
transversalité de Thom. Remarquons aussi que dans le cas 4 temps non orienté N n’est pas
supposée compacte, et les flots de Hy et Hy pourraient donc n’étre pas complets.

La strategie de la preuve des résultats ci-dessus est inspirée par celle utilisée par Lobry dans
[ |, ot des questions analogues sont abordées dans le cadre des polysystémes & temps continu
non orienté engendrés par des champs vecteurs généraux (i.e. non hamiltoniens).



Introduction 19

La preuve se subdivise en trois étapes.

Dans la premiére étape on utilise le théoréme de Rashevsky-Chow en théorie géométrique du
controle (cf. | , Chapitre 5]) pour obtenir des conditions suffisantes pour que le polysystéme
a temps continu engendré par Hp et Ho soit transitif. Ces conditions sont données en terme des
jets de Hy et Ho. La version du théoréme de Rashevsky-Chow pour le cadre & temps orienté est
appelée théoréme de Krener (cf. | , Chapitre 8|). Pour que ce dernier s’applique de maniére
fructueuse a la question de la transitivité, il faudra supposer que la dynamique de H; et Hy est
récurrente. Cela est toujours vrai lorsque N est compacte (d’aprés le théoréme de récurrence de
Poincaré), c’est pourquoi nous rajoutons cette condition dans le Théoréme 12.

Dans la deuxiéme étape on utilise le théoréme du redressement d’un flot hamiltonien pour
se placer dans un bon systéme de coordonnées. Quelques calculs explicites montrent alors que
les conditions obtenues dans la premiére étape se reformulent plus précisément de la maniére
suivante: le polysystéme est transitif si le jet de Ho (H; étant fixé) n’intersecte pas certaines
sous-variétés (qui dépendent de Hp) dont la codimension dans I'espace des jets est explicitement
calculée.

Dans la derniére étape on conclut la preuve en appliquant & ces sous-variétés le théoréme
de transversalité de Thom dans ’espace des jets. La version classique de ce théoréme donne la
généricité au sens de Baire des ensembles définis dans (2) et (3). Nous utilisons la version du
théoréme de Thom qui est démontrée dans la Partie 3 de cette thése (cf. Théoréme 14) et qui
implique que les complémentaires des ensembles en question sont rectifiables de codimension
positive.

Partie 3: Une version en codimension positive du théoréme de
transversalité de Thom

Cette partie est issue d’un travail en collaboration avec Patrick Bernard. Rappelons tout d’abord
I'énoncé classique (cf. | , Chapitre 3, Théoréme 2.8|) du théoréme de transversalité de Thom
dans I'espace de jets J¥(X,Y), ot k est un nombre naturel et les espaces X,Y sont des variétés
lisses de dimension finie. Nous supposons que X est compacte. Nous munissons C* (X,Y) de la
topologie de Whitney, c’est alors une variété de Banach.

Théoréme 13 (Théoréme de transversalité de Thom, version classique). Soit W C J*(X,Y)
une sous-variété lisse. L’ensemble des applications dont le jet d’ordre k n’est pas transverse a W
est maigre au sens de Baire dans C**7(X,Y) pour tout r > 1.

Dans la Partie 3 nous obtenons la version suivante du Théoréme 13.

Théoréme 14 (Théoréme de transversalité de Thom, version en codimension positive). Soit
W C Jk(X, Y) une sous-variété lisse.

o sicodimW > dim X + 1 alors l’ensemble des applications dont le jet d’ordre k n’est pas
transverse a W est rectifiable de codimension codimW — dim X dans C**7(X,Y) pour
tout r > 1;

e sicodimW < dim X et si W satisfait au moins une des propriétés suivantes
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(P1) W est non-dégénérée (voir Définition 15),
(P2) W est analytique,

alors 'ensemble des applications dont le jet d’ordre k n’est pas transverse a W est rectifiable
de codimension 1 dans C**"(X,Y) pour tout r > 2.

La notion de sous-ensemble rectifiable de codimension positive que ’on utilise ici est celle de
la section précédente (voir Définition 10).

Définition 15. Soit j = ]]afff € W. La sous-variété W est non-dégénérée en j si
(mi)w My G,

ot w8 JH(X,)Y) — JFU(X,Y) est la projection canonique. Nous disons que W est non-
dégénérée si elle est non-dégénérée en tout point j € W. Observons qu’une condition suffisante
pour que W soit non-dégénérée est que la projection (W]]zil)m/: W — JFUX,Y) soit une
submersion.

Donnons maintenant un apercu de la preuve du Théoréme 14.

Considérons une sous-variété W C J¥(X,Y) avec k € N. Lorsque I'on étudie la transversalité
entre W et les k-jets j¥f des applications f: X — Y on peut distinguer, suivant la codimension
de W, deux situations différentes: si codim W > dim X + 1 alors le fait que W et j*f sont
transverses veut simplement dire que leur intersection est vide; on est dans le cas dit “d’évitement”.
On appellera “cas de non évitement” la situation opposée ot codim W < dim X.

Focalisons-nous d’abord sur le cas d’évitement. Dans ce cas, le théoréme classique de
transversalité de Thom peut s’obtenir & partir de la version “facile” suivante du théoréme de
Sard: si g est une application C! de R™ sur R avec m < n, alors I'ensemble CV (g) C R" des
valeurs critiques de g est maigre au sens de Baire. Or, une propriété plus fine est vraie dans cette
situation: I’ensemble C'V (g) (qui en fait dans ce cas coincide avec 'image de g), est rectifiable
de codimension n — m > 1 dans R"™, selon la définition usuelle d’ensemble rectifiable dans un
espace vectoriel réel de dimension finie. A partir de cette remarque il est possible de déduire la
proposition suivante.

Proposition 16. Soit W C J*(X,Y) une sous-variété. Sicodim W > dim X +1, alors l’ensemble
des applications dont le jet d’ordre k n’est pas transverse a W est rectifiable de codimension
codim W — dim X dans C**"(X,Y) pour tout r > 1.

Cela prouve le Théoréme 14 dans le cas d’évitement. Qu’en est-il du cas de non évitement? Il
s’avére qu’il est possible de le ramener au cas d’évitement de la maniére suivante. On remarque
d’abord (cf. Gromov | , page 33| ou Eliashberg et Mishachev | , Chapitre 2|) que, pour
une fonction f: X — Y arbitraire, la condition de transversalité entre j¥f et W ne dépend que
du jet d’ordre 1 de j* f, c’est-a-dire de j¥*1f. 11 existe donc un sous-ensemble W C JHHX,Y)
tel que, pour toute f € C*1(X,Y),

§%f est transverse & W < j*TLA(X)nW = 0. (4)

Dans la Partie 3 de la thése, le résultat technique suivant est alors démontré:
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Théoréme 17. Soit W C J¥(X,Y) une sous-variété lisse satisfaisant au moins une des hypothéses
(P1) et (P2). Alors, le sous-ensemble W C J¥*1(XY) est inclus dans une réunion dénombrable
de sous-variétés de codimension > dim X + 1.

Autrement dit, le sous-ensemble W se situe dans le cas d’évitement bien que cela ne soit pas
le cas pour W. On peut donc appliquer & W la Proposition 16. D’aprés I’équivalence (4), cela
achéve la preuve du Théoréme 14.

Remarquons que pour prouver le Théoréme 14 seulement la version “facile” du théoréme de
Sard a été utilisée, mais il a fallu cependant concéder un ordre de différentiabilité supplémentaire
(car W appartient a J**1(X,Y) et non pas a J*(X,Y)).

Dans le reste de cette section nous donnons un apergu de la preuve du Théoréme 17. Rappelons
que W C JF1(X,Y) est défini par

W = {jﬁ“f e JMY(X,Y) : j¥f n'est pas transverse a W en x} ,

et que I’on cherche a estimer la codimension de W, c’est-a-dire le nombre d’équations indépendantes
localement nécessaires a définir . Une approche heuristique pour estimer ce nombre est la
suivante. D’aprés la définition de transversalité, le jet j];"'lf € J¥(X,Y) appartient & W si
et seulement si: (i) sa projection j¥f appartient & W et (ii) la matrice suivante (écrite en
coordonnées locales) n’est pas de rang maximal:

Ty W | dGEA(TX) | (5)

Ici, Tk /W est Pespace tangent a W en jEf et d(5* f) est I'application tangente a 'application
P f X — JRX,Y).

Etudions le nombre d’équations données par les conditions (i) et (i7). Pour la condition (i),
on vérifie aisément qu’elle donne un nombre d’équations indépendantes égal & codim W. Pour la
condition (i4), observons que la matrice dans (5) est de taille dim J*(X,Y) x (dim X + dim W),
et que dim X + dim W > dim J*(X,Y) d’aprés les hypothéses du théoréme. Notons

n=dimX +dimW, m =dimJ*X,Y).

On sait que pour qu’une telle matrice ne soit pas de rang maximum il faut imposer au moins
n —m + 1 équations, correspondants aux déterminants de certaines sous-matrices carrées de
taille maximale. Supposons que ces n — m + 1 équations soient indépendantes (en tant que
fonctions de la variable 557! f) lorsque on les impose & la matrice (5), et qu’elles soient également
indépendantes vis-a-vis des équations issues de la condition (7). On a dans ce cas que les conditions
(1) et (ii) définissant W sont décrites localement par un total de

codimW +n—-—-m+1=dimX +1
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équations indépendantes. Cela donne bien le résultat souhaité, i.e. codim W = dim X + 1. Or,
il se trouve que lorsque ’hypothése (P1) est satisfaite on arrive effectivement & traduire cette
approche naive en une preuve rigoureuse, et & démontrer donc le théoréme dans cette situation.

Supposons maintenant que I’hypothése (P1) ne soit pas satisfaite. Dans ce cas, il existe un
“ensemble dégénéré” non vide Wy C W constitué par les points j € W tels que W est dégénérée
en j. On vérifie que pour un élément 7 € Wy la fibre (Wllzﬂ)*l( ) est entieérement inclue dans W.
De plus, on vérifie aisément que Wy est fermé dans W, donc son complémentaire W/ = W \ W)

est une sous-variété non-dégénérée, et
s k4+1y—1 T
W= (aft) " (W) U W

La codimension de W’ étant déja connue (grace au cas non-dégénéré que l'on vient d’examiner),
on déduit que pour estimer la codimension de W il suffit d’estimer la codimension de Wy. A ce
stade, la propriété (P2) s’avére étre utile: elle garantit que ’ensemble Wy est suffisamment joli (il
est en fait analytique), ainsi que sa projection W’]zil(Wo) C JF1(X,Y) (qui est subanalytique).
Il est possible de conclure maintenant par récurrence sur k.



Chapter 1

Connecting orbits for families of Tonelli
Hamiltonians

1.1 Introduction

Much work has been carried out in order to understand the instability properties of Hamiltonian
systems, especially for Hamiltonians which are convex in the momenta variables p. The basic case
of a periodic Hamiltonian defined on the cotangent space T*T = T x R of the one-dimensional
torus T = R/Z corresponds to exact-symplectic twist maps on the cylinder, see | |. Quite a
lot is known in this case, thanks for instance to the original works of Birkhoff | , |
and to the KAM and Aubry-Mather theories for twist maps. In particular, a general principle is
that the non-contractible invariant circles are the unique obstruction to instability phenomena
such as the drift in the p-variable.

The situation becomes more complicated when generalizing to higher dimension, namely to
Hamiltonians defined on T*T¢, d € N, or, more generally, on the cotangent space T*M of a
d-dimensional manifold M. In this setting, among others the variational approach of Mather and
Fathi’s weak KAM theory has been fruitful, especially in the framework of the so-called Tonelli
Hamiltonians. The Mather, Aubry and Mané sets introduced by Mather and Fathi generalize
the invariant circles and the Aubry-Mather sets for twist maps, and provide at the same time
both an obstruction and a dynamical skeleton for the instability phenomena. This has allowed a
better comprehension of the mechanisms underlying the phenomenon of Arnold diffusion which
was firstly exhibited in the seminal paper | | on a concrete example.

Some studies have also been devoted to the following different generalization: one keeps the
dimension d = 1, and consider instead a family of several twist maps at once, which can be
iterated in any order. Following | ], we shall call such a system a polysystem,' and polyorbits
its (discrete-time) trajectories, see Definition 1 for more rigour. Of course, the trajectories of a
map in the family are also trajectories for the polysystem, thus the polysystem presents at least
the same unstable behaviors as the single maps in the family. Nevertheless, one expects new kinds

'The expression Iterated Functions System is also used to designate these systems.
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of unstable behavior possibly to be created: some obstructions for a map may be circumvented by
non-trivial iterations of other maps in the family. Moeckel | |, Le Calvez | | and Jaulent
[Jau] have studied this problem, extending some results for single twist maps to the polysystem
case. In particular, the general emerging principle is that the unique obstructions to instability
phenomena, such as the drift in the p-variable, are the common non-contractible invariant circles.

In this paper, we try to merge both generalizations, i.e. we deal with a family of several
Hamiltonians in arbitrary dimension and we investigate the presence of unstable polyorbits
(often we will call them “diffusion polyorbits” or “connecting polyorbits”). More precisely, we will
consider the polysystem associated to a family F of one-periodic Tonelli Hamiltonians? defined
on the cotangent space of a compact d-dimensional manifold M without boundary. Just as in the
one-dimensional twist map case, one expects that some new unstable behavior may be created
by non-trivial iterations of the time-one maps of the family. On the other hand, unlike the
single-Hamiltonian case, there is not a definition of Mather, Aubry and Mafié sets for polysystems,
hence one may expect the obstructions to come expressed in terms of some more complicated
objects.

Our discussion will be in the framework of weak Kam theory, for which we refer to [I'at]. The
ideas will be close to those in Bernard’s paper | |, of which the present work may be seen as a
generalization to the polysystem case (especially of Section 8 in that paper). We call our method
for the construction of unstable polyorbits “Mather mechanism”, after the paper | | which
introduced some of the basic ideas of the construction. In | | a slightly different “Arnold
mechanism” is also presented, more reminiscent of the aforementioned paper | |.

The results which we obtain are rather abstract in nature: essentially, they give sufficient
conditions in order for the diffusion orbits to occur between two cohomology classes (in the sense
of Proposition 2). The conditions are encoded, locally around a cohomology class ¢, in a subspace
R(c) of “allowed cohomological directions for diffusion” (Theorem 3). This subspace is in turn
defined (cf. (1.5.2) and Proposition 29) in terms of some sort of generalized Aubry-Mather sets
for the polysystem (the sets Zg(G) defined in Remark 11(i)), which may be in principle quite
difficult to decipher. We believe that the generality of our construction may compensate for this
abstract character. Moreover, some further study may lead to more transparent conditions, at
least in presence of additional hypotheses. For instance, in the twist map case we are able to
recover “concrete” and “optimal” results (see Corollary 4), similar to those already proved with
different methods by Le Calvez and Moeckel, and extending some other results of Mather in
| | for a single twist map.

On the negative side, using a result of Cui | | we show that, if (in arbitrary dimension)
the Hamiltonians in the family commute, our mechanism does not give rise to new instability
phenomena, which is somehow expected.

As for the interest in studying Hamiltonian polysystems, let us mention that a motivation
lies in the fact that the behavior of some complex single-Hamiltonian systems may be to some
extent reduced to the analysis of simpler polysystems. We are aware for instance of a work of

2We recall that a one-periodic Tonelli Hamiltonian is a C? function H (z,p,t) defined on 7% M x T which
is strictly convex in p (with positive definite Hessian 8§H > 0), superlinear in p, and whose Hamiltonian
flow is complete.



Chapter 1. Connecting orbits for families of Tonelli Hamiltonians 25

Bounemoura and Pennamen | |, where the polysystem approach is used in a neighborhood of
an invariant normally hyperbolic manifold, and some works of Marco therein cited.

1.1.1 Main results

Before introducing our results, let us review the kind of statements which we want to generalize.

For an exact-symplectic twist map F' on the cylinder T x R, the archetypal instability result is
the following: if, for A < B, the annulus T x [A, B] C T x R does not contain any non-contractible
invariant circle, then there exists an orbit (x,,p,)nez such that pg < A and py > B for some
N € N. This dates back to Birkhoff | , |, and has been improved in various ways.
Two improvements in the framework of Aubry-Mather theory for twist maps will be relevant to
us. The first states that if M, and M,,, are two Aubry-Mather sets for F' of rotation number w;
and wy respectively, such that there is no non-contractible invariant circle between them, then
there exists an orbit {2z, = (zn,Pn)}nez C T x R such that

a-lim 2z, € M,, and w-1lim 2z, C My,.

The second states that if (w;);cz are rotation numbers such that, for any i, there is no non-
contractible invariant circle between the Aubry-Mather sets M., and My, , then for every
sequence (g;); of positive number there exists an orbit which visits in turn the &;-neighborhood of
M,,,. Both these results are due to Mather, we refer to | | for precise statements.

Of course, for a twist map, non-contractible invariant circles do represent obstructions to the
drift in the p-variable, because they disconnect the cylinder, hence the previous statements are
optimal. Therefore the principle stemming from these results is that non-contractible invariant

circles are the only obstruction to this kind of instability.

For a family of exact-symplectic twist maps on the cylinder, the generalization of the Birkhoff
result above obtained by replacing in the statement ‘non-contractible invariant circle” with
“common non-contractible invariant circle” is true. This and other stronger results have been
proved by Moeckel, Le Calvez and Jaulent | , , |. Again, a common non-contractible
invariant circle obviously is a real obstruction to the drift in the p-variable, whence the optimality
of these results and the principle that, for a polysystem of exact twist maps, the common
non-contractible invariant circles are the only obstruction to this kind of instability.

For the case of a single Hamiltonian in higher dimension, usually only sufficient conditions for
the existence of unstable orbits can be proved. A great amount of work has been devoted to this
topic. Our approach is close to the one of Mather in | | and of Bernard in | | (see also
| , , |). Their results are better expressed in terms of cohomology classes rather
than rotation vectors: in their papers, the authors define equivalence relations in H'(M,R) such
that equivalence between classes implies existence of diffusing orbits between the corresponding
Aubry sets. The obstruction for the equivalence is represented, roughly speaking, by the size of
the Mané sets. Notice however that, unlike the one-dimensional case, the obstructions for the
equivalence may not always correspond to real obstructions for the dynamics. Nevertheless, if
d =1 the obstructions to the equivalence turn out to be exactly the non-contractible invariant
circles. Therefore, the results on twist maps mentioned above are recovered, and the equivalence
relation is then optimal in this case.
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The present paper has the same structure: we define (in terms of pseudographs and of the
flows of the Hamiltonians in the family F, see Sections 1.2 and 1.3) an equivalence relation
- between cohomology classes, which is a natural adaptation to the polysystem case of the
relation = introduced in | |. We then prove that the occurrence of such a relation implies
the existence of diffusing polyorbits, in the sense of Proposition 2. We find sufficient conditions
(in terms of the “homological size” of some sort of generalized Aubry sets) which ensure, locally
around a given class ¢, the occurrence of the relation. If d = 1, this conditions turn out to be also
necessary, hence the relation is optimal in this case. For F composed by a single Hamiltonian,
our results exactly reduce to the one in Section 8 of | |.

More precisely, let F be a family of one-periodic Tonelli Hamiltonians on T* M, where M is a
d-dimensional compact manifold without boundary. For H € F, we denote by

bu: T*M — T*M

the time-one map of the Hamiltonian flow of H. Let us first rigorously define what we mean by
polyorbit.

Definition 1 (F-polyorbit). A bi-infinite sequence {zp}nez C T*M is a F-polyorbit (or, simply,
a polyorbit) if for every n € Z there exists H € F such that

¢H(zn> = Zn+1-

A finite F-polyorbit (or, simply, a finite polyorbit) is a finite segment (2o, 21,...,2N) of a
F-polyorbit. We then say that the finite polyorbit joins zy to zp.

Given two subsets S, S’ C T*M, we say that S is joined to S" by a finite polyorbit if there
exist a finite polyorbit joining z to 2’, for some z € S and 2’ € S'.

Let Ag(c) and My (c) be the Aubry and Mather sets of H of cohomology of ¢, as defined in
| | or [Fat]. Their definition is also recalled in Subsection 1.4.5.
We have (Section 1.3):

Proposition 2. There exists an equivalence relation -z on H'(M,R) such that:

- ifedr then for every H, H e F there exists a polyorbit which is a-asymptotic to the
Aubry set Ag(c) and w-asymptotic to Ag/(c);

- if c £ d and if n,n’ are one-forms of cohomology ¢, respectively, then there exists a
finite polyorbit joining Graph (n) to Graph (n);

- let (i, Hiy&i)iez € HY(M,R) x F x |0, +o00| such that ¢; -5 ci11 for every i. Then
there exists a polyorbit visiting in turn the €;-neighborhoods of the Mather sets /\;lHZ(CZ)
Moreover, if (c;, H;) = (¢, H) for i small enough (resp. i big enough), then the polyorbit
can be taken a-asymptotic to Ag(€) (resp. w-asymptotic to Ag()).

The main result is Theorem 31. Let us state it here for finite F, even if it will hold under a
weaker assumption.
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Theorem 3. Assume F is finite. Then for every ¢ € H'(M,R) there exist a vector subspace
R(c) € HY(M,R), a neighborhood W of ¢ and ¢ > 0 such that

d 4+r d+B.R(c) VdeW.

Of course one needs to have information on the subspace R(c) for the result to be interesting.
The definition of R(c) is rather abstract and not too easy to handle (cf. the definition given in
(1.5.2) and some equivalent expressions given in Proposition 29).

Nevertheless, we are able to prove (Proposition 33) that if there exists a Cb! weak Kam
solution of cohomology ¢ which is common to all the Hamiltonians in F, then R(c) = {0}. In
addition, if d = 1, the viceversa is true: if R(c) = {0} then there exists a C1'! weak Kam solution
of cohomology ¢ common to all Hamiltonians in F, i.e. a common non-contractible invariant
circle.

This fact, together with Theorem 3 and Proposition 2 yields the following result for families
of twist maps (no additional assumptions on F will be eventually needed):

Corollary 4. Let us consider the polysystem associated to an arbitrary family F of one-periodic
Tonelli Hamiltonians on T x R. Let us make the identification H'(T,R) = R. If, for some
A < B €R, the family F does not admit an invariant common circle with cohomology in [A, B],
then:

(i) there exists a polyorbit (xy, pn)nez satisfying po = A and py = B for some N € N;

(i) for every H,H' € F and every c,c’ € [A, B] there exists a polyorbit a-asymptotic to the
Aubry set Ag(c) and w-asymptotic to Ag:(c');

(ii) for every sequence (c;, Hj, €;)icz C [A, B] X F x]0, +00[ there exists a polyorbit which visits
in turn the €;-neighborhoods of the Mather sets My, (¢;).

When d > 1 some information can still be extracted from the subspace R(c). A sample of
what can be obtained is presented in Proposition 35. Roughly speaking, among the obstructions
which prevent R(c) from being large, we find:

- for every finite string Hi, ..., H, of elements of F, the invariant sets for the map
¢ = ¢mH, 00 du;

- for every pair Hi, Hs of elements of F, for every c-weak Kam solution u; for H; and dual
c-weak Kam solution us for Hs, the set

Graph (du1) N Graph (dus).

However, unlike the twist map case, such obstructions must be intended in a “negative” way: their
smallness is a sufficient condition for R(c) to be large, the converse being not necessarily true.
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1.1.2 Structure of the paper

The paper is organized as follows. In Section 1.2 we establish some notation and recall some facts
about pseudographs and semiconcave functions.

In Section 1.3 we define the forcing relation Fr and the mutual forcing relation 4z, and we
show, like in | |, how the occurrence of such relations implies the diffusion for the polysystem
(Proposition 7).

In Section 1.4 we present the objects needed later to put in place what we call the Mather
mechanism: Lagrangian action, Lax-Oleinik operators, operations on costs (minimum, composi-
tion) and families of costs. Eventually we build the semigroup ¥2° which acts on the space of
pseudographs and encodes informations on the underlying polysystem dynamics. The Subsection
1.4.5 gathers some needed results in weak Kam theory, rephrased in the language of pseudographs.

In Section 1.5 the Mather mechanism for the construction of diffusion polyorbits is put in
place. The basic step of the mechanism is proved in Subsection 1.5.2. Then we heuristically show
the application to the twist map case in Subsection 1.5.3. Finally, in Subsection 1.5.4 we define
the subspace R(c) and we prove a general abstract result (Theorem 31) which gives sufficient
conditions for the occurrence of the relation —x in terms of R(c). We subsequently apply the
result to some special cases (such as twist maps and commuting Hamiltonians), and we discuss
the properties of R(c) in relation with the dynamics of the polysystem.

1.2 Notation. The space of pseudographs

In this section we recall from | | some facts about pseudographs. We refer to that article for
a more detailed introduction.

Let M be a d-dimensional compact connected manifold without boundary. We denote by
Q) the set of smooth closed one-forms on M and by « the projection from the cotangent space
T*M to M. If n € Q we denote by [n] € H'(M,R) its cohomology class and, for S C Q,

[S] =A{[n] : n € S}
If u: M — R is a Lipschitz function and n € 2, then the pseudograph G, C T*M is defined
by
Onu = {(x,ne +duy) : © € M and du, exists} .

Let us call F the set of pseudographs:
E={Gyu:n€QuecLip(M)}.
Note that

gﬁv“ = gﬁ-i-df,u—f

for any smooth function f: M — R. Viceversa, if G, ,, = G,y then, setting f = u — o/, it is not
difficult to check that f is smooth, n’ = n+df and ' = v — f. In particular, the cohomologies of
n and 1 are equal. Thus the cohomology of a pseudograph G is well defined, and we denote it by
c(9). If G = G, for some 7 and u, then

c(G) =[] € H'(M,R).
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It is not difficult to see that E is a vector space. In fact, it may be regarded as a quotient of
Q2 x Lip(M) by the subspace {(n,u) : n = —du} = {(n,u) : G« = Go,0}. The operations of sum
and scalar multiplication are explicitly given by

gn,u + gu,v = gn+1/,u+v ) A gr],u = g)\n)\u for A e R

(this does not depend on the chosen representatives (n,u) and (v,v)).
We have the following identification of vector spaces, which will be extensively used throughout
the paper:
E =~ HY(M,R) x (Lip(M)/ ~)

where the relation ~ means up to the addition of constants. Given a linear section S: H'(M,R) —
Q (i.e. [S(¢)] = ¢), an isomorphism performing the above identification is given by

H'(M,R) x (Lip(M)/ ~) —» E

(C, u) — gs(c),u.

The space E can be given a norm via the formula

1Gs().ull = llellar + lul,

where |u| denotes half the oscillation of u, i.e. |u| = (maxw — minwu)/2. Changing the section S

or the norm || - || g1 gives rise to an equivalent norm. In the rest of the paper, S and || - || g1 will

be considered as fixed. Everything will be well-defined regardless of this choice. With a little

abuse of language, we will often write ¢ in place of S(c), for instance G.,, in place of Gg(c)u-
We will be mostly concerned with a proper subset of F/, namely

P={Geu:ce HY(M,R),u: M — R semiconcave }.

Here and throughout the paper, the term ‘semiconcave’ stands for the more accurate expression
‘semiconcave with linear modulus’. Some basic properties of semiconcave functions are reviewed
in Subsection 1.2.1.

Every G € P is called an overlapping pseudograph (the motivation behind this terminology is
given in | , Section 2.9]). The set P is closed under sum and multiplication by a positive
scalar, but not under difference or multiplication by a negative scalar. In fact, the dual set P of
anti-overlapping pseudographs is defined as

P=_P= {Gew i c€ HY(M,R),u: M — R semiconvex } .
If c€ HY(M,R) and C C H*(M,R), the symbols P, and P stand for

P.={GeP:c(G)=c}, Pc=|]JP.

ceC

and analogously for P, and Pc.
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Given a subset N C M and a pseudograph G, we denote by G|y the restriction of G above N,
that is G N 7r*1(N).
Given G =G, € P. and G = G, € P (with the same c¢) the set

GAGC M

is defined as the set of the points of minimum of the difference © —v. This is a non-empty compact
set because M is compact. Moreover, the semiconcavity of both u and —v implies the following
property: for every z in G A G both dug and dv, exist, and they coincide. As a consequence, for
any c¢ and any couple (G, ,C’;) e P, x P, the following definition yields a non-empty subset of T M:

GAG = Gigng = Gigrg =9NGNT H(GAG) CGNG

and the last inclusion may be strict in general. The set GAG is compact and is a Lipschitz graph
over its projection G A G , by properties of semiconcave functions.

Finally, let us observe that €2 can be naturally regarded as a subset of PN PP. The inclusion is
given by 7+ G, o = Graph (n).

1.2.1 Semiconcave functions

Let us make a brief digression about semiconcave functions. Recall that for us ‘semiconcave’
means ‘semiconcave with linear modulus’. We refer to | | for a comprehensive exposition in
the Euclidean case. On a manifold, the notion of semiconcavity is still meaningful, but the one
of semiconcavity constant is chart-dependent. Nevertheless, by taking a finite atlas as shown in
[ , Appendix 1] it is still possible to give meaning to the expression “u is C-semiconcave” for
a real-valued function defined on a compact manifold and C' € R. Hence we can define the best
semiconcavity constant of u as

sc(u) = inf{C € R : u is C-semiconcave}.

It will depend on the particular finite atlas, but this choice will not affect our results.
We now recall some properties which are well-known in the Euclidean case and which hold
true in the manifold case as well. We refer to | , Appendix 1] for a more detailed exposition.
We have

sc (igf{ux}) < sup{sc(uy)}, (1.1)
A

for any family of functions {u)}x, provided that the infimum is finite. Moreover, if u,, converges
uniformly to u, then
sc(u) < liminf se(uy,). (1.2)

A semiconcave function is differentiable at every point of local minimum (and the differential is
0). We also have: if u and v are semiconcave and if x is a point of local minimum of u + v, then
both u and v are differentiable at x, and du, + dv, = 0.

A family of functions {uy}) is called equi-semiconcave if sc(uy) < C for some constant C
independent of A\. We will use a lot the following fact: a family of equi-semiconcave functions is
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equi-Lipschitz (this follows for instance by adapting Theorem 2.1.7 and Remark 2.1.8 in | |
to the case of a compact manifold).

Finally, the set of semiconcave functions is closed under sum and multiplication by a positive
scalar. A function u such that —u is semiconcave is called semiconvex. A function is both
semiconcave and semiconvex if and only if it is C1!.

1.3 The forcing relation and diffusion polyorbits

Let F be an arbitrary family of one-periodic Tonelli Hamiltonians on M. Let us recall that a
one-periodic Tonelli Hamiltonian on M is a C? function

H:T"M xT—-R
(z,p,t) — H(z,p,t)

which is strictly convex and superlinear in p (for any fixed x and ¢) and whose Hamiltonian flow
is complete. Our goal is to prove existence of diffusion polyorbits for the family JF, in the sense
discussed in the Introduction. In this section, we first adapt to the polysystem framework the
notion of forcing relation, which was introduced in | | for the case of a single Hamiltonian.
Then we show (Proposition 7) how this relation implies the diffusion: roughly speaking, if the
cohomology class ¢ forces the class ¢/, then there will exist diffusion polyorbits from the cohomology
¢ to the cohomology ¢, in a sense which will be made precise in the proposition. The aim of the
later sections will then be to give sufficient conditions for the forcing relation to occur between
two cohomology classes.

Let us recall that we denote by ¢z : T*M — T*M the time-one map of a Tonelli Hamiltonian
H. We define ¢r of a subset S C T*M as follows:

or(S) = [ ou(9),

HeF

and we recursively define ¢+ (S) = ¢x(¢%(S)). Given two subsets S and S’ of T*M, we write

N
Stnr S & 5 en(s).
n=0

We write S Fr S, and we say that S forces S’, if S Fy r S for some N € N. Note that, for
2,2 € T*M,

{2} k£ {2’} & there exists a finite F-polyorbit joining z to 2’.

(We shall often write z Fx 2’ to lighten notations.) In fact, we will mainly be interested in the
case in which S = G and S’ = G’ are two pseudographs in P. Let us make explicit that

GFr G & for every 2/ € G’ there exists z € G and a finite F-polyorbit

joining z to 2’ (with an uniform bound on the length of the polyorbit).
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We are now going to extend the definition of £ to cohomology classes. If W and W’ are two
subsets of P, we write

Whyr W &L vGeW 3¢ eW :GHyrG.

We write W Fr W, and we say that W forces W', if W -y W’ for some N € N. If W = P, or
W = P, for some ¢ € H'(M,R) or C C H'(M,R), we simply write ¢ or C in place of P, or P¢.
Similarly for W' = P.. So, for instance, if ¢ and ¢’ are two cohomology classes, the relation

C l_N,]-' C/

means that for every G € P, there exists G’ € P such that G - N,F g'.

The relation - is reflexive and transitive (between subsets of 7*M as well as between subsets
of P, and in particular between cohomology classes as well). In the sequel, it will be useful to
consider the symmetrized relation 4 on the cohomology classes defined by

def
crc =N cFrd and dFre

If ¢ 47 ¢, we say that ¢ and ¢’ force each other. The following fact follows directly from the
definitions.

Proposition 5. The relation =7 is an equivalence relation on H'(M,R).
We also have:

Proposition 6. Let ct7 . Then for any G € P. and any G’ € P there exists a finite polyorbit
joining G to G'.

Proof. Let us fix G € P. and G’ € Pu. Since ¢ -x ¢, there exists G € Py such that G - G”,
which means that for every 2” € G” there exists a finite polyorbit joining G to z”. Note that the
intersection G’ N G” is not empty, because it contains the non-empty set G'’AG” (see Section 1.2).
Taking z” in this intersection, we get a finite polyorbit joining G to G'. 0

We can now restate and prove Proposition 2 about the existence of diffusion polyorbits. The
proof is essentially the same as in | , Proposition 5.3|.

Proposition 7.

1. Letctxc. Let H H' € F and n,n' be two smooth closed one-forms of cohomology ¢ and
c respectively. Then:
(i) there exists a polyorbit which is a-asymptotic to Ag(c) and w-asymptotic to Ag(c);
(i1) there exists a finite polyorbit joining Graph (n) to Graph (n');

(iii) there exists a polyorbit (z,)nez which satisfies zg € Graph (n) and is w-asymptotic to
-’Z{H’ (Cl);
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(i) there exists a polyorbit (z,)nez which is a-asymptotic to Ag(c) and satisfies zy €
Graph (7).

2. Let
(ci, Hi,ei)icz € H'(M,R) x F x 0, +00]

such that ¢; b c¢iy1. Then there exists a polyorbit (zp)nez which visits in turn the ;-
neighborhoods of the Mather sets My, (c;). Moreover, if (¢;, H;) = (&, H) for —i large
enough (resp. i big enough), then the polyorbit can be taken a-asymptotic to AH(E) (resp.
w-asymptotic to Az (€)).

Proof of 1. The proof of any one of the four statements relies on a suitable application of
Proposition 6.

Let us start with (7). As it is well-known, there exist a c-weak Kam solution u for H and a
dual ¢-weak Kam solution v’ for H’. It is also known that w is semiconcave and u’ is semiconvex.
Let us consider the associated pseudographs G = G.,, € Pc and G’ = Gy v € P,. By Proposition
6, there exists a finite polyorbit (zi)ﬁ\io joining G to G'. Moreover, by a general property of weak
Kam solutions (see | , Proposition 4.3]), every point in G is a-asymptotic for the flow of H
to Ag(c) and every point in G is w-asymptotic for the flow of H' to Ag(¢/). This implies that
we can extend the finite polyorbit (2;))¥, to a bi-infinite one satisfying the requirements in (4).

For (i), let us consider G = Gn,0 and g = gnxyo. Since 1 and 7’ are smooth, both G and
G’ belong to P. N P,. Hence the Proposition 6 immediately yields a finite polyorbit joining
G = Graph (1) to G’ = Graph (/).

The proof of statements (ii7) and (iv) is similar. 0O

Proof of 2. Tt is a natural adaptation of the proof in | , Proposition 5.3 (ii)]. 0O

1.4 Lagrangian action and Lax-Oleinik operators

In this section we introduce the objects needed to put in place, in Section 1.5, the Mather
mechanism for the construction of diffusion polyorbits. For this aim, it is more convenient to
adopt the Lagrangian point of view on the dynamics rather than the Hamiltonian one.

Let us quickly recall some basic facts about the Lagrangian point of view: to any one-
periodic Tonelli Hamiltonian H: T*M x T — R one can associate a one-periodic Lagrangian
L: TM x T — R via the Fenchel-Legendre transform, i.e.

L(z,v,t) = sup {p(v)— H(z,p,t)}, reM,veT, M, teT.
peTF M

The Lagrangian L turns out to be Tonelli as well, in the sense that it is C?, it is strictly convex
in v (with positive definite Hessian 92 > 0), superlinear in v, and the associated Euler-Lagrange
flow on T'M x T is complete. This flow is conjugated to the Hamiltonian flow of H on T*M x T.
Moreover, the Fenchel-Legendre transform applied to L yields H back. We refer to [Fat] for the
proofs of all these facts.
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Starting from our family F of one-periodic Tonelli Hamiltonians, we thus dispose of an
associated family of one-periodic Tonelli Lagrangians, which we shall still denote by the same
symbol F. For instance, depending on context, both expressions L € F and H € F will be used.

1.4.1 Outline of Section 1.4

The general idea is to translate the dynamics of the family F into a simpler dynamics on
pseudographs, by means of the characterization of the former in terms of minimal action and
Lax-Oleinik operators.

Subsection 1.4.2. We recall the definition of time-one action of a Tonelli Lagrangian, along
with the properties which are important for the sequel (Proposition 8).

Subsection 1./4.3. We associate to the time-one action (and, more generally, to any cost, i.e. any
continuous function on M x M) a Lax-Oleinik operator, in the usual way. This Lax-Oleinik
operator can be interpreted also as an operator on pseudographs (formula (1.6)).

The properties of the time-one action, which have been recalled in Subsection 1.4.2, nicely
reflect in properties of the corresponding Lax-Oleinik operator (Remark 11). These nice properties
are not lost under some operations on costs such as minimums and compositions (Proposition 13).

Subsection 1.4.5. We review how the language of pseudographs allows to concisely rephrase
some aspects of the weak Kam theory for one Tonelli Lagrangian. From the viewpoint of the
present article, this may be regarded as a special case in which our family F is a singleton.

Subsection 1.4.06. We generalize the Subsection 1.4.5 to the general case in which F is not a
singleton. The key object is, for every cohomology ¢, a large semigroup ¥2° (depending on F)
of Lax-Oleinik operators on the space P. of pseudographs of cohomology c. This semigroup is
essentially the one generated by the time-one actions of the Lagrangians in F with respect to the
operations on costs introduced in Subsection 1.4.3. As we will see, the dynamics on P, of the
semigroup 22° is related to the dynamics on 7" M of the semigroup generated by the time-one
maps ¢, H € F.

Crucially, the semigroup ¥2° will contain, after passing to the limit, the operators associated
to the Peierls barriers of the Lagrangians in F, along with their successive compositions. This
aspect, together with the possibility of “shadowing” these operators with “finite-time” ones, will
be at the heart of the Mather mechanism in the next section.

1.4.2 Properties of the Lagrangian action

Given a one-periodic Tonelli Lagrangian L on M and a closed smooth one-form 7, the time-one

action Ay ,: M x M — R is defined by

1
Apy(y, ) :7<0):r5,iﬁ1):x /U L(y(),4(t), ) — 0y (3(¢)) dt (1.3)

where the minimum is taken over absolutely continuous curves . It is well-known that minimizers
exist. The following important properties of A;, are also known.

Proposition 8.
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(1) Appvar(y,x) = Apy(y, @) + f(y) — f(x); this is immediate from the definition.

(i) n — Ap, is continuous if ) is endowed with the topology induced from the space of
pseudographs E introduced in Section 1.2.
In view of (i) above, this is equivalent to the continuity of ¢ — Ap s(c)- For a proof of this
last fact, see [ , Appendiz B.6].

(iii) Ar,, is semiconcave. Even more, if C C H'(M,R) is compact, then {AL.s(0) feeC s
equi-semiconcave (for a proof see [ , Appendiz B.7]).

() 0z ALy (y,x) exists if and only if OyAr n(y,x) exists and in this case we have

(l’, Nz + aTALﬂ?(y7 l’)) = ¢H (ya Ty — ayAL,??(ya l’)),
where H is the Hamiltonian associated to L.

The time-n action A7 is defined by letting A} = Ay, and by induction
A’ﬂl (y,x) = greuj\% {A’im(y, z) + Ale(z7 x)}

or, equivalently,

n
Ay o) = win [ LO@0.0) - G0 db
Y(0)=y,y(n)=z Jo
the minimum being over absolutely continuous curves.
It is well-known that, given L, there exists an unique function a: H'(M,R) — R such that
the function

By, @) = liminf A2 (y,) + na((n)

is real-valued for every n; the family hy, = {hr,}y is called the Peierls barrier of L. It clearly
satisfies the property (i) of Proposition 8; it also satisfies the property (iii), the proof of this fact
will be recalled in Subsection 1.4.5.

1.4.3 Lax-Oleinik operators

For any compact space X, the set of real continuous functions C'(X) will be endowed with the
standard sup-norm || - ||oc. Any continuous function A € C(M x M) will be called a cost. We
will regard the time-one actions Ay, of the previous subsection as very special costs.
To any cost A, it is possible to associate the Lax-Oleinik operator T'4: C(M) — C (M) defined
by
Tyu(a) = min {u(y) + A@w.2)}, e C(M)

and the dual Lax-Oleinik operator T4 : C(M) — C(M)

Tau(y) = max {u(z) — A(y,2)},  uweC(M).
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We call Z4(u) € M the set of points y such that Tqu(z) = u(y) + A(y, =) for some x. Let us now
list without proof some basic properties of these objects. Note that basically every property of
T4 has a dual counterpart in a property of T4, even though we do not always explicit it. Recall
that | - | indicates half the oscillation of a function.

Proposition 9. Let A be a cost and u be a continuous function on M.

(i) The minimum and the mazimum in the above formulas for Tau and Tau are actually
achieved; Tau and Tau actually belong to C(M);

(i1) if A" is another cost and u' another continuous function, then

ITartd = Taullso < 4 = Alloe + [ = ulcc, »
\TA/u’—TAu] < |A,—A| + \u'—u| '

(11i) Za(u) is compact and non-empty;
(iv) the set-valued function (A,u) — Za(u) is upper-semicontinuos;
(v) for every A and u, we have TyTau < u and

Za(u) ={y € M : TaTsu(y) = u(y)} = arg min {u-— TATAu}.

(vi) for every A and u, we have

TATATA u="Tyu and TATATA U= TA u;

(vii) if A is semiconcave, then Tau is semiconcave for any u, and sc(u) < sc(A).

We are going to consider families of costs indexed by closed smooth one-forms. Let us give
some definitions.

Definition 10. Let A = {4, },cq be a family of costs indexed by the closed smooth one-forms.
We say that A is:

(1) geometric if A, is Lipschitz for every n and
Aprar(y, @) = An(y, ) + f(y) — f(x)  V feCP(M); (1.5)
(i1) continuous if
Q>n— A, s continuous

when  is endowed with the topology induced from E, see Section 1.2. Note that if a family
A is geometric, the continuity of ¢ — Ag ) is sufficient in order to have the continuity of
N Ay; here S is the linear section chosen in Section 1.2;

(iii) locally equi-semiconcave if, for any compact C C H'(M,R), the family {As(e) feec s
equi-semiconcave;
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(iv) of F-flow-type if there exists N € N such that the following holds:

the partial derivatives 0, Ay(y,x) and OyAy(y,x) exist
= (y7 Ny — ayA’I](yv CC)) I_N,]: (33, Ny + axAn(yv l‘))

for any n and for any (y,x). We say that A is of N, F-flow-type if we want to specify the
N.

If all the above conditions are satisfied, we say for short that A is a F-family.

Observe that the Proposition 8 says that the time-one actions {Ar ,},, L € F, are F-families.
In the next subsection we are going to introduce some operations on costs which will preserve the
property of being an F-family. This will allow to use the Lagrangian time-one actions as “basic
bricks” to build many F-families of costs.

The utility of F-families comes from the following remark.
Remark 11.

(i) If A= {A,},eq is a geometric family of costs then

Tayp(u—f) =Ta,(u) - f.

Hence, an induced operator on pseudographs ®4: £ — F is well-defined by

@A(gn,u) = gn,TAnu (16)

as well as its dual counterpart
B4(Gr) =Gy 1,

Note that both operators preserve the cohomology of G, i.e. ¢(®4(G)) = ¢(P4(G)) = ¢(G).

If A’ is another geometric family of costs, and if G = gc,u,g’ = Qo € E are two
pseudographs, we have the following inequality:

124(G) = @a(G)lE = lle = €[l + |Ta,u — Tar, 0|

/ / (1.7)
<G -Glp+|Ac — Avl

which follows from (1.4).

In the same spirit, Za, ,,.(u — f) = Za,(u), thus the set T4, (u) is also well-defined on
pseudographs, and we will denote it by Z4(G) or Zg,(G). Items (v) and (vi) in Proposition
9 translate respectively into

TA(G) =GADADA(G). (1.8)

and
q)A(i)ACI)A:(I)A, (i)ACI)A(i)A:i)A. (1.9)
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(ii) If {A,}, is a continuous geometric family, then ®4 is continuous thanks to the estimate
(1.7). Moreover, Z4(G) is upper-semicontinuous viewed as a (set-valued) function from E
to M. Indeed, the composition

(na U) = (Am u) = IAn (u)
is upper-semicontinuous (thanks to Proposition 9(iv)), and this remains true when passing

to the quotient space of pseudographs.

(iii) If {A;}peq is a locally equi-semiconcave geometric family, then ®4(P) C P and ®4(Pc¢) is
relatively compact for all compact C C H'(M,R). This is a consequence of Proposition
9(vii) and the Ascoli-Arzela Theorem (recall that equi-semiconcave implies equi-Lipschitz).
The analogous result holds true for Dy.

(iv) If {A,}, is a N, F-flow-type, locally equi-semiconcave and geometric family of costs, then
Gza0) FNF ©a(G)  VGEP (1.10)

This important fact is obtained by writing G = G, ,, and then applying Proposition 12
below. The dual statement is also true and is proved analogously. It can be expressed as

G FN-F ®al@) VGEP

Here we have denoted by —F the family {—H : H € F}; its elements are not Tonelli
Hamiltonians but the relation F_ £ is still meaningful. We have also denoted by Z4(G) the
set of points x € M such that T4, u(y) = u(zx) — Ay(y, z) for some y (and 7 and u are such

that G = G, .).

Proposition 12. Suppose that the family of costs {Ap}ty, is of N, F-flow-type, locally equi-
semiconcave and geometric. Let u: M — R be semiconcave and v = Ta,u. Then, for every x
such that dv, exists and for every y such that v(z) = u(y) + Ay(y, ), we have

the derivative du, exists and satisfies (y,ny + duy) FnF (2,1 + dvg).
Note that such a point y belongs to Zs(Gyu)-

Proof. The proof is essentially the same as in | , Proposition 2.7| but we report it for
completeness. Let = be such that dv, exists, and let y be such that v(z) = u(y) + A, (y, ). From
the definition of T4, , one gets that the function ¢’ +— u(y) + A, (y', ) has a minimum at y. Being
the sum of two semiconcave functions, both of them have to be differentiable at y and

duy + 0yAy(y,z) = 0.

Similarly, the function 2’ — v(z') — A, (y, 2’) has a maximum at x. Since dv, exists by assumption
and —A, is semiconvex, we get that 0, A, (y, z) exists and

dvgy — 0, Ay (y,x) = 0.
Thanks to the N, F-flow-type property we can conclude:
(y, 1y + duy) = (y,ny — 0y Ay(y,2)) FnF (2,00 + 0:Ay(y, ) = (2,7 + dvg).
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1.4.4 Operations on costs and families of costs

There are three quite natural operations on costs. For A, A’ two costs and A\ € R, they are defined
as follows:

(A, N) — A+ A (addition of constant)
(A, A’) — min{A, A"} (minimum,)
(A, A= Ao A(y,z) = mij\l/} {A(y,2) + A'(z,2)} (composition).

ze

It is easily checked that the three of them are continuous in their arguments and that the
associated Lax-Oleinik operators are well-behaved in the following sense: for u € C'(M), we have

Tppau=Tau+ A
Tinga,aryu = min{Tqu, Taru} (1.11)

Tproaw =Ty oTyu.

We can define the same operations on families of costs: for all A = {4,},, A= {A}}, and
all functions A: H'(M,R) — R, we define

(A+ XNy, = A, + X)), min{ 4, A'}, = min{4,, A7}, (Ao A), = A} 0 A,.
The following proposition shows that these operations preserve the fact of being a F-family.

Proposition 13. Let A, A’ be two F-families of costs, and X\: H'(M,R) — R be a continuous
function. Then A+ X, min{A, A’} and A’ o A are F-families as well. Moreover, the semiconcavity
constants are controlled by

sc(A+N)y, = sc(4y)
sc(min{A, A'},) < max{sc(A4,), sc(A;)} (1.12)
sc(A o A), < max{sc(4,), sc(A])}

for each n € Q.

Proof. We have to verify that the four conditions of Definition 10 hold true for the families
A+ A\, min{A, A’} and A’ o A. Conditions (i) and (i7) are easy to check.

In order to prove (i77) (i.e. the local equi-semiconcavity), it suffices to prove the three relations
(1.12). The first is obvious and the second follows from (1.1). For the third, let n € Q. For any
fixed z, each of the functions (z,y) = Ay (y,2) + A} (2, ) is max{sc(A;), sc(4;)}-semiconcave
on M x M. This is a general property for functions on M x M which have the form f(y) + g(x)
with f and g semiconcave. Taking the minimum over z yields (A’ o A),,, without deteriorating
the semiconcavity constant due to (1.1). This proves the third relation in (1.12).

As for the condition (iv), i.e. the F-flow-type property, it is obvious for A + A. Let us prove
it for min{A, A’}. Let n € Q and z,y be such that 9, min{A, A’},(y,z) and 9, min{A, A’} (y, )
exist. If A,(y,r) < A}(y,z) then locally min{A, A'}, = A, and the F-flow-type property of



40 Chapter 1. Connecting orbits for families of Tonelli Hamiltonians

min{A, A’} reduces to the F-flow-type property of A. Similarly if A;(y,z) < A,(y,z). In the
remaining case in which A, (y, ) = A} (y,z) = min{A, A'},(y, r), we have by semiconcavity

aa: Il’lil’l{A, Al}ﬂ(?/? x) = axAﬁ(ya .I‘) = 8IA;7(y7 x)

Oy min{A, A’} (y, ) = 9,4, (y,z) = 8yA;](y, x).
thus the F-flow-type property of min{A, A’} reduces to the F-flow-type property of A or A’
From these considerations we conclude that min{A, A’} is a F-flow-type family. From the proof

just carried out it is also apparent that, if A is of N, F-flow-type and A’ is of N’, F-flow-type,
then min{A, A’} is of max{N, N'}, F-flow-type.

It remains to prove the F-flow-type property for A’c A. Let 1, y, « be such that 9, (A’0 A),(y, x)
and 0, (A’ o A),(y, z) exist. Let z be a point of minimum in the expression

(Ao A)n(y,a:) = irellj\r/} {An(y,z) + A;,(z,:c)}.

Since A;(y,-) + A} (-, ) is the sum of two semiconcave functions, both 9, A, (y, z) and 9, A; (2, x)
exist and they satisfy
0w Ap(y, 2) + 0y Ay (2, ) = 0.

Note also that the function 2’ + (A’ o A),(y,2’) — A} (2,2') has a maximum at 2. Since
0z(A" 0 A)y(y,z) exists by assumption and —A; is semiconvex, we get that 0, A; (z, ) exists and

0x(A" 0 A)y(y, @) — O A} (2,2) = 0.
By similar arguments, one gets that d,A4,(y, z) exists and

0y(A"0 A)y(y, x) — 9y An(y, z) = 0.

Using the relations just derived and the F-flow-type property of A and A’, we finally get

(yv Ny — ay(A/ o A)y(y, 95)) = (?/’ My — Oy An(y, Z)) v (Z’ 1z + Oz An(y, Z))
— (377’2 —ayA;](Z,l’)) l_]-' (xanz+axA;7(zﬂx))
= (2,10 + 02(A' 0 A)y(y, ).

This proves the F-flow-type property for A’ o A. From the proof just carried out it is also clear
that, if Ais of N, F-flow-type and A’ is of N’, F-flow-type, then A’0A is of (N+N'), F-flow-type.

Note that (1.11) implies

D)= Dy, Dpron=PaoPy
Zata(9) =Za(9), ZIminfa,ay(9) CZa(G)UZa(G), Zaoa(9) € Za(9). (1.13)

Instead, we are not able to find an analogous formula for ® ;14 4/3. Let us notice that even
if ® 44\ = @4, the operation of adding a constant is not completely immaterial: it has a role
for operators associated to costs such as min{A + \, A’ + X'}. If X' — X is sufficiently big, then
the corresponding operator will be ® 4, and if A — ) is sufficiently big, the operator will be ® 4.
Intermediate values of X — X will correspond to intermediate situations.
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1.4.5 Weak KAM theory

In this subsection we consider the special case F = {L} and we rephrase in the language of
pseudographs some standard results in weak Kam theory. Some of them have already been used
in Proposition 7, and some others will be used in Section 1.5.

From now on we shall often use the symbol ¢ to denote both a cohomology class and (with
a little abuse of language) the 1-form S(c¢). The context should avoid any confusion. Recall
that S(-) is a once-for-all fixed linear map which associate to each cohomology class ¢ a smooth
closed 1-form having cohomology ¢. The particular choice of the map S(-) is immaterial for our
purposes.

An important role in weak Kam theory is played by the so-called weak Kam solutions. There
are several equivalent definitions for them. The one which we are going to use is: given a Tonelli
Lagrangian L and a cohomology class ¢, a c-weak Kam solution for L is a solution u € C(M) of
the equation

u=Ta, u+ar(c),

where Ay . is the c-time-one action and ay,: H'(M,R) — R is Mather’s a-function appeared in
Subsection 1.4.2. A dual c-weak Kam solution is defined as a solution u € C(M) of the equation

U= TAL,Cu —ar(c)

We say that u is a weak Kam solution (resp. dual weak Kam solution) if it is a c-weak Kam
solution (resp. dual weak Kam solution) for some c¢. The Weak Kam Theorem (cf. [Iat, Theorem
4.7.1]) states that for any Tonelli Lagrangian L and any cohomology ¢ there exists at least one
c-weak Kam solution and one c-dual weak Kam solution. In fact, az(c) is the unique constant
such that the above equations admit a solution (assuming, as we do, that M is compact).

It is no surprise, in view of the definition of ® 4, in (1.6), that the language of pseudographs
allows to concisely reformulate these concepts. From that definition it is indeed immediate that:

u is a c-weak Kam solution for L < G, is a fixed point of ®4, . (1.14)

In view of this, we shall call weak Kam solutions as well the fixed points of ®4,, and c-weak
Kam solutions the fixed points in P.. Analogously for dual weak Kam solutions, with d4 in place
of ® 4. Notice that two c-weak Kam solutions v and v’ differing by a constant correspond to the
same weak Kam solution G, = G, ..

Another important object in weak Kam theory is the Peierls barrier hr, introduced in
Subsection 1.4.2. Let us point out that

hie= lim lim min{A}  +na, A7t + (n+ 1a, ..., A7, +ma}, (1.15)

n—00 M—r00 ’ ’ )
and that, by Proposition 13, the families of costs appearing in the right-hand side are locally
equi-semiconcave in the sense of Definition 10, with a local (in ¢) common bound for their
semiconcavity constants. Hence, they have a local (in ¢) common bound for their Lipschitz
constants. By the Ascoli-Arzela theorem, this implies that the two limits are uniform (for
any fixed ¢). Since uniform limits preserve semiconcavity constants, we get that the family of
costs hy, is locally equi-semiconcave in the sense of Definition 10. In fact, by (1.12) we have
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sc(hr,c) < sc(Ar,.) for each c. Remark 11(iii) thus applies, i.e. @3, (P¢) is relatively compact in
P for every compact C C H'(M,R).
The next proposition reformulates in our language the well-known identities
min {hro(y,2) + ALe(z, ) + as(0)} = hoely. ).
21}\1} {Apc(y,2) + hpe(z,2) + ap(c)} = hpo(y, ),
min {hLo(y,2) + hre(z )} = hro(y,a)  Vyo € M.

Proposition 14. Let hy, = {hp}c be the family of costs associated to the Peierls barrier of L.
The following identities hold true:

Dy, 0Py, =Py,
Pp, 0Py, =Ppy

(I)h o (I)hL = (I)hL

L

This proposition has important consequences. Indeed, it implies the following characterizations
of weak Kam solutions.

Proposition 15. Let L be a Tonelli Lagrangian, ¢ € H*(M,R) and u: M — R be a continuous
function. The following are equivalent:

(i) w is a c-weak Kam solution for L;
(it) Geu is a fized point of @4, ;
(111) Ge is a fized point of @y, ;

(v) Geu belongs to the image of @y, .

)

The dual statement obtained by replacing ‘c-weak Kam solution’ with ‘dual c-weak Kam solution
and ® with ® is also true.

Proof.
(i) < (7i) has been already pointed out in (1.14);
(13i) = (4i): let G be such that ®,, (G) = G. We then have, by Proposition 14,

Pu(G) =Pa, Py (G) = Pn (G) =G;

(7i1) = (iv) is obvious;
(iv) = (ii): let G € ®p,, (E); then there exists G’ € E such that @5, (G’') = G. By Proposition 14,

O, (G) = Pn, Pn (G) = P, () = G;

(13) = (ii7): for a given G € P, the set of costs A such that ®4(G) = G is closed under addition of
constants, finite minima, compositions and uniform limits. From ®4, (G) = G and expression
(1.15) we thus get @5, (G) = G.
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The dual statement is proved analogously. 0

Since the image of ® 4, is contained in P and the image of d A, is contained in }fb, the previous
proposition clearly implies that weak Kam solutions belong to P and dual weak Kam solutions
belong to P. Ind= 1, it is known that the non-contractible invariant circles are exactly the
pseudographs which are both weak Kam solutions and dual weak Kam solutions.

The following proposition will be crucial in the proof of Proposition 33. As usual, H denotes
the Tonelli Hamiltonian associated to L via the Fenchel-Legendre transform.

Proposition 16.

(i) A weak Kam solution G C T*M is subinvariant for ¢ (i.e. ¢5*(G) € G). A dual weak
Kam solution is subinvariant for ¢ ;

(i1) if G is a weak Kam solution belonging to ]Iu”, then automatically G is a dual weak Kam
solution. Analogously, a dual weak Kam solution belonging to P is a weak Kam solution;

(11i) if G is both a weak Kam solution and a dual weak Kam solution, then G is a Lipschitz graph
over M which is invariant for ¢p (i.e. og(G) =G).

Proof.

(i) Let G be a weak Kam solution, i.e. ®4,(G) = G. From Remark 11(iv) and Proposition
8(iv) we know that

914, Fiqry Panl(9),
hence we get

G=04,(9) C o (Giza, (@)

Applying qﬁ;ll to both sides we get ¢;11(g) C @G, that is the first claim of the statement.
The dual claim is obtained analogously, starting from the dual version of Remark 11(iv).

(ii) Let G be a weak Kam solution belonging to P. We have
4, (9) € 05 (G) € G,

where the first inclusion follows from the dual version of Remark 11(iv), while the second
inclusion follows from part (i) of this Proposition.

It is not difficult to prove that if a pseudograph is contained in another one, then the two
must coincide. Thus the inclusion above implies ® 4, (G) = G, that is G is a dual weak Kam
solution, as desired. The dual statement is analogous.

(iii) Let G be both a weak Kam and a dual weak Kam solution. It is immediate from part (i)
that G is invariant for ¢z;. Moreover, G has to belong to P NP, hence it is a Lipschitz graph
over M (recall that a function both semiconcave and semiconvex is C1'1). 0
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We have just seen that a weak Kam solution G is subinvariant for gi);{l Hence the sequence
¢5"(G) is decreasing in n. Moreover, one may prove (see | |, or Proposition 23 in which we
are going to prove some analogous statements in more general situations) that its intersection is
a compact invariant set, and is given by

() ¢4"(9) = Gz, (@) = G 1, (9).

neN

where the second equality is just a direct consequence of (1.8).
We now introduce the c-Aubry set of L, denoted by Ay (c), which appears in Proposition 7.
One of the possible definitions is the following;:

Ar(c) = m {QIIhL(G) : G is a c-weak Kam Solution} CT*M.

For a weak Kam solution G, the subset of M given by Zj,, (G) = G A &}, (G) is also called the
projected Aubry set of G.

IfGeP,and G’ € IF”C, it is always true (see Section 1.2) that GAG' C T*M is a compact set
which is a Lipschitz graph over its projection G A G’ C M, hence the same holds true for each of
the sets Q|ZhL(g) = gﬁéhL(g).

It is then clear that ,ZlL(c) is a compact invariant Lipschitz graph over its projection too, being
the intersection of compact invariant Lipschitz graphs. It is less obvious from this description,
but true, that Af(c) is non-empty.

Let us denote by V and \' respectively the sets of weak Kam solutions and dual weak
solutions for L. The function ®;, and <f>hL are inverse to each other when restricted to these sets.
More precisely, y }

oy, o (I)hL|VL =id, Dy,

L © (I)hLW'L = id.

This is due to the formulas (1.9). A pair of the type (G, &)hL(Q)) €V x Vis, up to a constant, a
conjugate weak Kam pair in the sense of Fathi (see [['at]). Indeed, we see from Proposition 9(v)
that if u and @ are such that (G, Gen) € V x V and Geii = i)hL(gc,u), then u — % is constant on
the Aubry set of G (this constant is zero if we choose @ = T, Th, ).

The following property (which has been used in the proof of Proposition 7) tells us that weak
Kam solutions may be seen as a sort of unstable manifolds of the Aubry set of L, and dual weak
Kam solutions as stable manifolds.

Proposition 17. For every c-weak kam solution G and every z € G, the a-limit of z for gbllq 18
contained in A(c). Analogously, every point in a dual c-weak Kam solution is w-asymptotic to

Ale).
Proof. See | , Proposition 4.3]. 0

Let us now give one of the possible definitions of the Mather set~./\;l r(c): it is the union of the
supports of the invariant measures for qb}{ which are contained in A(c). It is a compact invariant
set. Finally, the following is one of the possible definitions of the Mané set N, (c):

./\7L(c) = U {QIIhL(Q) : G is a c-weak Kam solution}.
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This can be proved to be a compact invariant set as well. We have
My(c) € Ap(e) S NL(c) C T*M.

We refer to | |, [Fat] or | | for a detailed analysis.

1.4.6 The semigroup 2°

In this part we somehow generalize the previous subsection to the case of more than one Tonelli
Hamiltonian. Let us recall that our final aim is to get informations about the forcing relation Fr,
in order to apply Proposition 7. We have seen that F-families of costs do give us informations
about Fr, and that the time-one actions of the Tonelli Lagrangians in F are F-families of costs.
Moreover, the Proposition 13 tells us that being a F-family is a property which is preserved by
addition of constants, minimums and compositions. This motivates what follows.

Let o be the unique class of families of costs such that:
(i) o contains {Ar, : L € F};

(ii) o is closed under the operations of addition of constants, minimum and composition (defined
in Section 1.4.4);

(iii) o is the smallest among those classes satisfying (i) and (ii).

By property (ii), o is a semigroup under the operation of composition. Recall that the operator
® 4 associated to a F-family of costs A is the one defined by

CI)A(gn,u) = gn,TAnu-
By Proposition 13 we immediately deduce:

Proposition 18. Fvery family A € o is a F-family according to Definition 10. Hence, all the
conclusions of Remark 11 apply to A, and in particular we have

g‘ZA(g) l—]: ‘I’A(g) Vg eP.
Let us define
Y={®y4: A€o}

By the formula ® 40 ® 4 = ® 414 it is clear that X is a semigroup with respect to the composition.
Let now ¢ belong to H'(M,R). Recall that we use the symbol A. to denote the cost Ag(e)- We

then define
o.={A.: A€o}

and call 02° its closure in C'(M x M):

=cl(o.).

oo
UC

Let us stress that the elements of oo are just costs and not families of costs. It is clear that o2°
is the smallest class containing {Ar, . : L € F} and closed under addition of constants, minimums,
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compositions and uniform limits. In particular, it is a semigroup for the composition. Let us
point out the important fact that the Peierls barriers h . belong to o2° as well, since the limits
involved in their definition are uniform (see the discussion after relation (1.15)).

In order to have good compactness properties, we will often make the assumption that F is
equi-semiconcave, according to the following definition:

Definition 19. We say that a family F of Tonelli Lagrangians is equi-semiconcave if, for every
fized ¢ € HY(M,R), the time-one actions {Ar. : L € F} form an equi-semiconcave set of
functions on M x M, that is
sup sc(Arc) < +o0.
LeF
Of course, any finite family F of Tonelli Lagrangians is equi-semiconcave. If F is equi-
semiconcave, then by the estimates (1.12) we have

sup sc(A) = sup sc(Ar,.) < +oo.
Acoge LEF

¢ is an equi-semiconcave set of functions. In particular, it is an equi-Lipschitz set of

functions. By the Arzeli-Ascola theorem, 02° is then closed under pointwise limits. Being closed
under minimums, it is also closed under countable inf and liminf, unless the resulting function is
identically +00. Being a separable space, it is actually closed under arbitrary inf and liminf, unless
the resulting function is identically +occ. The following property is an immediate consequence of
the Arzeli-Ascola theorem:

hence o

Proposition 20. If F is semiconcave, then c2° modulo addition of constants is compact.

Let us now fix ¢ € H'(M,R). Every element A € 0%° is a cost and not a family of costs,
hence in general it is not associated to an operator from P to IP. Nevertheless, we can still define
the operator ® 4: P. — P, by

(I)A(gc,u) = gc,TAu-
Since the costs in o2° are semiconcave, the image ® 4(P.) is really contained in P.. Finally, we
define
Y0 ={®Pa: Ac o},

which is a semigroup of operators from P, to itself.

The semigroups o2° and X2° will play a central role in the sequel. The next proposition states
some of their useful properties. Note that item (iii) below is a sort of shadowing property. Recall
that | - | indicates half the oscillation of a function.

Proposition 21. Let F be equi-semiconcave.
(i) For every A, A’ € 02° and G,G’ € P, it holds
[24(G) — Pu(G)lp < [A— A+ ]IG - G'[lp (1.16)

and in particular every ® € X2° is 1-Lipschitz.



Chapter 1. Connecting orbits for families of Tonelli Hamiltonians 47

(i) The function T4(G) is upper-semicontinuous in both A € 02° and G € P,.

(iii) For all @4 € X2°,G € P, and U neighborhood of ® 4(G) in P. there exists ' € ¥ such that
®'(G) € U (in particular G =7 U by Proposition 18).

Proof. Item (i) is analogous to the estimate (1.7). Item (74) is an easy consequence of Proposition
9 (iv). For item (#4i) note that, by the very definition of ¥2°, there exists a sequence of costs
A, € o, converging to A as n — +oo. Item (7i7) then follows from item (i) and the definition of
) -

In the next proposition we gather some properties of the minimal subsets of the dynamical
system (P., X2°) which will be needed in the next section. We recall that a minimal subset is
a compact subset of P, which is stable by the semigroup 32° and which does not contain any
proper subset with the same properties. For compact spaces the existence of minimal subsets is a
standard Zorn’s Lemma argument (actually, for compact metric spaces the Zorn’s Lemma is not
needed, see the proof in | , Theorem 2.2.1]). Even if P, is not compact, this argument can
be easily adapted to our case, as the next proposition shows.

Let us remark that the existence of minimal components is the unique point in our construction
for which the equi-semiconcavity of F seems to be crucial. In Corollary 34 this assumption will
be eventually dropped for the case d = 1.

In the sequel we say that a subset S of P, is subinvariant if ®(S) C S for every & € X2°.

Proposition 22. Assume F is equi-semiconcave. Then:
(i) for any G € P, its orbit {®(G) : & € X2°} is compact;
(ii) there exists a minimal set. In fact, the orbit of any G € P. contains a minimal set;

(i1i) G € P, belongs to a minimal component M if and only if for every ® € X2° there ewists
P’ € X2° such that '®(G) = G; in this case, M coincides with the orbit of G. In particular,
every minimal component M is transitive: for every G,G" € M there exists ® € X2° such
that ®(G) =G'.

Proof.
(i) The orbit of a pseudograph G € P, is the image of the map
O'go SA— & A(g)

This map is continuous by the estimate 1.16. In addition, ® 44 = ®4 for every constant .
By Proposition 20 we know that ¢2° modulo addition of constants is compact, thus the
image of the map is compact as well.

(ii) Given G € P, its orbit is a subinvariant and compact set, by item (i). By a general result
in topological dynamics, it contains a minimal set.
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(iii) Let G € M with M minimal, and consider ® € 32°. The orbit of ®(G) contains a minimal
component by (ii), and is contained in M because M is subinvariant. By minimality of M,
the orbit has to coincide with M. Viceversa, suppose that for every ® € ¥2° there exists
®’ € ¥ such that ®'®(G) = G. We know that the orbit of G contains a minimal set M
by (ii). The assumption says that every subinvariant set contained in the orbit of G must
contain G as well. We deduce that M coincides with the orbit of G. 0

In order to have a better understanding of the operators in 32° and the minimal components
of P., let us now further investigate about these objects in some special cases.

- Case F = {L}. This is the case analyzed in Subsection 1.4.5. In addition to what already
said there, one can show that in this case ¥2° is commutative, and that ®®p,, = &, P =
Py, . for every ® € 32°. Since the image of ®p,,  coincides with its fixed points, it is then
eaS}; to verify that M is a minimal component if and only if Ml = {G} for some c-weak Kam
solution G for L.

- Commuting Hamiltonians. If the Hamiltonians in F commute with each other, i.e. their
Poisson bracket satisfies

{H,G}+8tH—8tG:0 VH,GEJ:,

then it is known (see | | for the time-periodic case and | , | for the autonomous
case) that the associated Lax-Oleinik semigroups commute and that the Hamiltonians
in the family share the same weak Kam solutions and the same Peierls barrier which we
denote {h¢}.. Thus ¥2° is commutative and ®®;_ = &), & = &y, for every ® € £2°. It is
then easy to verify that the minimal components are exactly the c-weak Kam solutions for
one (hence all) Hamiltonian in F.

- General case. For every ®4 € ¥2° it is possible to define an analogous of the Peierls barrier.
Indeed, arguing as for the case A = A ., one can show (see | |) that there exists a
unique real number « 4 such that the liminf

ha =liminf A" + noy (1.17)
n——+0oo

is real-valued. Exactly as for the Peierls barrier, we have ®;,, € ¥2°, and analogous

statements to Propositions 14 and 15 (4)- (444 )- (iv) hold. In particular the image of ®j, ,
coincides with its fixed points and with the fixed points of ® 4.

The interpretation of an arbitrary operator in ¥2° in terms of Hamiltonian dynamics is
not easy. However, something can be said for particular operators. As a sample, let us
pick two Hamiltonians Hy and Hs in F, and call Aq, Ay their time-one actions and hq, ho
their Peierls barriers. In the next two propositions we prove some properties of ® 4,04, and

Dpyon, -

Proposition 23. Let Hi, Hs € F, and call A1, As their time-one actions and ¢1,¢p2: T*M —
T*M their time-one maps. Let us also denote A = As o Ay and ¢ = ¢ 0 ¢1. Let us consider the
operator ®4: P — P. The following hold true:
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(i) for every G € P and every n € N it holds

¢~ (P4n(9)) € Giz.1n ()

(ii) the fived points G of ® 4 are subinvariant for ¢~'; more precisely, they satisfy

¢7"(G) C Gz, (9)3

(iii) for every fixed point G of ® 4, the set g\IhA(Q) s invariant with respect to ¢, i.e.

¢ (G\Z,LA (g)) = 917,.,(9)}

(iv) for every fized point G of ® 4, every point in G is a-asymptotic to glth(Q) with respect to ¢.

Proof.

(1)

(ii)
(iii)

This is a more precise version of the relation

Gizing) Fr ®an(G)

of Remark 11 (iv). It follows by a refinement of the proof of Proposition 12, using property
(7v) in Proposition 8 and the special form of A (i.e. A= A0 Ay);

it is immediate from item () since ®4n(G) = G for all n € N;

let G be a fixed point of ®4. It is easy to check that the set N, ¢~"(G) is invariant. Hence
it suffices to show that this intersection is equal to gIIhA(Q)' With this aim, let us first
notice that

Tna(G) = [)Zan(9). (1.18)

Indeed, from hy o A™ = h4 and relations 1.13, it follows that the left-hand side is included
in the right-hand side. Note that the relations 1.13 also imply that the sequence Z4, (G)
is decreasing in n. For the reverse inclusion, write G = G, ,,, consider y belonging to the
intersection in the right-hand side and let x,, € M be such that u(z,) = w(y) + A™(y, zn) +
nay. Then by definition of hy every accumulation point x of the sequence z,, satisfies

w(@) = u(y) + ha(y, z).

Since G is a fixed point of ® 4, we also have u(z) = min,{u(y) + ha(y,x)}. We deduce that
the minimum has to be achieved in gy, and thus § € Z;,,(G). This proves (1.18). In order
to conclude the proof of item (i), it suffices to prove that

(¢79) =GN, 24n(9)-

The left-hand side is included in the right-hand side by item (ii). The reverse inclusion
follows from the fact that, if z € Q|IAn+1(g), then ¢"(z) € G. This follows from property
(tv) in Proposition 8 and a refinement of the proof of Proposition 12.
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(iv) Let z € G. By equation 1.18, it suffices to prove that any a-limit of z lies in Q|IAN (g) for
every N € N. Since g\ZAN(Q) is a closed set, it suffices to prove that ¢~"(z) € gIIAN(Q) for
n large enough. This is indeed true for n > N by item (ii). 0

Proposition 24. Let Hi,Hs € F, and call hy,hy their Peierls barriers. Let us fix ¢ €
Hl(M, R) and denote A. = ha o hi.. Let us consider the operator ® 4. € X° and the subsets
Vi, Vo, Va . CP. constituted respectively by the fized points of Phy oy Phy, and Py . Then Vy .
is contained in Vo . and is isometric to a subset of Vi ..

Proof. Obviously V4. is contained in the image of ®4 ., which is contained in the image of @, ,
that is Vy .. Moreover, since ®4 . = ®p, 0 Pp, . and P4 is the identity when restricted to V4 c,
we get that @y, _ is a left inverse for @4, . on V4. Since both of them are 1-Lipschitz (cf. Proposi-
tion 21 (ii)), ®p,, . has to be an isometry between V4 . and @4, (V4,), which is a subset of Vy ..

Let us point out that, if d = 1, the whole of ¥2° would not be needed for the purposes of this
article. Indeed, the heuristic discussion in Section 1.5.3 as well as the proof of Proposition 33 show
that the Peierls barrier operators @, , L € F, would suffice to get optimal results. Nevertheless,
if d > 1, considering the whole of ¥2° gives stronger (though more abstract) results.

1.5 The Mather mechanism

Throughout the whole section, the family F is assumed to be equi-semiconcave in the sense of
Definition 19, unless otherwise stated. For a subset S C M, we call S+ C € the vector subspace
of the smooth closed one-forms whose support is disjoint from S and [S*] its projection on
H'(M,R). It follows from the finite dimensionality of H'(M,R) that there always exists an
open set U O S such that [U+] = [S*]. Such a U will be called an adapted neighborhood of
S. Let us point out that, if M = T, we have [S*] = {0} if and only if S = T, and otherwise
[S+] = HY(T,R) = R. For a vector subspace V C H'(M,R), we denote the e-radius ball centered
at the origin by B.(V).

1.5.1 Outline of Section 1.5

We describe a mechanism for the construction of diffusion polyorbits. When F = {L} is a
singleton, our construction essentially boils down to the one in | |. Some of the main ideas
come from the seminal paper of Mather | .

Subsection 1.5.2. We prove the technical results which are at the core of the Mather
mechanism. Basically, they show how a pseudograph G may force nearby cohomologies, with the
sets Z4(G), A € 02° acting as obstructions to this phenomenon.

Subsection 1.5.3. We heuristically show how the results of the previous subsection apply to
polysystems of twist maps on the cylinder.
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Subsection 1.5.4. We apply the results of Subsection 1.5.2 to prove a general theorem in
arbitrary dimension. We discuss some consequences and applications, including the rigorous
counterpart of the heuristic picture in Subsection 1.5.3.

Loosely speaking, the mechanism works in the following way: we will be able to associate to
every ¢ € H'(M,R) a subspace R(c) C H'(M,R) of “allowed cohomological directions” for the
forcing relation 4Fx. In view of Proposition 7, this gives allowed cohomological directions for the
diffusion: the larger the subspace R(c) is, the more are the directions for which connecting orbits
starting at ¢ exist. The obstruction for this subspace to be large will be, roughly, the homological
size of the sets Z4(G), for G € P, and A € 02°.

1.5.2 The basic step
Let us introduce some notations: for ¢ € H'(M,R), G € P., A € 02°, we define
Ra(G) = [Za(G)"] =[G A ®a®a(G)"] C H' (M, R).

Here the second equality follows from 1.8. More generally, for A;,..., A, € 02°, we define

RA1,...,A7L(Q) = [IA7LO--~0A1 (g)l_ +IAnO“'OA2(q)A1 (g))J—
4+ +IAn((I)An—1 ©---0 (bAl(g))L}

We will see in Lemma 27 that the subspace Ry, .. A,,(G) should be intended as a subspace of
“allowed cohomological directions for the forcing relation, through the composition ® 4, 0---0®4,,
starting from G”. By taking the union over all finite strings (41, ..., A,), one should get a space
of “allowed cohomological directions for the forcing relation starting from G”. Afterward, by
intersecting over all G in P., one should get a space of “allowed cohomological directions for the
forcing relation starting from ¢”, which is basically what we are looking for in order to apply
Proposition 7. This motivates the following definitions:

RG) = |J Ra..a(9)

At,...,An€c®
neN
R(e) = [ R(9) (1.19)
GeP.

At this stage it is not clear whether R(G) or R(c) are vector subspaces. In Proposition 29 several
equivalent expressions for R(c) will be given. They will imply that R(c) is indeed a vector
subspace, and R(G) is a vector subspace for every G in a minimal component of P.. We shall
write Rr(c) when we want to emphasize the dependence on the family F.

The following lemma is the basic key step in the accomplishment of the Mather mechanism.
Given a family of costs A € ¢,® the lemma shows how a pseudograph G may force nearby
cohomologies, with the set Z4(G) acting as an obstruction to this phenomenon. Furthermore, the
semicontinuity in G of Z4(G) allows to extend the conclusion to a whole neighborhood of G.

3We recall that the definition of o is given in Section 1.4.6.
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Lemma 25. Let A be a F-family of costs according to the Definition 10 (in particular, A € o
will work). Let ® 4 be the associated operator on pseudographs. Then, for every G € P and for
every neighborhood U of ®4(G) in P there exist N € N, a neighborhood W of G and an € > 0
such that:

VG eW, VcecG)+ BRa(G) 3G" such that
g" e, g Fnr G, c(@") =c.

Proof. Let us fix G, U and an adapted neighborhood U of Z4(G). The set function G +— Z4(G) is
upper semicontinuous, thus there exists a neighborhood W’ of G such that Z4(G’) C U for all
G' € W'. Moreover, by continuity of ® 4, we can suppose that ®4(W’) C U. The function

Px UL 3 (G,v)—G+Guo

is continuous, hence there exists a neighborhood W of G and a neighborhood W of 0 in U+
such that W + Gyop € W’. Projections are open maps, thus the projection of W on the
cohomology contains a ball B.[U~] centered at 0. With these choices of W and ¢, let G’ € W
and ¢ € ¢(G') + B:[U*]. We can then take as G” the pseudograph ®4(G’ + Guvo) where v € W
satisfies [v] = ¢ — ¢(G’). Indeed, by Remark 11(iv) we find N such that

g/ '_0,.7: g|,U = (g, + gU,O)‘U l_N,]: <I>A (g/ + gy,O) = g”-[]
The Lemma 25 easily extends to operators in ¥2°.

Proposition 26. Let &4 € X2°. Then, for every G € P, and for every neighborhood U of ® 4(G)
in P there exist N € N, a neighborhood W of G and an € > 0 such that:

VG e W, Veece(G')+ B-Ra(9) 3G"  such that
g" e, g Fnr G, c(@") =c.

Proof. Let us fix G and U, and let us consider Z4(G) and one of its adapted neighborhoods U.
By Proposition 21 (iii) there exists A" € o such that ®4/(G) € U and Z4/(G) C U. This implies

R (9) = [Za(G)"] 2 U] = [Za(G)7] = Ra(9).

We apply the Lemma 25 and we get the result. 0

In the following lemma we prove two similar results which show how Proposition 26 has a
good behavior under composition. The second version is in principle stronger but we will see that
the first version would eventually lead to the same results, at least for an equi-semiconcave family
F. Therefore a posteriori the second version is not strictly needed here.

The main point in both results is that, if we compose several operators in ¥2°, the set of
allowed directions which we get is greater than just the union of the allowed directions obtained
by applying separately Proposition 26 to each operator. In fact, we obtain the vector subspace

generated by this union.
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Lemma 27. Let ®4,,..., 04, € X2°. Then: for every G € P and for every neighborhood U of
Dy, 0---0D4,(G) inP there exist N € N, a neighborhood W of G and an € > 0 such that:

VG €W, Vece ¢G)+ BRa,...a,09)
3¢": ¢"eU, G Fyr G, @) =c

Proof. Let us suppose n = 2 for simplicity. Let us consider G € P and a neighborhood U of
D4, P4,(G). Let U; and Uy be adapted neighborhoods in M of Za,04,(G) and Za,(P4,(9))
respectively. By Proposition 21, there exist A}, A, € o and a neighborhood W’ of G in P such
that

QP4 (F) €U, Tapon(§) CUL and Iy (Pay(G) SV VG €W,
Let us now consider n; € UIJ' and 10 € UQJ'. Given G’ = GOnu € W, we have

D4 (P (G +Gi0) + Gio0) = Gntmmpo

with

vi="Ty w w:="Ty
2,n+n1+n2 Ln+n1

Let z € M be a point such that dv, exists. By Proposition 12, if z is a point which realizes the
minimum in the formula for v(x), then dw, exists and

dw; +n, + M,z + M2,z I_Ng,]-' dvg +ng + Ma T N2
for some Ny € N. In the same way, if y realizes the minimum in the formula for w(z), then
duy +ny+my bEnr dwz+n:4+m

for some N7 € N.

A generalization of the upper-semicontinuity result in 11 (i7) shows that if [ + n2] €
B.[Ui- + Us"] with € small enough, then y € U; and z € Us. We thus have My =0and 7, =0
and therefore

duy +ny  EnsnNgF Az + 0+ Mz + N2

which is to say

/
g = gn,u '_N1+N2,7" g7I+771+772ﬂ)'

The proof is now completed with G” = Gy, 41,0, Up to choosing G’ in a smaller neighborhood
W C W in such a way that e can be fixed independently of G'. 0O

Note that, trivially, Lemma 25 is a particular case of Proposition 26, which in turn is a
particular case of Lemma 27, hence just the latter will be used in the sequel.



54 Chapter 1. Connecting orbits for families of Tonelli Hamiltonians

1.5.3 Heuristic application to twist maps

Even without the main general theorem of the next subsection (Theorem 31), it is possible at
this stage, using just the Lemma 27, to derive some results about the presence of diffusion in
polysystems of exact-symplectic twist maps on the cylinder. The discussion in this subsection will
just be an heuristic one, even if everything could be made rigorous. The corresponding rigorous
results will be proven in greater generality in the next subsection (Proposition 33 and Corollary
34).

Let F = {H1, H2} be a family of two Tonelli Hamiltonians on T x R and call Ly, Ly the
corresponding Lagrangians. Let us fix ¢ € H'(M,R). We now show that just two scenarios are
possible:

- there exists a circle of cohomology ¢ which is invariant for both H; and Hy (which obviously
provides an obstruction to diffusion); the only cohomology class forced by c is ¢ itself;

R(c) = {0};

- there is no circle as above; in this case ¢ forces a whole neighborhood of cohomology classes
(and thus there exists diffusion in the sense of Proposition 7); R(c) = H*(T, R) = R.

Indeed, suppose that there exists a circle of cohomology ¢ which is invariant for both H; and
Hs. It is standard that it can be identified with a pseudograph G which is invariant for both ¢,
and ¢pg,. In particular, by the very definition of forcing relation in Section 1.3, G is the only
pseudograph forced by G, and thus ¢ is the only cohomology class forced by ¢. Moreover, we
deduce by Lemma 27 and the definition of R(G) that R(G) = {0}, thus R(c) = {0}.

On the other hand, let us suppose that there is no such common invariant circle. Let us
consider G € P;, and let us apply ®p, o @y, to it (hy and hg are the Peierls barrier of Hy, Ha).
By the first version of Lemma 27, we get

G Fr ¢+ B.(Ry (G) + Ry (1,(G))) VG €P.. (1.20)

Recall that the image of ®j, is contained in PP and consists precisely of the weak Kam solutions
for Hy, while the image of ®j, is contained in PP and consists of the dual weak Kam solutions for
H,. By assumption there are no common invariant circles, hence, in view of Proposition 16,

(I)hl (g) 7é ci)h2(1)h2 q)hl (g)

This implies (due to d = 1) that Ry, (®,(G)) = H'(T,R) regardless of G € P.. Thus the formula
(1.20) implies that every G € P, forces a whole neighborhood of cohomology classes. In that
formula, € depends in principle on G, but one can show that by compactness it is possible to
choose it uniformly in G. Therefore ¢ forces a whole neighborhood of cohomology classes, as
claimed. Since R(G) D Ry, (®p,(G)), the discussion also proves that R(G) = H'(T,R) for every
G € P, thus R(c) = HY(T,R).

Notice how in this one-dimensional case our construction is optimal, in the following sense: the
obstructions to the mechanism (i.e. the “homological size” of the sets Z4(G)) are real obstructions
to the diffusion (i.e. the common invariant circles). On the contrary, in d > 1 the construction
will likely give just sufficient conditions for the diffusion: the obstructions to this mechanism may
be circumvented by a different diffusion mechanism (such as, for instance, the Arnold mechanism
presented by Bernard in | D).
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1.5.4 A general theorem and some applications

We can summarize the argument used in Subsection 1.5.3 for the case d = 1 by saying that we
have applied Lemma 27 to ®, o ®p,, and the result turned out to be optimal (so that there
was no need to consider any other ® € 32°). Moreover, switching the order and considering
&y, o @y, would have led to the same result. The generalization of this argument to an arbitrary
dimension d is not completely straightforward: the choice of the operator could in principle make
a difference, and it is less clear if the allowed directions which one obtains are optimal or not.

In order to overcome these difficulties, we will adopt a slightly more abstract approach. This
will give stronger conclusions, at the cost of a certain difficulty to interpret the obstructions which
we will found.

We start with a “raw” result which follows immediately from Lemma 27.

Proposition 28. Let ¢ be fized. For any G € P. and any finite string s = (Ay,...,A,) of
elements of o2°, there exist €(G,s) > 0 such that

c Fr c+ m U Be(gys)(RAh__’An(g)). (1.21)
GEPe  s=(A1,...,An)
neN

Proof. Recall that ¢ -7 ¢ if and only if G -7 ¢ for all G € P.. The result is then a consequence
of Lemma 27. 0

The general theorem (Theorem 31) will consist in a refined (but at the same time simplified)
version of this raw result. Roughly speaking, it will be possible to replace the intersection over
G € P. with an intersection over a smaller set, to replace the union with a sum of vector subspaces
and to choose € uniformly in (G, s). This will simplify the right-hand side, and will lead in the
end to a unique subspace of H'(M,R) encoding all the information. In fact, R(c) will be such a
subspace. Moreover, exploiting some semicontinuity, the result will be proved to hold for ¢’ close
enough to c. It will also be possible to replace the forcing relation -z with the mutual forcing
relation -, and to have a locally uniform control on the N appearing in its definition.

In order to motivate what follows, let us observe that the map G — R(G) is by definition
non-increasing along the action of elements of 32°. More precisely,

R(®(G)) CR(G) VGeP.,deXX. (1.22)

This can be interpreted by saying that this map is a sort of multi-valued Lyapunov function for
the dynamics in (P, £2°). Since we are interested in the set R(c), which is the intersection of all
the sets R(G), it is natural to look at the minimal components of the dynamics, whose properties
have been analysed in Proposition 22.

For a minimal component M of (P, ¥2°) let us define

R(M) = () R(9).

geM

Proposition 29 (Equivalent expressions for R(c)).
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(i) We have:
Rie)= () RM).

M minimal

(ii) We have the following equivalent expressions for R(M):

R(M) = R(G) = Z Ry, 4,(9) for any fivzed G € M

Aty , Apn€c®
neN

=Ra,,...4,09) for some Ax,..., A, depending on G € M

= Y Ra(9).

GeM
Aco®

In particular, R(M) is a vector subspace for every M, and the same holds for R(c).

Proof. Let us prove item (7). By the definition of R(c) and R(M), it is clear that R(c) C R(M)
for every minimal component M, hence R(c) C NyR(M). For the reverse inclusion, let us notice
that, since F is equi-semiconcave, by Proposition 22(ii) for every G € P, there exists ® € X2°
such that ®(G) belongs to a minimal component. By (1.22),

R(G) 2 R(2(9)) 2 (| R(M).
M

By taking the intersection over all G € P., one gets the desired inclusion.

Let us now prove item (i7). Thanks to relation (1.22) and the transitivity of minimal
components (Proposition 22(iii)), we get that the function G — R(G) is constant on every minimal
component. This proves that R(M) = R(G) for any G € M. Moreover, for every two strings
(Ai1,...,A,) and (A},..., A],) the following holds

Ra,,.,4,(9) + Ry, Al (9) C RAl,...,A,L,A,A’l,...,A;,(g) C R(9) (1.23)

-----

where A is any cost in 0° such that ® ;0 ®4, 0---0®4,(G) = G. The existence of such cost A
is guaranteed once again by the transitivity of the minimal component. This proves that

RG22 > Ra,..a(9 VGeM

Ax,...,An€0®
neN

and the opposite inclusion is easy from the definitions. Moreover, since the dimension of H'(M, R)
is finite, we can write R(G) as a finite sum

R(G) = RA},...,A}LI 9)+ RA%,...,A%Q G+ + RAJIV,._.,A;LVN 9)
and arguing as in (1.23) we get
R(G) = Ra,,..A,(G) for some Aj,...,A, €0,neN.

The equality R(M) = > ooy 2 acooe R4(G) follows by similar arguments. 0
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Let us mention that, starting from the last expression for R(M) above, one can show that
considering just the weaker version of Lemma 27 would eventually lead to the same results.

Remark 30. The function F — Rz(c) is increasing. This is natural in view of the interpretation
of Rr(c) as a set of allowed directions for diffusion, and follows by an inspection of the definitions
(in fact, the map F +— 3X2°(F) is also increasing). In particular, let us point out that, since Rz (c)
is a vector subspace,
Rr(c) 2 Z R{H}(C).
HeF

The inclusion may be strict though: we will see that this is the case for two twist maps with
non-common non-contractible invariant circles of cohomology c.

We can now restate and prove Theorem 3 of the Introduction. It is a generalization of
Theorem 0.11 in | | to the polysystem case.

Theorem 31. Let F be a family of one-periodic Tonelli Hamiltonians defined on the cotangent
space of a boundaryless compact manifold M. Assume that F is equi-semiconcave in the sense of
Definition 19. Let ¢ € HY(M,R). Then there exist a neighborhood W of ¢ in H'(M,R), € > 0
and N € N such that

d “+nrF ¢+ B:R(c) v eWw.

Proof. We subdivide the proof into four steps.
Step 1. For every M C P, minimal and every G € M there exist a neighborhood Wg of G in
P, a natural number Ng and eg > 0 such that
g/ l_Ng,]-" C(g,) + BEQR(C) Vg/ S Wg.

Let M be minimal and G € M. Let Ay,..., A, € 02° such that R4, . a,(G) = R(M). This is
possible thanks to Proposition 29. Let us then apply Lemma 27 to G and to the composition
Dy, 0---0dy,. Call Wg, Ng and g the objects yielded by that Proposition. We have

G Fngr (@) + B R(M) VG € Wg.
In particular, since R(c) C R(M), we have
G bFwngr (@) + By R(c) VG e Wg

as desired.

Step 2. For every G € P, there exist a neighborhood Wg of G in P, a natural number Ng and
eg > 0 such that
G bngr cG)+ ByR(c) VG e Wg.

Let G € P.. By Proposition 22, there exists ® € ¥2° such that ®(G) is in a minimal component.
Moreover, by Proposition 21 (iv) there exists A € o such that ®4(G) € Wg(g). By continuity,
P4(G") € Wy(g) if G is in a small enough neighborhood Wg of G. By Proposition 18 and by Step
1, there exists N4 € N such that

G" Fnar PalG) Fge.r c(G)+ Bey R(c) VG e Wg.
Thus we can take Ng = Na + Ng(g) and eg = €5(g)-
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Step 3. There exist a neighborhood W' of ¢ in H'(M,R), a natural number N and €' > 0
such that
d I—N”]: d+ Ba/R(C) v ew'.

Let us choose A¢ in o (no matter which one, for instance Ag = A} with L € F will work). The
closure of ® 4,(IP.) is compact, thus we can extract a finite subfamily {G;}; C ®4,(PP.) such that
W = U;Wg, covers ®4,(PP;). Moreover, it is true that W also covers ® 4, (Py ) for a sufficiently
small neighborhood W’ of c. Indeed, consider an arbitrary neighborhood W” of ¢. The function
G — ¢(G) is continuous on the compact set ® 4,(Py) \ W, hence its image is compact too. Since
¢ does not belong to this image, we can take as W’ the intersection of W” with the complement
of the image.

In other words, for any G’ € Py there exists j such that ®4,(G’) € Wg,. Hence we obtain
g/ l_NAO F (I)Ao (g/) }_max]' Ngj F C(g/) + Bminj g, R(C) v g/ S IP)W’-

Thus we can take N = Ny, + max; Ng, and ¢’ = min; g,, and the Step 3 is proved.

Step 4. There exist a neighborhood W of ¢ in H'(M,R), a natural number N and € > 0 such
that
d Aknr ¢+ B:R(c) v e W.

In order to obtain the mutual forcing relation starting from the one-side forcing relation of Step
3, it suffices to take W C W’ and ¢ < ¢’ small enough in such a way that W + B.R(c) C W".
This makes possible to apply the one-side forcing in the opposite direction. This concludes the
proof of Step 4 (we keep the same N as in the Step 3) and of the Theorem. 0

Remark 32. A careful analysis of the proof of the above theorem shows that the multi-valued
function ¢ — R(c) is lower-semicontinuous: for any ¢ there exists a neighborhood Z such that
R(c) € R(() for every ¢ € Z. Nevertheless, the statement of the theorem is somehow stronger,
because it yields semicontinuity also on N and €.

In the remainder of this section we draw some relations between the subspace R(c) and the
underlying Hamiltonian polysystem dynamics.

Proposition 33. Assume F equi-semiconcave. If there exists a CY' c-weak Kam solution which
is common to all H € F, then R(c) = {0}. If d =1 the viceversa holds: if R(c) = {0} then all
the Hamiltonians in F have an invariant circle in common.

Proof. If there exists such a weak Kam solution as in the statement, we can identify it with
a pseudograph G € P, NP, such that ® 4, (G) = G for every Lagrangian L € F. Since X2° is
generated by such operators, we get that every ® € ¥2° satisfies ®(G) = <i>(g) = @. The singleton
{G} is thus a minimal set for P, and, in view of formula (1.8), it satisfies R({G}) = {0}.

On the other hand, if d = 1 and R(c) = {0}, then there exists a minimal set M such that

Y. [Zal9)]={o},

GeM,Aco®



Chapter 1. Connecting orbits for families of Tonelli Hamiltonians 59

which means, thanks to the fact d = 1 and to (1.8), that G = &, P 4(G) for every G € M and
A€ oZ°. Let us apply this to the Peierls barrier Az, . of a Lagrangian L € F. We get

v

g= (I)hL,c(I)hL,c(g) € Im((i)hL,c) VLeF

hence G is a dual weak Kam solution for every L € F, which in addition belongs to P. This
implies the result, by Proposition 16. 0

We now can restate and prove the Corollary 4 about families of exact twist maps. The
condition of equi-semiconcavity on F is dropped.

Corollary 34. Let M = T = R/Z. Let F be an arbitrary family of one-periodic Tonelli
Hamiltonians on T*M = T x R. Let us make the identification H'(T,R) = R. If, for some

A < B € HY(T,R), the family F does not admit an invariant common circle with cohomology in
[A, B, then:

(i) there exists an F-polyorbit (zy, pn)ncz satisfying po = A and py = B for some N € N;

(i) for every H,H' € F and every c,c’ € [A, B] there exists an F-polyorbit a-asymptotic to
the Aubry set Ag(c) and w-asymptotic to Ag(c)

(iti) for every sequence (ci, Hi,€i)icz C [A, B] x F x RY there exists an F-polyorbit which visits
in turn the €;-neighborhoods of the Mather sets My, (¢c;).

Proof. If F is finite, the conclusion is immediate: by Proposition 33, R(c) = R for every
¢ € [A, B], hence by Theorem 31 [A, B] is contained in the same equivalence class for - z.
Therefore Proposition 7 applies, and allows to prove the results: for instance, in order to prove
item (i) one applies Proposition 7 (ii) with n = A and ' = B.

If F is arbitrary, we just reduce to the case of F finite thanks to the following fact: if the
family F does not admit invariant common circles with cohomology in [A, B], then we can extract
a finite subfamily 7’ C F with the same property. Indeed, suppose on the contrary that every
finite subfamily 7' admits an invariant common circle with cohomology in [A, B], and let us
arbitrarily pick Hy in F: then the set C(F’) defined by

C(F)={GePyp:Gisa O weak Kam solution for all H € 7' U {Hy}}
= ) ({9:24,(9) =G} N{G: 4,(9) = G}) N Py

HeF'U{Ho}

is non-empty for all finite 7/ C F. Here Ay denotes the time-one action of the Lagrangian
associated to H. The second line in the above expression tells us that C(F’) is closed and
contained in the set 4, (P[4 p)), which is relatively compact by Remark 11(ii). Hence C(F)
is compact and not empty for every finite subfamily F'. We deduce that the sets C'(F’) satisfy
the finite intersection property, because

C(F)N---NC(F,)=C(FU---UF.,) #0.
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By compactness, the whole intersection is non-empty too:

[ CF)+0.
FICF
F'finite
Its elements are the invariant circles common to all the Hamiltonians of the family F. This
contradicts the assumptions. 0

We end this section by discussing the application of Theorem 31 to some special cases.

- Case F = {L}. This is the case extensively treated in | |. In that paper, R(c) was
defined as
R(c) = N [Zh.(9) 1, (1.24)
G c-weak Kam solution
where h. is the c-Peierls barrier of L. Let us check that this definition coincides with the
one given here. From Section 1.4.6 we know that the minimal components in P, are exactly
the c-weak Kam solutions for L, and that h. o 02° = 02° o he = h.. Therefore,

Za(G) 2 Zh,oa(G) = Zn (G), VGeP.,Acor

(the first inclusion follows from 1.13). The equality of (1.24) with our definition of R(c) is
then easy to verify.

Note that in this case the obstruction to the diffusion via the Mather mechanism is the
homological size of Z;_(G), for every c-weak Kam solution G. This set is also called the
projected Aubry set of G (see Section 1.4.5), and taking the union over the c-weak Kam
solutions G one gets the projection on M of the Maifié set A'(¢) C T*M. A relation between
R(c) and the homology (in T*M) of N(c) is given in | , Lemma 8.2

- Case d = 1. In this case the mutual forcing relation 4Fx is well understood thanks to
Proposition 33 and Theorem 31: if B C H'(T,R) is the closed set of those cohomology
classes ¢ for which there exists a common invariant circle of cohomology ¢, then the
equivalence classes for -+ are the elements of B and the connected components of its
complement.

- Commuting hamiltonians. By the discussion in Section 1.4.6, we know that for every c
there exists a cost h. € o2° such that h.003° = 02° o he = h.. We also know that h. is the
common Peierls barrier of all the Hamiltonians in F, and that the minimal components in
P, are exactly the c-weak Kam solutions for one (hence all) Hamiltonian in F. Arguing as
in the case of a single Hamiltonian, one gets

Rr(c) = N [Zh.(9)*],

G c-weak Kam solution

hence Rr(c) = Rygy(c) for every H € F. Thus the obstructions are the same than those
of each single Hamiltonian in F. Therefore, the polysystem does not present any new kind
of instability phenomena with respect to each system regarded separately (at least using
the Mather mechanism presented here).
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General case. The general situation is more complicated. Nevertheless, some information
can still be extracted. For instance, let us suppose that V is a one-dimensional subspace of
H'(M,R) not contained in R(c). Then, there must exists a minimal component M such
that V' is not contained in R(M). In particular, by Proposition 29 and by invariance of M,
we have that

V& Ra,.. 4,09) VGeM, VA,...,A, € o°. (1.25)

By making different choices of G and Ai,...,A,, one in principle gets a plethora of
conditions on the dynamics of the family F. In the next proposition we prove two sample
statements, obtained by considering the two operators studied in Propositions 23 and 24.

Let us remark that the condition 1.25 above essentially boils down to a condition on the
various sets Z4(G) = G A ® 4P 4(G). By property (iv) in Proposition 23 we see that, at least
for some choices of G and A, we can interpret G as an unstable manifold of some switched
flow and & 4 A(G) as a stable manifold of another switched flow. Thus, at least for these
choices of G and A, the size of the obstruction Z4(G) = G A ) AP4(G) has an interpretation
as the size of the intersection between some unstable and stable manifolds.

Proposition 35. Let c € H'(M,R). Suppose that V is a one-dimensional subspace of H*(M,R)
not contained in R(c).

(i)

(i)

For every arbitrary finite string Hy, ..., Hy of Hamiltonians in F, there exists a subset
S CT*M such that: S is a Lipschitz graph over its projection on M, it is contained in a
pseudograph of cohomology c, it is invariant (both in past and in future) for the switched

flow
¢:¢Hko"'o¢H17

and its projection w(S) C M satisfies
V ¢ [r(S)"]

For every pair of Hamiltonians Hg, Hy € F there exists a c-weak Kam solution Gy for Hy
and a dual c-weak Kam solution Gy for Hy such that

V & [(GoNG1)T].

Moreover, calling ho,hy the Peierls barriers of Hy and Hy, we can also suppose that
q)ho(phl (go) - g() and (Phl ¢h0 (gl) = g1~

Proof. Let M be a minimal component in P, such that (1.25) holds true.

(i)

Call Aq,..., Ay the time-one actions of Hq, ..., Hy, and consider the composition
A:AkO'HOAl.

Let us apply (1.25) with n = 1 to the cost ha, and to a fixed point G of @5, belonging to
M (let us recall that, by invariance, every minimal component contains such a fixed point).
We get

14 SZ IhA )J_]
Set S = Q‘Ih )- By a natural generalization of Proposition 23, S is invariant for ¢, thus

the conclusion of item (7) is achieved.
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(ii) Call hg, hy the Peierls barrier at cohomology ¢ of Hy and H; respectively. In (1.25) take

n=1,A; =hpohy and G a fixed point of ®4, in M. We get
V & (24, (G)"] =[G A DA, (9],

Note that g is a c-weak Kam solution for Hy, because it belongs to the image of ®5,. Note
also that ® Al(g) is a dual c-weak Kam solution for Hy, because it belongs to the image
of <I>h1 due to <I>A1 = q)hOOhl = <I>h1 o @ho Hence the first part of the statement follows by
setting Gp = G and G; = CIDAl(Q)

The second part of the statement follows by replacing, in the above argument, the cost
hgo o hy with its Peierls barrier h, i.e.

h = liminf (hg o h1)™ + m apgon,
m—o0
where op,0p, is the unique constant such that the liminf is real valued. The conclusion
follows similarly as above, by taking in (1.25) n =1, ®; = &}, and G a fixed point of ®, in
M, and then setting Go = G, G = ¢1(G). 0



Chapter 2

(Generic transitivity for couples of
Hamiltonians

All considered manifolds are separable, finite dimensional, smooth, connected and without
boundary, unless otherwise stated.

2.1 Introduction

In this paper we consider the switched system associated to a generic couple of Hamiltonians
Hy, Hs on a symplectic manifold N. Our focus is to prove that orbits and reachable sets of such a
system are generically the whole of N. Our work is in the same spirit of a paper of Lobry | |
who proved that, for a C*-generic (in the sense of Baire) couple of vector fields on a manifold M
and for k£ large enough, orbits are the whole of M.

We will come back later to our notion of genericity, which is given in terms of rectifiable
subsets of positive codimension in a Banach or Frechet space and which is stronger than the usual
one based on Baire Category. Let us now quickly recall the definitions of orbit and reachable set.

Let us denote by {¢%; }+ and {¢%, }+ the Hamiltonian (local) flows of Hy and Hj respectively.
We assume that H; and Hj are at least C2. The orbit Op, g,(2) C N of a point z € N through
the switched system associated to H; and Hs is obtained by applying to z the group' generated
by the two flows. More explicitly,

Ou, 11, (%) :{ G ool (2) it in € {12}, by € R > 1}.

The reachable set of z, denoted by OITA Hy (z), represents instead the “future” of z, and is obtained
by applying to z the (pseudo-)semigroup generated by {¢3{1}t>0 and {(;5’}[2 }=0. More explicitly,

0% 1.(2) :{ Yool (2) it in € {12} h, ot > 0,0 > 1}.

I This should be more properly called a pseudogroup, since the flows may not be complete.

63
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By taking ¢1,...,t, < 0 in the expression above one gets the analogous definition for the negative
reachable set Oy (z), i.e. the “past” of z.

When interested in orbits, we say that we are in the time-unoriented case. We say that we
are in the time-oriented case when we are interested in reachable sets.

The main result of this paper is that for a C*-generic couple Hy, Hy and for k large enough
orbits are the whole of IV, and the same is true for reachable sets provided that the manifold
N is compact. In fact, we prove something more accurate than C*-genericity of couples: in a
first respect, we adopt the notion of rectifiable set of positive codimension in Banach or Frechet
spaces, which is a stronger notion” than genericity in the sense of Baire: indeed, such a rectifiable
set is always Baire-meager whereas the viceversa is not always true (see | | for a detailed
study; we shall recall the definition and some basic facts in Section 2.2.2, see Definition 41). In a
second respect, we make perturbations just in Ho leaving H; fixed (apart from a small subset of
highly degenerate Hi, see Assumption 1 below).

Let us set dim N = 2d. Recall that, for each k € N, the space C¥(N) of C*-real functions on
N is a Banach space when NN is compact, and a Frechet space otherwise. Our main results are as
follows:

Main theorem 1 (Time-unoriented case). Let Hy € C4+1(N) satisfy the non-degeneracy
assumption 1 below. Let k > 4d. Then, the set

{H2 € CF(N) : Oy, (2) =N Vz € N}

has rectifiable complement of codimension > 1 in CF(N). In particular, it is C*-generic.

Main theorem 2 (Time-oriented case). Assume that N is compact. Let Hy and k be as before.
Then, the set

{H2 € CH(N): Ofy j(z) = N Vz e N}
has rectifiable complement of codimension > 1 in C*(N), and in particular it is C*-generic.

The two results above are proved in Section 2.3 (Theorems 46 and 47). They extend quite
naturally to time-dependent Hamiltonians as well, this is the content of the last Section 2.4.

The proofs make fundamentally use of three ingredients, namely the Rashevski-Chow Theorem,
the Thom transversality Theorem and the Hamiltonian flow-box Theorem. The exact statements
serving our purposes will be given in Section 2.2.

The Rashevski-Chow Theorem, as it is well-known, makes a link between the Lie algebra
spanned by two vector fields at a point and the orbit or reachable set of that point. The part
concerning reachable sets is more precisely called Krener Theorem. In Section 2.2.1 we recall
some local and global versions of these theorems. In the global time-oriented version we will
make the additional assumption that the flows of the considered vector fields have non-wandering
dynamics. Under the assumptions of Krener Theorem, this is a sufficient condition for concluding

2Tt is also stronger than some other notions of translational invariant “smallness” in infinite-dimensional
spaces, such as prevalence or Aronszajn-nullity, see | ]



Chapter 2. Generic transitivity for couples of Hamiltonians 65

that reachable sets are equal to the whole manifold. On the other hand, every Hamiltonian flow
on a compact symplectic manifold is non-wandering by Poincaré recurrence Theorem; this is the
reason for the compactness assumption on N in the statement of the Main Theorem 2.

Concerning the Thom Transversality Theorem, we use a refined version of the classical result
which will be proved in Chapter 3 of this thesis (see also [B)M]). Such a version yields that the
set of maps whose jet is transverse to a submanifold in a jet space not only is generic, but its
complement is rectifiable of positive codimension, which, as already mentioned, is a stronger
information. We recall the result in Section 2.2.2 along with the notion of rectifiable set of positive
codimension in Banach (or Frechet) spaces.

The last ingredient is the Hamiltonian flow-box Theorem, a normal form result which makes
computation of iterated Lie (or Poisson) brackets handleable. The exact statement is recalled in
Section 2.2.3.

We finish the introduction by stating the non-degeneracy assumption required to H; in the
main results above. Let us first give a definition.

Definition 36. Let S C M be a subset of the manifold M. We say that S has codimension ¢ in
M, and we write codim ;S = ¢, if
sclys

leN
for a countable family {S'}; of C-submanifolds of codimension > ¢ in M.
Note that, according to the above definition, a subset S of codimension c¢ is also of codimension

c for every ¢ < c. In fact, in this paper we are interested in estimate the size of certain subsets,
and only lower bounds (rather than sharp values) for codimension will matter.

Assumption 1. The Hamiltonian Hi is continuously differentiable and the subset Ny C N
defined by
No={z€ N :d,H, =0}

is contained in a countable union UjenN' of C?-submanifolds of N of codimension greater or
equal than d‘mTN + 1. Given such a family® {N'}; we define the tangent space TNy as

ﬂ%:UTM.
leN

Note that each TN' is a submanifold of class C*. According to Definition 36 we have

dim N
+1

codim y Ny >

codim pnT Ny > 2 codim y Ny > dim N + 2.

The Assumption 1 is generically satisfied, by an immediate application of the classical Thom
transversality Theorem.

3We will always assume that, given H; as above, the family {N'}; has been chosen once for all. Such a
choice will never play any role.
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2.2 Notation and preliminaries

2.2.1 The Rashevski-Chow Theorem: time-unoriented and time-
oriented versions

We state here several versions of the Rashevski-Chow theorem for two (non-necessarily Hamil-
tonian) vector fields. For the proofs we refer to the books | , |. The proofs in these
references are sometimes given for smooth vector fields, but they hold unchanged in the C* case,
k> 1.

Let us first establish some notation. Given two C* vector fields X1, Xo (k > 1) on a manifold
M, the orbit Ox, x,(z) and the reachable set (’)}17 x,(2) of a point z € M are defined as in the
introduction, with the (local) flows of X; and X» playing the role of the Hamiltonian flows of H;
and Hs of the introduction.

We denote by Lie*(X1, X5) the vector space spanned by the vector fields

Xl, XQ, [Xio,[Xil,[...,[Xi X,Lm},]]], 1§m§k‘, io,il,...,im€{1,2}.

m—17

where [+, -] denotes the usual bracket of vector fields. We also denote by Lie¥ (X7, X2) the vector
space obtained by bracketing just with X7, i.e. the span of the k + 2 vector fields

X17 X2a [Xla[Xla[""[X1,X2]"‘H]a 1§m§k

m times
We obviously have
Lie (X1, X5) C Lie (X1, X).

Evaluating these vector spaces at a point z € M yields a vector subspace of T, M: we will use
the notation
Lie§(X1, X2)(2), Lie* (X1, X2)(2)

to denote these vector subspaces.
For two Hamiltonians Hy, Hs defined on a symplectic manifold (N,w), let us recall the basic
identity
X{H17H2} = [Xu,, X,
where {-, -} is the usual Poisson bracket of functions and Xy, , Xp, are the Hamiltonian vector
fields of Hq, Ho defined by the usual formula, valid for any function H,
Lxyw = dH.

In the next sections we will tacitly use the following immediate consequence of the formulas above
and of the non-degeneracy of the symplectic form: for each z € N,

Lie®(Xp,, X, )(z) = TN
< SpanTz*N{dzHladzH27dz{Hl7H2}a o do {Hy {Hy { . {Hy, Ha ) }}}} =T/N.

k times

and of course in this case we also have Lie*(Xp,, X, )(2) = T N.
The part (ii) of the following statement is also known as Krener’s Theorem.
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Theorem 37 (Local Rashevski-Chow Theorem). Let X1, Xo be two C* vector fields (k> 1) on
the manifold M. Let z € M.

(i) (time-unoriented case) If Lie*~ (X1, X2)(2) = T. M, then z is contained in the interior of
its orbit Ox, x,(2):
z € int Ox, x,(2).

(ii) (time-oriented case) If Lie* 1 (X1, X2)(2) = T. M, then z is contained in the closure of the
interior of its positive reachable set (’)}1 XQ(Z), as well as in the closure of the interior of

its negative reachable set Oy, y (2):

z € clint (9}1 x,(2) Nelint Oy« (2).

We are now going to state the global counterpart to the previous theorem. In the time-oriented
case we shall make the additional assumption that X7 and X5 are complete vector fields and that
all points of M are non-wandering for both X; and Xs. Let us recall the precise definition.

Definition 38. Let X be a complete C! vector field on the manifold M with flow {¢% }er. A
point z € M is said to be non-wandering for X if for every neighborhood U of z and every t > 0
there exists t' >t such that

S (U)NU # 0.

The set of non-wandering points is closed. Note that a point is non-wandering for X if and
only if it is non-wandering for —X . Note also that if M is compact then the flow of X is complete;
if, in addition, the flow of X preserve a measure of full support then each point is non-wandering
for X, by the Poincaré Recurrence Theorem. This is the case for an Hamiltonian vector field on
a compact symplectic manifold.

Theorem 39. Let X1, Xo be two C* vector fields (k > 1) on the manifold M.
(i) (time-unoriented case) If every z € M satisfies
z € int Ox, x,(2)

then
Ox, x,(2) =M Vze M.

(ii) (time-oriented case) Assume that X1 and Xo are complete and that all points of M are
non-wandering for both X1 and Xo. If

z € clint (’)}1 x,(#) Nelint Oy« (2) VzeM (2.1)

then
0% x,() =M and Oy v (2)=M Vzel.
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Proof. The part (i) is an immediate consequence of the connectedness of M. The part (ii) is a
consequence of the Orbit Theorem (see | | or | |), and of Corollary 8.3 and Proposition
8.14 in | | as we now quickly recall.

By the Orbit Theorem, the orbit of any point z € IV is an immersed submanifold of V. Since
the orbit Ox, x,(z) of every point z has non-empty interior (due to assumption (2.1)), we deduce
that the orbit of every z is an immersed submanifold of dimension equal to dim N, i.e. it is an
open subset of M for every z. By the part (i) of Theorem 39 we deduce

Ox,x,(2) =M Vze M.
From Proposition 8.14 in | | and the non-wandering assumption* on X; and X, we have
Ox,.x,(2) QCIO}L)Q(Z) Vze M.
Putting together the two above relations yields
M:cl(’)}LXQ(z) Vze M.

The conclusion now follows by Corollary 8.3 in | |. 0

Note that Proposition 8.14 and Corollary 8.3 in | | are therein stated under the assumption
that Lie (X1, X2)(2) = T.M for every z € M, but their proofs hold unchanged under the weaker
assumption (2.1). We will need this slightly more general formulation in the sequel.

Remark 40. We will use in the sequel the following basic fact: given two C! vector fields X, X
on M and z € M, we have

z € int Ox, x,(z) < intOx, x,(z) # 0.

Indeed, let us suppose that the orbit Ox, x,(z) has non-empty interior and let us prove that it
is open. By changing the point z if necessary, we can suppose that z belongs to the interior of
Ox, x,(%). Let now 2’ be another point of Ox, x,(z). We want to prove that z’ belongs to the
interior of Ox, x,(z) as well. By definition of orbit, there exists ¢ = qﬁg’gik 0---0 ¢>§§il for some

keN, ty,....tx €R, iy,...,0 € {1,2}, such that
z€Dom¢ and ¢(z) =72
Since Dom ¢ is open and z € int Ox, x,(2), the set Dom ¢ N Ox, x,(z) is a neighborhood of z.

Since ¢ is a local diffeomorphism, the set ¢(Dom ¢ N Ox, x,(z)) is a neighborhood of 2’ contained
in Ox, x,(z). This proves that 2’ € int Ox, x,(z).

iIn | ] the terminology ‘Poisson stable’ rather than ‘non-wandering’ is used.
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2.2.2 The Thom Transversality Theorem. Rectifiable sets of pos-
itive codimension

In this section we recall from | | the notion of rectifiable set of positive codimension
in Banach and Frechet spaces. It is quite clear from the definitions below that such a set is
automatically Baire-meager (i.e. it is contained in a countable union of closed sets with empty
interior, or, equivalently, its complement is generic), but the viceversa is not true in general. In
this sense, the notion of rectifiable set of positive codimension is a stronger notion of “smallness”
than the one of having generic complement.

Let us first give the definition for Banach spaces. We shall present later the extension to
Frechet spaces.

Definition 41. The subset A in the Banach space F' is a Lipschitz graph of codimension ¢ € N if
there exists a splitting F' = E® G with dim G = ¢ and E closed, and a Lipschitz map g : E — G
such that

AC{z+yg(x),z € E}.

A subset A C F is rectifiable of codimension ¢ € N if it is a countable union A = U,pn(Ay)
where

e v, : U, — F is a Fredholm map ° of index i,, defined on an open subset U, in a separable
Banach space F,.

o A, CU, is a Lipschitz graph of codimension c+ i, in F,.

Finally, a subset A C F is rectifiable of positive codimension if it is rectifiable of codimension
c € N for some ¢ > 1.

In this paper, the Banach spaces under consideration will mostly be the spaces C*(M),k € N,
of real functions of class C* on a compact manifold M.

We shall occasionally consider the case of compact manifolds with boundary. More precisely,
if M is any such manifold, we will consider the space C*(M) defined as

CH(M) = {f: M — R: fis of class C* in M \ M, f is continuous up to the boundary and

all partial derivatives of f of order < k extend by continuity to the boundary}

The space C*(M) is a separable Banach space when endowed with the norm

[ fllorary = 0SSk et |0 f ()| (2.2)

the maximum being taken over all multi-indexes o = (ay,. .., o) € N% of length < k. Here m is
the dimension of M. For a function f € C*(M), we will regard its k-jet j*f as a function from
M\ OM to JE(M \ OM,R).

5A Fredholm map of index i between separable Banach spaces is a C! map such that the differential is
Fredholm of index 4 at every point (recall that the index is locally constant).
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We will also consider the space C*(M) when M is a non-compact manifold without boundary.
In this case C*(M ) is no more a Banach space, it is however a Frechet space in the usual way,

i.e. the Frechet topology is given by the family of seminorms {H Nlew Kn)} . where K, is any
ne
increasing sequence of compact sets exhausting M and || - [|ck(x,,) is defined as in (2.2). In fact it
is not restrictive to assume that each K, is a smooth manifold with boundary.
The definition of rectifiable subset of positive codimension extends to Frechet spaces as follows

(cf. | , Section 3|, where a different terminology was used: we call ‘rectifiable’ here what
was called ‘countably rectifiable’ there):

Definition 42. The subset A of the Frechet space F' is rectifiable of codimension c if it is
a countable union A = U, A, where each A, satisfies: there exists a Banach space By, and a
continuous linear map P,,: F — B,, with dense range such that P,(Ay,) is rectifiable of codimension
cin By,.

Let us point out from | , Prop. 16| the following useful compatibility property among
the spaces C¥(M) with respect to different values of k.

Proposition 43. Let M be a manifold. If A C C*(M) is rectifiable of codimension ¢, and k' > k,
then AN C¥ (M) is rectifiable of codimension ¢ in C¥ (M).

The next theorem can be seen as a finer version of the “avoiding case” of the classical Thom
transversality Theorem in jet spaces.

Theorem 44. Let M be a manifold, and W C J*(M,R) a C*-submanifold such that
codimW > dim M + 1.

Then, for every r > 1 the set
{Feckran: o nw 0}

is rectifiable of codimension equal to codim W — dim M > 1 in C*+7(M).

Proof. Let B = {z € R?: |z| < 1} be the open unit disc in R¢, and let W be a C' submanifold
of J¥(B,R) with codim W > d+ 1. In Chapter 3 (Proposition 69) it will be proved that for every
r > 1 the set

{rec ) rmynw 0}

is rectifiable of codimension equal to codim W —d in the Banach space C**"(B) defined according
to (2.2).

The proof of Proposition 69 will actually yield, with essentially no modifications, the following
more general result: if M is a compact manifold with or without boundary, and W is a C!
submanifold of J¥(M \ OM,R) with codim W > dim M + 1, then for every r > 1 the set

{f € CFHr (M) : j5 F(M\ OM) N W # @} (2.3)
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is rectifiable of codimension codim W — dim M in the Banach space C*(M). This proves the
present statement in the case of compact M.

In order to end the proof of the theorem it remains to consider the non-compact case. Let
M be a non-compact manifold (without boundary), and call A C C**"(M) the subset in the
statement, namely

a={fectr ) ronnw o},

Let K, € M,n € N, be a sequence of smooth compact sets exhausting M. Each of them is a
smooth manifold with boundary. Call P,: C*(M) — C¥(K,) the natural projection. Note that
the space J*(K, \ 0K,,R) is naturally included in J*(M,R), and that A = U, A,, where

A, = Pn‘l({f € CFF7(Ky) : 5 (K \ 9Kn) N W 2 @})

For each n the set

{f € CF (K, : 57 f (K \ Ky) N W # @}

is rectifiable of codimension codim W —dim M in C**+"(K,), because we are in the same situation
of the set in (2.3). Moreover, each P, is a surjective (cf. | , , | for more general
statements) continuous linear operator from the Frechet space C¥(M) to the Banach space
Ck(K,) and, a fortiori, it has dense range. Hence, by Definition 42, the set A is rectifiable of
codimension codim W — dim M in the Frechet space C*(M), as desired. 0

Clearly, the above theorem still holds true if one replaces W by a countable union of C!
submanifolds of codimension greater or equal than dim M + 1. In fact it is still true when W is a
rectifiable set of codimension greater or equal than dim M + 1, which also follows from Proposition
69.

2.2.3 The Hamiltonian Flow-Box Theorem

Theorem 45. Let (N,w) be a symplectic 2d-dimensional manifold, and H: N — R be a ok
function, k > 2. Let z € N be such that d,H # 0. Then, there exist a C*~1 chart ¢: U — R??
defined in a neighborhood U of z such that

Hoyp z,p)=p1  and (¥ Vwy=w

where wy is the standard symplectic form on R?*? and (z,p) = (x1,...,2q,p1,...,pq) are the
associated Darbouzx coordinates.

Proof. We refer to | , Theorem 5.2.19], where in fact the function H is assumed to be
smooth. However, the diffeomorphism 1) is therein constructed using the flow of H, which is C*~!
if H is C*. a
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2.3 The autonomous case
In this section we prove the main results presented in the introduction. For the convenience of
the reader, we restate them as Theorem 46 and Theorem 47 below.

Theorem 46 (Time-unoriented, autonomous case). Let N be a symplectic manifold of dimension
2d, and let Hy € C**1(N) satisfy the non-degeneracy assumption (1). Then, for every k > 4d,
the set

{Hg € CH(N) : O, i, (2) =N Vz e N}
has rectifiable complement of codimension > 1 in CF(N).

Theorem 47 (Time-oriented, autonomous case). Let N be a compact symplectic manifold of
dimension 2d, and let Hy € C11(N) satisfy the non-degeneracy assumption (1). Then, for
every k > 4d, the set

{H2 € C*(N): Of () =N Vze N}
has rectifiable complement of codimension > 1 in CF(N).
The proof of both theorems makes use of the following two results.

Lemma 48. Let N be a symplectic manifold, and let Hy be of class C*t1 (k > 2) and satisfy
the non-degeneracy Assumption (1). Let us set

No={zeN:dH =0}, N =N\N
and define subsets W', Wy C JE=1(N,R) by
W= {j e J*UN,R) < if j = 55V Hy then 2 € N’ and Lie"2(Xg,, Xi,)(2) C TZN}
Wo= {j e JEU(N,R) : if j = j5LHy then = € Ny and X, (2) € TNO} 6
We have:
codim kal(NR)W’ =k—dimN+1
codim jk—1(yryWo = dim N + 2.

In particular,
codim (W' UWy) >dim N +1 as soon as k> 2dimN.

Proposition 49. Let Hy, Ny, N’ be as in Lemma /8 and Hy € C*(N), k > 2, satisfy
XHQ(Z) §é T Ny Vz € Ny.

Then, the set

{t eR: ¢%,(2) € No}
has empty interior for every z € Ny. In particular, each z € Ny is accumulated by points in
(’)j{IhH2 (2) NN as well as by points in O g (2) NN

SRecall that in Assumption 1 we defined TNy as the union |J;cy TN' where {N'}; is a once-for-all
fixed countable family of submanifolds of codimension greater or equal than codim Ny and whose union
covers Ng.
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Proof of Theorem 46. First of all, let us notice that it suffices to prove the result for k£ = 4d,
thanks to Proposition 43.

Let W/ and Wy be as in Lemma 48. By that Lemma and by the positive-codimension version
of the Thom transversality theorem (Theorem 44) we get that the set

{Hy € CH(N) « Ly (N) 0 (W U W) = 0}

has rectifiable complement of codimension > 1 in C*¢(N). Thus it is enough to prove that any
Hj belonging to the set above satisfies Op, m,(2) = N for all z € N.

Let Ho belong to the set above. If the set Ng = {z € N : d,H; = 0} is empty, then, recalling
the definition of W', the conclusion follows from Theorems 37 and 39. If Ny is not empty, the
argument can be adapted as follows.

By connectedness of N, it suffices to prove that the orbit of every point z € N is open. By
Remark 40, an orbit is either open or with empty interior. Hence we are reduced to prove that the
orbit of every point z € N has non-empty interior. This is true if z € N’ = N \ Ny, by definition
of W’ and by the Rashevski-Chow Theorem. This is equally true if z € Ny, because in this case
we get by Proposition 49 that the orbit of z intersects (hence coincide with) the orbit of some
point in N’, and we just proved that such an orbit has non-empty interior.

O

Proof of Theorem 47. The proof is analogous to the one of Theorem 46 above. As before, it
suffices to prove the result for k = 4d. By repeating the first part of that proof, we get that the
set

{H2 € CY(NY) 1 A1 Hy(N) 0 (WU W) = (b} (2.4)

has rectifiable complement of codimension > 1 in C*4¢(N). Hence it suffices to prove that any Hy
belonging to the set above satisfies the properties stated in the theorem.

Let Hjy belong to the set above. If the set Ny = {z € N : d,H; = 0} is empty, then the
conclusion immediately follows from the time-oriented version of the Rashevski-Chow Theorem
(see Theorems 37 and 39). Note that any flow is complete on the compact manifold N, and any
Hamiltonian flow on IV has the property that all points are non-wandering by Poincaré recurrence
Theorem, thus part (ii) of Theorem 39 is indeed applicable.

If Ny is not empty we adapt the argument as follows: by part (ii) of Theorem 39 it suffices to
prove that every z € N satisfies

z € clint O}l x,(2) Nelint Oy« (2).

This is true if z € N’ = N\ Ny by Krener’s Theorem, see part (ii) of Theorem 37. This is equally
true if z € Ny as we now show. Indeed, in this case we get by Proposition 49 that z is accumulated
by a sequence (zy)nen of points in (’);}1 1,(2) NN, Since each 2, belongs to N', we know by
the previous case that z, is accumulated by a sequence (2, ;)ken of points in int 0131, Hz(zn). By
definition of reachable set, we have int OEL 1, (#n) C int OIJ}h 1, (%) for each n. Hence the subset
{%n,k }n,ken is contained in int (’);}1 H, (z) and has z as an accumulation point. This proves that
z € clint OIJ% 1, (%). The proof for O~ is analogous. 0
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Proof of Lemma 48. Let us first prove the inequality about W’. If k < 2d then the condition
Lie¥2(Xp,, Xpr,) © T. N is trivially satisfied because Lie ¥ 2(Xp,, Xp,) is spanned by k vector
fields, and the conclusion is true. Let us then suppose k& > 2d.

The set W is locally defined (above the open set N’ C N) by the inequality

d,H;
d,Hy

dz{H17 HZ}

rank < 2d. (2.5)

d. {Hy,{Hi,{.. -.a {H1,Ha} ... }}}

-~

k — 2 times

By the Hamiltonian Flow-box Theorem (Theorem 45) we can find, near any arbitrary point
of N, a local C* symplectic chart ¢ yielding identification with Darboux coordinates z =
(x,p) = (21,...,24,P1,---,pq) such that Hy(z) = p1.” A computation then shows that, in these
coordinates,

{Hl, {Hl, { ey {Hl,HQ} N }}}(Z) = Gx;nHQ(z),

m times

for any function Hs differentiable enough. As a consequence,

d, {Hy,{H1,{...,{Hi,Hs}... }}}

m times

= <6x7ln+1H2 g eee 6l"d3771nH2 5 8p1x§"H2 g eee 8pdx{”H2> (Z)

and the definition (2.5) for W’ becomes more explicit:

0 . 0 1 0 . 0
Op Hoy ... O, Ho Op, Ha Op, Ha Op,Ha
rank , . : : : . : (z) < 2d.
ax,fleQ . aW;f,QHQ 8p1$;f72H2 6p2x’f*2H2 . 8pdx;fsz2

This is a k x 2d — matrix. The first row corresponds to d,H;. The other rows correspond to the
iterated Lie brackets computed above up to m = k — 2, and their entries are clearly independent
when regarded as jet-coordinates. We deduce that the codimension of the set W' is the same as
the codimension of the set of (k — 1) x (2d — 1) matrices with non-maximal rank. Since we are
assuming k > 2d, this codimension is well-known to be

k—2d+1

as desired.

"Note that 1 also induces a change of coordinates on J*~!(N,R), which is of class C' because
1 is of class C*. Hence the codimension of W’ is the same as the codimension of its image under
this diffeomorphism. This legitimates the subsequent computations (and accounts for the requirement
Hy € C**1 rather than just C*).
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Let us now prove the inequality codim jr—1(yr)Wo > 2d + 2. By Assumption 1 we have

Ny C U N
leN

where each N' is a C? submanifold of N of codimension greater or equal than d + 1. Each tangent
space TN'! is a C! submanifold of TN and

codim 7y TNt > 2(d+1).
Since the map

JEL(N,R) = TN
jf_ng — XH2(Z)

is a submersion for all k¥ > 2 (due to non-degeneracy of the symplectic form), and W is precisely
the preimage of TNy = UjenT'N' via this map, we get

codim jx—1 Wy = codim 7NT Ny > 2(d + 1),

as desired. 0

Proof of Proposition 49. Recall that Ny is contained in a countable union of submanifolds
{N"}; and, by definition, TNy = U;TN'. We want to prove that for each z € Ny the set

{teR: ¢l (2) € No}

has empty interior. By Baire’s Theorem, it suffices to prove that, for each fixed [, the closure of
the set
Lt !
{teR: ¢y, (2) e N'}

has empty interior. This is easily seen to be true: the assumption
X, (2) ¢ T.N*  VYze N

implies that the set above is constituted by isolated points, and the closure of such a set always
has empty interior. 0

2.4 'The non-autonomous case

In this section we extend to the time-dependent case the results obtained in the previous section.
Let N be a symplectic manifold of dimension 2d, and Hy, Ho: N xR — R two time-dependent
Hamiltonians. They give rise to two time-dependent Hamiltonian vector fields on N denoted
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respectively by Xp,, Xg,. Equivalently, they give rise to two time-independent vector fields X H,
and Xg, on N x R defined by

Xu,(2,t) = (X, (2,t),1) € T y(NxR)=T.N xR, (z,t) € NxR,ie{l,2}

We shall occasionally denote by M the manifold N x R. If (z,¢) € N x R, in this section its
orbit Op, m,(#,t) has to be intended as the orbit of (z,¢) through X, and Xp,. It is therefore
a subset of N x R. We adopt the analogous definition for the reachable set (’);;1 H,(2:1).

We will make the following assumption on Hi:

Assumption 2. The Hamiltonian Hy is continuously differentiable and the subset My C N x R
defined by

My ={(z,t) € N xR :d,Hy(z,t) =0},
is contained in a countable union UjenM' of C%-submanifolds of N x R of codimension greater
or equal than d‘mTN + 1. Given such a family {M'}; we define the tangent space T My as

TM, = | JTM'.
leN
Note that each TM'! is a submanifold of class C* in T(N x R). According to Definition 56 we
have

dim NV
+1

codim NXRMO >
codim T(NxR)TMO > 2 codim nyxr Moy > dim N + 2.

As in the autonomous case, the above assumption is generic by an easy application of the
classical Thom transversality Theorem.
Let us now state the time-dependent versions of Theorems 46 and 47.

Theorem 50 (Time-unoriented, non-autonomous case). Let N be a symplectic manifold of
dimension 2d, and let Hy € C**2(N x R) satisfy the non-degeneracy assumption (2). Then, for
every k > 4d + 1 the set

{H2 € CF(N xR) : Oppy g, (2,t) = N xR V(z,t) € N}

has rectifiable complement of codimension > 1 in C¥(N x R).

Since both vector fields Xy, and Xy, induce the equation { = 1 on the t-variable, it is
obviously impossible for the reachable set of a point to be the whole of N x R. For this reason
we make the assumption that Hy and Ho are one-periodic in time, i.e. they are defined on N x T
where T = R/Z. We then regard the reachable set of a point (z,t) as a subset of N x T.

Theorem 51 (Time-oriented, periodic case). Let N be a compact symplectic manifold of dimension
2d, and let Hy € C42(N x T) satisfy the non-degeneracy Assumption (2). For every k > 4d + 1
the set

{H2 €CM(N XT): Off, (2 t) =N xT V (2,8) € N x 11‘}

has rectifiable complement of codimension > 1 in CK(N x T).
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Proof of Theorems 50 and 51. The proof is the same as in the autonomous case (Theorems
46 and 47), once the time-dependent counterpart to Lemma 48 has been established. This
is the content of Lemma 52 below. Note that for the time-oriented part one has to apply at
some point the part (ii) of Theorem 39 which makes the assumption that the two considered
flows have non-wandering dynamics. Since X 7, and X H, Dpreserve the measure p @ dt on the
compact manifold NV x T, this assumption is indeed fulfilled by the Poincaré Recurrence Theorem.

Lemma 52. Let N be a symplectic manifold of dimension 2d, and let Hy: N xR be of class C*+1
(k > 2) and satisfy the non-degeneracy assumption (2). Let us define the subsets My, M' C N x R
by

My ={(z,t) € N xR:d,Hi(z,1t) =0}, M' = (N xR)\ M

and the subsets W', Wy C JF*=1(N x R,R) by

W= { jETHN X RR) 1if j = jE S Hy then

(2,t) € M and Lie% *(Xu,, Xpm,)(2,t) € Tpopy (N x R)}

Wo= {j e JUN xR,R) : if j = jfzj;HQ then (z,t) € My and Xp,(2) € TMO} .

We have:

codim kal(NXR,R)W, =k—dimN
codim Jk_l(NXR7R)WO Z dlm(N X R) + 1.

In particular, codim (W' UWy) > dim N + 1 as soon as k > 2dim N + 1.

Remark 53. The lemma above is stated in the non-periodic setting. It holds in the periodic
case as well by replacing the jet space J*"1(N x R,R) with J*~!(N x T,R). The proof remains
essentially unchanged.

Proof of Lemma 52. The proof is very similar to the one of Lemma 48. We start with proving
the inequality about W', for which we only consider the case k > 2d + 1. In the other cases the
result is trivial by a dimensional argument.

Let jg be an arbitrary element of W’. We are going to prove that in a neighborhood of jg
the codimension of W’ is bounded below by the desired value k — dim N. The global bound on
the codimension of W' will then follow by standard arguments. The subset W’ is defined by the
inequality

X,
Xy
Xmy, XH
rank | Y 2 (z,t) < 2d +1 (2.6)
(Xu, [ [ Xy, X -]
—_—

k — 2 times
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which depends just on the (k — 1)-jet of Ha. Note that, since Hj is of class C**1 and the matrix
involves up to k — 1 derivatives of Hj, its entries are of class C? in the variable j = jé“z_t%Hg €
JFH(N x R, R).

Let us denote by (29,%9) the source of the jet jo. Since jo € W', we have d.Hi(29,ty) # 0.
By the Hamiltonian Flowbox Theorem (Theorem 45) applied at Hi(, o), there exists a local C*
diffeomorphism ¢ x id yielding identification with coordinates (z,t) = (x,p,t) on U x R,® with
(z,p) = (x1,...,24,p1,-..,pq) being standard Darboux variables on the open set U C R??, and
such that the Hamiltonian in the new coordinates satisfies at time ¢y

Hl(z,to):pl Vzel.

Using these coordinates it is easy to compute the restriction at ¢ = ¢y of the iterated Lie brackets
with X, . Indeed, for any m > 1 and any function Ha(z,t) differentiable enough, the computation
(which we omit) yields

[XHl,[...,[XHI,XH2}...]](z,to) = (XKm(z,to),O) Vz=(x,p)eU
—_—

m times

where Xy, is the Hamiltonian vector field on U associated to the function K,,: U — R defined
by

2 Kp(2) = (0g, — 0))™Ha(2,t0) + (8p, — 01)™ 10 H1(2,19).

Note that K, is a sum of two terms, with Hs appearing just in the first summand and H;p just
in the second.

Let us denote by j = (z,t,') the elements of J*~1(U x R, R), where the variable j’ regroups
all variables other than the source (z,t), i.e. ' regroups the value of Hy as well as all its partial
derivatives up to order k — 1. By using the explicit computation above we get that in the new
coordinates the inequality (2.6) defining W' becomes

vank (A(7') + Bur, (2,t0) + C, (21, 1)) < 2+ 1
where:

e the matrix Cp, (2,t,5') is a C' matrix which is identically zero for t = to and its exact
expression does not play any role here;

8Note that 1) x id also induces a local diffeomorphism of class C'* from (a subset of) J*~1(N x R, R)
to J k_l(U x R, R), thus preserving codimensions of subsets.
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e the matrix A(j’) is given by

1 OpHo OO nHs oo 0p0g, 1y 2Hz
8p2H2 8p28(117t)H2 PPN 6p28(z,1_t)k—2H2
A(]’) _ 0 adeQ 8pd8($1_t)H2 e apda(ml_t)k72H2
0 *aleQ *axla(ml_t)HQ e 78x18(;p17t)k*2H2
0 _adeQ —8$d8(x1_t)H2 o —a$da(xl_t)k72H2
1 1 0 .. 0

(here the first two columns correspond to X g7, and X H,, and the remaining columns account
for the Hy-summand in the definition of K,,, for m ranging from 1 to k — 2);

e the C! matrix By, (2,t0), depending just on z but not on ¢ and j’, accounts for the
Hi-summand in the definition of K, and its exact expression does not play any role.

From the expressions above it is clear that for ¢ = ¢y the variable j’ appears just in the matrix A.

Let us denote by J(kz;lto) the fiber of J¥~1(U x R,R) over (zo,tp). From the expression of A(j')

above we deduce that the codimension of W/ N J(k;lto) n J(k;lto) is the same as the codimension

of the set of 2d x (k — 1) matrices with non-maximal rank. Since we are assuming k > 2d + 1,

this codimension is well-known to be
k—2d.

Since By, and Cy, are of class C!, this fiberwise estimate allows to deduce the local bound
codim Jk—l(UXR’R)W/ >k —2d in a neighborhood of jy,

which is what we wanted to prove.
Let us now prove the inequality about Wj. The set Wy is the preimage of T'M under the
map
JFL(N xR,R) = T(N x R) = TN xR xR
e Hz = (X (2),1,1)
Let us write TMy = UjenTM! with each M! being a C? submanifold. It is not difficult to check

that the map above is transverse to the C' submanifold M for each I. Recalling the Assumption
2 on Hi, we then deduce

codim kal(NX]R,R)TMO = COdimT(NXR) U TMl Z 2d + 2[]
leN

9For reasons of page layout, the matrix A(j') written here is rather the transpose of what it should be
in according to the matrix in (2.6).






Chapter 3

Some remarks on Thom’s transversality
Theorem

3.1 Introduction and a conjecture

It is well-known that “most” functions are Morse, which means that their critical points are
non-degenerate. Discussing this claim with some details will be an occasion to introduce and
motivate the present work. Let us fix some integer » > 2 and a dimension d. Let B™ be the open
unit ball in R™, and B" the closed unit ball. We denote by C"(B™, R) the space of functions
which are C" on B", and whose differentials up to order r extend by continuity to the closed
ball B". We endow it with the norm given as the sum of the supremums of the differentials of
order less or equal than r. It is then a separable Banach space. Let F' be an affine subspace of
CT(B™,R). In most cases F will just be the whole space C"(B™,R), but it is sometimes useful to
consider finite-dimensional spaces F'. The map

e1:B"x F —R"
(@, f) — df (x)

is C"~1 and, when F' = C"(B™,R) it is a submersion, see [ |, Theorem 10.4. Recall that
a C' map is a submersion if and only if its differential at each point is onto with a split kernel.
Then, it is locally equivalent (by left and right composition by C'* maps) to a projection with split
kernel. We will always assume that F' is chosen such that e; is a submersion (or at least that it is
transverse to {0}). Let us then denote by ¥ the manifold e;!(0), and consider the restriction
s, to ¥ of the projection on the second factor. This map is C', and it is Fredholm of index 0.
Moreover a map fo € F'is Morse (on B™ ) if and only if it is a regular value of 7y, which means
that the differential of this map is onto at each point (x, fo) of ;. These claims are proved in
[ |, Section 19, the argument is recalled in Section 3.2.2 for the convenience of the reader,
see Proposition 60. We have proved that the set N C F' of non-Morse functions can be written

N = CV(TI’@J,

I The needed definitions and results about Fredholm maps will be recalled in Section 3.2.2.

81
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where C'V' denotes the set of critical values. By the theorem of Sard and Smale (see Section 3.2),
this set is Baire-meager, and it has zero measure in F, in a sense that will be made precise in
Section 3.2.

Let us now present, for r > 3, a slightly different approach which has the advantage of
avoiding the use of the Theorem of Sard and Smale. Denoting by S™ the set of symmetric d x d
matrices, we start with the evaluation map

ey : B"x FF — R" x §"
(x, f) —> (df (x),d* f(x))

which is C"72 and, when » > 3 and F = C"(B™, R), is a submersion. Let us denote by
A C R" x S™ the subset of points (0,H), with H singular. Note that A is an algebraic
submanifold of codimension n + 1 in R™ x S™, hence a finite union of smooth submanifolds of
codimension at least n + 1. The set N C F of non-Morse functions can be written

N =n(), ¥o=-e;'(A).

It is best here to first consider that F' is finite dimensional (but that e is still a submersion). Then,
Yy is a finite union of manifolds of dimension less than dim F'. This implies that N = 7w (X3) is
rectifiable of dimension less than dim F', or in other words it is rectifiable of positive codimension
in F'. This implies that N has zero measure, but is a much more precise information, which was
obtained without the use of Sard Theorem. This reasoning can be extended to the case where
F' is not finite dimensional with the help of an appropriate notion of rectifiable sets recalled in
Section 3.2. More precisely, we know that ¥, is a finite union of manifolds of codimension at
least n + 1. Since 7 is obviously Fredholm of index n, we conclude by Proposition 65 that 7(%2)
is rectifiable of codimension 1. We obtain:

Theorem 54. Let N C C"(B™,R) be the set of functions which are not Morse on B".

If r = 2, then N is a countable union of closed sets with empty interior, it has zero measure
(in the sense of Haar or Aronszajn).

If r = 3, it us rectifiable of positive codimension.

The concepts of sets of zero measure (Haar null or Aronszajn null sets) in separable Banach
spaces used in this statement are recalled in Section 3.2, together with the concept of rectifiable
set of positive codimension. Each point in the statement is the result of one of the strategies of
proof exposed above, notice that none of these statements contains the other.

As a second illustration, we consider a smooth manifold A C R™ and describe the set
NA C F = C"(B" R™) of maps which are not transverse to A on B". We consider the evaluation
map

Ey:B"x F — R™
(@, f) — [f().

This map is C" and, for r > 1, it is a submersion. We then have

NA = CV(7T|Eo)a 2o :E()_I(A)7
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and 75, is C" and Fredholm of index i = n — ¢, where ¢ is the codimension of A, as follows from
Proposition 60. If » > n — ¢+ 1, we can apply the theorem of Sard and Smale (see Section 3.2),
and obtain that this set is Baire-meager, and has zero measure in F', in a sense that will be made
precise in Section 3.2. When ¢ > n, we also conclude that NA = m(Xg) is rectifiable of positive
codimension.

The second approach, which is useful for ¢ < n, consists in using the evaluation map

Ey:B" x F — R™ x L(R",R™)
(@, f) — (f(z), dfs).

This map is C"~1, and, for r > 2, it is a submersion. Let us denote by A the set of pairs
(y,1) € R™ x L(R™,R™) such that y € A and [(R") + Ty, A C R™. We then have

NA:TF(il), ilefl(A)

We conclude as above that N A is rectifiable of positive codimension in view of the following
Lemma:

Lemma 55. The set A is a countable union of smooth manifolds of codimension more than n.

Proof. Locally, there exists a submersion F : R™ — R such that A = F~1(0). Then, the set A
is the preimage by the local submersion

R™ x L(R",R™) 3 (y,1) — (F(y),dF, ol) € R® x L(R",R°)

of the set B := {0} x Lg(R™, R®) where Lg is the set of singular linear maps from R" to R® (maps
of rank less than ¢). It is well-known that Lg(R™,R¢) is an analytic submanifold of codimension
n —c—+ 1in L(R™ R¢), hence B is an analytic submanifold of codimension n + 1. As a con-
sequence, B is a finite union of smooth submanifolds of codimension at least n+1, hence so is A. 0

As a conclusion, we obtain:
Theorem 56. Let A be a smooth submanifold of R™ of codimension c.

o Forr>n—c+1, The set NA is Baire meager and Aronzajn null (hence Haar null) in
C"(B™ R™).

e Forr > 2, the set NA is rectifiable of positive codimension in C"(B™,R™), it is thus Baire
meager and Aronszajn null.

It is worth observing that the second statement contains the first one, except for the case
where ¢ = n and r = 1. Our goal in the present paper is to develop an analog of the second
strategy presented on the examples above to prove the Thom transversality Theorem in the space
of jets. This idea was suggested by Gromov, in | |, page 33, and used in | |, Section 2.3.,
where it is reduced to an appropriate generalization of Lemma 55 above. This Lemma, which is
stated there without proof, is our Conjecture 72. The main novelty in the present paper consists
in giving a full proof of this conjecture in the analytic case. We also explain that this strategy, as
in the examples above, leads to a more precise statement of the Thom transversality Theorem
than the usual proof based on the Theorem of Sard:
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Theorem 57. Let A be a smooth submanifold of JP(B™,Y) of codimension ¢, where Y is a finite
dimensional separable manifold. For r > p+1, let NA C C"(B™,Y) be the set of maps whose
p-jet is not transverse to A.

o Ifc=n+1andr > p+1, then the set N A is rectifiable of codimension ¢ —n in C"(B™,Y),
it is thus Baire meager and Aronszajn null.

o Ife<nandr Z2p+1+n—c, the set NA is Baire meager and Aronszajn null (hence
Haar null) in C"(B™,Y).

o Ifc<nandr > p+2 and A is analytic, the set N A is rectifiable of codimension > 1 in
C"(B™Y), it is thus Baire meager and Aronszajn null.

Proof. For completeness, we first quickly recall the usual proof of the Thom transversality
Theorem, as given in | |, which yields the first and the second point of the Theorem. We
consider the evaluation map (with F' = C"(B™,Y)):

E,:B" x F —s J’(B".Y)
(%, f) — jhf-

This map is C" 7P, and it is a submersion, see | |, Theorem 10.4. We also have
NA=CV(my), %=E,"(A).

It follows from Proposition 60 below that the map w5 is Fredholm of index i = n —c. We
conclude from the Theorem of Sard and Smale (Theorem 71 below) that N A is Baire meager and
Aronszajn null. This proves the second point of the theorem. If, in addition, the codimension
of A is strictly larger than n, then so is the codimension of ¥, and we can conclude directly by
the “Easy Part” of the theorem of Sard and Smale that NV A is rectifiable of positive codimension.
This proves the first point of the theorem.

We obtain the proof of the third point of the theorem by considering the evaluation map

Epi1:B" x F — JPYY(B™)Y)

(2, f) — G2 f,

which is a C"7P~! submersion, and the set
AY {521 f € JPTY(B™Y) : jPf is not transverse to A at 2} C JPT(B"Y).

By definition, we have

NA==(%), £=E(A).

The third point of the theorem, even without the additional restriction on A, would then be
a consequence of Conjecture 72 below. We are not going to prove this conjecture in its full
generality. Nevertheless, the cases of the conjecture that we will be able to prove (see Theorems
73 and 74) imply the third point of Theorem 57. 0
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Conjecture 58. If A is a smooth submanifold of JP(B™,Y) of codimension c < n, then Aisa
countable union of smooth submanifolds of codimension strictly larger than n in JPTLH(B™)Y).

In view of Proposition 69, it would even be enough for our applications to prove that A is
rectifiable of codimension n + 1 (in the sense of Section 3.2.3). We come back to this conjecture
in Section 3.3, where we obtain some special cases, see Theorem 73 and 74, which are sufficient
to imply the third point of Theorem 57. In Section 3.2, we recall several mathematical notions
which have been used in this introduction.

3.2 Small sets, rectifiable sets, the theorem of Sard and
Smale

3.2.1 Some notions of small sets

Let F be a separable Banach space. We define below three translation invariant o-ideals of
subsets of F. A o-ideal is a family F of subsets of F' such that

AcF A CA=AecF,
Vn €N, A, € F = UpenAn € F.

A subset A C F is called Baire-meager if it is contained in a countable union of closed sets
with empty interior. The Baire Theorem states that a Baire-meager subset of a Banach space has
empty interior.

A subset A C F'is called Haar-null if there exists a Borel probability measure 4 on F' such
that u(A+ f) =0 for all f € F. The equality (A4 f) = 0 means that the set A+ f is contained
in a Borel set /le such that (A #) = 0. A countable union of Haar-null sets is Haar-null, see
[ , | and | | for the non-separable case.

A subset A C F' is called Aronszajn-null if, for each sequence f,, generating a dense subset
of F', there exists a sequence A,, of Borel subsets of F' such that A C U,A, and such that, for
each f € F and for each n, the set

{reR:f+af,e A} CR

has zero Lebesque measure. A countable union of Aronszajn-null sets is Aronszajn-null, and each
Aronszajn-null set is Haar null, see | , |.

The notion of probe allows a simple criterion for proving that a Borel set A is Haar or
Aronszajn null. A probe for A is a finite dimensional vector space £ C F such that (A+ f)NE
has Lebesgue measure zero in E for each f € F. It is easy to see that A is Haar null if there
exists a probe for A. In the sense of Aronszajn, we have (see | |, Proposition 4.3):

Lemma 59. Let A C F be a Borel set. If the set of probes for A contains a non-empty open set
in the space of finite dimensional subspaces of F', then A is Aronszajn null.

Proof. Let f, be a sequence of points of F' generating a dense subspace. Under the hypothesis of
the lemma, there exists N € N and a probe E such that E C Vect(f,,n < N). Then, the space
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Fy = Vect(f,,n < N) is itself a probe for A. By standard arguments, (see | |, Proposition
6.29 or | |), we conclude that A = U,<ny A, where each A,, is a Borel set such that the set

{reR:f+af,e A} CR

has zero measure for each f € F. Since this holds for each sequence f,, with dense range, we
conclude that A is Aronszajn null. 0

If X is a separable manifold modeled on a separable Banach space F'x, we also have notions
of Baire meager, Haar null and Aronszajn null subsets of X. We say that A C X is Baire meager,
Haar null or Aronszajn null if, for each C' chart ¢ : By — X, the set ¢~ 1(A) is Baire meager,
Haar null or Aronszajn null, where By is the open unit ball in Fx. Baire meager sets can also
be defined directly as subsets of countable unions of closed sets with empty interior in the Baire
topological space X.

The situation is slightly more problematic with Haar null or Aronszajn-null sets, because
these o-ideals are not invariant by C! diffeomorphisms. As a consequence, being Haar null or
Aronszajn null in the Banach space Fx seen as a Banach Manifold is a stronger property than
being Haar null or Aronszajn null in F'x seen as a Banach space. This ambiguity in terminology
should not cause problems in the sequel. Many other notions of sets of zero measure in nonlinear
spaces have been introduced, see for example the survey | |.

3.2.2 Fredholm maps

Given Banach spaces F' and B, a continuous linear map L : F — B is called Fredholm if its
kernel is finite dimensional and if its range has finite codimension. This automatically implies that
the range of L is closed, see for this fact Lemma 4.38 in | |). We say that L is a Fredholm
linear map of type (k,() if k is the dimension of the kernel of L and [ is the codimension of its
range. The index of L is the integer k — [. Recall that the set of Fredholm linear maps is open
in the space of continuous linear maps (for the norm topology), and that the index is locally
constant, although the integers k and [ are not. They are lower semi-continuous. When F' and B
have finite dimension n and m, then the index of all linear maps is i = n — m.
The following essentially comes from Section 19 of | |.

Proposition 60. Let ), X be Banach spaces such that X has finite dimensionn. Letl: FxX —
R¢ be a surjective continuous linear map, let K be the kernel of I, and let k be the restriction to
K of the projection (f,z) — f.

Then k is Fredholm of index n — c. Moreover, it is onto if and only if the restriction ly of [ to
{0} x X is onto.

Proof. Let us denote by X the space {0} x X, by Fp the space F'x {0}, and by K| the intersection
K N Xy. To prove that the continuous linear map k is Fredholm, we write

FxX=K1 Ky X1 F

where
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e F} C Fyand F1 @ (K + Xo) = F x X. Such a space exists because K + X has finite
codimension, and because Fy + K + Xg=F x X.

e K1 Ky=K.
o X; & Ky=Xp.

Denoting by w: F' x X — F' the projection on the first factor, we see that the restriction of 7 to
K1 & F} is an isomorphism onto F. This implies that the map & is conjugated to the linear map:

Ki® Ky — K19 F
K1+ Ko — k1 + 0,
which is Fredholm of index ¢ = dim Ky — dim F;. We obtain that
i = (dim Ko + dim X;) — (dim X; +dim F}) =n —c.

The linear Fredholm map k is onto if and only if its kernel Ky has dimension n — ¢. On the other
hand, the space Kj is also the kernel of [y, hence it has dimension n — ¢ if and only if the map [
is onto (X has dimension n). We have proved the second part of the statement. 0

We now recall a standard Lemma of differential calculus.

Lemma 61. Let X,Y be separable Banach manifolds modeled respectively on the Banach spaces
Fx,Fy. Let f : X — Y be a C* map and x¢ be a point such that dfy, has a closed and
split range I C Fy and a split kernel K C Fx. Let G be a supplement of I in Fy. Then,
for each local diffeomorphism ¢ : (Y, f(xg)) — (I x G,0) there exists a local diffeomorphism
v: (I x K,0)— (X,z0) such that

¢ o fop(xi,zr) = (i, (w4, 71))
for some C1 local map ¢ : I x K — G.

This Lemma can be applied in particular to Fredholm maps.

Proof. Let E be a supplement of K in Fx. By considering first an arbitrary local chart ¢ :
(E x K,0) — (X, xzg), we write

¢ © f © (75 : (:L'e; l‘k) — (fi(xev :Ek’)a fg(mea ZL‘k))
It follows from the definition of G and I that 0, f; is an isomorphism, hence the mapping
(Te, 21) ¥ (filTe, 21), )

is a local diffeomorphism between (Bx,0) and (I x K,0). Denoting by ¢(x;, k) = (Pe(Ti, Tk ), k)
its inverse, we see that

¢o fopod(wi,ar) = (i (wi, xk))
with w(:c,, .’L‘k) = fg(cﬁe(wi, xk), xk)

We also recall the constant rank (or rather constant corank) theorem.
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Lemma 62. Let f: X — Y be a C! map. Assume that there exists an integer ¢ such that, for
each x € X, df, has a closed range I C Fy of codimension ¢ and a split kernel K C Fx. Let G
be a supplement of I in Fy. Then, near each point xg € X there exists a local diffeomorphism
¢ (Y, f(x0)) — (I x G,0) and a local diffeomorphism ¢ : (I x K,0) — (X, x0) such that

po fop(xi,xr) = (x,0).

Proof. We first apply Lemma 61 and find charts ¢ and o such that <Z~>ofogo(a;i, xr) = (x5, Y(zi, xr)).
The differential of this map has corank ¢ (which is the dAimension of G) if and only if 0,19 = 0.
We conclude that ¢ does not depend on 3. We now set ¢(x;, xy) = (x;, 24 — ¥(z;)), and observe

that ({Soq;o foo(x;,zr) = (24,0). 0

In the sequel we shall make use of nonlinear Fredholm maps, according to the following
definition.

Definition 63. A Fredholm map of index i € Z between two separable Banach manifolds X,Y is
a function ¢: X =Y of class C' enjoying the following property: for every x € X the differential
dzp is a linear Fredholm map of index i.

In the above definition the index of d,p is assumed to be globally constant as a function of x.
Note that this is not very demanding: as we already recalled, the index is locally constant on the
set of linear Fredholm maps, which, in addition, is open in the set of continuous linear maps.

3.2.3 Rectifiable sets in Banach manifolds

We use here the definition of rectifiable sets of finite codimension given in | |, which
extrapolates on | |. Our terminology, however, differs from that of | | : we call
rectifiable here what we called countably rectifiable there.

The subset A in the Banach space F' is a Lipschitz graph of codimension d if there exists
a splitting F' = F @ G, with dim G = d and FE closed, and a Lipschitz map g : £ — G such that

AcC{zr+g(x),x € E}.

Let X be a separable manifold modeled on the separable Banach space Fx. A subset A C X
is rectifiable of codimension d € N if it is a countable union A = U, ¢, (A,) where

e ¢, : U, — X is a Fredholm map of index i, defined on an open subset U, in a separable
Banach space F,.

e A, C U, is a Lipschitz graph of codimension d + i, in F,.

Note that, by definition, if A C X is rectifiable of codimension d then it is rectifiable of
codimension d’ for all 0 < d’ < d. The following properties are proved in | | or | |.

Proposition 64. A rectifiable set of positive codimension is Baire meager. More precisely, it
18 contained in a countable union of closed rectifiable sets of positive codimension. It is also
Aronszangn null, hence Haar null.
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Proposition 65. Let X and Y be separable Banach manifolds, and let f : X — Y be C!
Fredholm of index i, and let A C X be rectifiable of codimension d > i + 1, then the direct image
f(A) is rectifiable of codimension d — i.

The following property is almost taken from | |.

Proposition 66. Let X and Y be separable Banach manifolds, let A C Y be rectifiable of
codimension d and let f : X — Y be a C' map such that, at each point of f~1(A), the
differential df has the following properties with some integer k < d — 1:

e [t has a split kernel.
e [t has a closed image of codimension at most k.

Then, f~1(A) is rectifiable of codimension d — k. In particular, if f is a submersion, then f~1(A)
is rectifiable of codimension d.

Proof. In view of Lemma 61, it is enough to prove the statement for maps of the form
(zi,x) — (24,0 (x;, 2k)), where (x;,z;) € I x K, and v takes value in G, a supplement
of I in By (hence dim G < k). We also consider that A C I x G is rectifiable of codimension d.
Then the projection Aj of A on I is rectifiable of codimension d — k in I. In view of the special
form of the map we consider, the preimage of A is contained in Ay x K, which is rectifiable of
codimension d — k in I x K because Ay is rectifiable of codimension d — k in I. 0

We express the following results in the context of Banach spaces to avoid some technical
complications. If F' is a separable Banach space, then we define the separable Banach spaces
CP(B™, F) as in the introduction. The following result was proved in | |:

Proposition 67. If A C CP(B", F) is rectifiable of codimension d, and p' > p, then AﬂCp/(B”, F)
is rectifiable of codimension d in C¥ (B™, F).

This results allows to define sets of positive codimension in the Frechet space C*(B", F),
see | |. The following result makes precise the simple fact that “most” n-parameter families
avoid sets of codimension d when d > n.

Proposition 68. Let F' be a separgble Banach space, and A C F' a rectifiable set of codimension
d. Forn < d, The set A C CY(B", F) of maps f such that f(B") N A # () is rectifiable of
codimension d — n.

Proof. This is just a variant of the methods of proof used in the introduction. We consider the
evaluation map

Eo: B" x C*(B",F) — F,

which is a C! submersion. We conclude from Proposition 66 that E; 1(A) is rectifiable of codi-
mension d in B" x CP(B", F). The set A, which is the projection of Ey*(A) on the second factor,
is thus rectifiable of codimension d — n. 0

The “easy case” of the transversality theorem also has a natural analog in terms of rectifiable
sets.
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Proposition 69. Let F' be a separable Banach space, and A C JP(B",F) a rectifiable set of
codimension d. For n < d, The set A C CPT1(B™ F) of maps f such that jPf(B") N A # () is
rectifiable of codimension d — n.

Proof. Tt is the same as above, using the evaluation map E, : (z, f) — j5 f. 0

3.2.4 The Theorem of Sard and Smale

Theorem 70. Let X be a smooth (separable) manifold of dimension n, Y a smooth manifold of
dimension m, and let f : X — Y be a C" map. If r > 1+ (n —m), and m < n, then the set
CV(f) of critical values of f has zero measure in'Y.

The theorem also holds in the case where » > 1 and n < m — 1, which is sometimes called
the easy case of Sard’s theorem. In this case, however, the Set CV(f) is just the image f(X),
which is rectifiable of dimension n in Y. Since n < m, this implies the result, but it is a much
finer information. The theorem of Sard was extended by Smale to the infinite dimensional case.
We give below a more precise statement:

Theorem 71. Let X and Y be separable smooth manifolds modeled on separable Banach spaces,
and let f: X — Y be a C" Fredholm map of index 1.

e I[fi >0 andr > 1414, then the set CV(f) of critical values of f is Aronszajn null (hence
Haar null) and Baire meager in'Y'.

o Ifi <0 andr > 1, then the set f(X) = CV(f) is rectifiable of codimension —i in'Y (It is
thus Aronszajn-null and Baire meager).

Proof. The second part of the statement (the “easy case”), is a special case of Proposition 65. Let
us focus on the first part. Let P be the set of critical points of f, so that CV(f) = f(P).

We claim that each point zy of P has a closed neighborhood P in P such that f(P) is
Aronszajn null (hence of empty interior) and closed. Since P is a separable metric space, it
has the Lindelof property, and it can be covered by countably many such local sets P. As a
consequence, the claim implies the statement.

Let Fx and Fy be the separable Banach spaces on which X and Y are respectively modeled.
Let I be the range of df,,, and let G be a supplement of I in Fy, note that G has finite dimension
l. Let ¢ be any local diffeomorphism between (Y, f(zo)) and (I x G,0).

By Lemma 61, there exists a local diffeomorphism ¢ : (I x K,0) — (X, () such that

¢o fop(xxy) =x; + (x5, T1),

where K is the (finite-dimensional) kernel of df,, and ¢ : I x K — G is C". Let B C I x K be
a bounded closed set containing 0 in its interior. Let us then set

P=y(B)NP
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Since ¢ is a local diffeomorphism, P is a closed neighborhood of zy. Moreover, we have

$(f(P)) CCV(pofoyp)C | (wi+CV(ia,))

z, €1

where 1, : K — G is the map xj — (x4, ). In view of the finite dimensional Sard theorem
(applied to v5,), we conclude that G is a probe for #(f(P)). Since it admits a probe, this set
is Haar-null. Moreover, since the set of supplements of I is open in the space of [-dimensional
subspaces of Fy, we conclude from Lemma 59 that ¢(f(P)) is Aronszajn null. Since this holds
for each local chart ¢, we have proved that f(P) is Aronszajn null in Y.

Finally, let us prove that f(P) is closed, or equivalently that ¢(f(P)) is closed. Let " be
a sequence in P, such that f(z") has a limit ¥, we have to prove that y® C f (]5) Let us
denote by (z,x}) the sequence ¢~ '(z"). Since K is finite dimensional and ¢~ '(P) C B is
bounded, we can assume by taking a subsequence that x}! has a limit z7°. On the other hand,
since f(z™) — y°°, we conclude that

(@i, (i, ) = o fop(ai,xp) = do fz") — ¢(y™),

hence z7' has a limit z£° (which is the first component of ¢(y>°)). The sequence (z}', z}) is
thus convergent, hence so is x, = (2}, 2}). Since P is closed, the limit °° belongs to P, and
y> = f(@™). m

3.3 Some cases of the conjecture

In this section, we consider two finite dimensional smooth manifolds X and Y. For p € N, we
denote by JP(X,Y) the space of p-jets of functions X — Y. See for example | , |
for some details on jet bundles. Note that J°(X,Y) = X x Y, and it will also be convenient to
consider that J~1(X,Y) = X. For p < p’ we have a natural projection

P (X,Y) — JP(X,Y).
When p = —1, this is just the source map jgf — x. When p € N, the bundle
ot JPHHXY) — JP(X,Y)

has a natural affine structure, we denote by 2! (a) the fiber (x571)~1(a), for a € JP(X,Y).
Given a submanifold A C JP(X,Y) of class C",r > 1, we define

AY {jgﬂf e JPPY(X,Y) : jPf is not transverse to A at z} C JPLHX,Y). (3.1)
If 5% f is an element of JP(X,Y) and 0 < k < p — 1, we define the vector subspace E*(j5f) by

EF(Ef) © d(E (T X) € Ty (JH(X,Y)) (3.2)
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Here d(j* f) is the tangent map at z of j*f: X — J*(X,Y). Note that the subspace E*(jLf)
depends just on j5T!f and that its dimension is always equal to dim X. We also extend the
definition to k = —1 in a trivial way by setting E~(j5f) = T, X. We have

A={z€ P NX,Y) T p+1, A+ EP(2) C T pe1 J?(X,Y)}.

Conjecture 72. The set A is a countable union of submanifolds of codimension more than
n =dim X.

This conjecture is stated as a Lemma in | |, but not proved. The statement is obvious
when the codimension ¢ of A is larger than n, we assume from now on that ¢ < n. We will use
the notation

A= AnFpi(a).

We say that the point a € A is degenerate if

drb_(T,A) + EP ' (a) C Tpr ,JPH(X,Y). (3.3)

p-19
(for p = 0 the map 7, is the projection from J°(X,Y) to X). If a is degenerate, then
A, = ]-'5“(@). The manifold A can be decomposed as the disjoint unions A = Ay U Ay, where
Ay is the set of degenerate points of A and A; is the set of non-degenerate points (by definition,
the other points). The set A; is an open submanifold of A, hence it is itself a submanifold of
JP(X,Y), and

A= (7r£+1)_1(A0) U 4. (3.4)

Let us first treat the special case where A = A; (we then say that A is non-degenerate). Note
that this condition holds for example if A is transverse to the fibers of the projection 7T£_1. This
condition also holds when p = 0. The following result also implies Lemma 55:

Theorem 73. Let A be a non-degenerate C" submanifold in J?(X,Y). Then A is a countable
union of C"~' submanifolds of codimension larger than n = dim X in JPH1(X,Y).

This result implies that A; is a countable union of submanifolds of codimension at least
n + 1. In order to prove the conjecture, we would also need to prove that the manifold Ay has
codimension n + 1. We are not able to prove this statement in the general case, hence we will
restrict to the analytic case. We say that the submanifold A C JP(X,Y) is analytic if for every
a = jbf € A there exist charts ¢y and ¥y on X and Y, respectively defined on a neighborhood
of z in X and a neighborhood of f(x) in Y, such that the induced chart ¥ on JP(X,Y"), defined
on a neighborhood U, of a, makes A analytic, i.e.

Y(ANT,) =(F(0)

for a finite family of analytic functions F;: ¥(U,) — R. When A is analytic, we manage to study
Agp by recurrence using Theorem 73, and obtain:

Theorem 74. Let A be an analytic submanifold in JP(X,Y). Then A is a countable union of
analytic submanifolds of codimension larger than n = dim X in JPT1(X,Y).
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3.3.1 The non-degenerate case

We assume here that the C™ manifold A C JP(X,Y) is non-degenerate, which means that
dry_y (T, A) + EPY(a) = Tpp ,J"H(X,Y) (3.5)
for each a € A, and prove Theorem 73. To study the set A,, we define, more generally, the set
Zay ={a € F(a): V+ EP(a) C TLJP(X,Y)} C 2T (a)

associated to a point a € JP(X,Y) and a subspace V C T,JP(X,Y). Then, we have

Aa = La, T, A-

We decompose Z,y as
dim JP(X,Y)—1

T
Z%V = U a,V
r=dim V'

where

v fae (@@ dim (V+ Br@) =}
This decomposition obviously yields a decomposition A = UA”, where
Ay = A" N F N a) = Z) 1, a-

The following result implies that A is a C"~! submanifold of codimension at least n+1 — codim A
in (7571)~1(A), hence a submanifold of codimension at least n + 1 in JP*1(XY), which proves
Theorem 73.

Proposition 75. Let a € JP(X,Y) and V' be a vector subspace of T,JP(X,Y) of dimension m
and codimension ¢ > 1 such that
drb_ (V) +EP"'(a) =T, SilaJp_l(X, Y). (3.6)

Uy

We have:
codim ]_-5-«-1((1) Za,V >n+1—ec.

More precisely, the set Zj , is locally contained in the preimage Fa_‘l/ (0) of an algebraic submersion
Fay : FB(a) — R?
whose coefficients depend smoothly on (a,V), with @ =n+1—c+ 2(dimJP(X,Y) -1 —r).

Proof. Since the result is of local nature, we can suppose without loss of generality that the jet
bundles are trivialized. Hence,

JPNX,Y) = JP(X,Y) x FEH
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where 21! is the fiber of the projection #5™': JP*1(X|Y) — JP(X,Y). We have thus the
identification .7-"5+1(a) = ]-"5“. Hence the sets Z; , can be regarded as subsets of .7-"11,7“: denoting

by z the elements of ]-"}?H, we have
Vv = {2 € f;’“ : dim (V + EP(a, z)) = T} .

We assume from now on that m < r < dim JP(X,Y) — 1. Let us pick, for any z in .7-"5“, a
function f, such that

jg+1fz = (a7 Z)

Here z € X is the base-point of a. Let us also choose a basis vy, ..., v, of V. Let us call M,y (2)
(or just M(z)) the matrix whose columns are, in the order, the following vectors (belonging to
T,JP(X,Y))

VlyenoyUmy Op G0 foy oot 0p, 50 f (3.7)

expressed in a convenient basis of T,JP(X,Y) which we shall explicit shortly. Note that the
vectors 8xjj£fz, 1 < j < n form a basis of EP(a, z). It is then clear that

2 € Zyy < rank M,y (z) =,
or equivalently

det N(z) =0 V square submatrix NV of M,y of size r + 1
0

z€7 v &
@V {detN(z) #

for some square submatrix N of size r.

We will now study more precisely these equations with the help of an appropriate system of local
coordinates. Locally, we have the identifications

JP(X,Y) = TN X, Y) x F (38)
JPHX,Y) = JPNX,Y) ) PRy x FRE '
and both ]:}erl and ]:571 can be identified with real vector spaces. More precisely, we fix once
for all local coordinates x1,...,2, and y',...,y? on X and Y respectively, this induces the
. . . p+1 ~ dim]:P‘Fl o q(ntp) . s s

identification F, "~ = R p = R*"\»-1/ via the isomorphism

n-H?)

. pHl a(mt
(¥) 10, al=pt1° T5 - R

Jef = (alfs(x))gsgq, la|=p+1°

Here f® = y® o f is the s-th component of f, a = (aq,...,q,) is a multi-index in N" of length
lof =p+1and 0, = 05} ...03" stands for the associated partial derivative. Note that for the
isomorphism to be rigorously defined, one should specify an order on the set of the involved
couples (s, ). Since this order will not play any role in the sequel, we do not specify it.
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. n+p—1
Concerning .7-"571, we have the analogous identification ]-"571 ~ RAMF, ]Rq( 1) via the

isomorphism

P o R

IBF = (0af" () 1cocy jafmp

(?JZ) 1<s<q, |a|=p

Here the order on the couples (s, «) will play an important role. For reasons which will become
clear in the Lemma 79, we adopt the following lexicographic order:? if s,s’ € {1,...,¢} and
a=(a1,...,an),d = (af,...,a) are multi-indexes of length p, the variable y3 strictly precedes
the variable ygl, if and only if

(3.9)

=a foralll<h<k-—1
s> s or (s:s' and Elkzlz{ah “h ora - = )

ap > o

Summing up the above paragraphs, we will regard (y§)1<s<q lal=p+1 and (yg)1<s<q la|=p 2

coordinates respectively on .7-"{;’“ and .7-"17;_1, compatible with the affine structure of these spaces.
The coordinates on ]-"571 are ordered according to (3.9). Since we denoted by z the elements of
}}I,’H, we have

_ +1 ~ mpdim F5 !
z = (yg)1§s§q7‘a|:p+l € FRHl = RI™

Let us now write more explicitly the vectors 0, jb f. appearing in (3.7). According to the
decomposition (3.8), an arbitrary p-jet jb f writes

7f = (387 Oaf* @ iseq aimp) € TTHEY) X FD. (3.10)

The vectors dy,ji f. are elements of the vector space ToJP(X,Y) = T» 1aJp_l(X,Y) x Fp .
o

Uy

By taking the derivative of (3.10) with respect to z; we get:

axjjgfz = (axjjzxg_lfm (aa-i-(sjfs(l'))lgsg% |a|=p>

p—1
— (&ijg Iz (yg—‘r(sj)lgsgq’kx‘:p)

where 0; is the multi-index (O, ...,0, 1 ,0,... ,0) € N”. Note that the component 8$jj§_1fz
j-th
depends just on partial derivatives of order one of jP~1f, at z, i.e. it depends just on j&f. = a.

This justifies the following notation:

def p— .
ej(a) = axjjg 1f27 1<5<n

2What really matters for our purposes is the lexicographic order with respect to o at fixed s. There
are several orders satisfying this condition, but for the sake of definiteness we adopt the one described in
(3.9).
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Note that
Span {e1(a),...,en(a)} = EP"(a).
We have:
Ory 2t = (€3(0), (W35, 1<z iolp) (3.11)
We can now write the matrix M,y (z) in the base of ToJP(X,Y) = ngilajp_l(X, Y) x
F}_, obtained as the juxtaposition of an arbitrary base of ngilaJp_l(X, Y) and of the base

(yg)lgsg% laf=p of .7-"5_1 in the order which has been specified before:

| | | |
I 1 | |
. p_l

. ei(a) | ... | enla) dim JP7H(X,Y)

Moy(2) = | wij...|on |
| |
| |

B .
: : (2) dim F)_,
Here the vectors vl,_. .., Upy are a basis of V and the vectors ei(a),...,en(a), which have been

defined before, form a base of EP~1(a). Finally, the block B(z) depends just on z and is given by

B() = Yors,  Yors, 0 Yews,., Yeys,| < row corresponding to y (3.12)

where the rows are ordered according to (3.9).

For later use, note that the first m columns of M (z) are linearly independent, as well as the first
dim JP~1(X,Y) rows, as follows from the hypothesis (3.6). Indeed, the first m columns are clearly
independent because they represent a basis of V. The fact that the first dim JP~!(X, Y )-rows are
independent is equivalent to the assumption dwﬁ_l(V) + EP~Ya) = Tﬂz_laﬂ’*l(X, Y).

An intermede of linear algebra. We prove, for an arbitrary matrix, the existence of a
non-singular square submatrix of maximum rank satisfying some special conditions.

Let M be an arbitrary m X n-matrix with real entries. Only in this intermede, m and n are
arbitrary integers > 1, with no relation with the values assumed by the same symbols in the rest
of the paper.

Let us establish some notations for submatrices of M. The rows of M are R(M) =
{1,2,...,m} and its columns are C(M) = {1,2,...,n}. A submatrix N of M is determined by
its rows

R(N) C {1,2,...,m}

and its columns

C(N) C{1,2,...,n}.

We denote by [R(NV)| and |C(N)| their cardinality. We also denote by i1(N),i2(N), ... i) (IV)
the elements of R(NV), and we always assume that the indexes are chosen in such a way that

ll(N) < ZQ(N) < ... < Z|R(N)|(N>
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Similarly, we denote C(N) = {j1(N), ..., jic(v)(IV)} with

A(N) < j2(N) < ... < Jiewy (N).

Given two sub-matrices N1 and No, we say that N1 =g N if the rows of N7 come “before” the
rows of Na; more rigorously,

ef . .
N o=z No LL RN < [R(V)| and (V1) < ix(No) ¥V 1 < k < [R(V)].

We also give the analogous definition for columns:

Ny =c No & (V)] < |C(Vo)| and ix(N1) < ix(Na) ¥V 1 < k < |C(VY).

Note that <z and =¢ are preorders (i.e. reflexive and transitive) but not partial orders in general.

We write N; <R Ny if N1 <R Ny and N; 7é Ny, We define N <c Ny similarly.

It turns out that, when restricted to the set of square submatrices of rank equal to rank M,
the relations < and <¢ admit a unique common minimal element, in a sense made precise by
the following lemma.

Lemma 76. Let M be a m X n-matrixz. There exists a submatriz M* of M such that rank M* =
rank M and which is minimal in the following sense: any submatricx N with rank N = rank M
satisfies

M*<g N and M* =<¢ N. (3.13)

The submatriz M* is uniquely defined by this condition, and is a square matriz.

It is easy to check that if such a submatrix M™* exists, then it is unique and square. Thus we
just focus on the existence. We will prove existence in a somehow constructive way, by giving
a procedure for finding M*. In fact, we will give two different procedures and we will show
that they yield the same submatrix; as a consequence, this submatrix will satisfy the conditions
demanded to M™.

As a first intermediate step, let us describe two constructions which allow to associate to
M two special (non-square in general) submatrices. We call these two sub-matrices V(M) and
H(M). Here V stands for vertical and H for horizontal.

Let us first describe how to construct V(M): it is uniquely defined by the properties

C(V(M)) =C(M) ={1,...,n}
i € R(V(M)) < the i-th row of M is linearly independent from
the first ¢ — 1 rows of M.

(If i = 0, we mean that i € R(V(M)) if and only if the first row is not identically zero.) This
procedure ensures that V(M) is minimal with respect to rows among submatrices of M of maximal
rank. More precisely, V(M) satisfies

rank V(M) =rank M and V(M) =<x N V N submatrix of M with rank N = rank M.



98 Chapter 3. Some remarks on Thom’s transversality Theorem

The construction of H (M) is the same as for V(M ), but with the roles of rows and columns
inverted. More precisely,

R(H(M)) = R(M) = {1,...,m}
j€C(H(M)) < the j-th row of M is linearly independent from
the first j — 1 rows of M.

Analogously,
rank H(M) =rank M and H(M) <¢ N V N submatrix of M with rank N = rank M.

Now that we have introduced the two constructions, we can iterate them. In particular, we can
consider HV (M) and V H(M). We regard them as submatrices of M. By construction, they are
square non-singular submatrices of size equal to rank M. In fact, it turns out that they coincide,
and they are the submatrix M™* which we are looking for. More precisely, the following two claims
are true:

(i) HV(M) =V H(M);
(ii) the matrix M* := HV(M) = V H(M) satisfies the conditions required in the statement.

Proof of (i). We want to prove that R(HV (M)) = R(VH(M)) and C(HV (M)) = C(VH(M)).
As already pointed out, HV (M) and VH (M) are square submatrices of equal size (equal to
rank M). Hence it suffices to prove that R(VH(M)) C R(HV(M)) and that C(HV (M)) C
C(VH(M)). We focus just on the first inclusion, the second being analogous.

By the properties of the constructions H and V described above, we have:

k€ R(VH(M)) = the k-th row of H(M) is linearly independent
from the first k£ — 1 rows of H (M)
= the k-th row of M is linearly independent
from the first K — 1 rows of M
=keR(V(M)) =R(HV(M))

as desired.

Proof of (ii). Let N be a sub-matrix of M with rank N = rank M. By the properties of
V(M), V(M) 2g N. From M* = HV (M) we deduce R(M*) = R(HV(M)) = R(V(M)) and
thus M* <x N as well. The proof of M* <¢ N is similar. 0

Let us emphasize the following characterization of M* which follows directly from the proof
above:
i € R(M™) < the i-th row of M does not belong to the linear span
of the first i — 1 rows of M.
j € C(M*) & the j-th column of M does not belong to the linear span
of the first j — 1 columns of M.

(3.14)
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End of the proof of Proposition 75. We fix r between m and dim JP(X,Y) — 1 and
assume that Z7 , is not empty (otherwise we have nothing to prove). Let zy be an arbitrary
element of Z7 V.7 Our goal will now be to find 6 different square submatrices [M, v (2)]; of size r+1
in M, v(z) such that the equations det [Ma,v(2)]; = 0 are independent near zy. The functions
z +— det[M, v (%)]; are then the components of the map Fj, y(z) mentioned in Proposition 75.
These functions are clearly polynomials in z, with coefficients depending smoothly on a and V.
From now on, we omit to explicitly mention a and V', and we note M(z) instead of Mg v (2).

Let M} be the square submatrix of size r associated to M (zg) by the Lemma 76. We take
the notational convention that the symbol M7 without further specifications stands for a pattern
of rows and columns, i.e. M} is the datum (R(M}),C(M}))). We can also identify M} to a
matrix-valued function of z, but in this case we explicitly write M} (z) or M (). This is in order
to avoid ambiguities and distinguish, for instance, between M7 and M} (20). We adopt the same

convention for all the submatrices encountered below, such as M 20 M etc., which we shall

207#(7;7]‘)’
define shortly.
We have
det M7 (20) #0 and rank M (z0) = rank M (zo) = r-

Let us call M 2 the submatrix whose rows and columns are exactly the ones not appearing in
M7 | ie.

R(M.,) = {1,...,dim JP(X,Y)} \ R(MZ), C(M.,) ={1,...,m+n}\C(M)

As already mentioned above, the first m columns of M are linearly independent as well as the first
dim JP~1(X,Y)-rows. By the characterization (3.14) we deduce that M, is entirely contained in
the bottom-right block of M, i.e. it is a submatrix of B:

R(M.,) C R(B) = {dim JP"1(X,Y) +1,...,dim JP(X,Y)}
C(M.,) CC(B)={m+1,...,m+n}.

Let us denote M*

20,45, the submatrix obtained by adding to M the i-th row and the j-th
column of M, i.e.

R(Mjo,#(i,j)) - R(MJO) U {1}7 C(M:O,#(i,j)) - C(M;ko) U {J}

We are interested to the case when (i, 7) belongs to R(M,,) x C(M.,). In this case the submatrix
MZ*O (i) is a square submatrix of size r + 1. We are in the following situation:

det M} (20) # 0
det M ;0 (20) =0 ¥ (i.j) € R(ML,) x C(ML,)

Proposition 75 follows from the following two lemma:

Lemma 77. If (i1,41), ..., (ig, jg) are pairwise distinct couples in R(M,,) x C(M.,) such that

i1 <ig<---<ig and j1 <jo<---<jp, (3.15)



100 Chapter 3. Some remarks on Thom’s transversality Theorem

then the differentials evaluated at zg

dzdet ;07#(i17j1)(')’ <y dydet :0,#(i97j9)(')
are linearly independent.

Lemma 78. For0 =n+1—c+ 2( dim JP(X,Y)—1— r), there do exist pairwise distinct couples
as above.

PROOF OF LEMMA 78. One may for instance consider the couples of indexes successively
encountered along the following “path” in the matrix M 2 starting from the upper-left corner of
the matrix, and then moving horizontally along the first row until the upper-right corner, and then
moving vertically along the last column until the bottom-right corner. It is clear that the couples
of indexes successively encountered along this path satisfy the condition (3.15). Their number is
the “semi-perimeter” of the matrix, or more rigorously ‘R(M 2)| +|C (M. x)| — 1. Recalling the

definition of M., this is the same as
[R(M)| = [R(MZ)| + [C(M)| = [C(MZ)| =1 = (dim JP(X,Y) = 7) + (m +n —7) =1
=n+1-c+2(dimJ’(X,Y)—-1-r)
This ends the proof of Lemma 78. 0

PROOF OF LEMMA 77. For (i,j) € R(B) x C(B), we recall that ¢ is the index of a line of
5(i)

B, hence it corresponds to a coordinate Yali) of ]-"571, while j is an integer between m + 1 and

m + n. Then, the coefficient of the matrix B(z) at line ¢ and column j is just yz(?) v, - LS
j—m

a component, that we denote by z; ;1, of z. Note however that the same component of z may

appear at several different places in the matrix B(z). It can happen that 2,5 = 2, with

(i,7) # (i',7"), it is the case when s(i) = s(i') and a(i) + 0j_m = (i') + d;/_s,. Our order on the
coordinates allows us to overcome this difficulty thanks to the following Lemma:

Lemma 79. Let (i,7) and (h, k) belong to R(B) x C(B), and satisfy
hzi, k=j, (i,5) # (h,k).
Then, zjp 5 # 2535 and, if (i,7) and (h, k) belong to R(M.,,) x C(M,,), then

det M7 ;i) (20) = £det M (20) # 0

9z 5)

20,#

det M7 L, = 0.
Oz k) ‘ )(20) =0

Lemma 79 implies that z;
square matrix

i1,41]> - - 2 Z[ig.je) @€ Pairwise distinct components of z, and that the

_ . P . _
e det MZO»#(ilvjl)(zo) T o det MZOy#(ilvjl)(Zo)
[i1,51] [ig,76]
det M* .. . det M* .. .
_8Z[i1,j1} € 207#(197]9)(ZO> az[ig,jg] ¢ zo,#(19,39)<20)_
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has the form
[+det M (20) 0 0 0
* tdet M} (20) 0 0
* * tdet M (20) 0 (3.16)
i * * * tdet M7 (20) |
hence is invertible, since det M7 (z0) # 0. This proves Lemma 77, using Lemma 79. 0

PROOF OF LEMMA 79. Let us first prove that zj; jj # z{px)- If 5(7) # s(h), then the conclusion
holds. If s(i) = s(h), then a(i) > «a(h) for the lexicographic order. On the other hand, the
inequality k > j implies that d,_,, < d;_,, for the lexicographic order. These two inequalities do
not sum to an equality because they are not both equalities (recall the hypothesis (i, ) # (h, k)),
hence a(7) + 0j—m # a(h) + dg—m, and then z; ;) # 2[ 1)-

To prove the equality

det M ; =0 3.17
O et M7 4w y)(20) =0, (3.17)
let us consider, for every (h/, k') € (R(MZ* ) X C(M #(”))>, the submatrix Nj jr defined
by
RNy ) = ROMZ, 50 \ (W'} = (ROMZ) U i) \ ('}
C(Niv o) = CMZ, (o0 \ K'Y = (COME) U {5}) \ {K').
We have 9
det M = +det Nps g
Dz2n k) Mo i 2 (hZ;/) ot N )
where the actual sign is irrelevant and the sum is taken over all couples (h/, k') € (R(M:O e j)) X

C(M:O,#(i,j))) such that zs 1) = 2k

We claim that each square matrix Ny ;s is singular, thus proving 3.17. In view of the
definition of M7 in Lemma 76, it is enough to observe that we can’t have both M} =<Xr Ny s
and M} =<¢ Ny js. This would imply that we have both ' <4 and &’ < j and then that b’ < h
and k" < k. As we have already seen, since 2/ 1/ = 2[4, this would imply that (b, k") = (h, k).
Since W' <i < h and k' < j < k, we would finally have (h, k) = (4, j), in contradiction with our
hypotheses.

Finally, we have

0
82[- . detM z0,#(1, j)( ) = *+det M,:O (ZD) + Z +det Ni’,j’ (Zo)

3] @,5")

where the sum is taken on all couples (i/,5') € (R(MZ*O 4aig) X C(MZ #(”))) such that

2 1] = 2Ji,j)- We conclude as above that all the terms in the sum vanish. 0
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3.3.2 The analytic case

We prove Theorem 74 by recurrence on p. First of all, note that if A is analytic then A is defined
by analytic conditions (at least in suitable charts). It is then a stratified set, and each stratum is
itself analytic.

When p =0, A = Ay hence the statement follows from Theorem 73.

When p > 1, the set Ag may be non-empty. However, since it is defined by analytic conditions
(at least in suitable charts), it is a stratified set. Hence it suffices to bound the codimension of
the stratum S C Ag of maximal dimension. Let us consider the restricted projection

(mh1g): & = JFHXLY).
and the associated rank map
S 3 a+— rankd, (WIZ;*HS) € {O, 1,...,min{dim S, dim prl(X,Y)}}.

Let us also consider an open subset U of S such that the rank map is constant on U. Such a
subset exists, for instance we can take as U the preimage of the maximum value attained by the
map (this preimage is open because the rank map is lower-semicontinuous).

It follows from the constant-rank theorem that, up to further restricting U if necessary,

m>_1(U) is a submanifold of JP~YX,Y). Let us call V this manifold. We claim that

Ucv
where V C JP(X,Y) is defined according to (3.1), i.e.
V= {jgf € JP(X,Y) : P71 f is not transverse to V at w}

Since the conclusion of Theorem 74 is assumed to be true for p — 1, we have codimV > n + 1,
hence the claim implies codimU > n + 1. Since U is open in S and S is the stratum of maximal
dimension, we get

codim Ay = codim S = codimU > n + 1,

which proves that the conclusion of Theorem 74 is true for p, as desired. Let us now prove the
claim U C V. Given any a = jof € U, we have
T »

P

V = (dﬂ'p

1, S)(TQU) C dnb | (ToA).

_1Q

Here the first equality follows by the constant-rank theorem, while the inclusion follows from the
fact that U C .S C A. Moreover, the very definition of Ay yields

dmy_y (T, A) + B~ (a) € Tpr , JP7H(X,Y).
It follows that

Tor oV + EP~Y(a) Cdrh_(ToA) + EP Ha) € T, JPH(X,Y)

ﬂ P

which implies that a € V, as desired. 0
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