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Etude de la stabilité des petites solutions stationnaires pour une classe d’équations de Dirac
non linéaires

Résumé : Cette these est consacrée a ’étude de la stabilité de petits états station-
naires d’une équation d’évolution non linéaire issue de la mécanique quantique relativiste :
I’équation de Dirac non linéaire.

Tout le long de notre étude, les équations non linéaires sont vues comme des petites per-
turbations non linéaires de systeémes linéaires. Une partie de cette these est donc consacrée
a I’étude de problemes linéaires. Nous montrons que, pour un opérateur de Dirac n’ayant
pas de résonance aux seuils ni de valeur propre aux seuils, le propagateur vérifie des esti-
mations de propagation et de dispersion. Nous en déduisons également des estimations de
régularité au sens de Kato et des estimations de Strichartz.

En faisant des hypotheses ad hoc sur le spectre discret d’un opérateur de Dirac, nous
construisons des petites variétés formées d’états stationnaires. Puis en faisant varier ces hy-
potheses, nous faisons apparaitre des phénomenes de stabilisation et d’instabilité orbitale
pour certains de ces états.

Mots clés : équations aux dérivées partielles, opérateur de Dirac, estimations de pro-
pagation, estimations de dispersion, estimations de régularité, estimations de Strichartz,
équation de Dirac non linéaire, états stationnaires, stabilité, stabilité orbitale, stabilité
asymptotique, directions stables.

A study of the stability of small stationary solutions for a class of nonlinear Dirac equations

Abstract: This thesis is devoted to the study of the stability of small stationary solutions
of a nonlinear time dependent equation coming from relativistic quantum mechanics: the
nonlinear Dirac equation.

In this study, non linear equations are viewed as small nonlinear perturbations of linear
systems. A part of this thesis is hence devoted to the study of linear problems. We prove
that for a Dirac operator, with no resonance at thresholds nor eigenvalue at thresholds,
the propagator satisfies propagation and dispersive estimates. We also deduce smoothness
estimates in the sense of Kato and Strichartz estimates.

With some ad hoc assumptions on the discrete spectrum of a Dirac operator, we build
small manifolds of stationary states. Then with small variations on these assumptions,
we can highlight some stabilization process and orbital instability phenomena for some
stationary states.

Keywords: Partial Differential Equations, Dirac Operator, Propagation estimates, Dis-
persive estimates, Smoothness estimates, Strichartz estimates, Nonlinear Dirac equation,
Stationary states, Stabilty, Orbital stability, Asymptotic stability, Stable directions.
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Introduction






Introduction et présentation des
résultats

Dans ce chapitre introductif, nous présentons le probleme qui nous intéresse ainsi que
quelques éléments de bibliographie. Nous consacrons une bonne partie de cette présentation
a quelques propriétés des objets que nous utiliserons dans notre étude. Nous donnons
également une justification heuristique des hypotheses que nous ferons par la suite.

Nous présentons alors les résultats que nous avons obtenus. Dans la derniere partie,
nous mentionnons quelques questions ouvertes liées a celles que nous nous sommes posées
durant cette these.

Le probleme de la stabilité

Nous étudions des probléemes de stabilité pour des solutions stationnaires d’une équation
de Dirac non linéaire. Une solution stationnaire représente un état lié d’une particule. Dans
la littérature scientifique, de telles solutions sont nommeées solitons. Toutefois les physiciens
préferent réserver ce terme aux ondes qui gardent leur forme apres une collision.

Bien des travaux ont été consacrés a 1’étude de 'existence de solutions stationnaires
et ceci pour une grande variété d’équations. La stabilité de ces solutions reste souvent
une question ouverte bien que ce soit d’'importance cruciale (en particulier lors des calculs
numériques ou d’expériences physiques), .

Il y a différentes définitions de stabilité qu’il convient de préciser avant toute autre
chose. La premiere notion qui est la stabilité orbitale, traduit le fait que l'orbite de la
perturbation d’une onde stationnaire reste pres de 'onde ou d’'un ensemble d’ondes sta-
tionnaires mais ne converge pas nécessairement. Une notion plus forte est celle de stabilité
asymptotique, qui signifie que la perturbation d’une onde stationnaire tend asymptotique-
ment vers une onde stationnaire qui est proche de I'onde perturbée. En fait, dans beaucoup
de problemes conservatifs, la stabilité asymptotique ne peut pas étre obtenue. Elle est alors
remplacée par la stabilité asymptotique pour une classe restreinte de perturbations, for-
mant ce que I’on nomme les directions stables.

Pour les équations de Dirac étudiées dans cette these, nous avons obtenu des direc-
tions stables, des résultats de stabilité asymptotique et d’instabilité orbitale. A notre
connaissance, ce sont les premiers résultats de ce type pour des équations faisant interve-
nir I'opérateur de Dirac.



16

Dans ce mémoire, nous étudions le probleme de la stabilité de petites ondes station-
naires de I’équation de Dirac non linéaire :

i0p) = (D + V) + VF(¥) (NLDE)

ot VF est le gradient de la non-linéarité F : C* — R pour le produit scalaire usuel de R8.
Ici, D,, est I'opérateur de Dirac habituel, voir [Tha92], agissant sur L?(R3, C*) :

3
a- (=iV)+mp = —iZakak +mpg
k=1

Dy,

oum € RY, o = (a1, a2,a3) et 3 sont des matrices hermitiennes agissant sur C* satisfai-
sant les propriétés suivantes :

oo + apoy = 2014,
B? = 1¢a, i,k €{1,2,3},
;8 + Ba; = O¢a, i€ {1,2,3}.

Ici, nous utilisons la représentation classique :

o 0 ag; . Ic2 0
al_(O'i 0 ) et ﬁ_< 0 _I(C2>
Oﬁ01—<(1) é) et Jg—(? 61> et Ug—(é _01>

Dans (NLDE), V est un potentiel extérieur et F : C* — R est une non-linéarité vérifiant
V(0,2) e Rx Ct,  F(e2) = F(2).

Quelques hypotheses additionnelles sur F' et V seront faites dans la suite de notre étude.
Les solutions stationnaires de (NLDE) sont de la forme v(t,z) = e Flp(x) ol ¢ est
solution de I’équation

E¢ =Dy + V)¢ + VF(9). (1)

Sous certaines hypotheses que nous préciserons par la suite, de telles solutions forment
sous nos hypotheses une petite variété. Nous étudions alors la dynamique au voisinage de
cette variété.

De nombreux travaux ont été consacrés a ’étude de la stabilité pour des équations
de Schrodinger ou de Klein-Gordon (voir par exemple [BP95, BP92b, BP92c, BP92a,
BS03, BS02, CL82, CF01, Cuc00, Cuc01, Cuc03, GSS87, GNT04, KS05, PW97, RSS05a,
Sch04, SS85, SW90, SW92, SW99, SW04, SW05, Tsa03, TY02a, TY02¢, TY02d, TY02b,
Wed00]). Les méthodes employées pour traiter ces cas ne s’adaptent pas facilement & notre
probleme, puisque 'opérateur de Dirac D, n’est pas minoré, contrairement & —A. La po-
sitivité du Laplacien permet d’utiliser des méthodes de minimisation et de concentration-
compacité pour prouver 'existence d’ondes orbitalement stables, voir par exemple Caze-
nave et Lions [CL82] ou plus récemment Cid et Felmer [CF01]. Dans sa revue sur des
modeles non linéaires basés sur 'opérateur de Dirac, Ranada [Ran] signale que les phy-
siciens ont d’abord affirmé que les ondes stationnaires d’équations de Dirac non linéaires
ne pouvaient pas étre stables. La variation seconde de la fonctionnelle d’énergie doit étre,
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pour certains d’entre eux, définie positive pour qu’il y ait stabilité. Cependant, dans une
étude tres générale (mais inapplicable & notre cas), Shatah et Straus [SS85] et Grillakis,
Shatah et Straus [GSS87] ont trouvé un critére de stabilité orbitale général permettant
a la fonctionnelle d’énergie d’avoir une valeur propre négative simple (et un noyau de
dimension un). Leur méthode ne s’applique pas directement a I’équation de Dirac mais
nuance un peu les affirmations signalées par Ranada. Ceci a aussi induit une discussion
intéressante au sujet de la stabilité orbitale pour I’équation de Dirac dans certains articles
de physique [SV86, AS86, BSV8T].

Ranada rapporte également quelques expériences numériques, qui semblent confirmer
que certaines solutions stationnaires de I’équation de Dirac sont asymptotiquement stables.
Dans le cas de I’équation de Schrodinger, la stabilité asymptotique a été beaucoup étudiée
pendant la derniere décennie. Un résultat fondamental est celui de Soffer et Weinstein
[SW90, SW92], qui est consacré a I’étude d’une petite perturbation non linéaire d’un
opérateur de Schrodinger ayant une valeur propre simple. Ils ont montré que les petites
ondes stationnaires perturbées se relaxent vers une onde stationnaire. Plus tard, Pillet et
Wayne [PW97] ont proposé une preuve différente dans U'esprit du théoreme de la variété
centrale. Dans tous ces travaux, la stabilité asymptotique est une conséquence directe des
estimations de propagation et de dispersion du propagateur de 'opérateur de Schrodinger.
Afin de pouvoir utiliser ces estimations, il faut considérer au temps ¢t = 0 des perturbations
localisées i.e. dans L' ou dans L? pondéré par un poids croissant. Pour éviter de telles
restrictions, Gustafson, Nakanishi et Tsai [GNT04] proposent d’employer des inégalités de
Strichartz.

Des généralisations de ces problemes ont été considérées par exemple par Tsai et Yau
[TY02a, TY02¢c, TY02d, TY02b, Tsa03]. Ces auteurs consideérent le cas d’un opérateur de
Schrodinger ayant deux valeurs propres simples. Un phénomene intéressant apparailt alors :
si les deux valeurs propres sont suffisamment éloignées I'une de I'autre, apres linéarisation
autour de I'état considéré, on obtient une résonance. Tsai et Yau ont prouvé que s’il n’y
a aucune résonance, la variété associée a 1’état fondamental a des directions stables. Dans
le cas résonnant, cette variété est asymptotiquement stable, tandis que la variété associée
a I’état excité a des directions stables et instables. En cas d’instabilité, sous certaines
conditions, on a la relaxation vers I’état fondamental. Pour un résultat du méme type,
on peut aussi consulter [SW04, SW05]. Mentionnons que Soffer et Weinstein [SW99] ont
auparavant étudié un phénomene de résonance semblable dans le cas de I'équation de
Klein-Gordon avec une valeur propre simple; ils ont prouvé que si la valeur propre est
assez grande, cela induit une « métastabilité ».

Un autre probleme a été étudié par Cuccagna [Cuc01, Cuc03, Cuc05]. Il a considéré
le cas de grandes ondes stationnaires, quand l'opérateur linéarisé a seulement une valeur
propre et a obtenu la stabilité asymptotique de la variété des états fondamentaux. Tsai,
Yau et Cuccagna utilisent également des estimations de propagation et de dispersion. Ils
les démontrent en généralisant le travail de Yajima [Yaj95] sur les opérateurs d’ondes.

Une étude intéressante a aussi été menée par Rodnianski, Schlag et Soffer [RSS05a] qui
ont prouvé la stabilité asymptotique d’'un nombre arbitraire de grandes ondes stationnaires
interagissant faiblement.

Schlag [Sch04] et Krieger et Schlag [KS05] ont prouvé l'existence de directions stables
pour des ondes stationnaires instables. Nous précisons que certains travaux de Schlag
[ES04, GS04, RSS05b] ou de Soffer [HSS99, JSS91, RSS05b] sont consacrés a la preuve
des estimations de dispersion.

On peut également mentionner les travaux de Buslaev et de Perel’'mann [BP95, BP92b,



18

BP92c¢, BP92al, de Buslaev et Sulem [BS03, BS02] et de Weder [Wed00], pour le cas de
Schrodinger en dimension un.

Dans cette these, nous étudions des équations de Dirac non linéaires comme perturba-
tions d’une équation linéaire de Dirac avec un opérateur de Dirac possédant uniquement :

1. deux valeurs propres simples en ’absence de résonance sur la premiere valeur propre
(Théoréme B.6 Chapitre II);

2. deux valeurs propres doubles avec une condition de résonance sur la premiere (Théoreme
B.7 Chapitre III) ;

3. une valeur propre double (Théoreme B.6 Chapitre IV).

1 Qu’appelle-t-on équation de Dirac?

1.1 Les postulats de la mécanique quantique

L’équation de Dirac libre est I’équation gouvernant la dynamique d’un électron quan-
tique relativiste. Elle vérifie les postulats de la mécanique quantique (voir Basdevant et
Dalibard [BD02]) :

i0y)(t) = H1p(t) (principe sur I’évolution)

ou 1 est dans un espace de Hilbert H (principe de superposition) et H est ’observable
d’énergie, c’est a dire un opérateur auto-adjoint sur H quantifiant I’énergie (principe de
quantification).

Des exemples d’observables dans H = L?(R3) sont donnés par :

P = —iV, observable de quantité de mouvement

Q opérateur de multiplication par z € R?, observable de position.

Pour une fonction ¢ de L2(R?) normalisée qui représente Pétat d'un électron, |¢(z)|* dzx
s’interprete comme la probabilité de présence de ’électron dans un volume dx autour de

~ 2
z et ’w(p)‘ dp comme la probabilité que I’électron ait une quantité de mouvement dans
un volume dp autour de p.

si I'on considere un électron gouverné par les principes de la mécanique newtonienne
dans un champ engendré par le potentiel V', on a I’énergie

mo> p?

E="+V(@) =1 +V()

ol m est la masse de 1’électron, p le quantité de mouvement, v la vitesse et x la position.
Ce qui heuristiquement, nous donne ’'observable d’énergie

2 _
= v =2 v

- 2m - 2m

C’est le principe de correspondance
< Q
— P

de Schrodinger qui meéne a 1’équation de Schrodinger.
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L’énergie d’un électron libre gouverné par les principes de la mécanique einsteinienne
est donnée par la relativité restreinte :

2 2, 2 2 4
E°=cp"+m°c,

ou c est la vitesse de la lumiére que 'on prendra dans la suite égale a 1. C’est en partie
cette loi qui va nous donner H 'opérateur dit de Dirac.

1.2 Qu’est ce que 'opérateur de Dirac ?

Le principe de correspondance de Schrodinger nous donne la relation
H? = —A +m?, (2)
ou H serait 'opérateur de Dirac. Ceci nous donne un bon exemple d’équation relativiste :

—0fp(t) = —Ap(t) + m*p(t),

I’équation de Klein-Gordon. Elle est relativiste mais elle est du second ordre en temps. Elle
transgresse le postulat de la mécanique quantique sur 1’évolution et la densité de charge
n’a pas un signe déterminé. Ceci ne permet pas I'interpréter probabiliste de la mécanique
quantique. Il faut donc réellement extraire une racine carrée de (2).

1.2.1 L’opérateur de Schrodinger relativiste

On introduit, dans un premier temps, 'opérateur de Schrodinger relativiste

Hs = —A +m?2.

que 'on définit dans le domaine de Fourier comme l'opérateur de multiplication par
VP2 +m2.

L’évolution associée a cet opérateur n’est malheureusement pas local. Considérons le
front d’onde localisé en fréquence e~V =2+m%y(P) avec 1) € D(R3), son noyau étant
un noyau de convolution. Il propage 'onde instantanément, c’est a dire avec une vitesse
infiniment plus grande que celle de la lumiere. Ceci transgresse le principe de causalité
d’Einstein.

D’autre part, alors qu’en relativité restreinte il y a un traitement quasiment symétrique
des variables d’espace et de temps, dans 1’équation d’évolution associée & v —A + m2,

—i0p(t) = V=A +m2y(),

il apparait une dissymétrie entre la dérivation en temps et en espace. Cela ne permet pas
d’intégrer de maniere relativiste un champ électromagnétique relativiste (i.e vérifiant les
équations de Maxwell).

1.2.2 L’opérateur de Dirac

C’est pour surmonter ces difficultés que Paul Adrien Maurice Dirac propose (voir
[Dir95]) en 1928, un opérateur du premier ordre en P :

3

i=1
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Cet opérateur, qui est en quelque sorte le linéarisé de I'opérateur de Schrodinger relativiste,
doit vérifier (2) i.e.
D2 = —A+m?

on obtient les relations suivantes sur les coeflicients :

Qo + oy = 25@‘
fa;+a;if =0
B2 =1.

Sim # 0, comme D, doit étre autoadjoint, on doit avoir quatre matrices hermitiennes uni-
taires, anticommutantes les unes avec les autres et de trace nulle. La dimension minimale
pour laquelle ceci est possible est 4.

On est donc sur C* et Dirac fait le choix suivant :

o 0 a; o I(CQ 0
al_(ai 0) et 5‘(0 —1@)

que 'on appelle matrices de Dirac et ou

(0 1 o (0 e oo (10
17\ 1 0) 270 o0 = lo 1 )

sont les matrices de Pauli introduites par Pauli pour tenir compte du moment magnétique
intrinseque (spin) de I’électron non relativiste (i.e. gouverné par I’équation de Schrodinger).

1.2.3 Quelques particularités

L'opérateur D,, est auto-adjoint sur L?(R3,C*) de domaine H'(R3, C*) et est essen-
tiellement autoadjoint sur D(R3, C*) (c’est donc un cceur de D,,). Comme L?(R3 C*) =
L?(R?) ® C*, on voit apparaitre deux jeux de degrés de liberté : le signe de I’énergie et le
spin.

Le spectre de D,,, qui s’obtient par transformation de Fourier :

0(Dyy) =] — 00, —m| U [m, +00]

est purement absolument continu. Ce spectre n’est pas minoré, ce qui est assez génant
d’un point de vue physique mais aussi mathématique.

Point de vue mathématique Les méthodes de minimisation n’ont alors aucun sens.
En particulier, il n’est pas possible d’appliquer les méthodes de concentration-compacité
pour obtenir de la stabilité. Plus globalement, les méthodes variationnelles sont alors plus
difficiles & mettre en oeuvre du fait qu’il y a une infinité de directions de descente.

Point de vue physique 1l est assez difficile d’interpréter correctement le spectre négatif
de 'opérateur libre puisqu’il serait associé a des « particules » d’énergie cinétique négative,
ce qui ne semble pas avoir de sens.

De plus, plus la vitesse d’une particule du spectre d’énergie négative est élevée, plus
son énergie est petite (avec une tres grande valeur absolue). Dans ce cas, pour obtenir une
particule au repos, il faut lui donner de I’énergie !
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D’autre part, en physique, il est admis qu’une particule se relaxe naturellement sur
son état de plus basse énergie. Dans le cas qui nous intéresse, les électrons de 'univers
s’effondreraient tous sur I’état d’énergie « —oo ».

Pour vaincre cette nouvelle difficulté, Dirac a proposé I’hypothese dite de « la mer de
Dirac ». Selon cette hypothese, les états d’énergie négative sont occupés par des électrons,
que l'on qualifiera de virtuels puisqu’ils ne sont pas observables physiquement. Cette infi-
nité d’électrons virtuels forme ce que I'on appelle la « mer de Dirac » ou le vide. Ainsi, si un
électron d’énergie positive ne s’effondre pas, c’est parce que les électrons sont des fermions
et que les fermions obéissent au principe d’exclusion de Pauli : deux fermions identiques
ne peuvent pas occuper le méme état. Les états d’énergies négatives étant occupés, un
électron réel ne peut pas s’effondrer.

Dirac postule aussi que 'observation directe de la mer de Dirac ne nous est pas acces-
sible et son existence peut étre mise en évidence de maniere indirecte uniquement.

Dirac [Dir65] pousse son raisonnement plus loin; en excitant le vide avec un énergie
E > 2m, on excite un électron virtuel et on obtient un électron d’énergie positive. Cet
électron laisse dans le vide une lacune qui (par conservation de la charge) est de charge
positive et de masse identique & celle de I’électron. D’autre part en inversant le sens du
temps dans cette expérience théorique, on voit alors que cette lacune s’annihile lorsqu’elle
rencontre un électron. C’est donc un antiélectron, l'antiparticule de 1’électron, que 1’on
nomme aujourd’hui le positron.

L’observation en 1932, quatre ans apres l'introduction de ’équation de Dirac, du po-
sitron par Carl Anderson [And33] finira de conforter la théorie.

2 Le probleme de la stabilité linéaire

Dans la suite de notre étude, nous envisagerons toujours un systeme linéaire comme
une petite perturbation non linéaire d’un systeme linéaire. Ceci explique pourquoi nous
ne considérons que des petites solutions stationnaires.

Ce fait se justifie de la maniere suivante :

Considérons un opérateur H ayant un spectre discret fini {A1,..., A\, } et{é1,...,dn} un
systeme orthonormal de fonctions propres associées. Pour toute solution 1 de 1’équation
—10pp = Hy
m
. 1
$(0) = i + b ot ¢e € {61, .., m}
i=1
on a

m
W(t) = Zaieqmw feitHg
i=1
Nous savons, par le théoreme RAGE (Ruelle-Amrein-Georgescu-Enss) [AG74], qu’en
moyenne de Cesaro e "¢, tend vers 0 dans L2 , si par exemple l'opérateur 15(Q)(H —
i)~1 est compact pour tout compact E C R3. Ce fait qui est vrai pour I'opérateur de Dirac
avec des potentiels assez réguliers, nous donne pour Dirac la stabilité asymptotique de la
somme des espaces propres.
On peut également se restreindre aux orthogonaux de certains espaces en imposant

I’annulation de certaines composantes «; et on obtient dans ce cas des directions stables.

On tente alors de généraliser cela au probléme non linéaire. Tout d’abord, il nous faut
un équivalent de la somme des espaces propres. Cet objet, une variété, sera obtenu par des
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méthodes de bifurcation. Ce qui nous amene a faire I’hypothese soit que chaque espace est
de dimension 1, soit que la dégénérescence est due a une symétrie que possede également
la non-linéarité, voir le paragraphe 2.

Toutefois, le théoreme RAGE ne suffit pas a obtenir un résultat de stabilité. Il faut alors
préciser comment une solution du probleme linéaire orthogonale aux vecteurs propres,
c’est a dire dans le spectre continu, tend vers zéro. C’est I'objet de nos deux premiers
théoremes, Théoreme B.3 du chapitre II sur la propagation et Théoreme B.4 chapitre II
sur la dispersion.

3 Les estimations linéaires

Il s’agit ici de donner des résultats plus précis que le théoreme RAGE qui nous per-
mettent d’obtenir des résultats de stabilité non linéaire.

Dans tout ce qui suit P.(H) désigne le projecteur associé au spectre continu, c’est le
projecteur orthogonal sur ’espace associé au spectre continu : H. qui est I'orthogional des
espaces propres.

3.1 La propagation et les estimations de régularité

La propagation La propagation met en évidence le mouvement d’une onde et ne peut
donc se produire que pour des ondes non stationnaires et donc associées au spectre continu.
Les estimations de propagation s’énoncent dans les espaces de Sobolev pondérés suivants :

Definition A.1 (Espace de Sobolev pondérés). Les espaces de Sobolev pondérés sont
définis par
Hy(R®,CY) = {f € S'(R?), [{@)7(P)"fll2 < o0}

pour o,t € R. On les munis de la norme

1Fllzzz, = 1@ (P fll2-
Sit=0, on note L2 au lieu de H.

Nous avons utilisé les notations (u) = 1+ u?, P = —iV, et Q pour lopérateur de
multiplication par z dans R3.
Nous avons obtenu (voir Théoreme B.3 Chapitre II Partie B) le

Théoréme 1 (Propagation pour l'opérateur de Dirac & potentiel). Si V : R? — S4(C)
(matrices symétriques 4 x 4) est une fonction C* telle qu’il existe p > 5 avec

C

3 3 o < -
Va € N®, 3C > 0, Yz € R%, [9°V|(z) < (ypHal’

alors
H=D,+V

est autoadjoint de domaine H'(R3,C*).
St de plus H n’a ni valeurs propres auzr seuils mi résonances aux seuils, on a pour
tout o > 5/2, lestimation

le™ 1 Pe (H) | pzz,r2) < C ()72
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Une résonance est dans notre cas une solution stationnaire dans Nye(1/2, -1 /Q)LQ_ - \L2.

Un tel résultat est en fait ’équivalent pour 'opérateur de Dirac d’un résultat bien connu
pour l'opérateur de Schrodinger, voir Jensen et Kato [JK79] . La preuve pour l'opérateur
de Schrodinger [JKT79] est basée sur l'identité suivante :

e M\ (H) = lim eSS (H — X —ie) 1t d),
e>0

qui nous donne le propagateur comme la transformée de Fourier de la trace sur I'axe réel
de la partie imaginaire de la résolvante ou encore la densité spectrale. La difficulté est
alors dans l'interversion limite et intégrale. Ceci est possible sur les espaces L? & poids si
X est & support compact en utilisant le principe d’absorption limite :

3C > 0, |§I§r§6n, {H<Q>_U (H—2)""° <Q>_1H} <C. (LAP)

Pour l'opérateur de Schrodinger, le comportement de la résolvante en l'infini permet
également l'interversion au voisinage de I'infini. Il suffit alors d’utiliser des résultats liant
la régularité et le comportement d’une fonction & la régularité et au comportement de sa
transformée de Fourier.

Malheureusement, pour l'opérateur de Dirac, on sait depuis Yamada [Yam93] que la
résolvante se comporte « mal » & l'infini; elle ne tend pas vers 0 en norme. Nous avons
alors divisé ’étude en deux parties :

Au voisinage des seuils, nous utilisons la seule méthode connue pour étudier les pro-
priétés spectrales aux seuils, celle de Jensen et Kato [JK79] par la suite améliorée par
Jensen et Nenciu [JNO1]. Cette étude nous donne le comportement de la résolvante et
de certaines de ses dérivées aux seuils permettant ainsi d’obtenir le comportement du
propagateur en temps grand pour des petites énergies.

Loin des seuils, nous avons étudié directement le propagateur en utilisant un lemme de
vitesse minimale de fuite. Plus précisément, nous avons adapté a notre cas la méthode de
Hunziker, Sigal et Soffer [HSS99]. Cette méthode basée sur des développements en multi-
commutateurs et 'estimation de Mourre nécessite dans le cas de 'opérateur de Schrodinger
une localisation dans le spectre afin d’avoir des commutateurs bornés. Dans le cas qui nous
intéresse ici, le fait que 'opérateur de Dirac soit d’ordre un donne des commutateurs bornés
et évite toute localisation spectrale, voir Iftimovici et Mantoiu [IM99]. Nous avons obtenu,
Théoreme B.8 Chapitre II Partie B, le résultat suivant :

Proposition A.2 (Propagation loin des seuils). Sous les hypothéses du Théoréme 1, pour
tout x € C®(R3,C*) borné a support dans R\] — m;m| et tout o > 0, il existe C > 0 tel
que

le™ x (H) I prz,r2,) <C )7

Nous notons alors que la propagation loin des seuils a lieu a des taux d’autant plus
élevés que la donnée initiale est localisée.
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La H-régularité Nous avons aussi obtenu, Théoreme B.2 Chapitre III Partie B, un
résultat proche de nos estimations de propagation et lié aux estimations de régularité au
sens de Kato :

Théoréme 2 (H-régularité de (Q)™1). Sous les hypothéses du Théoréme 1, soit o > 1,
pour tout s € R, on a les estimations

/R Q)™ e HH P, (H) |3 dt < C |63, (i)
|| / eTHHP, (1) (Q) ™ F(t) dtllie < CI|F | aprey, ()
|| / (@ IR (1) () F(s) sl < CFlpageg - (i)

La démonstration est similaire a celle des estimations de Strichartz. Au lieu d’utiliser
les inégalités de Hardy-Littlewood-Sobolev, il faut utiliser I’estimation d’absorption limite
(voir (LAP) avec o = 1) qui est en fait équivalente a (i) pour s = 0.

3.2 La dispersion et les estimations de Strichartz

La dispersion La dispersion quant a elle traduit un phénomene d’étalement d’une onde
associée au spectre continu. Elle s’énonce pour 'opérateur de Dirac dans les espaces de
Besov :

Definition A.3 (Espace de Besov). Pour s € R et 1 < p,q < o0, l'espace de Besov
Bs (R3,C*) est U'ensemble des f € S'(R*,C*) (distributions tempérées) telles que

q

1B, = { D2 Ues* Il | < +oo
JeN

avec p € D(R™\{0}) telle que ;g P(279¢) = 1 pour tout & € R3\ {0}, @;(£) = p(2779¢),
jEN* £ €R3 et oo =1—=> ienPj-
Cet espace est naturellement muni de la norme : f € Bz’q(R?’,(C‘l) — HfHB;,,q'

Nous avons obtenu (voir Théoreme B.4 Chapitre II Partie B) le

Théoréme 3 (Dispersion pour 'opérateur). Sous les hypothéses du Théoréme 1, pour
tousp € [1,2], 0 € 0,1], s—s > (2—{—9)(% —1) et g € [1,00], il existe une constante C > 0
telle que l’on ait l’estimation suivante :

e~ P (H))| < C(K(t)r !

Bs

’
Bs
P2 pl q

1 1 _
avecﬁ—l—ﬁ—l, et

7102 if ] e (0,1],

712 af ] € [1, 00).
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Ce résultat dans le cas libre (V' = 0) se déduit de ceux bien connus pour ’équation de
Klein-Gordon, voir Brenner [Bre85]. Plus précisément, 'utilisation des espaces de Besov
permet de se retreindre a des intégrales oscillantes de la forme :

Ita) = [ VIR g,

avec ¢ a support compact. La perte de régularité nécessaire a ces estimations ne permet pas
de les généraliser facilement aux cas avec potentiel. Dans les cas ou 'on peut se ramener
a des équations de Klein-Gordon, comme le cas a potentiel scalaire V(z) = f(z)g, les
résultats de Yajima [Yaj95] nous donnent la dispersion. Malheureusement, nous n’avons
obtenu aucune généralisation de cette méthode.

A la place, nous avons utilisé une méthode inspirée de Cuccagna et Schirmer [CSO1].
On généralise la méthode du cas libre en étudiant de nouvelles intégrales oscillantes ol
apparaissent de nouveaux termes dans l'intégrande. Ces nouveaux termes sont les fronts
d’ondes perturbés par le potentiel. Ils correspondent aux vecteurs propres généralisés as-
sociés aux « valeurs propres » dans le spectre continu : les fronts d’ondes déformés.

Notons que ce théoreme se reformule facilement dans les espace de Besov en utilisant
les injections continues suivantes :

1. By, CW*P C By, pour 1 <p <2,
2. By, CW*P C By, pour 2 <p < o0,
3. BﬁqCB;qsilgrgpgooetu—n/rzs—n/p.

On notera qu’alors nous n’obtenons pas le théoreme pour p = 1. Pour obtenir ce cas, nous
pouvons répéter la démonstration faites dans les espaces de Besov en utilisant des poids
(& )7(57‘9/) dans les intégrales oscillantes en lieu et place des fonctions ¢ a support compact.
Nous obtenons alors une condition d’intégrabilité sur le poids qui impose I'inégalité stricte
s—s' > 2+ 0)(12; —1) au lieu de I'inégalité large que nous avons dans les espaces de Besov.
Nous n’avons malheureusement pas pu améliorer cela.

Les estimations de Strichartz En appliquant les résultats de Keel et Tao [KT98] &
nos estimations de dispersion, nous avons obtenu (voir Théoréeme B.4 Chapitre III Partie
B) le

Théoréme 4 (Estimations de Strichartz). Sous les hypothéses du Théoréme 1, pour tous

2<p,qg<o0,0€|0,1], B €[-0/2,0/2] tels que (1 — %)(1 +0) = % avec (p,3) # (2,0),

posons a(q) = (14 5)(1 — %) Alors pour s' — s > «a(q), il existe une constante strictement
positive C' telle que

€7 P 5, oy < O oy 0

H/émﬂgﬁmwﬁ

< COlFly @py @ocny ()
Hs q,T

/eﬂmmamw@@
s<t

S CHFHLI?/(I&B%, (R3,C4))7 (111)
Lp (B, B2 (R3,C4) @

pour tout r € [1,00], (q,p) choisi comme (q,p) et s+ 5> a(q) + a(q).



26

4 L’équation de Dirac non linéaire

4.1 Les états stationnaires

Selon Ranada [Ran], les solutions stationnaires de 1’équation de Dirac non linéaire sont
interprétées de deux facon différentes :
— soit comme les états liés d’une particule dans un espace-temps avec une métrique
possédant une torsion.
— soit comme des ondes interagissant avec elles-mémes du fait de leurs extensions
spatiales.
L’existence de telles solutions n’est pas évidente. Beaucoup étudié par les physiciens, dont
Soler [Sol70], ce probléeme n’a été mathématiquement résolu que récemment dans un certain
nombre de cas, voir [ES02] pour une liste de références.
Dans notre cas, la présence du potentiel et le fait que nous nous intéressons uniquement
aux petites solutions, nous permet d’utiliser la

Proposition A.4. Soit H un opérateur autoadjoint sur L?(R3,C*) ayant une valeur
propre simple Ao associée & un vecteur propre ¢g. On suppose qu’il existe un voisinage O C
R de Ao tel que pour tout A € O lopérateur (H — \)"1Py est dans B(L2(R3,C*)) pour
tout o € RT, et dans B(H'(R3,C*), H*F1(R3,C*)) pour tout | € N, o Py est le projecteur
sur lorthogonal de ¢g. Soit F' € CF+1(C* C*) tel que F(2) = O(|z]?).

Alors pour tout o € RT, il existe Q un voisinage de 0 € C, une application C*

h: Qe {go} N HA(R?,CY N L2(R3, CY)
et une application C* E:Q— R telles que S(u) = upg + h(u) satisfait pour tout u € €,
HS(u) + VF(S(u)) = E(u)S(u),

avec les propriétés suivantes

h(e?u) = e®h(u), VO <R,
h(u) = O(|Jul*),

E(u) = E(|ul),

E(u) = Xo + O([ul?)

Ce lemme est facilement démontré & partir d’un résultat de Pillet et Wayne [PW97].
L’hypothese de simplicité de la valeur propre peut étre affaiblie en présence de symétrie,
voir paragraphe 2 Chapitre I Partie A plus loin, permettant ainsi une réduction au cas
unidimensionnel.

4.2 La stabilité non linéaire

La question de la stabilité des grands états stationnaires d’un systeme de Dirac a
suscité beaucoup d’intérét dans la communauté des physiciens. Il semble, voir [Ran], que
les études théoriques ont souvent conclu a l'instabilité orbitale du fait que la variation
seconde de I’énergie n’est pas définie positive.

Toutefois les expériences numériques semblent mettre au jour des phénomenes bien
plus subtils. 11 a été observé numériquement, voir [Ran|, que pour certaines non-linéarités
les ondes solitaires sont stables apres collision. Il a également été observé un phénomene
d’attraction. Plus précisément, des ondes initialement gaussiennes, se relaxent vers des
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solutions stationnaires. Par ailleurs dans la méme expérience, les dilatations et les contrac-
tions d’ondes stationnaires se relaxent sur d’autre ondes stationnaires en absorbant ou en
émettant la quantité d’énergie nécessaire.

En ce qui nous concerne, nous avons étudié un probleme plus simple en tentant de
généraliser les propriétés de stabilité linéaire au cas des petites solutions. Nous avons
travaillé avec 'hypothese suivante :

Hypothése 4.1. La fonction F : C* — R de classe C*°(R8 R) satisfait F(z) = O(|z|*)
quand z — 0. De plus, on a linvariance de jauge :

Vz e Ch VO €R, F(e¥2) = F(2).

Le cas non résonnant avec deux valeurs propres simples Nous faisons, dans ce
)
paragraphe, ’hypothese suivante :

Hypothese 4.2. L’opérateur H := D,, + V a uniquement deux valeurs propres \g < A1
et elles sont simples, avec ¢y et ¢1 comme vecteurs propres associés. De plus, nous avons
la condition de non résonance suivante :

|A1 — Ao| < min{|Ag +m|, |[Ag — m|}.

Nous obtenons alors comme dans le cas linéaire des directions stables pour chaque état
propre. Plus précisément si ’espace H, est ’espace associé au spectre continu,
On introduit JH (u) l'opérateur linéarisé autour de ’état stationnaire S(u), avec

H(u) = H +d*F(S(u)) — E(u)

ot d?F est I'application différentielle de VF. On note que H(u) est un opérateur R-
linéaire et non C-linéaire. Nous travaillerons donc dans l’espace L?(R3,R?* x R4) au lieu

de L?(R?,C*) en écrivant
R
3¢

au lieu de ¢. La multiplication par —i devient 'opérateur

_ 0 _IR4
J o <IR4 0 ) '

L’opérateur JH (u) a un noyau géométrique de dimension 2 et deux valeurs propres simples
E1(u) et —FE7(u) qui sont purement imaginaire. Les espaces propres associés sont conjugués
I'un a l'autre. Travaillant sur la partie réelle de la somme directe de ces espaces, on
introduit une famille de bases pour ces espaces : (qﬁ% (u), gb%(u)) Le reste du spectre est le
spectre essentiel. On note H.(u) l'espace associé au spectre continu. Cette espace H.(u)
est l'orthogonal des précédents espaces par rapport au produit (f,g) — R(f, Jg) ou (-,-)
est le produit standard de L?(R3, C*). L’espace H,(u) est isomorphe & H, (I'espace associé
au spectre continu de H) et l'isomorphisme est P., le projecteur orthogonal sur H,. qui est
par ailleurs un opérateur borné de H?(R3, R®) dans lui-méme, pour tout réels s et o.
Nous avons obtenu (voir Théoreme B.6 Chapitre II Partie B) le

Théoréme 5 (Variété stable). Sous les hypothéses du Théoréme 1, les hypothéses 4.1
et 4.2, si s,s',f € R sont tels que s' > s+3 > +6 et 0 > 5/2, il existe alors
e >0, R>0,C >0, Ty >0 et une application lipschitzienne

V.S —R?
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ou S = {(V, £); Ve Be2(0,¢), £ € He(u) N Byy (O,R)} muni de la métrique de de C? x
Hgl, telle que W(u,0) = 0 pour u € Bc(0,¢),

2
w(u,2)| < C (lul + 2l gy )
et ce qui suit est vrai. Pour toute condition initiale de la forme

Yo = S(uo) + 20 + ¥(uo, 20) - $1(uo)

avec (ug,20) €S, on a
(i) il existe une unique solution v de (NLDE) de condition initiale v, et cette solution
est dans

€ (1 = T +ool, HY (B, €*)) NC" (] = Tos+ool, B~ (®P,CY )
(i) il existe (Uoo, 200) € S et Eoy € R avec
toe — o] < Cllaolyy [Bool < Cllaolyys N2 — 20ll o < Clzollyy

tels que
Y1) = e PO ((ucg) 4 M) e (1))

ol

C
el o < 7 lz0ll%;
’H (t) s

le@lg < W\lZollig

C 9
< — ’.
Ielps, < gpallol

et |r(t)| o < @C;||ZO||?LI§’ quand t — 400.

Nous avons, avec ce théoreme, la stabilité pour un ensemble de directions tangentes
a un espace de codimension un. La direction pour laquelle nous n’avons pas été capable
d’obtenir de résultats est la direction associée a ’état excité. En dehors de celle-ci, nous
avons une stabilisation sur la variété d’états stationnaires associés a ce que 'on a considéré
comme ’état fondamental. Il est intéressant de noter que la stabilisation, qui est en t—2
au moins, est plus rapide que la propagation et la dispersion, qui sont en t3/2.

Nous avons donc une variété stable contenant la variété des états stationnaireset a
I'intérieur de celle-ci, nous avons la stabilisation en temps positifs.

Nous souhaitons aussi mentionner un résultat que nous avons d’abord négligé et qui
est une conséquence d’'un théoreme du a Kramers. Considérons l'opérateur anti-linéaire

K<¢>:<U2w>ave002:<(.) _i>.
X 02X i 0

L’opérateur D,,, commute a K. Si V' commute aussi a K, les valeurs propres de H sont
dégénérées et les espaces propres associés sont de dimensions paires. Cette invariance bien
qu'importante a été négligée dans cette premiere étude. Ceci nous empéche par exemple
de considérer des potentiels électriques ou scalaires. Dans ce qui suit, nous introduisons
I'invariance par rapport a K pour obtenir des résultats plus complets, incluant ces poten-
tiels. Le lecteur notera que celle-ci pourrait étre introduite dans cette premiere étude de
fagon tout a fait similaire au chapitre III de la partie B.
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Le cas résonnant avec deux valeurs propres doubles Dans le théoréeme précédent,
nous ne savons pas préciser le comportement d’une perturbation en dehors des directions
stables. Toutefois, en faisant une hypothese de résonance, ceci devient alors possible. Nous
faisons alors I’hypothese suivante :

Hypothese 4.3. Le potentiel V- commute a K. L’opérateur H := D,, + V a seulement
deuz valeurs propres Ao < A1 et elles sont doubles. avec {po, Koo} et {¢1, Ko} comme
vecteurs propres associés.

De plus, on a la condition de résonance

’/\1 — )\0‘ > min{\)\g + m], Mo - m\}

et la regle d’or de Fermsi :

D) = lim (CF(@)61,3 ((H = ho) = (M =) = i) PAEF(@)01) >0, (3
e>0

pour tout vecteur propre ¢ mon nul associé a Ag.

L’application d?F est en fait la différentielle de VF. Pour plus de détails sur la regle
d’or de Fermi on pourra consulter [RS78].

Pour construire notre variété, nous supposerons que le probléeme non linéaire est lui
aussi invariant par ’action de K :

Vz € C, F(Kz) = F(z).
On a alors :

Proposition A.5. Pour tout o € RY, il existe Q un voisinage de 0 € C2, une fonction
de classe C*

h: Qe H.N H*(R3 CY N LA(R3, CY),
et une fonction E € C®(Q,R) tels que S((u1,u2)) = u1¢o + uaK ¢o + h((u1,u2)) vérifie,
pour tout U = (uy,usz) € §,

HS(U) + VE(S(U)) = B(U)S(U),

avee h((ur,u2)) = ([ Lo + 22 K ) b (a1, u2)].0)), h(U) = O(UP), B(U) =
B(U)) et BU) = X+ O(UP?).

De plus, pour tout o € N*, s € Rt et p,q € [1,00], il existe vy >0, >0 et C >0 tels
que pour tout U € Be2(0,¢), on a ||V 08S (DB, < ClISO)]l2-

Dans ce cas (voir Théoreme B.7 Chapitre III Partie B) on classifie alors complétement
les directions de perturbation en directions stables et instables.
On introduit Popérateur linéarisé JH (U) autour d’un état stationnaire S(U)

HU)=H+ d’F(S(U)) — E(U).

Comme l'opérateur H(U) est seulement R-linear nous travaillons dans L?(R3, R* x R*)
comme précédemment. L’opérateur JH (u) a un noyau géométrique de dimension 4 et
quatre valeurs propres doubles E1(U), E1(U), —E1(U) et —E1(U) avec RE1(U) > 0. Les
espaces propres associés & F1(U) et E1(U) sont conjugués via la conjugaison complexe,
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ainsi comme dans le cas précédent nous travaillerons sur la partie réelles de leur somme :
HL (U). On introduit donc la base (&(U));=1,. 4 de HL(U).

En procédant de méme pour —FE1(U) et —E1(U), on introduit la partie réelle de leur
somme : HL (U), et une base : (§(U));—5. -

Le reste du spectre est le spectre essentiel. On note encore H.(U) l'espace associé. Ici
encore, il est orthogonal aux espaces propres par rapport au produit (f, g) — R (f, Jg) ou
(-,-) est le produit canonique de L?(R3,C*).

On introduit HL(U) lintersection de H,. avec
_ w

Ul

U2

1
RO -

{% (H CBU) 4 A — Ao — ;F(S(U))> Tes + K) b1,

1
YU = (ul,uQ) € (CQ} .

L’espace H.(U) est isomorphe a HL(U) et cet isomorphisme est le projecteur orthogonal
sur ‘HL(U) par rapport au produit (f,g) — R(f,Jg) ou (-,-) est encore une fois le pro-
duit canonique de L?(R3,C*). Cette fois encore, ce projecteur est un opérateur borné de
HE(R3,R®) dans lui-méme pour tout réels s et o.

On a alors obtenu (voir Théoreme B.7 III Partie B)

Théoréme 6. Sous les hypothéses du Théoréme 1, les hypothéses 4.3 et 4.1 pour s’ >
B+2>2ceto>3/2, il existe ¢ > 0 et une application continue r : Bc2(0,¢€) — R avec
r(U) = O(L(U)), telle que pour toute condition initiale de la forme

Yo = S(Uo) + 20 + A - (Vo)

avec Uy € Bez2(0,¢), 20) € He(Ug) N By (0,7(Up)) et A € R, ce qui suit est vrai.
(i) Pour l’ensemble

S={(U,2); Ue€ Be(0,¢), z€ He(U) N By (0,7(U))}

muni de la métrique de de C? x HS/, il existe C > 0, U un voisinage de (0,0) de
S, une application lisse ¥ : U +— C* de graphe CM avec ¥(-,0) = 0 et || ¥(0,0)| =
|DW(0,0)|| =0 tels que si (Up,20) € U et A= U(Uy, zp) on aie :

(a) il existe une unique solution 1 de (NLDE) de condition initiale 1o et cette

solution est dans C (R,HS’) nct (R, H5/71> :
(b) il existe Ut des voisinages de (0,0) dans S, des applications bijectives

(Uo; 20) € U v (Usoo; 2400) € UL,

avec
Usoo = Uol < Cllzoll 35 12400 = 20l o < C'|Uo| 1 20]| o

telle que pour toutt € R
P(t) = e—ifo BU®) d”S(U(t)) + e tEUzoo) o JtH(Ukoo) 4 e4(t)

avec U € LI(R*) pour tout q € [1, 0], tligl U(t) = Utoo,
— =00

max{ HgiHLoo(Ri,Hs/) ) H5i||L2(1Ri,Hig) ) HEiHLZ(Ri,Bi’Q) } < C|Uy HZOHHS/»
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et
lim e (6)] o = 0.

(ii) Pour les ensembles
S, = { (U.z,p); U € Be2(0,¢), 2 € He(U) N By (0,7(V)),
p € Bgs(0,7(U)), avec p; =0 pouri=1,... ,4}
et
S = { (U, 2,p); U € Be2(0,¢), 2 € He(U) N By (0,7(0)),
p € Brs(0,7(U)), avec p; =0 pouri =25, ... ,8}

munis des métriques de C2 x H® x RS ; I existe des voisinages ouverts Wy de

(0,0,0) dans Sy et des applications lisses ®+ : Wy — C* avec |[®4(0,0,0)| =

H(I)i(OaO’O)H =0, (q)+('v "p))z’ =pi sti1=05,...,8, (q)*(W 'ap))i =pisii=1,...,4

et

(a) si Ae dL(W1) et A& V(U) alors il existe une unique solution 1p de (NLDE)
de condition initiale 1g et pour tout voisinage O de S(Up) contenant )y, il existe
t+ (1) > 0 tel que ¢ est dans

C ([—t+; +oo[,Hs’(R3,c4)) Nt (] oo, HS’—l(R3,<c4))

< resp.

C (] —ooit_], HY (R3, «:4)) nct (] — ot [, H¥"Y(R3, «:4)) ) ,

et
distz2(¢(t),CM) = O(e™) quand t — +o0 et P(FtL) ¢ O

ot 7y est dans une boule autour de 1/2T(S(Up)), de rayon en O(|Up|%)) ;
(b) si Ag DL (WT)UP_(W_) alors existe une unique solution ¢ de (NLDE) de
condition initiale 1y et pour tout voisinage O de S(Vp) contenant 1y tels que 1)

est dans
¢ (1tsty) B R, Ch) net (et B (R, CY)

et p(ty) ¢ O et (t-) ¢ O.

Avec ce théoreme, comparativement au Théoréme 5, nous avons réussi a préciser la
dynamique pour des perturbations associées aux états excités. Nous avons alors deux jeux
de quatres directions réelles donnant deux comportements opposés. Quatres directions
donnent des solutions qui en temps positif se stabilisent exponentiellement vite sur la
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variété centrale alors que les quatres autres directions donnent de l'instabilité orbitale.
Ces informations supplémentaires nous permettent alors d’obtenir un résultat bien meilleur
pour les perturbations associées au spectre continu. D’une part, cela nous permet d’utiliser
nos estimations de régularité, i.e. le Théoreme 2, et nos estimations de Strichartz, i.e. le
Théoreme 4. D’autre part, nous obtenons la stabilisation dans les deux directions du temps.
Nous noterons que nous avons considérer des perturbations non localisées contrairement
au Théoreme 5.

Nous avons une variété centrale contenant un bout de la variété des états stationnaire-
set a l'intérieur de celle-ci nous avons un phénomene de diffusion non linéaire.A I'extérieur
nous avons des directions stables et instables

Le cas a une valeur propre double Dans ce cas, il n’y a plus de probleme associé a
la seconde valeur propre et on obtient uniquement des directions stables et un résultat de
scattering non linéaire plus fort. Nous travaillons avec I’hypotheése suivante :

Hypothése 4.4. Le potentiel V commute ¢ K et H n’a qu’une seule valeur propre Ao qui
est double.

Nous introduisons donc une base orthonormée de vecteurs propres donnée par (¢, K ¢p).
Et nous supposerons que le probléeme non linéaire est lui aussi invariant par ’action de K :

Vz e C, F(Kz) = F(z).

On introduit alors J H (U) 'opérateur linéarisé au voisinage d’un état stationnaire S(U)
avec H(U) = {H + d*F(S(U)) — E(U)}, ot d*F est la différentielle of VF'. Cet opérateur
a un noyau géométrique de dimension réelle 4. Le reste du spectre est le spectre essentiel
et on note H.(U) lespace associé qui est aussi 'orthogonal de ce noyau pour le produit

(f.9) — R(/, ig)LQ(R3,C4)'

On introduit également I’ensemble :
S={(U,2); UeQ, z€H(U)},

que l'on muni de la norme de C? x H s’ Nous avons obtenu, Théoreme B.6 Chapitre IV
Partie B, le

Théoréme 7 (Stabilisation et diffusion non linéaire). Sous les hypothéses du Théoréme
1, les hypotheses 4.1 et 4.4, soient 8 > B+ 2 > 2 et 0 > 3/2, il existe un voisinage
Vo de (0,0) dans S et C > 0 tels que pour tout condition initiale 1o = S(Up) + 20 avec
(Uo,20) € S, on a :

(i) il existe une unique solution globale 1 et cette solution est dans la classe C (R, H5/> N
Cl (R Hs’fl) .

(ii) il existe des bijections de classe C*
(Utoo; 22) : Vo = V¥,
ot VE sont des voisinages ouverts de (0,0) dans S telles que

Usoo = Uol < Cllzoll, |2z — 20ll g < C1Uo| ll20]l g
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telles que pour toutt € R, ¥(t) = e—iJo B U©) dv§(U7 (t)) + e 1B Uoo) g =it H (Usoo) 5, 4
e+(t) avec U € LP(R*) pour tout p € [1,00], hm U(t) = Uico,

ma { e | oo 1) €2 Do i o It | paue o)} < €100 lzol 7o

et
Jim e (®)] = 0.

Nous noterons que l'absence d’états excités nous permet d’espérer des résultats au
moins aussi bons que ceux du théoreme 6. Le fait qu’il n’y ait plus d’états excités, nous
évite méme de localiser nos résultats au voisinage d’un état stationnaire. On obtient donc
des résultats analogues au point (i) du théoreme 6 mais valables sur 'ensemble de la
variété des états stationnaires que nous avons construite.

Nous avons donc un vrai phénomene de diffusion non linéaire.

Remarque générale sur nos théorémes Dans tout ce qui précede, on peut formuler
nos résultats de scattering en prenant pour référence H ou D,,. On peut obtenir des
développements de la forme

P(t) = iy BWU(@) d”S(U )+ e tPm, 4+ e(t)
avec pour référence 'opérateur libre ou
W(t) = e U BU@) dog(r ) 4 o, 1 o(¢)

avec pour référence 'opérateur & potentiel et avec zo € He.
Mais dans ces cas, nous avons seulement l’estimation

| =& ., < Kliéoll g

D’autre part, le Théoreme 5 s’adapte facilement au cas des valeurs propres dégénérées
dues a l'invariance par rapport a K et inversement les théoremes 6 et 7 s’adaptent facile-
ment au cas des valeurs propres simples.

4.3 Le probleme de Cauchy

Dans le chapitre I de la Partie B, nous montrons que le probleme de Cauchy associé a
notre étude est localement bien posé. Plus précisément, si 'on a

Hypothese 4.5. Soit p > 3, la non-linéarité F : C* — R est de classe cle) (pour la
structure réelle de C*) avec D*F(0) = 0, pour a € N8, |a| < [p] et DPF pour |3| = [p] est
holderienne d’ordre p — [p] (le cas 0 signifiant borné).

Nous avons obtenu (voir Théoreme B.2 Chapitre I Partie B) le

Théoreme 8. 51V € B, et F' vérifie Uhypothese 4.5, alors pour tout s > 1 avec
31— %) < s < [p] + 1, tout Yy € H(R3CY), v € (2,22%=) et v > p — 1 il existe

7 3—2s
T* = T*(||¢ol|ms) > 0 et une solution

¢ € C((=T*,T*); HS(R®,C*)) nC' ((—T*,T*); L*(R*,CY))
N L. ((=T*,T*); L(R3,C*))
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du probléme de Cauchy

¥(0) = o
De plus,
(i) cette solution est unique dans L™ ((—T,T); L*(R3,CY)NLY((—T,T); L>(R3,C*))
pour T < T* ;

(it) siT* # 00, alors ||Y||Loo((—1+ 1+).22®3 c4)) + |Vl L ((~1+ 14): L0 (3 1)) = 005

(iii) il existe T = T(||1bol|lrrs) < T*(||vo|lmrs) et un voisinage W de g dans H*(R3, C*)
tels que pour tout 0 < s’ < s, Uapplication ¥y — ¥(.) est continue de W dans
C((~T,T); H* (R3,CY)).

Ce chapitre indépendant, présente un résultat intéressant qui n’est pas nécessaire pour
démontrer les autres résultats. En effet, dans chacun de nos théorémes, nous décomposons
le systeme en fonction du spectre de 'opérateur linéarisé autour d’un état stationnaire (état
dont on étudie la stabilité). Puis nous utilisons les propriétés de cet opérateur et de son
propagateur, pour construire les diverses parties de la décomposition. Ces constructions
se font a ’aide du théoreme du point fixe, la difficulté étant alors de choisir les ensembles
sur lesquels nous allons 'appliquer .

5 Conclusion et perspectives

Dans I'étude de la stabilité des solutions stationnaires que nous avons menée, nous
avons remarqué que les directions de descente de la variation seconde de 1’énergie ne
sont pas nécessairement des sources d’instabilité. En fait, il apparait que les directions de
descente associées au spectre continu ne sont pas a elles seules des sources d’instabilité.
Nous avons d’ailleurs réussi & montrer que les propriétés propagative et dispersive associées
entrainent une stabilisation. En fait, les directions instables semblent associées & des états
propres d’un opérateur linéaire, qui dans le meilleur des cas donnent des modes conservatifs
et dans le pire des cas donnent des modes exponentiellement instables .

Il semble ainsi que le seul biais par lequel le spectre continu participe a une instabilité
soit celui des résonances qui apparaissent apres une perturbation non autoadjointe d’une
valeur propre plongée. A ce moment-1a, il semble que le spectre continu serve d’évacuation
ou d’alimentation en énergie pour une onde lorsqu’elle s’éloigne d’un état stationnaire.

C’est ce qui apparait au travers des travaux de Tsai et Yau [TY02a, TY02¢c, TY02d]
ou de Soffer et Weinstein [SW99, SW04, SWO05]. Ainsi il convient d’essayer de préciser
ce phénomene pour 'opérateur de Dirac en faisant une hypothese de résonance sur 1’état
excité et non sur 1’état « fondamental ». Il s’agirait alors de compléter les résultats du
Théoreme B.6 du Chapitre II en faisant une hypothese supplémentaire. Toutefois I’étude
dans ce cas est fondamentalement non linéaire. Les informations sur le spectre du linéarisé
deviennent inutiles.

Il nous semble également tres intéressant de généraliser cette étude au cas des grands
solitons mis en évidence par Balabane, Cazenave, Douady et Merle [BCDMS88] et Esteban
et Séré [ES02]. C’est d’ailleurs le seul moyen que nous imaginons pour obtenir des résultats
de stabilité pour I’équation de Dirac. Il s’agit alors essentiellement de développer deux
points :

— II faut réussir a préciser le spectre d’un opérateur de Dirac perturbé par un potentiel

non autoadjoint, éventuellement avec une décroissance exponentielle. Les opérateurs
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linéarisés font partie de cette classe mais ceux que nous avons envisagés ne sont que
de petites perturbations d’opérateurs autoadjoints pour lesquels nous avons fait des
hypotheses spectrales.

— II faut réussir a généraliser aux opérateurs non autoadjoints les estimations de pro-
pagation et de dispersion et éventuellement celles de régularité et de Strichartz.
Comme nous ’avons vu, ce sont ces propriétés du spectre continu qui nous donnent
des directions stables.

Il reste alors a étudier ’équation non linéaire en la recentrant autour d’un état propre.
Comme dans notre étude, il faut pouvoir suivre 1’évolution de 1’état propre. Pour ceci, il
faut mettre une structure suffisamment réguliére sur I’ensemble des états propres.

Nous aimerions aussi généraliser notre étude au cas ou des dégénérescences autres que
celles dues a des invariances apparaissent et cela pour un nombre arbitraire de valeurs
propres. Nous souhaiterions par exemple remplacer les variétés d’états propres par des
variétés centrales. Mais ici les hypotheses du théoreme de la variété centrale ne sont pas
vérifiées, puisqu’il n’y a pas de dichotomie exponentielle. Toutefois, si une variété centrale
existe, nous pensons qu’il est possible de prouver la stabilisation vers cette variété. La
seule inconnue est alors la dynamique dans cette variété, c’est a dire sur un ensemble fini
de parametres. On a alors 'espoir d’appliquer les idées de Grillakis, Shatah et Strauss
[GSS87].

Un autre axe de généralisation est celui qui consiste a intégrer des résonances et des
valeurs propres aux seuils. Il faudrait ainsi généraliser nos estimations de propagation et
de dispersion. Cela permettrait d’envisager les cas limites que I'on a exclus : les cas ot une
valeur propre du linéarisé serait sur un seuil. Il faut alors réécrire la regle d’or de Fermi a
la maniere de Jensen et Nenciu [JNOG].

Puisque nous avons abordé la question du caractere localement bien posé du probléeme
de Cauchy, nous pouvons également nous poser la question de ’explosion en temps fini.
Pour certaines équations de Schrédinger non linéaires, cela semble étre une source d’insta-
bilité pour des états stationnaires. Si l'on se réfere & Ranada [Ran], ce genre d’instabilité
ne se produit pas lors des expériences numériques. Cela pourrait étre relié au paradoxe de
Klein, nous espérons préciser cela dans ’avenir.
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Al

L’opérateur de Dirac a
potentiel

Nous souhaitons maintenant mentionner quelques idées de la théorie spectrale qui
clarifieront certaines des hypothéses faites dans la suite de ce mémoire.
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Nous considérons H := D,, +V avec V : R? i S4(C) un potentiel symétrique. Nous
donnons quelques hypotheses sur V' pour que H possede une réalisation autoadjointe puis
nous donnons quelques précisions sur le spectre de H.

1 Caractere Autoadjoint et spectre essentiel

Pour pouvoir étudier le spectre de H, il faut montrer que cet opérateur est autoadjoint.
Ce qui nous permettra d’utiliser le formalisme du calcul fonctionnel, i.e. de considérer des
fonctions bornées de H. Le théoreme de Kato-Rellich nous donne le

Théoréme 9 ([Tha92], Théoreme 4.2). Soit V' un opérateur de multiplication par une
fonction a valeur dans les matrices hermitiennes 4 X 4, tel que chaque composante V. est
une fonction vérifiant :

a

|Vik(z)] Sm-f—bpourtouta:E]Rg\{O} et k=1,...,4

avec 0 < a < 1 et b > 0. Alors lopérateur H = D,,, +V est autoadjoint sur H'(R3, (C4) et
D(R3\ {0}) est un caeur.

Il est alors intéressant de noter que le théoreme de Weyl [RS78, Theorem XIII.14,
Corollary 1] sur la stabilité du spectre continu, nous donne le spectre essentiel de H
lorsque V' tend vers 0 a I'infini. On a donc

Oess(Dm + V) =] — 0o, —m| U [m, +00].

Nous notons que le théoreme de Weyl s’applique aussi auxperturbations non autoadjointes.
Ceci nous sera tres utile lors de ’étude de 'opérateur linéarisé autour d’un état station-
naire.

2 Le théoreme de Kramers

Comme nous 'avons mentionné plus haut, 'opérateur de Dirac agit naturellement
sur des ondes spinorielles de C*. Parmi ces quatre composantes, certaines nous donnent
I’amplitude de I'onde selon chaque direction de spin, « haut » ou « bas ». Sous certaines
conditions, la valeur du spin n’affecte pas le niveau d’énergie. C’est le cas pour 'opérateur
D,,, et pour certains opérateurs D,, + V. Ceci nous donne alors une dégénérescence des
valeurs propres. C’est une conséquence du théoreme de Kramers.

Afin de préciser cette propriété, nous introduisons 'opérateur anti-linéaire K :

_ 0 i
K(d}):((fﬂ))avecag:(. 1>.
X 02X i 0
L’opérateur D,,, commute a K si V commute aussi a K, les valeurs propres de H sont
dégénérées et les espaces propres associés sont de dimensions paires. Les potentiels électriques,

V = ¢lca avec ¢ : R? — R, et scalaires, V = ¢ avec ¢ : R3 — R, sont les deux exemples
importants de potentiels commutant a K.
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3 Localisation du spectre discret

En regle générale, les valeurs propres sont toutes en dehors du spectre continu, sauf
celles qui sont éventuellement aux seuils. Ceci peut se démontrer pour certains potentiels,
coulombien par exemple, en utilisant le théoreme du viriel. Nous souhaitons mentionner
des résultats moins connus, qui nous donnent théoremes pour une classe importante de
perturbations.

Ces résultats dis a Anne Berthier et Vladimir Georgescu nous donnent les théoremes
suivants. Nous avons, grace au [BG87|[Theorem 6], le

Théoréme 10. Soit A € R\ (—m;m) et V = V5 + Vo une potentiel matriciel tel que

i, et 2vete)
dim || Vs (2)

—0 et H|:U|1/2Voo($)H <

L5(B(0,R)°) L>2(B(0,R0)°)

pour un certain Ry > 0.

Soit u € L*(B(0, Ry)¢,C*) N HL .(B(0, Ry)¢,C*) telle que Hu = Au. Alors u s’annule
au voisinnage de linfini. S’il existe un ensemble K C B(0, Ry)¢ de mesure nulle tel que
B(0, Ry)¢ \ K est connexe et W € L*(B(0, Rp)¢\ K, M4(C)) alors u =0 sur B(0, Ry)°.

En utilsant une inégalité du type Carleman, Berthier et Georgescu obtiennent le
([BG87][Theorem Al)

Théoréme 11 (Propriété de prolongement unique). Soit v : Q@ — R une fonction de
L) (). Siv € HL () vérifie

loc
| Dot (2)| < v(x) [¢(2)] p.p.
et ¥(x) =0 sur un ouvert non vide de 2 alos 1 = 0.

Ces deux théorémes nous donnent donc que la seule solution de (D, + V)¥ = A avec
A € R\ [-m;m] est nulle.

4 Estimation de Mourre et le principe d’absorption limite

Nous allons dans la suite parler d’estimations de Mourre et de principe d’absorption
limite. Nous souhaitons dans ce paragraphe préciser un peu ce dont il s’agit.

Introduites par Eric Mourre [Mou81] dans les années 80, les estimations de Mourre
sont liées au caractere propagatif du spectre essentiel et permettent de préciser dans des
cas particuliers, les résultats de certains théoréemes comme le théoreme RAGE (Ruelle-
Amrein-Georgescu-Enss) [AGT74].

Pour les énoncés, il faut introduire un opérateur A dit opérateur conjugué. Pour
I’opérateur de Dirac, on choisit :

1( P P
1=3{p, @@ o}

Cet opérateur est essentiellement autoadjoint sur D(R3, C*) et son domaine contient celui
de (Q) = /1 + Q?, voir [IM99]. On a de plus :

—-A

iDm, Al = —x 2
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On obtient une estimation de Mourre faible
i[Dpm, Al >0

sur L2(R3,C*). Si V est C* avec des dérivées tendant vers 0 & I'infini, alors (Lemme B.15
du chapitre II) pour tout \ € o.s5(H), il existe € > tel que

V—x<eilH, AJL g_yj<e > aljg_yj<e

ou a > 0. C’est ce qu’on nomme l'estimation de Mourre locale. Les estimations de Mourre
nous donnent la croissance stricte de ’observable A sur une orbite de H.
Plus généralement, on dit que 'on a une estimation de Mourre sur J C R s’il existe
a > 0, A un opérateur autoadjoint et K un opérateur compact sur notre espace de Hilbert
tels que
lgesilH,Allges > alges + K

Les estimations de Mourre permettent, lorqu’il n’y a pas de valeurs propres, d’établir
des inéquations différentielles pour des résolvantes de « déformations » de H, voir par
exemple [IM99]. Ces inéquations et certains lemmes de Gronwall (voir [ABdMG96|) donnent
des principes d’absorption limite tels que

VA, [Nl >m, Je >0, 3C >0, sup {H(Q)_l (H—2)"" <Q)_1H} < C. (1)
e

5 Le nombre de valeurs propres

Dans la suite de notre étude, nous allons faire des hypotheses sur le nombre et la
multiplicité des valeurs propres de H = D,,, + V. Il peut alors étre intéressant d’exhiber
ou de construire des exemples ol ces hypotheses sont vérifiées.

Considérons un potentiel & symétrie sphérique. Dans L?(R3)# les rotations de SU(2)
sont représentées par :

(e7970) (2) = e (R a)

(o

0
angulaire et J = L 4+ S le moment angulaire total avec L = @ A P le moment angulaire
orbital. Ainsi un potentiel est a symétrie sphérique si :

pour ¢ € [0,47[, R la rotation d’angle ¢ et d’axe n, S = % < 2) I'opérateur de spin

e_i¢s'”V(R_1x)ei¢S'" =V(x).

Des exemples importants de tels potentiels sont les potentiels électriques ¢e;lca avec ¢g;
radiale et les potentiels scalaires ¢s.03, avec ¢, radiale. Considérons V' = ¢ lcs + dsc3
avec ¢, ¢sc radiales.

En passant aux coordonnées sphériques (voir [Tha92][Section 4.6] et [Ynd96][Section
3.6])

P(x) = rip(r,0,9),
nous remarquons que
LA(R3)* = L2([0, oo[, dr) @ L*(S?)%.

Comme les opérateurs J2, Js et K = 3(25-L+1) = §(J* — L? +1/4) (opérateur d’orbite
de spin) n’agissent que sur les composantes de L?(S?)* et qu’ils commutent & H, nous
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pouvons décomposer L2(52)* comme somme directe d’espaces stables par H, J?2, J3 et K.
Chacun de ces espaces noté Kp,; x; est de dimension 2 et engendré par qﬁ,fljﬁj et ¢y, e, O

o 1
J2¢:7|:’L]‘,/€j = J(J + 1)(1)7:"/:1375] avec ] E 5 + N
ngbﬁcnj,,@j = qubij’ﬁj avec mj = —j,—j+1,...,+j
Ko s = Kjbm,n, avee £ = —(j +1/2),+(j + 1/2).

Nous avons alors
2/ 02\4 ~
L*(5%)* = @je%—i—N Omj=—j,—j+1,...+j @,.Cj:_(j+1/2)7+(j+1/2)lcmj,”j.

De plus, chacun des L?([0, co[, dr) ® K, ; est stable par H et peut étre représenté sur la
base ¢$J_7nj par

by = (e 00O
mj,kKj Oy + /ﬁj/?“ —m — d)sc(r) + Qbel(r) ‘

Il suffit alors de rechercher les valeurs propres de ces opérateurs pour obtenir celles de H.

Le cas d’un petit mur de potentiel électrique Considérons ici ¢s. = 0 et ¢ =
—vol,<p avec vg > 0. Nous avons alors deux systemes d’équations :
-pour r > R :
~0rg+ Lg+mf = Ef,
Of+"f—mg=Egy;
-pour r < R :
{—arg +2g+mf = (E+w)f,
o

Nous avons donc deux jeux d’équations libres. Nous imposons |E| < m et |E 4 vo| > m.
Pour le premier, nous obtenons

o2f — 5yt 4 (B2 —m?)f =0,
g= —%ﬁ;{’“f.

1

Nous avons alors que % est obtenue a partir des solutions de ’équation de
me— T

Bessel. Elle doit étre de carré intégrable sur [R,+oo[, nous utilisons des fonctions de

Bessel de seconde espece. On a :

f(r) = CV/m? — E2rK,, 1(v/m? — E?r)

T . 1d\"e*
Kn(Z) = 52 <_Zdz> > .

ou

Pour r < R, nous utilisons les fonctions de Bessel sphériques pour avoir l'intégrabilité
en 0 :

f(r)= C’\/(E+vo)2 —m?rJ,.;j_l(\/(E—Fvo)2 — m?r) (2)
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ou

1 d\"sin(z)

Ju(z2) =" ——— .
n(2) ( z dz) z

Nous pouvons alors fixer C' = 1, le recollement en R de g et f nous donne les valeurs

de C' et E. Ce recollement n’est pas toujours possible lorsque vg = 0 par exemple ou v

petit. Cela va dépendre aussi de ;. Les relations

Tz = TI(e) = Jua(2)
Kiz) = ZKu() = Kuia(2)

lorsque R est petit et les équivalents des fonctions de Bessel au voisinage de O :

271—17.‘_3/2 —n—1 3/2 n

sin((n+1/2)m) I'(1/2 — n) + 2n=2sin((n 4+ 1/2)7) T'(n + 3/2)

.
Tu(2) ~0 2 3

nous donnent, si vy est assez petit, un raccord possible uniquement pour x; = +1 (et donc
pour j = 1/2 et m; = £/2). Dans ce cas D,, + V n’a qu'une valeur propre double. En
lissant V' de maniere a ce qu’il commute encore a K, on peut encore supposer que V est
lisse. Ceci nous donne un exemple de potentiel vérifiant les hypothéses du Théoreme B.6
du chapitre IV de la partie B.

On peut aussi perturber de maniere lisse la configuration précédente afin d’obtenir
uniquement deux valeurs propres simples conformément aux hypotheses du Théoreme B.6
du chapitre II de la partie B. Il suffit dans le cas précédent de choisir deux vecteurs propres
distincts. On peut supposer que sur une petite boule fermée B, leurs premieres compo-
santes sont distinctes. On choisit alors xy une approximation lisse de 15 et on considere
H+V +eW ou V est la version lisse du potentiel obtenu dans le paragraphe précédent,
€ petit et

oo o

oo oo

co oo

oo oo
=<

Le cas d’un petit mur de potentiel scalaire Considérons ici ¢z = v9B1l,<r avec
vg > 0 et ¢ = 0. Dans ce cas 1’étude précédente reste valable mais au lieu d’obtenir
E + vy a la place de E dans les équations précédentes, on obtient m — vy a la place de
m. La configuration minimale est celle de deux valeurs propres doubles et opposées. De
plus elles sont proches de m et —m respectivement. On se retrouve donc apres avoir lissé
le potentiel tout en conservant la commutation a K avec les hypotheses du Théoreme B.6
du chapitre III de la partie B.

Nous espérons dans ces paragraphes avoir donné une idée de la fagcon de construire
des potentiels qui vérifient les hypotheses de notre étude. Nous ferons aussi par la suite
I’hypothese qu’il n’y a pas de résonance aux seuils. C’est cette hypothese qui nous intéresse
maintenant.
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6 Les résonances aux seuils

Une résonance sera pour nous un vecteur propre qui n’est pas dans L? mais dans un
espace plus grand : un L? pondéré par un poids décroissant. De telles valeurs propres
apparaissent dans notre étude des estimations de propagation. Ce sont des estimations de
décroissance en temps du propagateur dans des espaces L? & poids.

On peut montrer que pour un potentiel borné tendant vers 0 a l'infini, une résonance
ne peut pas étre associée a une valeur propre dans | — m;+m]. En effet, la preuve du
lemme B.39 du chapitre II, nous montre que de tels vecteurs propres ont une décroissance
exponentielle. Les idées du paragraphe 3, nous permettent aussi de dire qu’elles ne sont
pas a l'intérieur du spectre essentiel. Ainsi, pour des potentiels réguliers avec des dérivées
tendant assez vite vers 0, seuls les points +m et —m peuvent étre associés a des résonances.

On a I’équation des valeurs propres aux seuils (m ici) :

(Dm - m)¢ = —V¢

avec le choix que 'on a fait pour 'opérateur de Dirac, on obtient :

Y

—0iVihy = —Vi191 — Viaihs
—0iVipy + 2mapy = —Varhr — Vagiho

ou en passant a la transformée de Fourier

€42 (€) € HY,

doncsiazl,onawgerCLQ.

On obtient aussi 521,/[)\1(5) € H?. Donc, la valeur en £ = 0 de 521//1\1(5) est bien définie.
Si elle est nulle alors ¢» € L? comme ;. Ainsi on a une vraie résonance si ng, Ay # 0.
Il existe donc deux fonctions ®7°° telles que pour toute résonance 7, il existe o+, on a
Y —at P —am T € L2

Ainsi les résonances quotientées par L? forment au plus un espace de dimension 2 pour
chaque seuil. Les résonances sont portées par les composantes pour le seuil haut et les
composantes basses pour le seuil bas.

D’autre part, on sait que génériquement les résonances n’existent pas. Ce résultat
remonte & Rauch [Rau78|[Theorem 3]. On peut montrer que pour une famille z € Q — V,
holomorphe de potentiels sur un ouvert 2 C C, si pour un potentiel V,, il n’y a pas
de résonance, alors il n’y en pas pour tout potentiel sauf un pour un ensemble discret
de parametres z. Il est d’ailleurs possible de montrer que ’ensemble des potentiels sans
résonance est un ouvert, ainsi ’ensemble des potentiels a résonance est un fermé d’intérieur
vide.

Pour terminer, on signalera que 1’on peut toujours trouver des potentiels a résonance.
Ce fait peut s’adapter d’un exemple di & Dolph, Mcleod et Thoe [DMT66][page 332].
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Deuxieme partie

Les résultats






B.l

Le probleme de Cauchy
est localement bien posé

Dans ce chapitre, nous montrons que le probleme de Cauchy associé a nos équations
est localement bien posé.

Bien qu’il ne soit pas utile au reste de 1’étude, puisque nous reconstruisons toutes nos
solutions, ce résultat simple présente un intérét propre. De plus, il permet d’introduire les
espaces de Besov et les propriétés qui vont nous étre utiles par la suite.



The local well posedness of the Cauchy problem

1 Setting of the problem

We study the local well posedness of the following nonlinear Dirac equation

0 = 7 (~iVe) +mBs +V(Q)p + VF(¢)
= Do +V(Q)¢+ VF(¢)
= H¢+VF()

with ¢ € CH(R, H'(R3,C*)), (71, 72, 73, 3) the 4-vector of Pauli matrix, m is a positive
real and V' a matrix valued real function, see [Tha92] for more details about the nonlinear
Dirac equation.

Units are chosen such that the speed of light and the Planck’s constant equal one. The
V symbol means that if C* is taking with its usual hermitian product, and F : C* — R is
a differentiable map for the real structure of C*, we have

DF(v)h = R(VF(v),h).
We work within the following

Assumption 1.1 ( On the nonlinear perturbation ). Let be p > 3. The nonlinearity
F :C*— R is of CVP! (for the real structure of C*) with G*(0) = 0, for a € N8, |a| < [p]
and DPF for |B| = [p] is holder of order p — [p] (when it is zero it means bounded).

Throughout this paper, the notation < v > means v/1 + v2.

2 The theorem

The local well-posedness for the free nonlinear Dirac equation (V' = 0) was proved in
[EVI7] and in [MNNOO5] the authors proved global well-posedness for small initial data
in this case. We sketch here an adapted proof.

To state our local well posedness result, we need

Definition B.1 (Besov space). For s € R and 1 < p,q < oo, the space B;q(RB,(C‘l) is the
set of all f € LP(R3,C*) such that

Q=

1£llss, = { D2 llei fllg | < +oa
jEN
with @ € D(R™\ {0}) such that
> PV =1,
jEL
Vj € N, pj(x) = p(277x) and po = 1 = Y ;- 95

Remark B.1.1. The previous norms are not well defined in case p = oo or ¢ = co. But
we easily adapt it to these cases.
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We notice that using the Proposition 13 and the Kato-Rellich theorem we have that
for V € B, , the operator H = D, +V is a essentially self-adjoint operator with domain
H'(R3,C*) and core C*°(R3,C%).

We have

Theorem B.2 (Local wellposedness). Assume V' € B3, ., and F' satisfies assumption 1.1,

then for all s > 1 with 3(1 — %) <s<[p]+1, all g € H¥(R3,C) and for v € (2, 3%5;)
and v > p—1 there is a T* = T*(||vo||g=) > 0 and a solution
v € C((=T",T7); H(R?, C") N CH((=T", T"); L*(R?, C"))
nL}

loc

((=T*,T*); L®(R?,CY))
of the Cauchy problem
{ i) = (D +V(Q)Y + VF(®), (1)
$(0) = o
Moreover,

(i) this solution is unique in L>®°((—T,T); L*(R3,C*) N LY((~T,T); L®(R3,C*)) for
T <T*
(i) if T* # o0, ||| oo (=1 m);22®3,c1)) + 1Vl Ly (=7 1+ )s 100 RS 1)) = 005

(iii) there is a T = T(|[vollgs) < T*(|vollms) and a neighborhood W of 1y in H*(R3,C*)
such that for all 0 < s’ < s, such that the map ¥y — (.) is continuous from W to
C((=T.T); H* (R*,CY).

3 Chain rule in Besov spaces

Lemma B.3. The following application is an equivalent norm for Blf,q(R?’, C*) when s > 0,

l q 1/q
re et =ity ( [ )

with | an integer such that s <1, || - ||, is the norm of the LP space and

l

wly)(f) = (A" =D (=1 Cmar—nyf,

k=0
this formula defines A, and 1, is the translation of vector y € RR3.

Proof — See [Tri78] definition 1 of 2.3.1 and theorem of 2.5.12 . O

Remark B.3.1. In case p = o0 or g = 00, we can adapt easily adapt the definition of the
norm.

We introduce the
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Definition B.4 (generalized Sobolev spaces). The space W*P(R3 C?*) is the set of all
f € S'(R3,C*) such that
| <P >* fll, < oo.

We can find the following properties in [BL76]
Proposition 12. Besov spaces are Banach spaces and

1. Bs o =W52,

Y _

2. By, CBy,ifs <sors=s and1<r<qg<oo,

3. By CWHPCB,y, forl<p<2,

4. By, CW*P C B}, for2 <p < oo,

5 By, CB,,if1<r<p<oo andu —n/r =s—n/p.
with continuous embedding.

We have the

Proposition 13 (Chain Rule in Besov space 1). For s > 1, there is C' > 0 such that
for Ve Bs, (R? My(C)) and any ¢ € Bj (R?,C*) N L®(R3,C*), we have G(¢) €
B; ,(R?,C") and

IVlsg, < ClVIes, @ macyll¥llsg,

P9 —
Proof — We use the identity

m

ATVE) =Y Chrmoiy DS (V) x Ty AT F(f).
k=0

With help of a Minkowski inequality and then with a Holder inequality the proposition
follows. O

We also have

Proposition 14 (Chain Rule in Besov space 2). Let be s > 1 and let be G € (B;i;oo) (C*,CY)

loc
Jor some s’ € ([s],[s] + 1) such that G(0) = 0 and any ¢ € B ,(R*,C*) N L>(R?,C*), we
have G(¢) € By ,(R*,C*) and

[s]
1GW)ls;, <3 swp (DG Wllsg,

P 1<l
+ Ao (G 10 lloo) 1901156~ 101 35,

with

As’,s(G>T) = Ssup

|2, [2"[<r

|DEIG(2) — DEIG(2)|
2 — Z/’S’—[S] )

Proof — We can found a proof in [EV97] or in [Esc88]. O
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Corollaire 15. Under the previous assumptions, if moreover G is CP then

IGD)IBs, < [sIIGllee 19115 1415,
Proof — We notice that

sup {|DFG(2)[} = )15 DG lless,

2[< It lloo
and
Ao (G, 1) = 7P~ DEIG| oy
O

Remark B.4.1. Notice that in the previous corollary, we necessarily have
[s] <" <p.
We shall also use the
Lemma B.5. For s > %, and u,v € By , then
lullng, < 2"lulls; ol
Finally, the calculation that leads to the second chain rule also leads to

Lemma B.6. For 7 >0, s> 0, p,q € [1,00] we have for u € B;,q and

Fe (ngjoo>

for s" € [[s],[s] + 1] with F(0) = 0, we have

loc

Q) ulls, < lull Q) T ulls;,

p,qa —

4 Proof of Theorem B.2

For the need of the proof, we first rewrite the problem in an integral form using Duhamel’s

formula .
B(t) = e Pmgy — i / e E=0Dn (Vi () + VE(p(w))) d,
0

and we prove the statements by a fixed point argument.
Let v > 2 such that 3/2 — 1/ < s, we study the map defined by

GW) = {t € R s e Py — i /0 =0 Dm (Vi ()T F (4 () s}

C((=T,T); H*(R®,CYH) nC*((-T,T); L*(R?,C*)) N L]

loc

for T > 0.

((_T7 T)? LOO(R37 C4))
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For M > 0, we define
X(T,M) = {¢ € L®((=T,T); H*(R*,C") N L((~T,T); L=(R?,C")); [|¢|| < M}

where

||l = sup H¢HH5+||1/’”Lv((—T,T);Loo(R3,<C4))-
(7T7T)

Lemma B.7. Endowed with the distance associated with the natural norm of the space
L>®((=T,T); L3(R3,C*%)), X (T, M) is a complete metric space.

We prove that G stabilizes X (T, M'). We first study the H® norm, with the Chain rule
in Besov space of the Proposition 13 and Corrolary 15, we obtain

1G6) (1)1
< olla- + /0 (IV(Q)(u) + VF () 1r-) du

T
< [ollme + / V(@)= + IV F ()| z+) du

-T

IN

T T
ol e + / IV s, 1) s+ / @) ) e d

-T
[Yollas + Vs, . 2T sup {llv(u)]las}
[_TvT}

IN

p—1
vy

1—e=1 T
+e(r) sup (i) 75 ([ v i)

1—pe=1

< Albollms + VB, L2TM + C(VE)T 2 M”.

Then we study the norm LY ([T, T], L= (R3,C%)),

IG(W) Lv (j=1,1], 0y < |7 O Pmapg I L7 (=717, 50)

O
+) /0 e TP (V(Q)¢p(u) + VF(¥(w)) dull g1, 10%)

We need the

Proposition 16 (Strichartz-type estimates). Let s > 1, then for all v > 0 such that

% € (3_225, %) and all v' > ~ such that % € (3_225, %) there is a positive constant C' such

that for every T > 0 and all 1o € H*(R3),

) 1_1
HefltDmd}O||LW([_T,T}7LM(R37C4)) S CT~ ||1/}0||H9

Proof — 1t is Theorem 1.5 (7i) of [EV97] or Theorem B.4 of Part III. O
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We write

GO L (=717, 2)
T .
< lbollus +/_T le PV (Q)rp(w) + VF (9p(w))l| 1 (779, 1) du

IN

11
Cllollms + CT* ™ V(@)W a-rrt,mrs) + CTF 7 IVF W)l (orrt o)
C|]1/)0||HQ+CTT7HVH39 2T[Sg%{H¢HH5}

IN

1_ 1 _
LO(VF)OTT ™7 / I ol

)

1_ 1
Clibolze +CT> 7 |[V]Bg, 2T Sup}{lleHs}

11 2
+O(VRCTT 7 @0)'™3 sup (ol 1y e

IN

1_ 1
Clivollge +CT> ||V|\Bgo,w2T[S¥P] ol s}

N
7

1 2
+C(VF)OT 7 (2T) 5 sup 7S A

IN

1 1
Clloll e + 20T 777 |V gy, M + C(VF)C2' 3T 7777 1P
So T is small enough we obtain
1G()| < M
and so G stabilize X (T, M).
We then prove the contraction property of G with respect to the norm

L>®((~T,T); L*(R3,CY)).

We recall that X (7', M) is closed for this norm. We easily obtain

1G (Y1) — G(¥2) || oo (—1,1);12(R3,c4))
< CT(|Vlloo + C(VE)MP™ {1 — Yoll Loo (=1 L2 (R3,C4)) }

So if T is small enough, we can apply the fixed point theorem.
To go on with the proof of the local well-posedness, we now treat the uniqueness
problem by using

Lemma B.8. Assume V € B
and v > p—1.
Suppose that 1 € L ((=T,T); H*(R3,CH) N LY((=T,T); L*>°(R3,C*)) is a solution of

and I satisfies assumption 1.1, let be 1y € H*(R3, C*)

U(t) = e Pmypy — i/o e 1 IPm (Vo (s) + VF(1(s))) ds.

Then +p € C([-T,T); H*(R3,C*)). Furthermore, if vy and s are two solutions, then
1 = Po.
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Proof — The assertion about continuity comes from the strong continuity of W : t +» e~ 1tPm

in L? and the fact that (P)® commutes to W. It also comes from the fact that V' (Q) and
VF(y) belongs to L'([-T,T); H*(R3,C*)) since it belongs to L®([~T,T]; H*(R3,C*)).
For the uniqueness it’s a well known argument of contraction that gives the results. We

introduce ty = inf {t, 1¥1(t) # ¥2(t)}.
By continuity 11 (to) = ¥2(to), so if tg < T then 7411 and 7_4,12 are solution of

w@>—eiﬂ%wmm>—i/‘e“t@&wvw@y+VF@u$»da

0

on [0, T — to).
But using the previous computation, we have

[ T—toth1 — T—to¥2|| oo ((0,7—t—0):L2(R3,C4))
< CT([IV]loo + C(VE)YMPN){[I7—tgt1 — Ttg P2l oo (1) 12(R3,C)) }-

Since CT(||V||oo + C(VEF)MP™1) < 1 we have 11 (t) = to(t) for t > to what is a
contradiction, so tg = T.

O]

Proof — [Proof of local well-posedness] With help of the previous lemma, we know that
there exist T* > 0, which is the supremum of all T" for which there is a solution.
If T* < oo then there is no solution in

L®°((=T*,T%); H¥(R3,CY) N L7 ((=T*,T*), L>(R3,CY)).

Otherwise, it should be in C([-T*,T*]; H*(R3,C*)). So we can define ¢(T*) € H*.
Solving the Cauchy problem with this initial value, we can continue our solution beyond
T*. What contradicts the definition of T™*.

We now study the dependance towards the initial value problem. Looking to a sequence
o, € H® tending to 1 which satisfies 9o x|/ g < 2|[¢0]| g+, we can solve the initial value
problem for each vy in X (T, M) for common 7" and M. Denoting by 1)), each solution,
with help of an already made calculus, we write

16— ills < (1 = CT 5 )" e ™2 (401 — o) [|2

together with ||¢x(t)|| < M for t € (=T, T), we obtain by interpolation that for s’ € (0, s)
there is 6 € (0,1) such that

1 = ¥l g < C(T, M) |0, — voll3,
what proves the continuity with respect to the inial value.

Finally we prove that ¢ € C*([-T,T]; L?(R3,C*)), it follows from a usual bootstrap
argument. But we have to differentiate our integral equation.
Since 2p < Qﬁ, H?* is continuously embedded in L? and VF satisfies

IVE(¢1) = VF(d2)ll2 < tzt[l)l)l]{HDv(F)(tﬁbl + (1 =t)d2) - (¢1 — d2)ll2}

IN

I [ter + (1 —t)go| " | 22, llé1 = 622,
(lo1llze + ll2ll2o)” b1 — d2ll2p,

IN
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with V' € B(L?), we obtain D% + V(Q)y + VF(¢) € C([-T,T], L?).
So we have

fum Vou) + VF(6(w)} € C(-T, T); LR, CY)).
What gives G(1(t)) is differentiable with respect to ¢ and in [-T,T] and

it

(D + V) + VF (1),
o.
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B.ll

Directions stables pour
des petites solutions
stationnaires de
I’équation de Dirac

Nous montrons que pour un opérateur de Dirac, n’ayant pas de résonances aux seuils
ni de valeurs propres aux seuils, le propagateur vérifie des estimations de propagation et
de dispersion.

Quand cet opérateur a seulement deux valeurs propres et qu’elles sont simples et suf-
fisamment proches 'une de 'autre, nous étudions une classe d’équations de Dirac non
linéaires ayant des états stationnaires. En appliquant nos estimations linéaires, nous mon-
trons que ces solutions ont des directions stables tangentes au sous espace continu associé
a notre opérateur de Dirac de référence. Ce résultat est 'analogue dans le cas de I’équation
de Dirac d’un résultat de Tsai et Yau sur I’équation de Schrédinger. A notre connaissance,
ce travail est la premiere étude mathématique du probleme de la stabilité associé a une
équation de Dirac non linéaire.

Ce chapitre reprend un article a paraitre dans Communications in Mathematical Physics :
N. Boussaid. Stable directions for small nonlinear dirac standing waves. arXiv :math-
ph/0512054, To appear in Comm. Math. Phys., December 2005



Stable directions for small nonlinear Dirac standing
waves

Abstract

We prove that for a Dirac operator, with no resonance at thresholds nor eigenvalue at
thresholds, the propagator satisfies propagation and dispersive estimates.

When this linear operator has only two simple eigenvalues sufficiently close to each
other, we study an associated class of nonlinear Dirac equations which have stationary
solutions. As an application of our decay estimates, we show that these solutions have
stable directions which are tangent to the subspaces associated with the continuous spec-
trum of the Dirac operator. This result is the analogue, in the Dirac case, of a theorem
by Tsai and Yau about the Schrédinger equation. To our knowledge, the present work is
the first mathematical study of the stability problem for a nonlinear Dirac equation.

Introduction

We study the stability of stationary solutions of a time-dependent nonlinear Dirac equa-
tion.

Usually, a localized stationary solution of a given time-dependent equation represents
the bound state of a particle. Like Ranada [Ran], we call it a particle-like solutions (PLS).
In the literature, the term soliton is also found instead of PLS, but this additionally means
that the particle keeps its form after a collision. Many works have been devoted to the
proof of the existence of such solutions for a large variety of equations. Although their
stability is a crucial problem (in particular in numerical computation or experiment), a
smaller attention has been deserved to this issue.

There are different definitions of stability. The first one is commonly called the orbital
stability. It means that the orbit of the perturbation of a PLS stays close to the PLS
or a manifold of PLS but does not necessarily converge. A stronger notion is asymptotic
stability, which means that the perturbation of the PLS relaxes asymptotically towards a
PLS which is not far from the perturbed PLS.

In fact in many conservative problems asymptotic stability does not hold. But one
has asymptotic stability for a restricted class of perturbations, forming the so-called stable
manifold.

In this paper, we deal with the problem of stability of small PLS of the following
nonlinear Dirac equation:

107 = (D + V)0 + V() (NLDE)

where VF is the gradient of F': C* — R for the standard scalar product of R8. Here, D,,
is the usual Dirac operator [Tha92] acting on L?(R3,C*)

3
Dy, =a-(—1V)+mp = —iZak@k +mp
k=1
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where m € R} and «a = (a1,a9,a3) and (8 are C! hermitian matrices satisfying the
following properties:

;0 + Qo = 25ik1(c4a i,k € {1, 2, 3},
a;f + Ba; = Oca, i€{1,2,3},
p% = 1ca.

o 0 o; o Ic2 0
@i = < ag; 0 > and ﬂ o ( 0 *ICZ )
where01:<(1) (1)) and 02:<? Bl> and ng(é _01>

In (NLDE), V is the external potential field and F' : C* — R is a nonlinearity such that

Here we choose

V(0,z) e Rx Ct,  F(e2) = F(2).

Some additional assumptions on F' and V' will be made in the sequel. Stationary solutions
(PLS) of (NLDE) take the form v (t,z) = e "F'¢(x) where ¢ satisfies

E¢ = (D + V)é + VF(). (PLSE)

We prove the existence of a manifold of small solutions to (PLSE), interpreted as particle-
like solutions to (NLDE). Then we construct a stable manifold around this manifold. At
the origin, it is tangent to the sum of the eigenspace associated with the first eigenvalue
and the continuous spectral subspace of D,, + V. This is the analogue in the Dirac
case of [TY02d, Theorem 1.1, non-resonant case]. The interpretation is that radiations
(described by the continuous spectrum) do not destabilize too much the PLS manifold.
To prove stabilization towards the PLS manifold, we shall need linear decay estimates
associated with the continuous spectral subspace of D,, + V.
To our knowledge, this is the first stability result on a nonlinear Dirac equation.

The problem of stability has been extensively studied for Schrodinger and Klein-
Gordon equations. The methods used to treat these cases cannot be easily adapted to
our problem, due to the fact that the Dirac operator D,, is not bounded-below, contrarily
to —A. The non-negativity of the latter permits to use minimization and concentration-
compactness methods to prove the existence of orbitally stable standing waves, see e.g.
Cazenave and Lions [CL82] or more recently Cid and Felmer [CF01].

In his review on nonlinear Dirac models, Ranada [Ran] writes that physicists first
claimed that PLS (particle-like Solutions) of the nonlinear Dirac equation couldn’t be
stable since the second derivative of the energy functional is not positive-definite. Actually,
in a very general setting (not related to the Dirac case), Weinstein [Wei85, Wei86], Shatah
and Straus [SS85] and Grillakis, Shatah and Straus [GSS87] proved a general orbital
stability condition even if the hessian of the energy functional is not positive-definite.
Their conditions allow only one simple negative eigenvalue (and a kernel of dimension one
also) for the second variation. It therefore cannot be directly applied to the Dirac case.
However, it gave rise to an interesting discussion about the application of this method to
the Dirac equation in some physical papers [SV86, AS86, BSV87]. Ranada also refers to
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numerical experiments which seem to confirm that some PLS are asymptotically stable in
the Dirac case.

In the Schrédinger case, the asymptotic stability has been extensively studied during
the last decade. A fundamental work is the one of Soffer and Weinstein [SW90, SW92],
which is devoted to the study of a small nonlinear perturbation of a Schrodinger operator
having one simple eigenvalue. They proved that the perturbed small PLS relaxes to
a PLS. Later, Pillet and Wayne [PW97] proposed a different proof in the spirit of the
central manifold theorem. In all these works, asymptotic stability is a direct consequence
of propagation or dispersive estimates on the Schrodinger operator. In order to be able
to use these estimates, one has to to consider the initial state (at time ¢ = 0) of the
perturbation as localized i.e. in L' or in L? weighted spaces with growing weight. To avoid
such an assumption, Gustafson, Nakanishi and Tsai [GNT04] proposed to use Strichartz
estimates.

Generalizations have been considered for instance by Tsai and Yau [TY02a, TY02c,
TYO02d, TY02b, Tsa03], who treated the case of a Schrodinger operator having two simple
eigenvalues. An interesting phenomenon appeared: if the two eigenvalues are sufficiently
distant one from the other, then after linearization around the excited state, one obtains a
resonance. Tsai and Yau showed that if there is no resonance, the manifold of ground state
has stable directions. In the resonant case, the manifold of ground states is asymptotically
stable, whereas the manifold of excited states has stable and unstable directions (in case
of instability, under some conditions, one has relaxation to the ground state). For a
similar result, see also [SW04, SW05]. Notice that earlier Soffer and Weinstein [SW99]
studied a similar resonance phenomenon in the case of the Klein-Gordon equation with a
simple eigenvalue; they showed that it induced “metastability”. Another problem has been
studied by Cuccagna [Cuc01, Cuc03, Cuc05]. He considered the case of big PLS, when
the linearized operator has only one eigenvalue and obtained the asymptotical stability
of the manifold of ground states. Tsai, Yau and Cuccagna also need propagation or
dispersive estimates. The latter is proved by generalizing the work of Yajima [Yaj95] on
wave operator.

Interesting development are also given by Rodnianski, Schlag and Soffer [RSS05a]
who proved asymptotic stability of an arbitrary number of weakly interacting big PLS.
Schlag [Sch04] and Krieger and Schlag [KS05] proved the existence of stable direction for
unstable big PLS. We point out that some of the works of Schlag [ES04, GS04, RSS05b]
or Soffer [HSS99, JSS91, RSS05b] are dedicated to prove dispersive estimates.

We also would like to mention the works of Buslaev and Perel’'mann [BP95, BP92b,
BP92c, BP92a], Buslaev and Sulem [BS03, BS02] or Weder [Wed00], in the one dimensional
Schrédinger case.

Here, we study a nonlinear Dirac equation as a perturbation of a linear Dirac equation
with a Dirac operator possessing only two simple eigenvalues sufficiently close to each
other. Hence, we avoid problems of resonance after linearization around a PLS. The
paper is organized as follows.

In section 1, we define the important objects and state our main results. We start
with the propagation and dispersive linear estimates which will be crucial tools for this
study. Then, we consider the nonlinear equation (NLDE) and state the existence of the
PLS manifold. Eventually, we present our main theorem in which the stable manifold is
constructed.

The section 2 is devoted to the proof of the propagation estimate, which uses spectral
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techniques. This is a time decay estimate in weighted L? spaces, expressing the fact that
states associated with the continuous spectrum are not stationary. We use Mourre estimate
similarly to Hunziker, Sigal and Soffer [HSS99] (for a generalization of the method, see
e.g. [BAMGS96]). This method cannot be used in the neighborhood of the thresholds which
needs a specific treatment. In particular, problems can occur in the presence of eigenvalues
at thresholds or resonances at thresholds, and we shall assume in the whole paper that
we are not in this situation. For the Schrodinger case, a similar problem has been studied
by Jensen and Kato [JK79], Jensen and Nenciu [JNO1, JNO4]. Our arguments near the
thresholds are inspired of these works. For a related study, see the article of Fournais and
Skibsted [FS04] dealing with long range perturbations of Schrédinger operators.

In Section 3, we then prove the dispersive estimate, using the propagation estimate
established in Section 2. For an interesting survey on dispersive estimates for Schrodinger
operators, see Schlag [Sch05]. We have not been able to generalize the methods used in
the Schrodinger case, in fact it seems that the Dirac equation with a potential behaves like
a Klein-Gordon equation with a magnetic potential. This fact has already been noticed
by D’Anconna and Fanelli in [DF], where they proved simultaneously dispersive estimates
for a massless Dirac equation with a potential and for a wave equation with a magnetic
potential. Our method is here inspired of the work by Cuccagna and Schirmer [CS01].

Finally, the last sections are devoted to the proof of our main result concerning the
stability of the stationary solutions of (NLDE). We assume that the Dirac operator D,, +
V' have only two simple eigenvalues and that it has no eigenvalues at thresholds nor
resonances at thresholds. Note that our assumptions exclude electric potentials, for which
the theorem of Kramers states that the eigenvalues are always degenerate, see [Par90,
BH92]. In Section 4, this permits us to construct a manifold of PLS and then to study the
spectrum of the linearized operator. This in turn, in Section 5, will allow us to decompose
a solution of (NLDE) in three parts: the PLS part, the dispersive part associated with the
continuous spectrum and a part corresponding to “excited states”. This last part needs a
particular treatment since it is not dispersive and hence disturbs the relaxation towards
the PLS manifold.

acknowledgements I would like to thank Eric Séré for fruitful discussions and advices
during the preparation of this work. I wish to thank the referee for useful remarks and
suggestions.

1 Main results

This section is devoted to the presentation of the model and the statement of our main
results.

1.1 Decay estimates for a Dirac operator with potential

Let us first state our results concerning the time decay of e #(Pm+V) in weighted L? spaces
and Besov spaces. This kind of estimates are called respectively propagation and dispersive
estimates. As mentioned in the introduction, these results will be very important tools
for the study of our nonlinear time-dependent Dirac equation.

The following spaces will be needed to state the main result of this subsection.
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Definition B.1 (Weighted Sobolev space). The weighted Sobolev space is defined by
Hy(R?,CY) = {f € S'(R?), [[(Q)7(P)" f|l2 < oo}
for o,t € R. We endow it with the norm

11z = IKQ)7(PY fll2-
Ift = 0, we write L2 instead of HY.

We have used the usual notations (u) = V14 u?, P = —iV, and Q is the operator of
multiplication by x in R3. For the sake of clarity, let us also recall the

Definition B.2 (Besov space). For s € R and 1 < p,q < oo, the Besov space Bj ,(R*,C*)
is the space of all f € S'(R3,C*) (dual of the Schwartz space) such that

q
1B, = | D_2*lej* flig | < +oo
jEN
with € D(R™\ {0}) such that 3,y P(279¢) =1 for all £ € R3\ {0}, §;(&) = p(277¢)
for all 5 € N* and for all € € R3, and g = 1 — Z]—GN* ;. We endow it with the
norm f € B;q(R?’,(C“) = | fllBs, -

In the whole chapter, we shall work within the following

Assumption 1.1. The potential V : R? — S4(C) (self-adjoint 4 x 4 matrices) is a C*
function such that there exists p > 5 with

C

3 3 « < -
Va € N°, 3C > 0, Yz € R”, [0?V](z) < (z)ptlal

Notice that by the Kato-Rellich Theorem , the operator
H:=D,+V

is essentially self-adjoint on C§°(R?, C*) and self-adjoint on H!(R3,C%).

We notice that the Weyl’s criterion (see [RS78, Theorem XIII.14, Corollary 1]) give
that the essential spectrum of H is given by R\ (—m;m). Then the results of Berthier
and Georgescu [BG87|[Theorem 6,Theorem A] give that there is no eigenvalue embedded
in the essential spectrum.

We also work with the

Assumption 1.2. The operator H presents no resonance at thresholds and no eigenvalue
at thresholds.

A resonance is an eigenvector in Hi/f(R?’, CH\ HY2(R3,C*) for any o € (1/2,p—1/2)
here. Let
PC(H) = ]1(—00,—m]U[+m,+oo) (H> (1)

be the projector associated with the continuous spectrum of H and
H, =P.(H)L*R3,C*). (2)

We are now able to state our
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Theorem B.3 (Propagation for perturbed Dirac dynamics). Assume that Assumptions 1.1
and 1.2 hold and let be o > 5/2. Then one has

le™ P (H) [| ppz 2y < C(8) 2.

The proof of this result will be given in Section 2. We notice that it is still true if we
assume p > 3 in Assumption 1.1.
Our next result is the following theorem, proved in Section 3.

Theorem B.4 (Dispersion for perturbed Dirac dynamics). Assume that Assumptions 1.1
and 1.2 hold. Then for p € [1,2], 6§ € [0,1], s — s > (2—1—9)(% — 1) and q € [1,00] there
exists a constant C > 0 such that we have

le P (H))| < C (K1)

Bs

/
S
p’q’BP’yq

01 1
wzth5+17—1, and

K- 1702 i el € (0,1],
702 af ] € [1, 00).

1.2 The stable manifold around the PLS for the nonlinear Dirac equa-
tion
We now want to study the following nonlinear Dirac equation

{ 1006 = Ho) + VF() .
?ﬁ(O» ) = to.

with ¢ € CY(I, HY(R3, (C4)) for some open interval I which contains 0 and where we recall
that H = D,, + V. The nonlinearity F' : C* — R is a differentiable map for the real
structure of C* and hence the V symbol has to be understood for the real structure of C*.
For the usual hermitian product of C*, one has

DF(v)h = R(VF(v),h).
We work within the following

Assumption 1.3. The operator H has only two simple eigenvalues g < A1, with ¢q
and ¢1 as associated normalized eigenvectors. Moreover, the non resonant condition

|A1 — Xo| < min{[Ag +m/, Ao —m|}
holds.

This assumption is useful in our study of the spectrum of the linearized operator around
a stationary state (see Section 4.2), it gives us that this operator has two simple non zero
eigenvalue (see Lemma B.38).

Assumption 1.4. The function F : C* — R is in C®°(R3,R) satisfies F(z) = O(|z|*)
as z — 0. Moreover, it has the gauge invariance property:

F(e?2) = F(2),¥z € C* VA € R.
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We will prove in Theorem B.6 that some solutions of the equation (3) are global and
can be decomposed as the sum of a PLS plus a remainder part which is vanishing. Since
the PLS part may change during the evolution, we need to track it. So we prove that
around the origin, PLS form a manifold. We have the

Proposition B.5 (PLS manifold). Suppose that Assumptions 1.1-1.4 hold. Then for
any o € R, there exist Q a neighborhood of 0 € C, a C*® map

h: Qe {¢o}" NH*R?CY N LA(R?,CY
and a C*® map E : Q+— R such that S(u) = upg + h(u) satisfy, for all u € Q, the identity
HS(u) + VF(S(u)) = E(u)S(u), (4)
with the following properties

h(eu) = e®h(u), VO R,
h(

u) = O(|uf?),
E(u) = E(lu]),
E(u) = Ao + O([ul]?).

Proof — This kind of results is now classical and left to the reader. For more details, see
Subsection 4.1. O

Let us introduce the linearized operator JH (u) around a stationary state S(u)
H(u) = H + d*F(S(u)) — E(u)

where d*F is the differential of VF. We notice that the operator H(u) is only R-linear
but not C-linear. Hence we work with the space L?(R3, R* x R?*) instead of L?(R3, C*) by

writing
Ro
(50)

instead of ¢. Hence the multiplication by —i becomes the operator

(0 —Ipa
J_<I]R4 0 >

The operator J H (u) has a two dimensional geometric kernel and two simple eigenvalues
E1(u) and —E;(u) which are purely imaginary. The associated eigenspaces are conjugated
one to each other. Working on the real part of their direct sum, we introduce a family of
basis of this last real space : (¢1(u), ¢3(u)).

The rest of the spectrum is the essential spectrum. We write H.(u) for the space
associated with the continuous spectrum. This space H.(u) is the orthogonal of the
previous eigenspaces with respect to the product (f,g) — R(f,Jg) where (-,-) is the
standard product of L?(R3, (C4). The space H.(u) is isomorphic to H. and the isomorphism
is P., defined in 2, for any reals s and o. Moreover P, is a bounded operator from
H:(R3R8) to itself for any reals s and o. These facts will be proven in subsection 4.2.

We are now able to write the main theorem of this paper. Its proof is given in Section 6.
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Theorem B.6 (Stable manifold). Suppose that Assumptions 1.1-1.4 hold. Let s,s',3 €
RY be such that s > s+3 > 346 and 0 > 5/2. There existeg >0, R >0, K >0, Tp > 0
and Lipschitz map

U:S—R?

where S = {(V, £); Ve Be2(0,e), £ € He(u) N By (O,R)} endowed with the metric of
C? x H with ¥(u,0) = 0 for all u € Be(0,¢),

)| < K (Jul + [zl g )
such that the following holds. For any initial condition of the form
o = S(uo) + 20 + ¥ (uo, 20) - ¢1(ug)
with (uo, z0) € S, one has

(i) there exists a unique solution v of (3) with initial condition 1, and this solution is
mn

C ((—To; too), HY (R, <c4)) Nt (]  Ty; oo, H¥~1(R?, ((:4)) :
(i1) there exist (Uoo, 200) € S and Ex € R with

|too — uo| < K|z0| |Boo| < Kll2olly,  ll200 = 20ll g < Kl|20lI3,

2
Hs'
such that

Y1) = e PO ((ucg) 4 M) e (1))
where

K
le@)l s < @\IZOH%

K
Iz, < gallvoly

K 2
< ,
\IIe(t)IIBgOYQ < <t>2\|z0|| .
and |r(t)] < f5ll20l13,, ast — +oo.

Remark B.6.1. The proof of this theorem works also if we want to obtain an expansion
of the form ' .

P(t) = e BT ) gy ) 4 e Pm 2 4 g(t)
or ' .

W(t) = e o) TE2) Gy ) + e 2 1 (t)
with 2o € He. But in this cases, we only have the estimates

1200 = 20ll g < Kl 20| v

and

le@l g < Kllzoll gy

K
le@ g < WIIZoHHg

< —F ’
Igs, < grarliolly

as t — +00, see the remark following Lemma B.50.
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We notice that the stabilization is “faster” than the propagation and the dispersion: it
is of order (t)~2 whereas e/t () 2 __ is of order (t)~3/2 (due to the estimates of Theorems B.3
and B.4, see Section 5). Hence the theorem states the existence of a family of initial states
which form a manifold tangent at the origin to the sum of the eigenspace of H associated
with A\g and the subspace associated with the continuous spectrum of H: H,.. This family
of initial states gives rise to solutions of (3) which asymptotically split in two parts. The
first one is a PLS: e~ {(tF(te)+Fo) §(4 ) the other is a dispersive perturbation: e/t 2
Hence if one perturbs a PLS in the direction of the continuous spectrum then this PLS
relaxes to another PLS by emitting a dispersive wave.

This phenomenon is due to the propagation and the dispersion properties of the sub-
space associated with the continuous spectrum of H. We don’t think that such a phe-
nomenon could take place for perturbations in the direction of the excited states ¢;.
Indeed, on this subspace, the dynamic seems to be conservative. The fact that we use
propagation and dispersive estimates restricts the family of perturbations to regular and
localized ones.

We now turn to the proof of our results.

2 Proof of Theorem B.3: propagation estimates

Here we prove the propagation estimates of Theorem B.3. The method used by Jensen
and Kato [JK79] to prove this kind of estimates for Schrédinger operator works only for
initial states which are spectrally localized near the thresholds +m. They used the spectral
density as the Fourier transform of the propagator. But the Dirac resolvent

Ry(A+ie) = (H — A Fie) ™!

does not decay in B(L2,L?,) as |A\| — +oo for any o > 0, see [Yam93]. So we cannot
use its Fourier transform. To our knowledge, this method is the only one that permits to
treat the problem of propagation for energies near thresholds. Hence with this method,
we only prove (in the section 2.1) the

Proposition B.7 (Propagation near thresholds). Suppose that Assumptions 1.1 and 1.2
hold and let x € C>°(R3,C*) be such that its support is in a sufficiently small neighborhood
of [-m; m]. Then, for o > 5/2, one has

le™ 1 Pe (H) x (H) || p(rz,z2 ) < C ().

We recall that P.(H) is defined by (1).

We also need to treat the propagation estimates for initial state whose spectrum does
not contain any threshold. We cannot use the spectral density. So we work directly with
the propagator. This is exactly the method used by Hunziker, Sigal and Soffer in [HSS99].
But in our case, their result needs some adaptation. Hence we need to generalize [HSS99,
Theorem 1.1] to the case of unbounded energy. In Section 2.2, we prove the

Proposition B.8 (Propagation far from thresholds). Suppose that Assumption 1.1 holds.
Then for any x € C®(R3,C*) bounded with support in R\ (—=m;m) and for any o > 0,
there exists C > 0 such that

le™ x (H) |l 2.2, < C ()7
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The proof of Theorem B.3 is then a consequence of the above propositions
Proof — [Proof of Theorem B.3]

We choose xo € C®(R3,C*) satisfying the assumptions of Proposition B.7, xoo €
C>(R3,C*) satisfying assumptions of Proposition B.8 such that yo + Yoo = 1. Hence the
continuous spectrum of H is divided in two parts. We obtain the inequality

le= " P, (H) IBz,02,) < le=" xo (H) P, (H) IBL2,02)

+ ||e—itH

Xoo (H) HB(L?,,LQ_U)'

Hence from Proposition B.7, and B.8, we deduce Theorem B.3. ]

It therefore remains to prove Propositions B.7, and B.8.

2.1 Step 1 : Propagation near thresholds
2.1.1 Proof of Proposition B.7

We now prove Proposition B.7. Let x be in C§°(IR?, C*), then the operator e P, (H) x (H)
as a function of ¢ is the Fourier transform with respect to A\ of

A= SREN (oo, —m]ufm,c0) M) X (N),

where

Ry(\) = lim Ry (A +ie), (5)

we will prove in Section 2.2 that the limit exists in B(L2,L%,). So Proposition B.7 is a
consequence of the

Proposition B.9. Suppose that Assumptions 1.1 and 1.2 hold. Then for A > m close
enough to m, one has that
RE(N) = lim Ry () +ie)

e—0t
exists in B(HEI/Q,HI,/(?) foro>3/2. ItisC' if o >1/2+1 and 0 < | < 2 with
d! _
TGSREN) =0 =m'T, (6)

as A — m™.
The same holds for A < —m if m is replaced by —m.

We prove it in Section 2.1.2. The idea is then to apply to
A = SR (N (oo, m]Um.oe) (A X(N)- (7)
with £ =1 and 6 = 1/2, the following

Lemma B.10 (Lemma 10.2 of [JK79]). Suppose F(\) = 0 for A\ > a > 0, F*+1) ¢
LY([6, +0c]) for any § > 0 and an integer k > 0 and that FFHD(X) = O(N~2) near 0 for
some 0 € (0,1). Assume further that F9)(0) = 0 for j < k — 1, then one has

~

F(t) = 0@t~ k9).

The symbol O may be replaced by o throughout.
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We refer to [JK79] for the proof of Lemma B.10. In fact to apply this lemma to (7),
one should split this function in two parts, one supported in RT and the other in R~.
Then one translates the first one by —m and applies the lemma. To deal with the other
part, one works exactly in the same way after a symmetry with respect to the origin. To
end the proof of Proposition B.7, it remains to prove Proposition B.9. This the goal of
the next section.

2.1.2 Behavior near thresholds of the Dirac resolvent: proof of Proposi-
tion B.9

In this section, our aim is to prove Proposition B.9. First of all, we notice that if the
limits (5) exist then we have

Ry (N)" = Ry (N,
and since

a5(Dp +V — z)_1a5 = —(Dm +asVas + z)_l,

3
for a5 = Hozzﬂ, one obtains
i=1

05 RE(N) s = BTy (<N).

So we only need to study the behavior of R‘J;(/\) near +m. Let us introduce
Cip ={2€C,32>0, Rz >0}

then the behavior for the free case (V = 0) is given by the

Proposition B.11 (Dirac’s resolvent expansion). Let s, s’ > 1/2 with s+s > 2 andt € R.
Then Ro(z) € B(H!Y, HY ) is uniformly continuous in C4 and so it can be continuously

extended to Cy .

i—1
Moreover, if we introduce for each j € N, G; the operator with kernel ‘ngg.]! , the
formal series z € C44,

o0

Z 22 m2) D, G —|—Z \/mij

Jj=0 j7=0

with (V22 —m?) > 0 is an asymptotic expansion for z — m in the following sense:

Let k € N, if Ry(z) is approzimated by the corespondent finite series up to j =k, the
remainder is o(|z —m|*/?), as = — m, in the norm of B(H!Y, H' ) with s, s’ > k+1/2
(and s+ s >2if k=0) and t € R.

In the same sense, this identity can be differentiated in z any number of times. More
precisely, for | € N* the I*" derivative in z of the said finite series is equal to dd—zllR(z) up to
an error o(|z —m|*/?7Y), as z — m, in the norm of B (H! ™Y, H ) with s, s’ > k+1+1/2
and t € R.

Proof — Tt is an adaptation of lemmas of [JK79]. We rewrite [JK79, Lemma 2.1], [JK79,
Lemma 2.2] and [JK79, Lemma 2.3] in the Dirac case with help of the identity

(Do = 2) (Do +2) 7 = (~A +m? — 22)7,
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or in (C2)2
zZ+m o-V
1 A _ 2 2 A _ .2 2
(Dm—2)7h = | "R GEghm A M
_A_Z2+m2 —A—22+m2
where o are the two dimensional Pauli matrices. O

To obtain the behavior of the Dirac resolvent in the general case, we would like to use
the formula

Ry(z) = M(2)"'Ro(2) (8)

with

M(z) =(1+ Ro(2)V).
To give a meaning to Identity (8), we have to prove that M(z) is invertible in B(Hi/g2 )
for 0 > 1/2 with 0 +1/2 < p, where p is introduced in assumption 1.1. We will also give
the asymptotic behavior of R‘J;(z) and some of its derivatives as A — m™. By means of
Proposition B.11, one has

A (C++ — M(Z) eB (Hi/f)
is uniformly continuous for 1/2 < ¢ and 2 < 0+ 0’ < p and some o’ > 1/2. We also have
M(z) = M(m) + A(2),

with A(z) uniformly continuous in B (H i/:,, H i/f ) near m in C4 4 and tending to 0 as A —
m for 1/2 <o and 2 < 0+ ¢’ < p and some o’ > 1/2. We now prove the

Lemma B.12 (Threshold’s eigenvector and resonance). Suppose that Assumption 1.1
holds. Let M(s) be the kernel of M(m) in Hi/sz and K(s) the kernel of (H —m) in Hi{f
Then M(s) and K(s) are finite dimensional and do not depend on s € (1/2,p—1/2). So
we write M and K and we have

M =K.

Proof — See also [JK79, Lemma 3.1].
Let u € K(s), then (D,,+V—m)u=0and u € Hi/f, soVu e Hp__lgz and since p—s >

1/2,s > 1/2, and s+p—s > 2, we obtain, by Proposition B.11, (D,,, — m)_1 (Dpp—m)u =
(D —m) ' Vu € Hi/f For any ¢ € C§°,

(¢, (Dm — m)_l (D —m)u) = (D —m) (D — m)_l ¢, u) = (¢, u),

we obtain (D, —m)(Dp, —m) 'Vu = Vu and (Dy, —m)(u+ (D —m) ™" V) = 0. Since
Dy, —m has no kernel in Hi/f, because there’s no harmonic function in L%
u~+ (D —m) ™' V= 0. Hence, we have K(s) € M(s).

Conversely, I + (D,, —m) 'V defines a Fredholm operator of B(Hi/sz) If u e M(s)
then u € Hi/f and (D,,—m) 1Vu € Hi/f So we write 0 = (Dy, — m) (u+(Dy —m) " V) =
(D, —m + V)u and we obtain M(s) C M(s).

+» We obtain



74 CHAPITRE II. Directions stables dans le cas non résonnant

Now we introduce I+V (D, —m) ™" € B(H;l/Q), and its kernel AV/(s) which is finite di-
mensional is a Fredholm operator. We have that A/ (s) is decreasing with s and M(s) is in-
creasing. Since, by duality, dim M(s) = dim N (s), we deduce that N(s) and K(s) = M(s)
do not depend on s. ]

We are now able to conclude the proof of Proposition B.9.
Proof — [Proof of Proposition B.9] Assumption 1.2 gives K = 0 and so with Lemma B.12,
one obtains M = 0. Hence M (m) is invertible since it is a Fredholm operator. We use Von

Neumann series to obtain that M(z) is invertible in B (Hiﬁf) foroc>1/2,2<o0+4+0" <p

and some o’ > 1/2 and
M(z)™" = M(m)™" > (A(z)M(m)" ')
j=0
So for A > m close enough to m,

M\ = lim M(\+ie)™?

e—0t

exists in B <Hi/02) for o > 1/2 with 2 < 0 4+ ¢’ < p and some ¢’/ > 1/2. We obtain
that lim+ Ry (A + ie) exists in B (H{;}/% Hi/f) for 0 > 1/2 and o > ¢ > 1/2 with o +
e—0

o’ >2,2<o0+0 <pand some o' >1/2.
Using Proposition B.11, we prove that if 1/2+ k < o, and ¢/ + 1/2 4+ k < p then
dk:

M) = 0(VA- m

in B (H_1/2 Hi/f) for k € N* as A — m™. Since we have

—og!

d _ i (d -1
S FO L=—F()) (d)\F()\)> F)™,

for matrix valued differentiable function F' with invertible values, we obtain for £ € N*
the estimate

dk:

d\k
in B (Hi/f) with 1/2+k <o and 0 +1/2+k < p as A — m™. So by Leibniz formula,
we also have for k£ € N*

M) = oA —mh,

dk 1/2—k

WR?;()\) =0(WVA-m" ),
. —1/2 .71/2\ . . . , .
1nB(HU, ,H_U> with 1/24+j < o0,1/24+k—j <o and 1/24+ k —j+ 0 < p for
all j €{0,...,k} as A = m™. For the case k = 0, we have the formula

Ry (2) = Ro(2) (1 + VRo(2)) " .

Since R™(m) = R~ (m), this leads to



2. Proof of Theorem B.3: propagation estimates 75

and so /2
SREN) =0(WVA—m '),

as A — mT in B (H; 2 gy 2) with 3/2 < o and o +3/2 < p. Hence (6) is proved. [

g

2.2 Step 2: Propagation far from thresholds

In this section, we prove Proposition B.8. We prove the propositions for ¢ > 0. Then
using (e“tH )* = e*H | the result easily follows for ¢ < 0.

2.2.1 Proof of Proposition B.8

Let us introduce 1

A= 5{D,;}P-QJFQ-PD,;}}.
[IM99, Lemma 3.1] gives that A is an essentially self-adjoint operator and the domain of
its closure contains the domain of (Q). Proposition B.8 is then a consequence of the

Theorem B.13 (Minimal escape velocity). Suppose that Assumption 1.1 holds. Then for
any x € C5° bounded with support in (—oo, —m) U (m,+00), there exists > 0 such that
for any l € R, for any v € (0,60), and any a € R, one has

¥t >0, [|[La—a—ve<oe” " IX(H)La—axol| < Ct7,

where C' do not depend a and t.

The proof will be given in Section 2.2.2. Let us now show that Theorem B.13 implies
Proposition B.8.
Proof — [Proof of Proposition B.8] We notice that for ¢ > 0

(A7 = (A) " Laca +O(™),
(A7 = (A) "Laz—a + O(t™),
when t > 0, this leads to
(A)~ e My (H)(A)* = (A>_°‘11AS<a—25>t6_”Hx(H)11AZ_% (A)"*+0(™),

Soifwechoosea:—% and v =0 — 5

I{A4) e X (H)(A)~| < Ct e,
Then we prove that (A)*(Q)~* is bounded for any positive a. It is quite immediate
for integer o using multi-commutator expansion [HS00, Identity (B.24)]. To prove it for

any positive real, we use [SS98, Identity (1.2)]. This identity states that for a self adjoint
with B > 1 and a positive real 3, we have on domain of BleI+!

po _ sin(r{B}) /*O" w
7r o BHw ’

where {3} = 3 — [B] and [3] is the integer part. With this formula for B = (A)%* for
any k € N, we prove for any (3 €]0, 1] that

(A)*MF < C(Q)*.
This ends the proof of Proposition B.8. O

in Theorem B.13, we obtain
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2.2.2 Proof of Theorem B.13

Our proof of Theorem B.13 is an adaptation of the one of [HSS99], we make some modi-
fications.

For any self-adjoint operator B with domain D(B), we write Ads(B) for the opera-
tor [A, B] with domain D(A) N D(B) dense in D(B), defined by

Yu,v € D(A) N D(B), (i[A4, B]u,v) = i((Bu, Av) — (Au, Bv)).
First of all, we have

Lemma B.14. Suppose that Assumption 1.1 holds. Then Adlj‘(H) 18 bounded and can be
written as a finite sum of terms of the form

f(P)g(Q)h(P)

where f and h are rational fractions with coefficients in My(C) of degree at most 0 with
no poles, and g is a function that satisfies, like V', the assumption 1.1.

Proof — The proof is a simple calculation based on the fact that Adp, (f(Q)) = —i(V,;f)(Q).
O

We can state the

Lemma B.15 (Mourre estimate). If V' satisfies Assumption 1.1. Then for any 6 € (0, 1)
there exists v > 0 such that one has

]]-|H\2m+yi[Ha A]]I|H|Zm+y > 01\H|2m+ll

For any A € (—oo, —m) U (+m, +00), for any § > 0 there exists € > 0 such that one has

. A2
1<l Al g_n<e > <)\2+m2 - 5) g a<e-
Proof — This is a consequence of i[D,,, A] = fﬁmz and [V, A] is a compact operator in

B(L?(R3,C%)).
For the last statement, one should ensure that A is not an eigenvalue. For A in the
continuous spectrum, it follows from [BG87|[Theorem 6,Theorem A]. O

We now adapt [HSS99, Theorem 1.1] to the case of unbounded energy since here the
multi-commutators Ad¥ (H) are bounded operators. We need the We introduce the

Definition B.16. We call generalized indicator function of R~ a function of the form

r—e = 1g-(z)

with u € C°(R) supported in [—n,n| (for some n > 0), nonnegative, and such that u(0) =
1.

Note that our generalized indicator function of R™ are of infinite order in the sense of
[HSS99, Section 2]. Using the commutators expansion presented in [HS00, Section B] and
the Mourre estimate of Lemma B.15, we have the
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Lemma B.17. Suppose V satisfies Assumption 1.1. Let f be a generalized indicator
function of R~ and g € C*°(R) with support sufficiently far from thresholds £m or support
sufficiently small in (—oo, —m) U (+m, +00). Let Ay =s 1 {A—a} and 0 <& < 1. Then
for anyn € N and § > 0 there exists a C > 0, independent of a € R, such that, for s > 1,
one has

g(HH, [(AL)]g(H) < 5~"0g(H) ['(As)g(H)
+ OG0 (A)g(H) + Cs™Cn 1962 (),

Proof — See [HSS99, Lemma 2.1], in our case we don’t need to replace H by b(H)H
with b € C3°. Indeed, our commutators Ad%(H) are bounded by means of Lemma B.14.
Then we replace the notion of function of order p by the one of generalized indicator
function. Finally, we use the fact that a generalized indicator function f satisfies

Vk e N, V6 € (0,1), 3C > 0, \f(’“)\ <C|f*°.

We are now able to give the
Proof — [Proof of Theorem B.13] We write x as a finite sum of function g; € C**(R) with
support sufficiently far from thresholds +m or support sufficiently small in (—oo, —m) U
(+m, +00). If we prove the theorem for g; instead of x the theorem follows by summing
each estimates for g; since the sum is finite. In the rest of the proof, we will not write the
index j of g.

We notice that if 0 < v < # —n and if F' is a positive non increasing C*°-function which
equals 0 on R™ and 1 on (—oo, —7), we have

A—-a
H(Afaf'us)<0 <F ( - 9> :

S

Now suppose F' is a generalized indicator function of R~. We consider
F(sTH{A—a—6t})

and study the time evolution of the observable g(H)f(Ass)g(H), where f = F2?, with
respect to e 1 4_,<o. That is to say we study

<€7itH]lA—a>0¢7 g(H)f(AtS)g(H)eiitH]]-A—a>01/}>'

We work exactly as in the proof of [HSS99, Theorem 1.1]. Hence using Lemma B.17 we
obtain for 0 <t <sand s >1

(&g gsotr, g(H) F (Ars)g(H)e s _qs0t)) < Cs™ 22 g
L Os 1o /0t<eitH]1Aa>0wjg(H)f(Ats)g(H)€itH]lAa>0w>16H1/)||26.
Then using the Gronwall’s lemma (see [ABAMG96, Lemma 7.A.1]), we obtain
(e 1 4 _ouoth, g(H) f(Ass)g(H)e P14 yso))
< {osten=2 g2 4 sose )}

so if we choose a small § and a big n, the proof is done if we choose s = max {1,t}. O
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3 Proof of Theorem B.4: dispersive estimates

Dispersive estimates for Schrodinger operators with electric potentials take place in Lebesgue
spaces. This fact permits to use simple perturbation methods (like Duhamel’s formula) to
prove the decay estimates for perturbed Schrodinger equations. Unfortunately, we have
only been able to prove dispersive estimates for Dirac operators in Besov spaces, so it
was not possible for us to use Duhamel’s formula or other perturbation method used for
Schrédinger operators.

We notice that in the case of a Dirac operator with scalar potentials (matrix valued
functions colinear with (), the square of the Dirac equation gives four coupled Klein-
Gordon equations with an electrostatic potential. This permits to use results on the
Klein-Gordon equation. For example, Yajima [Yaj95] proved dispersive estimates for the
Klein-Gordon equation by using wave operators associated with Schrédinger operators
including an electrostatic potential. But in the general case, by taking the square of a
Dirac operator with a potential, we obtain also a magnetic potential. Hence the method
used by Yajima does not work in our case.

To our knowledge the only one study of the dispersive estimates associated with the
Dirac equation, is the the work of D’Anconna and Fanelli [DF] for the massless case. For
non zero mass we have not been able to found any reference. Even for the free case for
which dispersive estimates can be deduced from those of Klein-Gordon equation. Here,
to give a sketch of the proof for the general case, we first prove the free case estimates
(see Section 3.2), using estimates on oscillatory integrals of Section 3.1. In Section 3.3,
following Cuccagna and Schirmer [CSO01], we introduce the distorted plane waves. This
permits us to tackle the proof of the general case in Section 3.3.2.

3.1 Estimates on some oscillatory integrals

Here, we state some stationary phase type results which will be useful for the rest of the
proof. We denote by S? the unit sphere of R3.

Lemma B.18. Let be f € C1(S?) and for any v € S? and any k € R define

Tk = [ M ) d
SQ
Then we have
c Ve f(w ve
B D Ml e LD D et S )
aj<1”5 lw — v <1 lw + ]

where C' does not depend on f, k or v.
If f is in C%(S?) with f(v) = f(—v) =0, we have

C ‘V2af ‘anf
Jo(K)| < / / dw 10
30 < g | 2 W|w_vw| > §|W+UW| (10)

where C' does not depend on f, k or v.
If f is in C%(S?) and vanishes in a neighborhood of v and —v, we have

V2 f(w) | V2 f(w
_c Dlal<t Js2 % dw N 2laj<1 Jg2 |+7\'°“‘| dw
~ (k)? dist (supp(f), v) dist(supp(f),—v) [’
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where C' does not depend on f, k orv.

Proof - We can suppose v = (0,0, 1) since estimate (9), (10) and (11) are invariant under
the action of rotations. We have

21 T
Jo(k) = /0 /0 HI=eos(®)} £(9, 6) sin(g) dbdd,

then we make an integration by parts in ¢

To(k) = _% /27r [eik{lfcos(¢)}f(97¢)yr d6
0

0
i 2 T
+ = / / kll=cos(@)} g, £(0, ¢) dgd,

kJo Jo

If we suppose that f vanishes in a neighborhood of v or —v, then we use that for any ¢’
™
0,0 < / 0616, 6)] do
0

to obtain (9) in this case. Otherwise with help of a smooth cut-off, we split the integral
in two parts, each one has a support far from v or —v. Repeating the previous proof for

each part, we prove the estimate (9) in the general case.
If moreover we have f(v) = f(—v) = 0 then we have for any a > 0

. 2T a
T = [ [ e, 16, 0) dods
o Jo
. 2w s
+;/ / Hi=cos@} g, £(6, ¢) dpdd
0 Jr-a
. 27 T—Q
+;/ / eltl1=cos} g, £(6, ¢) dpde.
0 o

We use an integration by parts to obtain for the second term of the right hand side

/TF_a eik{l_cos(¢)}8¢f(0 ¢) d¢ — 1 |:€ik{1—cos(¢)} 8¢f(9, ¢) :| T—o
o ’ k

sin(¢) |,
[T rrcosto [ 96T 019) cos(6)0,] (6. ¢)
k/a - { sin(¢) sin(¢)? o

for the other terms of the right hand side direct estimations give us

Ca [?™
Jo(k)| < — 0y f (8, dé
A0 < G [ s i25(0.0)

C 2m 2 pm )
el {Sip‘%f((”@‘ av+ [ [ lore.0) d¢d9},

~1
choosing & = +/|k| ~ and working like in the proof of the estimate (9), we obtain estimate
(10). The reader recognized the proof of the well known Van der Corput Lemma with
modification in order to give precise estimates.
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For the estimate (11), we first split the integral J, (k) in two hemispheres with respect
to the pole v and we choose « = dist(supp(f),v) or a = dist(supp(f), —v). O

‘We obtain first the

Proposition B.19. Let h € C(R) and g € C*(R3) be such that the integrals appearing in
the following estimate are finite. Then defining

k) = [ M€l g(6)d

for any u € R and any k € R, we have

(k)| < g [ el IS e [ et EXECaeh )
|k:u| la|<1 R3 ” o] u ¢ |ex]
[ul ﬁ Tul T Te]
where C' does not depend on h, g, k or u.
If moreover g vanishes in a cone of axis D = Span(u), we have
|ku|” dist(supp(g) N S?, DN S?)
X Max / ’ ‘2|a\ 2 ’ de, / |€’2\o¢| 2 ‘ (f)‘ d¢
la|<1 u \04 1 el
Tul \él
where C' does not depend on h, g, k or u.
Proof — We write
(k) = / MR —Ew) ey g — [ GRROP T (okful)p? dp,
R3 R+ ful”

where J, ,(k) = [g» eF1=vw}g(pw) dw and we apply Lemma B.18. O

We introduce a first useful variant with the

Proposition B.20. Let g € C'**(R?) be such that the integrals appearing in the following
estimate are finite. We introduce

F(z) = /R3 ei{|§|\w|—€~fﬂ}g(§) d¢

for any x € R3. Then for all o € N? such that |a| < k, we have

[VOF(x)] <
|$| |§|‘

r— max
“!x\‘“'“ 1B]<1+]a| | Jrs
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If moreover g vanishes in a half cone of axis DT = {pﬁ, pE R*}. Then for all a« € N3
such that || < k, we have

C
V*F <
| @) < |z|lel+2dist(supp(g) N S2, D+ N S2) 8
X max BRES 2 [V74(0) ey . (14)
BI<2+lal | Jrs & - IE\‘

Proof — The critical points correspond to the the semi axis spanned by x. We treat the
part of the integrals which is far from critical points by using an integration by parts with

I 5 - Ve. Let be ¢(x,€) = {[¢]|xz] — & x}, we have

s

help of the operator L =

-

GERE
£

‘a;" [z

F(z) = (L"), g) = (94, L*g),

with
2
L =—-L—

2
2llél | - &

This gives the bound

Cmax{ . f\'“wﬁg(ordf} :

|| |8]<1

or after an iteration

max 181-1 )8
M%m%{/ S ()’dg}

we obtain Estimate (13) for @ = 0. The method to treat the other part of the integral is
exactly the one we used in the proof of Proposition B.19.
For higher order derivatives, we have

vxeilw(m,é) _ @V(Seikqﬁ(xi)
||

and so
i . 1 ip(x,-
(V@) g) = e o) V|Qlg).

the result is then obtained by applying this trick || times and then repeating our proof
for the case v = 0, we obtain Estimates (13) and (14) for V¥F(z). O

And finally, we need the

Proposition B.21. Let be g € C%(R3) with compact support. Then for anyu € R3, k € R

and
I(ku) = /R Ve () d,
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we have

C
|I(k,u)| < Wmax Lrgagé{/w
13 wg(g)‘

1 |ln1’

(1 veg(e)| dé} ;

max

de ] (15)

<1 3
_ m> ne1 (7R Tal |s|‘
| nf T
zesupp(g9) | v/x2 + m?2

Proof — We can suppose u = (0,0, |u|) since estimate (15) is invariant under the action of
rotations.

The oscillatory integral I(k, u) is bounded and critical points of the phase of I(k,u) are
supported by the semi axis spanned by u. With help of a smooth cut-off function x , we
split the integral in two parts I(k,u) = I;(k,u) + I2(k,u), where I;(k,u) is supported in a
half cone around u. We then use multiple integrations by parts with help of the operator

Since (1 — x) g € C%(R3) has support far from critical points and since for A\(§) = /2 + m?
we have vax(g)H < Cu (€)1l | we obtain

|1 (K, u)| < T > IM@PITI Vgl
la|<1

and

1Lk, w)l < 5 Z IN@) gl
|a|<2

Otherwise I5(k,u) has support in a small cone around u, and we have

k) = [ VTG de
R
_ / HVETIEN ] okful)p? do,
R+ Jul?

with
%A@—/ewkwwmwm,
52

where g = xg. We obtain after an integration by parts
i 27 (1 _ T
Tuglk) = =3 [ [0 ipu0,0))] a0

/ / eiF1=eos0} 9,5 (pw (0, ) depdf,
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Since we assumed g is supported in half cone around u, we have g(pw(é, 7)) = 0. Hence
we obtain

: 2w ™
not) = 2 [ [ agtoeoonan + 1 [T [T 00,5000, o,

and so

27
I (k, u) /R+/ /7r SV =olil} ) 5 o0, 6)) dodbp dp

27
|k'| |u| /IR+/ /; 1{\/@ P|u|cos }8¢g(pw( ¢))d¢d9,0dp (16)

Let us now study the decay resulting from the dispersive behavior of the radial part. To
this end, we follow the proof of the well-known Van Der Corput lemma. We study

Ik! Jul

L(k,u,6,8,0) = /R ) (0, 6)) pd.

Notice that, in view of (16), we are only interested by L(k,u, ¢, ¢,6) and L(k,u,®,0,0).
First, for any differentiable function on R such that |f’| > 1, we have for any o € R

A{teR; [f(H) <a}) <a, (17)

for A the Lebesgue measure. We introduce

=/ p? + m? — plu| cos(

and we apply (17) to
9ph(p)

o == ){|a|%c|h(|x|)|}'

xesupp(yg

We notice that agh(p) does not depend on u or ¢'. With help of a smooth cut-off function,
we split the integral L in two parts, one has support

{p eR"; |f(p)| < o}

and the other is its complementary. In fact, we obtain exactly three interval corresponding
to

{peR"; flp)<—a}, {peR; —a< flp)<a}, {peRTa< flp)}.
In the first and third interval, we make an integration by parts and in the second interval,
we use Estimate (17). Hence we obtain the bound

|L(k,u, ¢,¢',0)| <

1

max § «, sup {p[059(pw(0,9))[}
afk] _int {108 (DI} | per
upp(g
+ ! X
k| inf o7
altl _int {108 (D]}

<o { [ 000,00 do. [ _plodsipo(0.0)] o}
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We use

p0aipe0,0)] < 2 { [ 1050rst0.00) ar, [ rlodiitrats.0)) ar

and then choose

k| inf 8 x
\/r rxesuppg) A

and plugging the resulting estimates for ¢’ = 0 and ¢’ = ¢ in (16), we obtain estimate
(15). O

3.2 Dispersive estimates for the free case equation

Thanks to the tools introduced in Section 3.1, we are able to state the

Theorem B.22 (Dispersive estimates for free Dirac operator). For any p € [1,2], for
all 0 € [0;1], for all s,s" € R, such that s —s' > (% —1)(24+0) and any q € [1, 0], we have

—itDm, 2_1q
le™Pm]| . < (K(1)r

pq’BS;’q —_—
with
K { [t 71O i 1t e o, 1),
1) =
#7702 i |t € 1, 00),
and p' = ppl

Proof — The proof is a straightforward adaptation of the one of Brenner in Appendix 2
of [Bre85] for the Klein-Gordon equation. We give a sketch of the proof for the reader’s
convenience. Note that the proof of Theorem B.4, for non zero potential, is based on the
same ideas.

We only need to prove the case p = 1, since the general case follows by interpolation
of the case p = 1 and the charge conservation which corresponds to the case p = 2. Then
using Dy, = V—A + m?(my — 7_) with 74 = Ig+(Dp,) = 3 {1 £ |Dp| 7' Dy, }, we obtain
the estimates from those relative to the relativistic Schrodinger operator v —A + m?2:

H —itv/—A+m? H By ,.B B <K(t)

which in turn follow from

Proposition B.23. For any x € D(R3,C*), we define xj(x) = x(277|z|). Then for ¢’ €
[0, 1], we have:

1. if 0 ¢ supp(x),

Hefit\/mxj <\/T+m?> o1, pee < 02(2+9’)J"t]*(1+9//2) (18)

where C' is independent of t and j;
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2. if 0 € supp(x),
e VAT (A m?)|| 1, e < O(1) 732 (19)

where C is independent t.

We postpone the proof of Proposition B.23 until the end of the proof of Theorem B.22.

We have
—itvV—A+m2 i
|em AT G(V=a )£ < o2

interpolating with Estimate (18) of Proposition B.23 for ¢ = 0 when ¢ < 1 and using
Estimate (18) with §’ = 6 for ¢t > 1, one obtains

/

9Js efitx/mxj(\/m)f“oo < Cr; ()2 £l
with Lo
(1) — gi(2+o+s'—s) { [t if [t| <1,
/ﬁlj(t) 2 { |t|_1_9/2 if |t| > 1.
We use

supr; < CK(t)

JEN
if 2460 < s — ¢ and Estimate (19) to prove Theorem B.22. Hence to conclude the proof,
we need to give the
Proof — [Proof of Proposition B.23] Estimates of the same type, but for B (Lp , Lp/) spaces

with p € [4/3,2] can be found in [MSW80, MSW79]. In the present case p = 1 a proof
can be found in [Bre77]. This proof, which covers a much more general situation, is
quite complicated. We propose here a simpler proof inspired by [CS01]. The kernel
of e~V _A"anxj(\/—A +m?2) is given by (27)™%/2K;(z — y) where

Kj(a,t) = /R VIR (B ) de

Hence, we estimate the L® norm of Kj.

If |2|/|t] < 2971 /v/22-2 4 m2 or |z|/|t| > 1, we use non stationary phase lemma in R3
e .
v ”’:2“"22 -V. Hence, in this case, we obtain the estimate

t‘ e

V2 +m?2 v

with help of the operator L =

/ eTIVEMIL ey (63 2 df’ < Cp2” g7,
R3

for any n € N. Otherwise, we apply Proposition B.19 with A(r) = V12 +m?2, k =t, u =
x/t and g(z) = x;(|z|). So if 0 ¢ supp(x), to obtain

[ VEE e () ag
Vo (VE )

x4 &
ol * |£\‘

¢ j€|1PI= d¢
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Notice that in this case, |z|/[t| > ¢ > 0. If instead of Proposition B.19, we use Proposi-
tion B.21 with g = x;, k =t and u = z/t, we prove the estimate

C2%

. < .
|K](x7t)’ — |t|3/2

The estimate (18) is then obtained by interpolation. For (19), we use the classical station-

ary (Morse lemma) and non-stationary phase methods (integration by parts) in R3. For

more details about the method one can look at the end of the proof of Proposition B.30.

This ends the proof of B.23. O

This ends the proof of Theorem B.22. O

3.3 Distorted Plane Waves

Our aim is now to generalize the previous method to the perturbed case. Let us introduce
the wave operators

W* = lim etPmtV)e=itDm (20)
t—Foo

(for the existence and the completeness : Ran(W*) = Ran(P.(H)) of these operator see
[GMO1, Theorem 1.5]). With the intertwining property

FH)WE =W f(Dn), (21)

for any bounded borelian function f, and Fourier transform F, we shall obtain for h(§) =
a-&+mp
TP (H) = WEetPm " = W Femith(@ ()"

So we can adapt the previous method if we are able to prove some estimates about the
kernel 1y of W F. The kernel ¥y is called distorted plane wave. We notice that 1y is
a 4 x 4 matrix valued function.

We will show that the previous method works with 1y47,x; in place of x; with small
modifications. So we need estimates on vy. Generally, distorted plane waves are studied

like perturbations of free plane waves. So we will prove estimates on the perturbative part,
written w in the sequel.

3.3.1 Definition and properties

We need to introduce the free plane wave. Let

M(k) = VK2 +m28
for any k& € R3.We introduce the vectors

Wk, x) = ¥ u(k)e;
where
(m+Xk))Id— Pa-k

u(k) =
" V2A(E) (m + (k)

(22)
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with A(k) = Vk% +m? and (e;); are vectors of the canonical basis of c*.
By definition, a distorted plane wave is a solution of the PDO equation

(D + V) tp = £/ k2 + m2y (23)

with for some j and any k € R3, ¢(k,z) — wg(k,:v) tending to zero as x goes to infinity
(in some sense), see [Agm75, section 5.

A solution of (23) is a function 9 (k, x) of two variables here k is a 3-dimensional vector
which is called the wave vector. A free plane wave ¢, satisfies the PDO equation (23) in
the case V' = 0, for more details see [Tha92, Section 1.4, Section 1.F|. Following [Agm75],
we introduce two families of function

W (k2) = vk, 2) = {BEQRDV O (k) } (@)
for j € {1,2} and
U (k@) = (k) = { RE(-AR)V gk, ) | (2)

for j € {3,4}. The rest of the proof works also for R;, instead of Ry, (the trace of the
resolvent Ry was introduced in (5)).

In case there is no resonance at thresholds and no eigenvalue at thresholds, Theo-
rem B.3 gives us that R{;(\(p)) is in B(L2, L? ) for any o > 5/2, this also work if o > 1
see Proposition B.33 below. So the previous definition make sense if Assumption 1.1 holds
and we have the

Proposition B.24. Suppose that Assumptions 1.1 and 1.2 hold. Then for any k € R3 \
{0}, Wi (k,x) satisfies equation (23).

Distorted plane waves define a generalized Fourier transform. We introduce ¢y (k, z) €
M,4(C) the matrix with vector column 7, (k, z) and we define

FENE = [ dvlkarfia) da,

which is a priori defined on the Schwartz space S(R3,C*) but will be extended to L.
Distorted plane waves are also called generalized eigenfunctions, since they correspond
to “eigenvalues” associated with the continuous spectrum. Indeed, we can prove the

Theorem B.25 (Eigenfunction Expansion). Suppose that Assumptions 1.1 and 1.2 hold.
Then the operator Fy defines a bounded linear map from L? into itself. Its kernel is given
by the the sum of the eigenspaces of H. Moreover it is a unitary map from P.(H)L?
onto L*(R3) with

n—oo

(Fvf)(z) = lim . Yy (k, )" f (k) dk,

for any (Kp)nen a family of compact sets with K, C Kny1 and UpenK, = R3. Finally,
for any interval I C R, one has

10 (H) )2 = / Fo S dk (24)
o (h(k))NI£0

where o(h(k)) is the spectrum of h(k).
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Proof — The proof is an easy adaptation of the proof of [Agm75, Theorem 6.2] (see
also [RS79, Theorem XI.41]), the main difference is that here we insert the unitary matrix u
defined in (22). Formula (24) is nothing more than an adaptation of [Agm75, Formula
(6.6)] or [RS79, Formula 82¢’]. O

We also have the

Lemma B.26 (Intertwining Property). Suppose that Assumptions 1.1 and1.2 hold. Then
let g be a bounded borelian function with support in R\ (—=m, m) , we have

Fvg(H) = (g0 M)Fy. (25)

Proof — Using (24), we obtain that (25) is true for ¢ = 1; with I an interval of R\ (—m, m).
We then obtain it for bounded borelian function with support in R\ (—m, m), usual den-
sity arguments and properties of functional calculus. More precisely, we use the fact that
a bounded sequence of borelian functions which converges everywhere gives a sequence of
bounded operators which converge strongly. O

Hence we deduce that, for any y € C§°(R), the kernel of e *Hx(H) is given by

[e 7 IX(H)Po(H)] (w,y) = /RS vy (k, @) e ME (M (k) v (k, y) dk.
which exactly means
e (H)P(H) = (Fy) e ™M x(M)Fy (26)

We recall that we want to prove the decay of e "y (H) as t — +oo in some Besov
spaces. We observe that

e tM(E)y (M (k) = e BB\ (A (k) Py + 2 E (A k)P,

where P, (resp. P_) is the projector associated with the positive (resp. negative) part of
the spectrum of M(k), i.e.
1
Py = 3 (1 + [3) .

Hence, in the following we study the functions

(z,y) €R* x R® — » eFINE) (Puapy (k, 2))* (Peby (k, y)) x(h(k)) dk.

3.3.2 End of the proof of Theorem B.4

We now prove Theorem B.4 with help of three propositions which will be proven in Sec-
tion 3.3.3. These propositions give some estimates on the perturbed part of the dis-
torted plane wave. Following Cuccagna and Schirmer in [CS01], we write ¢y (k,x) =
e* % (u(k) + w(k,z)) where w is the perturbation part which satisfies

w(k x)j _ {e—ikm {R‘t(+)\(k)) {V@ik'QU(k})j}} (z), if je {1, 2}7

e~ ik {R¢(—)\(k)) {Veik'Qu(k)j}} (m)7 if je {3, 4}7 (27)

and we now state our propositions.
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Proposition B.27. Suppose that Assumptions 1.1 and 1.2 hold. Then there exists C > 0
such that for any k, x € R®\ {0}, and any B € N3 with |3| < 1, one has

C (@Iﬂl
S CEE

(min{|z], |k]}) |
(k) (minflal, [k} |2 — &)

We use this to prove the time decay in [t|~!. Unfortunately this doesn’t work for
the [t|=3/2 decay, hence we then study

‘ng(k,x)‘ < <

Moreover, one has

|\Viw(k,z)| < C

(k.0), = { O IHBSAR) (Ve Qulk)}} (@), i {12 g
T e Ml L RE (<A (K)) { Ve Qu(k); ) (x),  if § € {3, 4},
and
stnay, — { I VRRY (AR (Ve Quk) )} (), irjedn o) o
T e I I R (- A(R)) {Ver Qu(k); )} (x), if 5 € {3, 4).
One has the

Proposition B.28. Suppose that Assumptions 1.1 and 1.2 hold. Then if p > 3+ || for
some 3 € N3, there exists C > 0 such that for any k, x € R3\ {0}, one has

C

v S
el

(]

Proposition B.29. Suppose that Assumptions 1.1 and 1.2 hold. Then if p > 3+ |3]| for
some 3 € N3, there exists C > 0 such that for any k, x € R?\ {0}, one has

Y25k, z)| < C ol B
(k) (mindlal, 1} | & — [

Using Proposition B.27, B.28 and B.29 (which are proved in Section 3.3.3 below), let
us prove the following

Proposition B.30. Suppose that Assumptions 1.1 and 1.2 hold. Then for x € C3°(R),
with support in R\ [—=m;m], for any 0 € [0,1] and j € N, we have

. . C2(2+0)j
—itH -
e XTI e < (32)
with C independent of t and j.
For x € C§°(R), for any 6 € [0, 1], we also have
e P 3poe < 3
X C L1 o0 — ‘t‘1+0/2)

with C independent of t.
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Proof — The proof works like the one of Proposition B.23 with some modifications due to
the fact that high derivatives in k of w(k,x) grow with respect to x.

We need the L*> norm of the kernel of e~y (279 H). This kernel thanks to (26) is
given by

Litoy) = [ eVETEEEI P09 +u(0,9))
< (P ((E) + w(y. &)} x(279AE) de
+ [ VIR (P (€) 0 (0. €))}
< (P ((€) + w(y, )} X(~27A(E) de.
We notice that if we expand each integrand in terms of u and w, we obtain the sum of the
integrals
L2 ,y)

_ / FVETm? =i (=1) £ P o* (5 €)Py)2 (3, €)} x(£27TN(€)) dE.
R3

with z,2' € {u,w}. We notice that I;r[mu](t,a:,y) + I [u, u|(t,z,y) is the kernel of
e~ Pmyi(Dy,), hence we only treat the other integrals.

For the [t|~! decay, if |z —y|/|t| < 2771 /v/227=2 + m2 or |z —y|/|t| > 1, the phase has
no critical point. We use an integration by parts in R? with help of the operator

()

= 5 Ve.
g _
t‘ = x

So with the estimate (28) of Proposition B.27 and with

g & |- C
Ve +mz| T el

we obtain the estimate
Lz 2t y)| < 022

with C independent of j and t.
Otherwise if |x — y|/|t| > ¢ > 0, using first (12) of Proposition B.19 and then (29) of
Proposition B.27, we infer

+ ! 27141—1
Lz 2t y)| < 022

with C' independent of j and t.
For the |t|=3/2 decay, first if |z — y|/|t| > ¢ > 0, we write

Iz, 21t 2, y) =/ eTitVetm?=iole=yl y ., (pla — y|) p2dp.

rT—yY
J R+ lz—y]
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where
Jv(k):/ M=) Py (2, pw) P! (y, pw) } x (277 A(pw)) dw.
52

We can suppose v = (0;0; 1) and so

2T pm
2k = [ [T MO Py o, put0,0) 5
0 0
X Pe2/(y, po(0, 6)) X (£27 N (pw(0, 9))) sin(9)dgdo.
An integration by parts in ¢ gives

1

Jv(k) = E

21
/ [eik(l*cog@))) {Piz*(x, pw (8, p))x
0
X Pi(y, puo (6, 6)) X(£27 N (pw(6, 6)))] § d6

1 o " ik(1—cos *
- ik/o /0 ekl (¢))8¢{z (x, pw(8,-))x
X Pe!(y, puo(0, )X (27 N (pw(0,))) } () doras.

The integrand of the first term can be rewritten in order to obtain a sum of two integral
in ¢ over the interval [0,7]. To this end, we introduce a smooth cut-off function which
splits [0, 7] in two parts one is a neighborhood of 0 and the other a neighborhood of 7.
Then most of the terms obtained after derivation can be treated by the method used
for the |t|~! decay. Only the two terms where derivatives of z and 2’ appear need a
particular treatment. Now we have to distinguish the case z = 2’ = w from the two others
where 2 = v or 2/ = u. If 2 = 2/ = w, the terms which need a particular treatment are
bounded by C|t|~! times the supremum in ¢’ of the L}b, ([0, 7] x [0, 27]) of
Li (t’ T,Y, d)v ¢/) = / 6:Fit p*+m?—iple—y| cos(¢) {PiagZ*(I', pw)} x

J,n,m R+
x { P02 (y, pw(0, ) } x(£277 Mpw (0, 9))) pdp,

with n,m € N such that n +m = 1. It is a sum of terms of the form

/ eit{q: p2+m2_p@(COS(Qy)_cos(¢>))—sip|f—‘+si,p‘%‘}X
R+

X {(P:t>k,i (e_iw(k’x)agz*(x,pw))'l} X
{ Paua (002 pl0. )M (296,60 i,
where ¢ is the angle between ﬁ and the z—axis and ¥ (z, k) € M4(C) is given by

(|1‘Hk|+$k)_[(c2 0@2
0((:2 (—|x|\k|—|—xk‘)I@2 ’

and g;,¢;/ € {+1}. We introduce

K(p) = {(P)k,i (e‘iw(’“’x)aﬁﬁz*(w’ pw))i,l}
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and
{Poww (92w pote.0pet) L
5(0) = /o7 T2 — oY (cos(of) — cos(@)) — ') + e0pl?
and 8,6(p)
flp) = ———27F .
sesimng 11280

With help of a smooth cut-off function, we split the integral in two parts. One has
support {t € R; |f(t)| < a} on which we use the estimate

A{teR; [f(#) <a}) <a

for A the Lebesgue measure, since |f’| > 1. The other is its complementary, in which we
make an integration by parts. We obtain the estimate

1
I |t 2, y)| < Ca sup {p K} + — X
J ‘ peA, at inf {laﬁgb(p)]}
PEA;
mx{/ (o1, K) (PN} / |dp,2ﬂ/ (oK (p |}}
where A; = g~ {supp(x;)} with g(p) = /p? + m2 Hence with (29) of Proposition B.27

and Proposition B.29, we can choose a=2% \f and we obtain the bound of (32) in this
case.

For the case (z,2") = (u,w) (the case (z,2') = (w, u) is similar), we study by the same
way the integral

/ TV (cos(¢/) —cos(d)) - s’plgl}{ {(Pj:)k,i (832*(35,000))1-1} 8
R+ ’
<{ P (2 upwto.enevtn) s

X X(£277 A(pw (0, ¢)))} pdp,

where gb is the angle between -~ ol and the z—axis.

If [z — y|/|t| < 1, we can suppose |z — y|/|t| < |£|/(2/&? + m?) for any £ € supp(x;)
and instead of applying the trick of the proof of Lemma B.18 (integration by parts with
respect to an angular variables) to the integral Ij»[ [2,2'](t,x,y), we make an integration
by parts with help of

Ole

el 4 & z—y

€24 m?2 €] t

The rest of the proof is the same.
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We now turn to the proof of estimate (33), the kernel of the operator is given by a
sum of terms of the form

IFlz, 2] (t, 2, y) = / eTHVEFM? =8 @) [P ¥ (1, €) P (y,€) } X(EN(E)) dE.

J R3
We first notice that Proposition B.27 implies that this integral is bounded. Then we
split the integral in two parts. One is supported in a small neighborhood of the critical
point of the phase, the other is its complementary. To treat this last integral we work
exactly like the case “@ < 17, just mentioned above. For the other one, we apply the
Morse lemma to reduced the study to

/R TP (@, ()P (3, F(€) ) RS (©)) d€ =

/52 /R+ peﬁtpz{PiZ*(x,f(pw))x
< P 0. () P ) dos

where X is the product of an indicator of a small neighborhood of the critical point
with x(£A(-)). Then an integration by parts in p and the Van Der Corput lemma give (33)
when # = 1. Since we have that the integral is bounded the general case easily follows.

O

We are now able to write the proof of Theorem B.4, using Proposition B.30.
Proof — [Proof of Theorem B.4] We notice that

S(Di)¢j(H) = Dy ox(Dm)Héj(H) — Dyt (D) V ¢ (H)
= 275 0u(D)2 & (H) — 271 (D) Vo (H)
We can also use H~! since the support of ¢; is far from 0
O(Din)$j(H) = Duoy(Dwn)H ' ¢;(H) — ¢p(H)VH '¢;(H)
or higher power in D! or H~! to obtain with (33)
i) €20
140

16 (Dim)e o (H) (D | 11, 10 < C27 9=rlj—H

for any reals r, 7’ with C independent of ¢, j. Hence if r, 7’ > 0, we work like in the proof
of Theorem B.22 (i.e. like in Appendix 2 of [Bre77]) to conclude the proof. O

It now remains to prove Proposition B.27, B.28 and B.29.

3.3.3 Some estimates

Estimates for w We remind us of the definition of w in (27) and we introduce
RE(k) = e QRS (£ (k) e Q. (34)

We have
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Lemma B.31. Suppose that Assumptions 1.1 and 1.2 hold. For any o € N3, let be o >
4+ |a|. Then there exists C > 0 such that for any k, x € R3\ {0}, we have

_ 2lal
{veRs @} @) < 5 i ‘i;_ e (35)

IK|

There exists C > 0 such that for any k, € R3\ {0}, we also have

(l‘>a_1 (min{|$’, |k|}>
a—1
(k) (k) <min{|1‘|, kI 3 — TZI‘>

{veRE @ 7a} @) < € g lallyzsir.oe. (36)

Proof — We write

S (0 o 0) 0T 0),
Arly] (x —y)ot? (z—y)7

(F W@ "0) (@) = [

+ (- k+mpB £ k) /]R3 =l @)

We restrict our study to Eg (k) since the two cases are similar. Hence we only need to
estimate integrals of the form

R(k)(z) = /R i) W dy

with w € Watl*h>(R3, ).
In a first step, a straightforward calculation shows that
ViR (k) (x)| < C@)* ™ ul g (37)

if o > 3+ max{|a| —1;0}. Then using the trick we used in the proof of Proposition B.20,
we obtain

jled _.
o _ i k] [yl+k -y} o u(z )}
VERO) @) = ey [, @ { i) S Y
and so with (37), we infer
C{z)lel=1
[VER(k)(z)] < <<k>>m|”“’wﬁ"°°’ (38)

since o > 3 + max{|a| — 1, 0}.

In a second step, we apply Estimate (13) of Proposition B.20 to R(k)(z), this gives

C _ 1 u(z — )
VER(k)(x)] < ——— max 1Al 1’vﬂ{ } ‘ d
e A A vy o f ) d

Ikl Tyl
Hence we need to estimate on integral of the form
1 1 1
G(z,w) = / — dy
re [y o =y} | v w‘
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with w € 2, —Ja| +1 < n <2 and s > 0. To obtain appropriate estimates, we use

1 y‘ 1
T — ——l+zllxl— |y
w—yl > il el = Lol

to write for 6,6’ > 0 such that § +6 =1,

Glaw) < C / S L
r3 Y™ (x| — |y|) <\x| i_|y7> 5 i—w‘
Yy

2] [yl

< ¢ / 1 L
a || <|x’ ‘w - & > Rt T2 {|x| — r)fs T
C(x)'a‘ﬂ
)

2l (Jal [w - &
Cla)

if s > 2 and 6s > 1 + max{2 — n;0}. Since G(0,w) is bounded, we obtain
<|$‘ ‘W |§\

)

G(z,w) <

Hence, we obtain with estimate (38)

C @
(T

Vi B(k)(z)] < (39)

> [l jygar+1.00,

o |~
which gives estimate (35).

In a third step, if k/|k| # x/|z|, we split the integral for V¥ R(k)(x) in two parts
with help of a smooth cut-off function defined in S? the support of which is a half cone
determined by the bisector plane of the couple (k/|k|;x/|x|). So we obtain VYR(k)(x) =
Ri(k)(x) + Ra(k)(x) with R1(k)(x) having a support containing x/|x| and Ry (k)(z) hav-
ing a support containing k/|k|. We then apply the estimate (14) of Proposition B.20
to Ri(k)(z) to obtain

C
Vi Ri(k)(2)] < X
|k’|a\+2 ‘ﬁ _ oz
[kl =
51 u(z — )
e L[ o),
B|<2+]|a k _ oy
Bl<2+al | Jrs ‘W |y\‘ Q
This gives the estimate
o ¢ )=
‘kal( )( )’ — |k’|a|+2 QHUH‘/V\aPr? 00y
-
since o > 2 + |a|. Using (39), we infer
o c ()1
‘kal(k})(fL’)’ S <k>|a|+1 k k ||UHWL_\;X|+2,OO7
VI | - &
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or, using (38),
C <l,>|o¢\—1

Yl Gk | -

VieRi(k)(2)] <

Nl gotsn

)
|z

771‘
lz] Tyl
2

For Ra(x)(k), we use the inequality |z — y| > I

to obtain

C’(az)'a‘_l

el | - &

[/ SR

>s

since o > 3 + s + max{|a| — 1,0}. So now we easily deduce estimate (36). O

B

For the sequel, we need the following
Lemma B.32. Let be s € R and ¢ a C* function such that there is ¢ > 0 with
Ca
(x)7
We have that [(P)*, ¢(Q)] is bounded from H} into H};; withq +0>qandt' +1>t+s.

Va € N3, |Ve(x)| <

Proof — We want to prove that

’ !

(@UP)(P), d(Q)NP) T (Q)71 (40)
is bounded in B(L?). Using the identity
[(P)*, 6(Q)] = [(P)2, $(QUP)*? + (P)*[(P)2, 6(Q)]
we reduce the proof to the case |s| < 1. And with the identity
[(P)*, 0(Q)] = —(P)*[{P)"*, o(Q)I(P)”

we only need to study the case —1 < s < 0. The proof in this case is based on the following
identity for —1 < s < 0

s 0 — ”

So we have

\ T(s/2+1 _
(PP, 0@ = Y (A )R Ad s (00Q) + R
k=1
with
C(~Dmsin(r{5)) [ wiz} _ dw
P = m /0 (—A + 1+ w)mtl AdZ211(6(Q)) “A+1+w
Then we use _Zﬁi‘iw =1- ﬁilm’ and we commute powers of (P) with operators of

the form V®¢(Q). Hence we can repeat the previous computation until we obtain only
non positive powers of (P) in (40). So we only need to prove that operators of the form

(@), ¢(P)(@) ™1

/
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with ¢ < ¢’ + 1 and ¢ satisfying the assumption of the lemma are bounded in B(L?), we
just repeat the previous calculation but we switch the role of P and Q). This ends the
proof. O

We now state a particular version of the Limiting Absorption Principle for H.

Proposition B.33. We assume that Assumptions 1.1 and 1.2 hold. Then for any o > 1
there exists C > 0 such that for any k € R3, we have

HE\:E(k)HB(Lg,LQ,U) <C

Proof — In fact, we just need to prove that for any ¢ > 1 there exists C' > 0 such that for
any A € R\ (—m,m)
”Rm)\)HB(Lg,LL) <C.

Using Theorem B.3, we have that it is true if ¢ > 5/2. Then we use Born expansion
Ry:(\) = Ry (\) — Ry (WV Ry (A) + R§ WV R (\V R (N)
and [IM99, Theorem 2.1(i)] to end the proof. O

We are now able to give the
Proof — [Proof of Proposition B.27] We only give a the general idea of the proof and we
leave the details to the reader. We notice that with R‘jﬁ defined by (34), we obtain

w = EVVu

with an abuse of notation since we avoid to distinguish the case where we have ]A?:$ or ﬁ‘_/
We recall the identities

RyV = RyV — RyVRyV = RoV — RyV Ry + RoVRyVRyV. (41)

Since, we have

EV =1+ éoV)_léo, (1+ EOV)_1 =1 EVV,
for |a| = 1, we obtain
V#Ry = (1 — RyV)V{Ry(1 — VRy). (42)

Using (42), we obtain a formula where only derivatives of Rg appear (if there is derivatives).
Then between a derivative of Ry and Ry, we insert a Ry with the identity (41):

RyVVSRWV = RoVVYRoV — RyVRoVVRyV + RV Ry VR\VVR,V.

This ensures that if p > 5, V or its derivatives decays enough to use Estimate (35) and
Proposition B.33. Since these estimates need derivatives and Sobolev’s injections, we ap-
ply Lemma B.32 to conclude the proof. O
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Estimates for v We remind us of the definition of v in (30) and we introduce
5‘5/1762 (k}) — 6—5152i‘k“Q|R€/1 (82)\(1{3))6%'@7
where ¢; € {—1, 1}. With an abuse of notation, we will write v = Sy Vu. We have

Lemma B.34. There exists C > 0, such that for any k € R?\ {0} and 3 € N3, we have

(I

C

[(Vis =)@ 7a) ()] < T

lally2+11, 0
[kl ‘>

z
|z|
for any o> 3+|3|.

Proof -

(S5 (k)(Q)7q) (2) =

/ cierea{|k|lz—y|— |kl x| +e1e2k-y} {a-yq(y) a'vq(y)} d
y
RS |z — y| (y)ot? (y)°
ciere2 {Klle—yl=[klleltere2k} g (y)

—I—(a-k‘+mﬁi>\(k))/R3 o 1y

For the sake of simplicity, we only write the proof when § = 0. The proof for derivatives
works in the same way using ||z — y| — |z|| < |y| and ¢ > 3 + |3|. But the proof for the
case # = 0, has been already done since

(8577 ()(Q)™7q) (2)| = [(B5"(k)(Q)7q) (2)].

Hence using Proposition B.33, we able to write the
Proof — [Proof of Proposition B.28] We write with an abuse of notation

v =Sy Vu,
and we use the Born formula
SyV = SV — SoVRyV,

together with Lemma B.34, Propositions B.32 and B.33. The proof works like the one
for w. O

Estimates for v We remind us of the definition of v in (31) and we introduce
T‘€/1,62 (k) _ 6—5152i|k||Q\+ik~ka§%/1 (Egk(k))eik@,

where ¢; € {—1, 1}. With another abuse of notation, here we will write v = Ty Vu. We
have
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Lemma B.35. There exists C > 0, such that for any k € R3\ {0} and 3 € N3, we have

VT2 (6)(0) ") ()] < © (min{|z], |k[}) T
‘( k1o q) ‘ n ><m1n{\x| 0} [ - ZIDQ qllwz+sl

for any o >4+ |3|.

Proof — This is an obvious adaptation of the proof of Lemma B.34, we just notice that
one has

(15 ((Q)7a) (2)] = | (VeRg! (222 ())(@) ) ()]

Hence, we have
Proof — [Proof of Proposition B.29] One more time, we write with an abuse of notation

v="TyVu+ SyVViu,

The second term of the right hand side could be studied exactly as we done in proof of
Proposition B.28 and for the first one we use the formula

TyV =ToV — ToVRyV + SoVV Ry V,

together with Lemma B.35, Propositions B.32 and B.33. The proof works like the one
for w. O

4 The linearized operator

In this section, we study the spectral properties of the linearized operator, associated with
Equation (3), around a stationary state. This will be useful since we compare the dynam-
ics associated with Equation (3) to the dynamic of the linear Dirac equation associated
with H. This comparison is possible only because when the PLS is small, the linearized
operator is a small perturbation of H.

4.1 The manifold of the particle-like solutions

First we notice that Proposition B.5, which gives the existence of stationary states, is a
consequence of

Proposition B.36. Let H be a self adjoint operator on L?(R3, C*) with a simple eigen-
value \g associated with a normalized eigenvector ¢g. Assume that there is a neighbor-
hood O C R of \g such that for all A € O the operator (H —\)~1 Py is in B(L2(R3,C*)) for
any o € RY, and in B(H'(R3,C*), HF1(R3,CY)) for any | € N, where Py is the projector
into the orthogonal space of ¢o. Let F € CF1(C* C*) be such that F(z) = O(|z]3).

Then for any o € RT, there exist Q a neighborhood of 0 € C, a C* map

h:Q— {$o}" N H*(R? CHNLAR3,CY
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and a C* map E : Q+— R such that S(u) = udo + h(u) satisfy for all u € €,
HS(u)+ VF(S(u)) = E(u)S(u),
with the following properties

h(eu) = e®h(u), VO R,
h(u) = O(|Jul),

B(u) = B(lu)),

E(u) = Ao + O(|ul?).

The proof of this proposition is an obvious adaptation of the one of [PW97, Proposition
2.2], and we don’t repeat it here. Omne can also obtain it by means of the Crandall-
Rabinowitz theorem but it doesn’t give immediately the decomposition associated to the
spectrum of H = D,,, + V.

Suppose that Assumptions 1.1-1.4 hold. To show that (H —\)~! Py is in B(L2(R3,C*))
for any o > 0, we just need to prove that a — e™@) (H —X)~1 Pye=*(@) is of class C¥ near 0
in B(L?(R3,C*)) for any k € N, this can be proved with help of of [His00, Lemma 5.1]. To
prove that (H — \)~' Py for any I € N is in B(H'(R3,C*), H*1(R3,C*)) for any | € N, we
first notice that (D,, — \)~" is in B(H'(R3,C*), H*1(R3,C*)) then we use wave operator,
see 20 and [GMO1, Theorem 1.5, and the intertwining property, see 21, to conclude.

We shall need some properties of stationary solutions of (3). Following [His00], we
have the

Lemma B.37 (exponential decay). Suppose that Assumptions 1.1-1.4 hold. For all 5 €
N2, s € Rt and p,q € [1,00]. There is v > 0, € > 0 and C > 0 such that for all u €
Be(0,¢), one has

17 @S ()| By, < CIIS(u)]l2,

5 P
where 0}, = FRadTT S0

Proof — In fact we prove that for any k£ in N there is v > 0 and € > 0 and C > 0 such
that for all u € Bc(0,¢) one has

1D a]S (w)l| gn < CIIS (W)

Then interpolation and the following property of Besov spaces over R? permit to con-
clude: B3 , = H®, B, . C B;:q if &/ <1 s, By, 1C Bﬁ‘iq ifl<r<p<ocandu—n/r=s—n/p
and [[uv| B , < Cllullps |vllBs, if 5 +35> 4+

We only prove the lemma for 5 = 0, the other cases are similar. We have

DuS(u) + VS(u) + VE(S(u) = E(u)S(u).

Let us introduce the R—linear operator W of multiplication by the matrix valued function
r € R — —iDVF(S(u)(z))i + V(z). We obtain, with the gauge invariance of F, the
identity

WS(u) =VF(S(u))+VS(u).

The “potential” W tends to zero as x goes to co. In fact, as a function of z, W is in L'NL>;
we can write W = W, + W5 where W, is compactly supported and ||Ws||p1qpe < 0.
We have that D,, + W5 — E(u) is invertible for ¢ sufficiently small and

QS () =9 (D,, + Ws — E(u)) e QW S (u)}.
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For ~ small, (Dm + 'y% + Ws — E(u)) is invertible in L? and

—1
5w = <Dm + 702:@? + Ws — E(u)) QWS (u).

This proves the lemma for k = 0 since ¢”{9W, is bounded. Now we notice that

-1
a-Q
Pl Dy +y—40 + Ws — E(“))
7I(Pnt0
1P| |P|< a-Q >( a- Q )‘1
=— —— (2y——+W5— E(u Dp+v— +Ws— E(u :
D, Dn \7g T EW @ R
Hence we obtain
€7@ S () | v < CIIS (W)l -
This identity proves the lemma by induction. O

4.2 The spectrum of the linearized operator

Here we study the spectrum of the linearized operator associated with Equation (3) around
a stationary state S(u). Let us introduce

H(u) = H + d’F(S(u)) — E(u)

where d*F is the differential of VF. The operator H(u) is R—linear but not C—linear.
Replacing L?(R3,C*) by L?(R3 R* x R*) with the inner product obtained by taking the
real part of the inner product of L?(R3,C?%), we obtain a symmetric operator. We then
complexify this real Hilbert space and obtain L?(R3, C* x C*) with its canonical hermitian
product. This process transforms the operator —i into

(0 —Idgs
= (e 0% )

For ¢ € L?(R3,R* x R*) c L2(R3,C* x C*), we still write ¢ instead of

(50)

The extension of H (u) over L?(R3, C*x C*) is also written H (u) and is now a real operator.
The linearized operator associated with Equation (3) around the stationary state S(u)
is given by JH (u). We shall now study its spectrum. Differentiating (4), we have that

3} 0
Ho = Span {&RuS(u), %S(u)}

is invariant under the action of JH (u). We notice (see [GNTO04]) that

Ho(u) = Span {JS(u), )y S(u)} .
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Using gauge invariance and differentiating, we obtain
JH(u)JS(u) =0 and  JH(u)0yS(u) = Oy E(u)JS(u).

Hence Ho(u) is contained in the geometric null space of JH(u), in fact it is exactly the
geometric null space as proved in the sequel of this subsection. First, with Assumption
1.3, we obtain that JH (u) has two other simple eigenvalues, as stated in the following

Lemma B.38. Let be

SH(0) = ( —?;51 ) and S;(0) = ( i‘f;l )

Suppose that Assumptions 1.1-1.4 hold. Then there are € > 0 and four C>° maps EljE :
Be(0,¢) — C and ki : Be(0,¢) — {Sf(O)}J‘ such that

JH (u) S5 (u) = Ef (u) St (u),
with | SE@)| = 1, SE(u) = SE(0)+kE(w), BE() = £i(A— o)+ O(lul?) and kE(0) = 0.

Proof — This can be proved in the same fashion as [PW97, Proposition 2.2] using As-
sumption 1.3. 0

We also obtain

Lemma B.39 (exponential decay in Besov spaces). Suppose that Assumptions 1.1-1.4
hold. Then for any 3 € N?> , s € R and p,q € [1,00] there is v > 0, € > 0 and a positive
constant C' such that for all u € Bc(0,¢), we have

17987 S5 (w)| 85, < CI1S5 (w)]|2,

8 o8l
where Oy = FRadFTSe
Proof — The proof is exactly the same as the one of Lemma B.37. O

Let H11(u) be the space spanned by Sli(u) Let us now prove that the orthogonal space
with respect to the hermitian product associated to J

He(u) = {Ho(u) & Hya(u) & Hoy (u)}

contains no eigenvector. We notice that H.(u) is invariant under the action of JH (u). We
have

Lemma B.40 (Continuous subspace property). If Assumptions 1.1-1.4 hold, let P.(u) be
the orthogonal projector onto H.(u). Then there exists € > 0 such that for v’, u € Bc(0,¢€)

P((1)) gy : Helt) = He(u)

is an isomorphism from Bj (R?,C¥) N H (u') into By ,(R*, C®) N'He(u), for any s € RY
and any p,q € [1,00]. The inverse R(u',u) is continuous with respect to u and u'.
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Proof — This proof is a straightforward adaptation of the one of [GNT04, Lemma 2.2].
O

So we have

Lemma B.41. Under the assumptions of Proposition B.5, there exists € > 0 such that
for any u € Be(0,¢), we have

<Q> e HWOP )yl < Cls) T I (Q) |, vy € L2
/ Q)7 TP ()l ds < Cll], Vi € L.

As a consequence, He(u) does not contain any eigenvector.

Proof — For the sake of clarity, we introduce

00 = (T 8000, T 5500, IS (w), I5; ().

Writing Duhamel’s formula for H(u) with respect to H — E(u), we obtain
etJH(u)PC(u> _ etJ(H—E‘(u))PC(u)

t
i / (=) (Dm+V=B(u)) 132 (G (1)) esTHWP () ds.
0

We have
P(0)]3} 0y = R(u,0) = Idy,q +Zya,uo (G (0)]

where the coordinates of o;(u',u) are linear combination of the coordinates of {(u), so it
can be extended to L2 and we have

Q)7 P, (u|
< Q)7 Pel0)lag!y QI (@) TP(0)ePrtVEWIP ()|

/ H _J(t_s)(H_E(u))JDVF(S(U))e_SJH(“)PC(u)q/)H ds}

it 3/2}!\< Q)¢

IN

+C/0 (t = 5)” "M I2H(Q)* DV E(S () [IQ)~7e P (u)y]| ds

We then introduce

M(t) = sup {(s)” ™32 Q)7 TH WP (u)y||}
s€[0,¢]

and we obtain for |z| <e
M(t) < C(IQ)7Y[l +eM(t))

which gives for € sufficiently small

M(t) < CI(@)7¥ll;



104 CHAPITRE II. Directions stables dans le cas non résonnant

or

Q) ~7e™*HWP (u)yp]| < Cfs)™ ™™ 32H[(Q) 9.

With the same method, see Lemma B.58, we obtain the second estimate.
Then we obtain with the second estimate that there is no eigenvector in the range
of P.(u) that is to say Hc(u). O

This gives

Lemma B.42. Suppose that Assumptions 1.1-1.4 hold. We have, for sufficiently smallu €
C, Ef[(u) € iR with Ef[(u) = —E{ (u) and Sy (u) = S{ (u) for the conjugation of CB.

Proof — The last statement straightforwardly follows from
JH (u)ST (u) = B (u) S§ (),

since there is no more eigenvalues than the 0 and Ef (u), we obtain Ei(u) = EF (u).
Then we specify the essential spectrum of JH (u). A classical study gives that the
continuous spectrum of JH (0) is given by

{ix; A € R, [A| > min{|m — Aol, |m + Xo|}}-

Using Weyl’s criterion (see [RS78, Theorem XIII.14, Corollary 1], the adaptation is quite
easy in our case), we obtain that the essential spectrum is

{ix; A€ R, |A| > min{|m — E|,/m + E|}}.

Hence Ef (u) are necessarily purely imaginary. Indeed if H(u) — Ef (u).J is not invertible

then H(u) + Eif(u)J is not invertible too. Since —Fj (u) is not in the essential spec-
trum, it is necessarily an eigenvalue in the neighborhood of +i(A\; — Ag). Hence this gives

~EBf (u) = Ef (u). [

4.3 Decomposition of the system

We want to decompose a solution ¢ of the equation (3) with respect to the spectrum
of JH(u). And in fact, we only study the resulting equations for these different parts of
the decomposition. First we isolate a part which corresponds to a PLS. For any solution
of (3) over an interval of time I containing 0, we write for t € T

o(t) = e o PN (S (u(t)) + (1))
In order to give an equation for n, we introduce the following space
Hy (u) = {n € LA(R3,C®), { Jn iS(u) =0, (Jn iS(u) =0;.
0 TN ORu ’ » IS

In fact it is the space
Hoip(u) ®Ho1(u) ® He(u)

which is invariant under the action of JH (u) and we state the
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Lemma B.43 (decomposition lemma). Suppose that Assumptions 1.1-1.4 hold. Let
be s > 0 and p > 1 there exist 6 > 0 and a C* map U : Bys»(0,6) — Bc(0,¢)
which satisfies, for ¥ € Bys.»(0,9),

Y = S(u) +n, withn € Hy(u) <= u=U().
Proof — 1t is [GNT04, Lemma 2.3]. O
This lemma ensures that we can impose the orthogonality condition
n(t) € My (u(t)). (43)
So instead of solving the Equation (3) in ¢, we want to solve the equation

10 = {H—E(u)}n+{VF(S(u)+n) - VF(S(u)} —idS(u)i

= [H+&F(S(u)) - B(u)} 5+ N(u,n) — idS(u)i (44)

for n € Ha (u(t)). Here d*F is the differential of VF and dS the differential of S in R2.
To close the system, we need an equation for u. Let us now derive an equation for the
path u, by means of (43):

(n(t), JdS(u(t))) = 0.
After a time derivation, we obtain
0 = (JH(u(t))n(t) + JN (u(t)),n(t)) + dS(u(t))a(t), JdS(u(t))) — (1, Jd*S(u(t))u(t)).
Since S(u) € JHo(u), we have
(H(u)n, dS(u)) = (n, H(w)dS(u)) = (n, dE(u)S(u)) = 0,
we obtain
[(JdS(u(t)),dS(u(t)) — (Jn(t), d*S(u(t))]a(t) = —(N(u(t),n(t)),dS(u(1))).

So we notice that
9 0 -1
[(JdS(u(t)),dS(u(t))) — (In(t),d"S(u(t)))] = < 1 0 ) + O([u(®)] + [In(t)]l2),

which proves that [(JdS(u(t)),dS(u(t))) — (Jn(t),d>S(u(t)))] is invertible for small |u(t)|
and [|n(t)]|2, we therefore introduce its inverse

A(u,n) = [(JdS(u), dS(u)) — (Jn, d*S(u))] !

and write
Opu(t) = —A(u(t),n(t))(N(u(t),n(t)), dS(u(t))).

Plugging in Equation (44), and similarly to the linear case we decompose n with respect
to the spectral decomposition of H(u) = H + DVF(S(u)) — E(u)

n(t) = o™ (t)S)" (u) + a” ()Sy (u) + 2(t)
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with z € He(u) N L?(R3,R®) and o~ = a+. We obtain the system

(0 = —Au, 77)<N( u,n), dS(u))
at = E*(u)a® + (JN(u,n), JST (u))
+{dS(u)A(u Jl)( (u,m), dS(w)) J ST (u))
+((dST (u)) A(u, n )< (u,m),dS(w)), JS; (u))at
+((dST (w) A, 1) (N (u, ), dS(u), ST (u))aF
Oz = JHWwz+Pc(u)JN(u,n)
+Pe(u)dS(u)A(u, n){N (u,n),dS(u))
{ +(DPe(u)A(u, n){N (u,n),dS(u))n

which we will now study. We notice that this equation is defined only for z small with
real values, @~ = a* small and u small.

5 The stabilization towards the PLS manifold

We now build a solution which stabilizes towards the manifold of the stationary states. To
this end, we will use Theorem B.3 and Theorem B.4 to prove that z tends to zero in L™
and Ll2oc It is possible here since we build solutions for which we ensure that ™ and o~
also tend to zero. We do not think that this convergence holds for all initial states but we
do not know any counterexample.

We also notice that we look for a real solution ¢ = S(u)u + 1, hence i should be real
and therefore o~ = a¥.

We impose the following condition
<«
(t)*

Under the assumptions of Theorem B.6, let us define for any €, § > 0

o <

Ule, ) = {u € C%((=To; +00), Be(0,€)), |a(t)] < 5;37

For any u € U(e), let s, s’, 3 be such that s > s+3 > 3+6 > 6 and let 0 > 5/2. We
define

Vit > —T()}.

Z(u,d) = {z € C™((—Ty; +00), LA (R3,R?®)), 2(t) € He(u(t)),

mafo“’ U@} swp L0720l ps )

—To;+00) v€(=Tp;+00)

sup {<v>3/2{HZ(v)HHSC,}] §5}-

v€(=To;+00)

Then we define the set

Q) = {oz = (o, a7) € C®((-Th; +)), a~ = at,
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5.1 Step 1: Construction of z

First we solve in Z(u,d) the equation relative to z for u € U(d,¢) and a € Q(d). We first
prove the

Lemma B.44. Suppose that Assumptions 1.1-1.4 hold. There exist 6 > 0 and & > 0 such
that for any w € U(d,¢€), any a € Q(0) and any zo € By (0,0), there are a T (z9) > 0

and a solution z € C! ((—TQ,T+(ZO)); HSI) of the equation

Oz = JH(u)z+P.(u)JN(u,n)
P ()dS (u) A(u, 1) (N 1, 7), dS () .
~(DP,(w))in,

2(0) = zo,

where n(t) = ot (t)S] (u) + a= (£)Sy (v) + 2(t).
We have T+ (zy) such that T (20) = 400 or limy_p+ () [|2(2) || yor > 6.
If 20 € He(u(0)) then z(t) € He(u(t)) fort € [0,T7(2)).

Let be u € U(e,0), a € Q(8) and zg € He(u(0)) N HE . Let us write

too = tLleroo U(t)

we define 7, o -, (2) by
Tua,20(2)(t) = el tH (o) 2
- /0 eI H )P (u(v)) T {E(S(u(v))) — E(S(uco))} 2(v) dv
N /t T H )P, (y(0))] {d2F(S(u(v))) — d®F(S(use))} 2(v) dv
0
“ S IHIB, (1) TN (o) (o)) do
0
t
[ IO (1)) S (o) ACu(o), )N (o), {0), S a0} e
- ) (4B (o) i (v) do

0

Lemma B.44 is a consequence of the fix point theorem applied to 7, o .,. The map 7, 4 ,
leaves a small ball of C((—Tp;T), H*') invariant for small £ and §. This fact follows from
Lemma B.57 and the

Lemma B.45. If F satisfies Assumption 1.4. Then for o € R, s > 1, p,p1,p2 € [1, 9]

and q € [1,00] satisfying
1 1 1 1
- + 52> —+—2=-,
37 p p2 P

there exist ¢ > 0 and C > 0 such that for all w € Bc(0,e) and n € B;yq(RB,RB) N
L>®(R3,R?®), we have

QY N ()l , < C (Jul + g, ) Il K@)l 55 - (46)
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Proof — We recall the definition
N(u,n) = VE(S(u) +1n) = VE(S(u)) — d*F(S(u))n.

We have Lo
N(u,n) = / / BF(S(u) +0'0n) - n - 6ndo'de.
0 0

Then we use for s € RY, p, p1, p2, € [1, 00] such that %4_ £ > 1,15

o]l B

Juv]|Bg,, < Cllull B S0

p,qa — p1.9

and for s > 1, we use [EV97, Proposition 2.1]

)

I F (), , < C (s, Full¥llo) 1115

p2.49

eventually using Lemma B.37, and

[@7 1P|

< Cnll e 14Q)°ll s,

s
BPlvq

we conclude the proof. O

The map 7Ty.q.z, is also a contraction for the norm of C((—Tp; T), H*') for small ¢ and
0. This follows from Lemma B.57 and the two following lemmas:

Lemma B.46. If F satisfies Assumption 1.4. Then for any o € R, s > 1, p,q € [1, 0]
with sp > 3, there exist € > 0 and C > 0 such that for all u, u' € Bc(0,¢) and n, ' €
B;’q(]R:)’,RS), we have

H<Q>U {N(u777) - N(ulvn/)H

5y, <O (s Flul+ || +lnll gy, + 1], )

x { (@ nlsg, + W@ g, ) (lu =] + @ (=) 5, )

)~
Bia

x (K@ nls;,, + 1@ 13, ) IKQ) (0 —11) |rB;,q},

+ H(QV’W

+ (Iu\ + ||+ (@t

s
BP»‘Z

with 201 4+ 09 = 0] + 0 + 04 = 0.

Proof — Using the identity
11
N(u,n) = / / d3F(S(u) + 60'0n) -1 - 6nde'do.
0o Jo
we can restrict the study to d3F(¢) — d3F(¢'). If F = O(]z|°), we have

1
Q)" (@F (@) = F(@) 55, < [ 0P (6 + 10 = &)z, Q)7 (6= ), .
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Then since s > 0, we use

la*F ()

B;, < C(s, F[[¥]lB; ,)-

Using Lemma B.6, we conclude the proof when F' = O(|z]?).
Otherwise, if F' is an homogeneous polynomial of order 4, the proof is easily adaptable
since d*F is a constant matrix of Mg(R).

The case F' = O(|z|*) follows by summing the two previous one since as a function of
u € RS, F(u) = Au®* 4+ O(|ul?). O

We also need the
Lemma B.47. If F satisfies Assumption 1.4, then for any o € R, s € R, p,q € [1, 9]

and M > 0 there exist ¢ > 0 and C > 0 such that for all u, v € Bc(0,¢) and n, ' €
Bng(R:sRS)(O,M), we have

|A(u,n) — AW/, )| < C{\u — |+ (@) {n—1'}]

i)
Proof — We recall that
Au,m) = [(JdS(u), dS(u)) — (In, d2S ()] ™.

We have

A(u,n) — A, ) = =[(JdS(u),dS(u)) = (Jn, d*S(u))] "' x
x {(JdS(u),dS(u)) — (Jn,d*S(w)) — (JdS(u'),dS(u)) + (Jn,d*S(u')) } x
x [(JdS(u'),dS(u")) = (Jn', d*S(u'))] ",

The lemma then follows from Lemma B.37. OJ

Proof — [of Lemma B.44] Hence we can apply the fixed point theorem to 7y, oz, in a small
ball of C((—Tp; T), H*') and we obtain a fixed point z which is a solution of (45). Then
with classical arguments, we prove the existence of T (2g) such that for t € (=T, T" (z0)),
we have |[z(t)[| ;o < ¢ and limy_,p+ (). A derivation of (1 — P.(u(t)))z(t) shows that
(1 —P.(u(t)))z(t) =0 for t € (—Tp, T (20)) if (1 — P¢(u(0)))z0 = 0. O

Now, we prove that

Lemma B.48. Suppose that Assumptions 1.1-1.4 hold. There exist o9 > 0 and g9 > 0
such that for any 6 € (0,60), € € (0,€0), a € Q(0), u € U(e,0), and 2o € By (0,6) N
He(u(0)), we have TT(29) = +o0 and z € Z(u,d).

Proof — Since z is a fixed point of 7y 4 4, for any ¢ € [0,77(29)), with Lemma B.57 and
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Lemma B.40, we obtain

2|l g7
< CHPc(uoo)z(t)HHé‘/

< CHZoIIHstrC/O IHE(S(u(v))) = E(S(u0o))} 2(0) || gor dv

Hs' d’l)

+C/O H{d2F(5(u(v))) —d2F(S(uOo))}z(v)\
+C /0 N (u(w), 7)) | o dv
e /0 1S (u(0)) A(uw), 7(0))/ (N (u(0), (), dS ()| o o

+0 [ IR (u) i)l o

Now, with Lemma B.45, we obtain

t
=l < Cllaollge + Ce / u(v) — usol [12] g o
t
‘c / (a(@)] + 1) 7)1 | oo [7(0) | g7 o

e /0 ()] (o) g

and so
lz)]l s < Cllaoll s + Ced® +C (e+9) 5% + 083,
Then, we also have

2(t) = o itH+ [5 E(u(r)) dr

t t
+ / e It HAL, Bu(r) drp (4 (1)) Jd*F(S(u(v)))z(v) dv
0

t t
* / e THUDHA LT B AP, (4(0)) TN (u(w), n(v)) dv
0

N /t o i(t—v) HHi [Y E(u(r)) drPc(u(v)) %
0
x dS(u(v) A(u(v), n(v)) (N (u(v),n(v)), dS (u(v))) dv

t t
= [ B (a0 (o) o
0
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Hence by Lemma B.40 and Theorem B.4, we have

O
< OO lzoll oy +O/t<t—v>3/2 | @F(S(@))z(0)]| g5 dv

+0 [ 6= o) 2 N ) 1)l g o

+0 [ (6= o) 2 1S ) A NN a0, 1), S0l g o

+0 [ = 02 @Bl ) g o

With Lemma B.45, we infer

2l s, <
Oty 220l s + C / 0) 72 (o) P |2(0)l|ova do
+0 [ (=2 ()] + 0 g 90 e )l s o
+0 [ =2 ()] + 0o 0 e )l o
+0 [t =2 i) )l o

With the estimate .
/ (t —v) 32 ()32 dv < O (1) 732,
0
we infer
(t>3/2||z(t)|1350’2 < CHzOHBlﬁEs +Ce?5 4 C (e +0) 6% + C°.
Then we also have
t
2(t) = e~ Bu(r) dr +/ =it i fL B(u(r)) dr o,
0

x P.(u(v))JVF(n(v))dv
t
n / (=) 4 [! B(u(r) dr
0

X Pe(u()) J{VEF(S(u(v)) +n(v)) = VF(S(u(v)) = VE(n(v))} dv

e
0

x Pe(u(v))dS (u(v))Au(v), n(0))(N (u(v), 1(v)), dS(u(v))) dv
- / ¢TI B dr (qP(u(v)) yi(v)n(v) do.

0

thJrle (r)) d

_|_

We now use Lemma B.40 and Theorem B.3, except for the second term of the right hand
side for which we used Theorem B.4 since 0 > 3/2. We also use Lemma B.45, except
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for the third term of the right hand side for which an obvious adaptation of the proof of
Lemma B.46 gives

IVE(S(u(v)) +n(v)) = VE(S(u(v)) = VE(0(v)ll g
< C([u()]+ ()] ) fu@) (V)| =

and so we obtain
212l < Cllzollis +C8* +C (e +8)+ C (e +6) 6% + C8"

Therefore we have that T7(z) = 400 and z belongs to Z(u,d) if ||z, ¢ and € are
small enough. O

The global solution z just found is a function of 2z, u and o and we write z = z[z, u, a].
As a function of these parameters, it has the useful property given by the

Lemma B.49. Suppose that Assumptions 1.1-1.4 hold. There exist 69 > 0, €9 > 0
and k € (0,1) such that for any 6 € (0,0p), € € (0,60), u, v’ € U(e,0), «, ' € Q(9),
20 € By (0,0) N He(u(0)), and 25 € By (0,8) NHe(u'(0)), we have

.ot .t /
He_lfo Byt 1 of] — eI BWW) g o] HLOO(R+7HEU) < 120 = 20| poo sy
+w {{lu = | o+ fla =@+ [l = o]}
Proof — It is an easy consequence of straightforward estimates on the following identity
2(t) = e~itH+ fg Blu(n) dr

t t
+ / e = HHL, BE@m) drp (4(0)) Jd2F(S(u(v)))z(v) dv
0

t t
+ / e[ @) 4B (4(0)) TN (u(v), n(v)) do
0

t
+ / e—i(t—v)H—l—if;S E(u(r)) dTPC(u(’U)) «
0
x dS(u(v)) A(u(v), n(v)) (N (u(v),n(v)), dS(u(v))) dv

t "t
_ / e HImOHFLL, B dr (g (u(v)) )i(v)n(v) dv.
0

based only on Lemma B.46 and B.47. O

We also have the following

Lemma B.50. Under the assumptions of Lemma B.48, take an arbitrary w € U(S,€) and
an arbitrary o € Q(6), and consider the solution z of (45), with initial condition zy €
B (0,6) NHe(u(0)) small. Then the following limit

Zoo = lim e /(o) (1)
t—o0
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exists in H N BfQ2 N H? . Moreover, we have zs € He(us) and

52

JtH (uoo) o e

e Zoo — 2(T s < O,
He‘]m(“‘x’)zOo —z(t)| 58 < C—é2
72 <t~>27

”eJtH(uoo)Zoo Z(t)HHS < C 52 '
—0o <t>2

Proof — Using exactly the same method as in the proof of Lemma B.48, applied to

T2 (2) () = €7 (ho0)
- /0 e/ )P  (u(v)) T {E(S (u(v))) — B(S(ux))} 2(v) dv
+ /O eI P (4y(v))J {d*F(S(u(v))) — d*F(S(us))} 2(v) dv
+ / e/ =0 H ) P (4y(v))JN (u(v), n(v)) dv
0
+ /0 e/ U= HIP  (u(v))dS (u(s)) A(u(v), n) (N (u(v), n(v)), dS(u(v))) dv

- /o =0 H (o) (4P (u(w)) i (v) dv.

we prove that the limit exists using the estimates on z. Using the technics used to obtain
the estimates on z, we obtain the same estimates for e/t () > . Since e”/tH (ue)
to zero, zo, necessarily belongs to He(ueo).

Using same ideas, we also obtain the convergence rate. The only problem lies the term:

Zoo tends

+0o0
| eI ) T (S (u(0) = B(S (o))} (0) o
To treat it we write
+00
| IR o) T B (0)) = (S (o))} (o) do =
+0oo
/t eJ(t—v)H(uoo)Pc(u(U))J{E(S(u(v))) - E(S(uoo))} (eJUH(u‘X’)Z(’U) — Zoo) dv
+ / o e/t H )P (14(0)) T {E(S(u(v))) — E(S(us))} e’V ) 2 du.

When estimating the decay rate, the first term of the right hand side can be treated by
absorbing it on the left side of the inequality for the H s' estimate or using the H s estimate
for the other estimates. To treat the second term, we write

/t " P, (4(0))] {B(S(u(v))) — E(S(us0))} )2 dv =
+oo
/t P(u(v)J {E(S(u(v))) — E(S(ux))} dve’H W)

+o0
+/t P (u(v))[e” =) TH{E(S (u(v))) — E(S(uso))} €M) 200 dv.
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When estimating the decay rate, we treat the first term of the right hand side we use
estimates on e’/tH(4) the Duhamel’s formula and estimates on e . To deal with the
other term, we use

[erH(uoo)’J] :/ eJrH(uoo)[J’ dZF(S(uOO))]eJ(Sfr)H(uoo) dr,
0

this gives us for the second term of the right hand side
“+o0 t—v
/ P.(u(v)) / )] 2 F (8 (0] CHO) o dr(B(S(u(v)))— E(S (us0))) dv.
t 0

To estimate the decay rate, we use estimates on e/t (=) the Duhamel’s formula and
estimates on e 1, O

Remark B.50.1. The preceding proof also works with the formula

t t . s rv
eitDmfifO E(u(r)) drz(t) =2 +/ elvaflfo E(u(r)) drPc(u(v))Vz(v) dv
0

- / t VPm =i [y E) drp (4(p)) Jd2F(S (u(v)))z(v) dv
0
+ / " D [ B TP o(u(v)) N (u(v), n(v)) dv
0

t
+ / eiva—ifov E(u(r)) dr
0
x Pe(u(v))dS(u(v))A(u(v), n(v)) (N (u(v),n(v)), dS(u(v))) dv
t
- / e Pm =il B dr (P (u(v)))a(v)n(v) do.

0

Hence we obtain the same result with
o~ itDm+i I B(u(r)) dr .

instead of

eJtH(uoo ) Zoo

But we obtain the estimates

[|e~ #DmH Jo B(u(r)) oo = 2l g < O,

—i i[tE(ulr T 0
He tDm+ fOE( ())dZOO_Z(t)HBEOQ < ij
—i i [fE(u(r)) dr 0
et o Blul) dry ()| < 0<t>3/2

The same holds with
o itH+ [§ E(u(r)) dr -

instead of

6JtH(u°°)ZOO,

and we can prove zo, € He.
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5.2 Step 2: Construction of «
For any u € U(e,d) and z € By (0, d) NHe(u(0)), let us define a map G, », on ©(d) by

Guzo (@) (2) z—/t els B (u(w) dw{ (JN(u v)), ST (u(v)))

+(dS (u(v) A(u(v), n(0)) (N (u(v), n(v)), dS(u(v))) S5 (u(v)))
— {(dS (u(v) Alu(v), n(0)(N (u(v), 1(v)), dS(u(v))), St (u(v)))a™(v)

— {(dST (u(v) Au(v), n(v))(N (u(v), n(v)), dS(u(v))), Sf(U(v)»a;(v)}dv,

where n(t) = ot (¢)S] (v) + o~ (¢)S7 (u) + 2(t) and z = 2|20, u, o] is the solution found in
the previous paragraph.
We have that G, ;, leaves 2(J) invariant as stated in the

Lemma B.51. Suppose that Assumptions 1.1-1.4 hold. There exist og > 0 and gy > 0
such that for any 6 € (0,00), € € (0,e0), u € U(e,d) and zy € By (0,8) NHe(u(0)), we
have that G, .,(c) maps Q(6) into itself.

Proof — We have by means of Estimate (46) with eg. ¢ < =3, s =0, p = ¢ = 2
and p; = py = 4, if up € C and 2y € Hc(ug) N HS (R3,R8) are small enough

|gu,20 (a)i(t”
o/ { TN (u(s), (s)), TSEu(s)))]
(v)) A(u(

<
+ [(dS(u(v)Alu(v), n(v)){N (u(v), 1(v)), dS(u(v))) ST (u(v)))]
+ [{(dST (u(v)) Alu(v), n(0))(N (u(v), n(v)), dS (u(v))), JST (u(v)))a™(v)]
+ [((dST (u(v))) Au(v), n(0))(N (u(v), n(v)), dS (u(v)), JST (u(v))aT (v)[} dv
< OS82
Hence for small § and small €, we have G, ., (€2(6)) C (). O

Then G, ., is a contraction for the L° norm, as stated in the

Lemma B.52. Suppose that Assumptions 1.1-1.4 hold. There exist o9 > 0, g > 0 and
€ (0,1) such that for any 6 € (0,00), € € (0,e0), u,u € U(e), 2 € Bys(0,0) N
He(u(0)), 25 € By (0,0) NHe(u/'(0)) and o, ' € Q(6), we have

gu’,z(’) (O/) - gu%o (O[)

HLC’O(]Rﬂ
Sk (‘“/ - u‘LOO(RJr) +o’ - a|L°°(R+) + i — @[] o+ [|26 - ZOHHS’) :

Proof — Tt is a straightforward computation based on Lemma B.49, on Lemma B.46 with
e.g. 0 < —6, 09,04 < =3 and s = 0, p = ¢ = 2, on Lemma B.47, on Lemma B.45 with
eg. o< —3,p=q=2and p; = ps =4 and on Lemma B.39. ]

We now state the
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Lemma B.53. Suppose that Assumptions 1.1-1.4 hold. There exist 6o > 0 and €y > 0
such that for any 6 € (0,60), € € (0,e0), uw € U(e) and zy € By (0,5) N He(u(0)), the
equation

oF = EX(uw)a® + (JN(u,n), JSE(u))
+ (dS(u) A(u, ) (N (u, 1), dS(u)) J ST (u))
— ((dST () A, n){N (u,n), dS(w)), J ST (u))o™
— ((dST (u) A, n){N (u, 1), dS(w)), J ST (u))aT,

where 1(t) = ot (t)S] (v) + o= (£)Sy (u) + 2[20,u, &|(t), has a unique solution in Q(5).
Proof — The proof is classical since we proved that the integral equation
a(t) = Gu,z()(t)

can be solved by means of the fixed point theorem. O

5.3 Step 3: Construction of u

Here we want to solve the equation for u. We notice that z and a have been built in
the previous section and are functions of u and zy € H.(u(0)). Let us introduce for any
a € Q) and ug € Be(0,¢) the function on U(e, d):

Jug,z0(w)(t) = uo —/O Au(v), n(v))(N (u(v), n(v)), dS(u(v))) dv,

where () = ot (¢)S] (u) + o= (t)S] (u) + 2(t). We have the

Lemma B.54. Suppose that Assumptions 1.1-1.4 hold. There exist o9 > 0 and g9 > 0
such that for any 6 € (0,00) and e € (0,e¢), the function fu, ., maps U(e,d) into itself
if ug and zg € H§I NHe(ug) are small enough.

Proof — By means of Lemma B.45, we obtain

[ fuo,z0 () ()| < fuol +C/0 IN (u(w), n(0) s, < luo| + C (€ +6) %

Hence for ug and § small f, -, (u)(t) € Be(0,¢). Estimate (46) also gives the existence of
(fuo,zo (u))oo = tli«rgloo fuo,zo (u) (t) and then

C
< CIN(u,m)llgs < GH (e +0)8°

d
‘ %fUO,Zo (u)

The function f,, ., has also a Lipschitz property as stated by the
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Lemma B.55. Suppose that Assumptions 1.1-1.4 hold. There exist 69 > 0 and ey > 0 and
€ (0,1) such that for any 6 € (0,8y), € € (0,20), u, v’ € U(e,d), 20 € He(u(0)) N HY,
zh € He(u/'(0)) N HE small enough, and ug, uly small enough, we have

fuo,zo (u) - fu6,26 (u/)

|0 o o (0) = O 2y ()

Loo(R+) L1(R*)
< ‘Uo B U()‘ Tk (HU . U/HLOO(RJF) + Hu - uIHLl + HZO — Z(/)HH31> .

Proof — This a straightforward consequence of Lemma B.46, B.47, B.49 and B.52. O

We are now able to prove the

Lemma B.56. Suppose that Assumptions 1.1-1.4 hold. There exists 6o > 0 such that for
any 0 € (0,00) up € C small enough and zy € He(ug) N Hfr, small enough, the equation

{u = —A(u,n)(N(u,n),dS(u)),
u(0) = wuo,

where n(t) = o (t)S] (u) + a=(t)Sy (u) + 2(t), has a unique solution in U(S, ).

Proof — This is also a straightforward consequence of the fixed point theorem for fy, -,.

O
5.4 Step 4: End of the proof of Theorem B.6
We now conclude our proof We write vy = S(ug) + a*(0)S] (uo) + a=(0)Sy (uo) + 20
where zy € H.(ug) then ¥(t) = S(u(t)) + a* (ug, 20)(£)S7 (u(t)) + o~ (uo, 20)(t )S;l_(u(t)) +
2(t) where z(t) € H.(u(t)). Hence if we choose ¢1(u) = M, 2 (u) = W
we have
Uy (2) = (Rat(uo, 20), —Sat(uo,20)) -

We also have

Ex :/0 {E(u(s)) — E(usx)} ds.

In the proof of Lemma B.48, we see that § is of the same order as ||zo|| ;.. The rest of
Theorem B.6 easily follows.
O
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APPENDIX

6 The wave operator and similarity for the linearized oper-
ator
Inspired by [Kat66], we use an argument of similarity to prove the

Lemma B.57. Suppose that Assumptions 1.1-1.4 hold. For all s € R, there exists Cg >
0, such that
Vt e R, [|e"H@|ppe < C.

We prove this lemma by using the boundedness in H® of the wave operator:

We=s— lim e tH(z)*Jefit(HfE(z))Pc(H)

t—+oo

and the intertwining property:
eftH(z)*JPC(Z)* — Wiefit(HfE(z))Pc(H)(Wi)fl
This boundedness follows from the

Lemma B.58 (Smooth and small non-selfadjoint perturbations). Suppose that Assump-
tions 1.1-1.4 hold. Let be vp € L? and o > 1. Then there exist € > 0 and C > 0 such
that

vee Be0.e), [ 1< Q>0 ORI ds < Ol (47)
Proof — By Lemma (B.40), we have R(z,0)P.(0)P.(z) = P.(2).

Q)7 TP ()]
= Cl(Q)""R(z,0)P(0)e"” "¢ ( )l
< IHQ) 7 R(z, 0)Pc(0)e " T=FEIP ()|

/ @ L0)P(0)e  =IHEE DY F(S(2))e P (2)|| ds

)7 R(2,0)(Q)7 [I{Q) " P(0)e T HFEN P (2))]
+C!Z! K@) ™7 R(z,0){@)7] *

t
x / Q)P (0)e = IUI=EEN Q)= || |(Q)~7 e EIPe(2)]| ds.
0

Using Proposition B.33, we obtain the claim (47) for z sufficiently small. O

IN

This give us the existence and the boundedness of the wave operator, as stated by the
following

Lemma B.59. Suppose that Assumptions 1.1-1.4 hold. Let be
W, = eftH(z)*Jefit(HfE(z))Pc(H).
Then the limits
W* = lim W,

t—=o0
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exist in B(H?®) and their ranges are equal to Ran (P.(2)). The same is true for W;* and

(W)™ = lim (W)~

t—+too

Proof — Let us define W; = e t(2)"/e=i(H=E(2)) " \ye have for ¢ € H.(z) and ¢ € H.(0)

t d
<¢a Wt¢> = <¢771Z)> + /0 <¢a dSWsQ;Z)> dSa
Since we have

d .
<¢> dSWSw> = <€—tJH(z)¢’ DVF(S(z))e_lt(H_E(Z))¢>
< Ol @) e T g (@) eI ED) g

which gives (¢, £W,v) € LY(R), so Wy exists and is bounded in £(H.(0), H.(z)) by the
previous lemma. Since for any vector ¢ in an eigenspace of JH(z), W; ¢ tends weakly to
zero, we obtain that the range of W¥ is a subspace of the range of P.(z). Then the same

statements about (W;)™! follows by the same way. The invertibility is then immediate.
O

Proof — [of Lemma B.57] The L? bound follows from the intertwining property as explained
before Lemma B.58.

The proof of the H* bounds follows from commutation argument, we apply the same
scheme to

B HEP (2) = [0;,Pu(2)]e HEP(2) + Po(2)e @[5, Po(2)]
+P.(2)[8;, e HE P (2)
= [0, Pe(2)]e 0, + Po(2)e )0, Pe(2))]

t
+ / e~ (=VTHEP () (9, DV F(S))e TP, (2)dz.
0
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Sur la stabilité
asymptotique de petites
ondes stationnaires
d’une équation de Dirac
non linéaire dans un cas
résonnant

Dans ce chapitre, on étudie le comportement des perturbations de petites ondes sta-
tionnaires d’une équation de Dirac non linéaire dans le cas résonnant. On suppose que
lopérateur de référence H = D,, + V a seulement deux valeurs propres et celles-ci sont
doubles, cette dégénérescence est due au théoreme de Kramers.

Dans ce cas, nous pouvons construire une petite variété d’états stationnaires tangente
au premier espace propre de H. Puis on suppose qu'une condition de résonance est vérifiée
pour la premiere valeur propre. Nous pouvons alors construire autour de chaque état sta-
tionnaire une variété centrale. Nous montrons alors que toute perturbation dans H S/, avec
s’ > 2, de cette variété se stabilise sur la variété des états stationnaires. Nous construisons
aussi une variété centrale stable et une variété centrale instable autour de chaque état
stationnaire. Dans chaque variété, on obtient la stabilisation sur la variété centrale dans
un sens du temps et I'instabilité dans 'autre sens. Finalement, a 'extérieur de toute ces
variétés, nous obtenons l'instabilité dans les deux sens du temps.



On the asymptotic stability of small nonlinear
Dirac standing waves in a resonant case

Abstract

In this work, we study the behavior of perturbations of small nonlinear Dirac standing
waves. We assume that the linear Dirac operator of reference H = D,,, + V has only two
double eigenvalues, this degeneracy is due to a theorem of Kramers.

In this case, we can build a small manifold of stationary solutions tangent to the first
eigenspace of H. Then we assume that a resonance condition holds for the first eigenvalue.
We build a center manifold of real codimension 8 around each stationary solution. Inside
this center manifold any H s’ perturbation of stationary solutions, with s’ > 2, stabilizes
towards a standing wave. We also build center-stable and center-unstable manifolds each
one of real codimension 4. Inside each manifold, we obtain stabilization towards the center
manifold in one direction of time, while in the other, we have instability. Eventually,
outside all these manifolds, we have instability in the two directions of time.

Introduction

We study the asymptotic stability of stationary solutions of a time-dependent nonlinear
Dirac equation.

A localized stationary solution of a given time-dependent equation represents a bound
state of a particle. Like Ranada [Ran|, we call it a particle-like solution (PLS). Many
works have been devoted to the proof of the existence of such solutions for a wide variety
of equations. Although their stability is a crucial problem (in particular in numerical
computation or experiment), a smaller attention has been deserved to this issue.

In this paper, we deal with the problem of stability of small PLS of the following
nonlinear Dirac equation:

i0¢) = (D, + V) + VF(¢) (NLDE)

where VF is the gradient of F': C* — R for the standard scalar product of R8. Here, D,,
is the usual Dirac operator, see Thaller [Tha92], acting on L?(R3, C*)

3
Dy, =a-(—iV)+mp = —iZakak +mp
k=1

where m € R, a = (a1,a2,a3), 8 are C* hermitian matrices satisfying the following
properties:

oo + apoy = 20;1ce, i,k € {1, 2, 3},

;3 + Ba; = Oca, i€{1,2,3},

B%=1¢a.

o 0 ag; o I@Q 0
az_(ai 0> and B‘(o —I(Cz)

where o (0 1) 1 (0 _i> and o (1 0 )
1= ) 2 =1 . 3= .
1 0 i 0 0 -1

Here, we choose
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In (NLDE), V is the external potential field and F : C* — R is a nonlinearity with the
following gauge invariance:

V(0,2) e Rx Ct,  F(e2) = F(2). (1)

Some additional assumptions on F' and V will be made in the sequel. Stationary solutions
(PLS) of (NLDE) take the form v (t,z) = e 'Ft¢(x) where ¢ satisfies

E¢ = (D + V)¢ + VF(¢). (PLSE)

There exists a manifold of small solutions to (PLSE) tangent to the first eigenspace of
D,, +V (see Proposition B.5 below).

In [Bou05], we prove that there are stable directions for the PLS manifold under a non
resonance assumption on the spectrum of H := D,, + V. This gives a stable manifold,
containing the PLS manifold. But we were not able to say anything about solutions
starting outside the stable manifold.

In the Schrodinger case, orbital stability results (see e.g [CL82], [Wei85, Wei86] or
[SS85, GSS87]) give that any solution stays near the PLS manifold. Unfortunately, orbital
stability criteria applied to Schrédinger equations use the fact that Schrodinger operators
are bounded from below. Hence the question of orbital stability for Dirac standing waves
cannot be solved by a straightforward application of the methods used in the Schrédinger
case.

Concerning the asymptotic stability, in the Schrodinger equation, the question has
been solved in several cases. For small stationary solutions in the simple eigenvalue case
it has been studied by Soffer and Weinstein [SW90, SW92], Pillet and Wayne [PW97] or
Gustafson, Nakanishi and Tsai [GNTO04]. For the two eigenvalue case under a resonance
condition for an excited state, the problem has been studied by Tsai and Yau [TY02a,
TY02¢c, TY02d, TYO02b, Tsa03] or Soffer and Weinstein [SW04, SW05]. Another problem
has been studied by Cuccagna [Cuc01, Cuc03, Cuc05], he considered the case of big PLS,
when the linearized operator has only one eigenvalue and obtained the asymptotic stability
of the manifold of ground states. Schlag [Sch04] proved that any ground state of the cubic
nonlinear Schrodinger equation in dimension 3 is orbitally unstable but posses a stable
manifold of codimension 9.

We also would like to mention the works of Buslaev and Perel’'mann [BP95, BP92b,
BP92c¢, BP92a], Buslaev and Sulem [BS03, BS02], Weder [Wed00] or Krieger and Schlag
[KS05] in the one dimensional Schrédinger case. Krieger and Schlag [KS05] proved a result
similar to [Sch04] in the one dimensional case.

The result we present here, states the existence of a stable manifold and describes
the behavior of solutions starting outside of it. In fact, we prove the instability of the
stable manifold. We also prove stabilization towards stationary solutions inside the stable
manifold for H*" perturbation with s’ > 2. We have been able to obtain it since we impose
a resonance condition for the first eigenvalue, while in [Bou05], we assumed there is no
resonance phenomena.

This paper is organized as follow.

In Section 1, we present our main results and the assumptions we need. Subsection
1.1, is devoted to the statement of the time decay estimates of the propagator associated
with H = D,, + V on the continuous subspace. One is a kind of smoothness result, in
the sense of Kato (see e.g. [Kat66]), the other is a Strichartz type result. We prove these
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estimates with the propagation and dispersive estimates proved in [Bou05]. In subsection
1.2, we state the existence of small stationary states forming a manifold tangent to an
eigenspace of H. The study of the dynamics around such states leads us to our main
result, see Subsection 1.3, where we split a neighborhood of a stationary state in different
parts, each one giving rise to stabilization or instability.

To prove our main theorem, we consider our nonlinear system as a small perturbation
of a linear equation. More precisely in Subsection 2.2, we show that the spectral properties
of the linearized operator around a stationary state, presented in Section 2, permits to
obtain, like in the linear case, some properties of the dynamics around a stationary state.
Eventually, in Section 3, we obtain, with our time decay estimates, a stabilization result
for H* perturbation with s’ > 2. Contrarily to [Bou05], we do not restrict ourself to
localized perturbations. Our results are an adaptation to the Dirac case of some results
of Tsai and Yau [TY02d] and Gustafson, Nakanishi and Tsai [GNT04].

1 Assumptions and statements

1.1 Time decay estimates

We generalize to small nonlinear perturbations, stability results for linear systems. These
results, like in [Bou05], follow from linear decay estimates. Here we use smoothness
type and Strichartz type estimates deduced from propagation and dispersive estimates
of [Bou05]. Hence, we work within the

Assumption 1.1. The potential V : R? — S4(C) (self-adjoint 4 x 4 matrices) is a C>®
function such that there exists p > 5 with

C

3 3 o -
Va € N®, 3C > 0, Yz € R3, [9°V|(z) < (el

We notice that by the Kato-Rellich theorem, the operator
H:=D,+V

is essentially self-adjoint on C§°(R3, C*) and self-adjoint on H!(R3 C%).

We also mention that Weyls’s theorem gives us that the essential spectrum of H is
(=00, —m]| U [+m, +00) and the work of Berthier and Ggeorgescu [BG87, Theorem 6,
Theorem A], gives us that there is no embedded eigenvalue. Hence the thresholds +m
are the only points of the continuous spectrum which can be associated with wave of zero
velocity. These waves perturb the spectral density and diminish the decay rate in the
propagation and the dispersive estimates. Hence, we also work within the

Assumption 1.2. The operator H presents no resonance at thresholds and no eigenvalue
at thresholds.

A resonance is a stationary solution in Hi{f \ H'/2 for any o € (1/2, p — 2), where H,
is given by

Definition B.1 (Weighted Sobolev space). The weighted Sobolev space is defined by

HL(R®,CY) = {f € S'(RY), [[(Q)7(P)"fll2 < oo}



1. Assumptions and statements 129

for o,t € R. We endow it with the norm

11l = 14@)7(P) fll2-
Ift = 0, we write L2 instead of HY.
We have used the usual notations (u) = V14 u?, P = —iV, and Q is the operator of
multiplication by x in R3.

Now let
PC(H) = ]l(foo,fm|u[+m,+oo) (H)

be the projector associated with the continuous spectrum of H and H. its range. Using
[Bou05, Theorem 1.1], we obtain a Limiting Absorption Principle which gives the

Theorem B.2 (H-smoothness of <Q>71). If Assumptions 1.1 and 1.2 hold. Then for any
o0 >1and s € R, one has:

/R 16Q) " e P, () 6|2, dt < C [l (i)

| [emecm @ | <Ol )

\ | (@ e, (1) (@) F(s) s < ClFllpgpe, (i)
s<t LQ(R:HS)

Proof — We first prove (i). For s = 0, it is (see e.g. [ABAMGY96, Proposition 7.11] or
[RS78, Theorem XIII.25]) a consequence of the limiting absorption principle:

sup {[[(@77 (@ - 27 R @77} < o0 @)

Fz€(0,1

this follows from [Bou05, Theorem 1.1] for o > 5/2.Then we use Born expansion
Ry:(\) = Ry (A) = Ry (MV Ry (A) + Ry (VR (\)V Ry (A)

and [IM99, Theorem 2.1(i)] to conclude the proof for s = 0 and o > 1. For s € 2Z it
follows from the previous cases using boudedness of < H >*< D,, >7% and < H >7°<
D,, >% which follow from the boundedness of V' and its derivatives. The rest follows by
interpolation.

Estimates (i) and (ii) are equivalent by duality.

To prove estimate (iii) when s = 0, we notice, using the Fourier transform in time,
that it is equivalent to

~

/R<G()\)7<Q>U Ry (NP (H) (@)™ ﬁ()\)> dA‘ < CH@‘

a
L3 (R,L2(R3,C4)) H L3 (R,L?(R3,C*))

for any F,G in L?(R, L?(R3,C*). This in turn follows from the Limiting Absorption just
proved.

To state the next result, we need the
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Definition B.3 (Besov space). For s € R and 1 < p,q < oo, the Besov space B;’q(R‘g, Cc*)
is the space of all f € S'(R?,C*) (dual of the Schwartz space) such that

1
q
sy, = | D2 lles + Iy | < +oc
JeN
with ¢ € D(R™\ {0}) such that 3,y P(279¢) =1 for all £ € R3\ {0}, §;(¢) = p(2779¢)
for all j € N* and for all ¢ € R3, and py = 1 — > jen+ Pj- It is endowed with the natural
norm f € By ,(R*, C*) — | f| 5,
Using the Dispersive estimates of [Bou05, Theorem 1.2] and [KT98, Theorem 10.1], we

obtain the

Theorem B.4 (Strichartz-type estimates). If Assumptions 1.1 and 1.2 hold. Then for
any 2 < p.q < 00, 0.€[0,1], B € [~6/2,0/2] with (1 — 2)(1+ ) = 2 and (p,B) # (2,0),

and for any reals s, s’ with s'—s > a(q) where a(q) = (14+3)(1— %), there exists a positive
constant C such that

H —1tHP )Q;Z)HLP RBS ,(R3,C4)) < C‘|¢||Hs (R3,C%)> (1)

II/ M E(H)F () dillis < ONF |l g ot (g5 oy ()

—i(t—s)H

H /S<t e PH)F(s) sl gz s con < OVl g gy, oy ()

for any r € [1,00], (4,p) chosen like (q,p) and s+ 5§ > a(q) + a(q).

Proof — This is a consequence of [KT98, Theorem 10.1] applied to U(t) = e 1 P,(H),
using [Bou05, Theorem 1.2] and

(1+§ (-2 146/2
By, ” — (L*, By 4 " as(a20/2p).2
continuously for p > 2 (p #2if 6 =0) and 1/¢ =1 —1/((1 £ 6/2)p), which follows from
the proof of s|BL76, Theorem 6.4.5]. O

1.2 The manifold of PLS

We study the following nonlinear Dirac equation

{ iatw = H¢ + VF(¢) (3)
Q;Z)(O’ ) = p.

with ¢ € CH(I, H'(R3,C*)) for some open interval I which contains 0 and H = D, + V.
The nonlinearity F : C* — R is a differentiable map for the real structure of C* and hence
the V symbol has to be understood for the real structure of C*. For the usual hermitian
product of C*, one has

DF(v)h = R(VF(v), h).

If F has a gauge invariance (see Equation (1) or Assumption 1.4 below), this equation can
have stationary solutions i.e. solution of the form e "Ft¢y where ¢q satisfies the nonlinear
stationary equation

E¢o = Hpo + VF (o).
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Then we notice the Dirac operator D,, have an interesting invariance property due to its
matrix structure. This invariance can be shared by some perturbed Dirac operators and
gives a consequence of a theorem of Kramers, see [Par90]. Let us precise it, we introduce
K an antilinear operator defined by:

K<¢):(®¢)mm@:(9'ﬂ> )
X 02X i 0
The operator D,,, commutes with K. So if V' also commutes with K, we obtain that the

eigenspaces of H are always of even dimension. Here we work with the

Assumption 1.3. The potential V' commutes to K. The operator H := D, +V has only
two double eigenvalues Ao < A1, with {¢o, Kpo} and {p1, Ko} as associated orthonormal-
1zed basts.

We also need the

Assumption 1.4. The function F : C* — R is in C*°(R8,R) and satisfies F(z) = O(|z|?)
as z — 0. Moreover, it has the following invariance properties:

Vz e Ch VO eR, F(Kz) = F(z), F(e'2) = F(2).
We obtain the

Proposition B.5 (PLS manifold). If Assumptions 1.1-1.4 hold. Then for any o € R,
there exists Q a neighborhood of 0 € C2, a C* map

h: Qe {go, Koo} N HA(R3,C* N L2(R3, CY)

and a C*® map E : Q +— R such that S((u1,u2)) = uio + uaK ¢g + h((u1,us2)) satisfy for
allU € Q,
HS(U)+VF(S(U))=EU)SU), (5)

with the following properties
h((ur,u2)) = (|(u1 anldes + uz)lK) h(([(u1,u2)],0)), YU = (u1,uz2) € €,
hU) = O(|UP?),

B(U) = E(U)),
E(U) = Mo + O(U?).

Proof — This result is adapted from [PW97, Proposition 2.2] after the reduction due to
the invariance of the problem with respect to K. ]

Moreover, we have

Lemma B.6 (exponential decay). For any 8 € N*, s € R* and p,q € [1,00]. There
isy>0,e>0 and C > 0 such that for all U € Be2(0,¢) one has

QS (U)5s, < CISU)] 2,

3 . 918l
where 8(1“7”2) 981 Ru;1 052 Suq 0P8 Rua0P4 Sug |

Proof — This is like in [Bou05, Lemma 4.1], where we used ideas of [His00]. O
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1.3 The unstable manifold, the stabilization and the nonlinear scattering

Each stationary solution previously introduced has, like in [Bou05], a stable manifold.
Under the following assumptions, we can prove that the stable manifold is unstable, that
is to say that a small perturbation of a stationary solution starting outside of this manifold
leaves from any small neighborhood of this stationary solution. We work with the

Assumption 1.5. The resonant condition
[A1 = Aol > min{|Ao + ml, [Ao — m]|}

holds. Moreover, we have the Fermi Golden Rule

P(9) = lim (F(6)61,3 (H ~ Xo) + (A = Xo) — ie) " P(H)dF(6)d1) >0 (6)

e—0,

e>0

for any non zero eigenvector ¢ associated with Ag.

In this assumption, the notation d?F denotes the differential of VF.
Let us introduce the linearized operator JH (U) around a stationary state S(U):

H(U) = H + d*F(S(U)).

We notice that the operator H(U) is only R-linear but not C-linear. Hence we work with
the space L?(R3,R* x R*) instead of L?(R3,C*) by writing

(30)

instead of ¢. The multiplication by —i gives the operator

(0 —Ipa
J_<IR4 0 >

Now we mention some spectral properties of JH(U) in L?(R3,R* x R*) which are
needed to state and to understand our main theorem. These properties will be proven in
subsection 77 below.

The operator JH(U) has a four dimensional geometric kernel and four double eigen-
values E1(U), Ey(U), —E1(U) and —E1(U) with RE{(U) > 0.

The eigenspaces associated with F1(U) and E1(U) are conjugated via the complex
conjugation, we will work on the real part of their sum: H}F(U ), we introduce a basis
(&i(U))i=1,....a of HL(U).

The same holds for —F;(U) and —F;(U) and working on the real part of the sum of
the associated eigenspaces : ‘HL (U), we introduce a basis (&i(U))i=s,. g of HL(U).

The rest of the spectrum is the essential or continuous spectrum. We write H.(U) for
the space associated with the continuous spectrum. The space H.(U) is the orthogonal
of the previous eigenspaces with respect to the product (f,g) — R (f, Jg}Lg(R;,»’CAL). We
introduce H%(U) the intersection of H. = H.(0) with

. —1
{% (H — B(U) + A1 — Ao — ;F<S<U>>> PF(S(U)|U| (ﬁUl‘f@ + |UU;K> o1,

1
YU = (uj,ug) € (CQ} .
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The space H.(U) is isomorphic to H,(U). The isomorphism is the orthogonal projector
onto Hg(U) with respect to the product (f,g) — R(f,Jg) 2(rs cs) and this projector is
bounded from HZ(R3,C*) into itself for any reals s and o.

We can state our

Theorem B.7. If Assumptions 1.1-1.5 hold. Then, for s’ > 3 +2 > 2 o > 3/2, there
exist € > 0 and a continuous map r : Be2(0,¢e) — R with r(V) = O(T(V)), such that for
any initial condition of the form

Yo = S(Vo) + & + A-&(Vo)
with Vo € Be2(0,€), &0 € He(Vo) N By (0,7(V)) and A € C*, the following holds.
(i) For the set
S={(V,€); V € Be2(0,¢), £ € He(V) N By (0,7(V))}

endowed with the metric of C2x H¥ | there exist C > 0, V a neighborhood of (0,0) in
S, and a smooth map ¥ : V +— C* with graph CM and ¥(-,0) = 0 and ||¥(0,0)]|
|DY(0,0)| =0 such that if (Vo,&) € V if A=V (Vy,&), we have:

(a) there exists a unique solution 1 of (3) with initial condition 1y and this solution
is in C (]R, H) nct (] — T +oof, HY 1 (R?, (:4)),-
there exist open neighborhoods of (0,0) in S and bijective maps
b) th VE hborhoods of (0,0) in S and b
(VO;£O) eEVi— (V:I:oo;gzl:oo) S Via

such that

Vi = Vol < ClléolI s lézoo — ol < C Vol ol
and for allt € R

Q;Z)(t) _ e—ifg E(V(v)) de(V(t)) + €JtE(Vi°°)€JtH(Vi°°)§iOO + 8i(7§)

with V € LY(R*) for all q € [1,00], im V(1) = Vi,

e { el ot ) » el ey lewlague o ) } < C Vol ol

and
i e (6)] 7 = 0.

(ii) For
S’: = { (U,2z,p); U € Be2(0,¢), z € He(U) N By (0,7(U)),

p € Bgrs(0,7(U)), with p; =0 fori= 1,...,4}



134 CHAPITRE III. Sur la stabilité asymptotique dans un cas résonnant

and

S_ = { (U,z,p); U € Be2(0,¢), 2 € He(U) N By (0,7(U)),

p € Brs(0,7(U)), with p; =0 fori :5,...,8}

endowed with the metric of C2 x H¥ x RS, there exist neighborhoods W4 of (0,0,0)
in Sy and smooth maps ®1 : Wy +— C* with ||®+(0,0,0)|| = ||®+(0,0,0)| = 0,
(P4(-,-,p); =piifi=5,...,8, (P_(-,p));, =pi ifi=1,...,4 and

(a) if A€ DL (W) and A & ¥(V) then there exists a unique solution v of (3) with
initial condition 1y and for any small neighborhood O of S(Vy) containing 1y,
there exist t4 (o) > 0 such that ¢ is in

C ([—t+; +oo), H (R?, <c4)> nct <(—t+; too), H L (R?, @4))
( resp.
¢ ((—o0t-], H* (R, Ch)) nC* (oot ), HY 7 (RP,CY))),
and
distz2((t),CM) = O(e™") ast — +00  and  P(FtL) ¢ O

where 7 is in a ball around 1/2T(S(Vy)), the radius of which is O(|Up%));

(b) if A& &L (WT)UP_(W_) then there exists a unique solution v of (3) with
initial condition 1y and for any small neighborhood O of S(Vy) containing g

there exist t4 (1) > 0, t_(v9) < 0 such that ¢ is in C ([t_;t+],H5, (R3,(C4)> N
ct ((t_;t+),H5,_1(R3,C4)>, and we have Y(t4) ¢ O and Y(t_) ¢ O.

The first part of this theorem shows, as in [Bou05], that perturbations in the direction
of the continuous subspace, except four directions, relax towards a stationary solution.
We have excluded four directions in the continuous subspace, which, due to resonance
phenomena, induce orbital instability. The second part of the theorem tells us what
happens for perturbations in the directions of an excited state and in the four directions
of the continuous spectrum for which we haven’t proved stabilization. We thus study eight
directions: four of them give a manifold on which there holds exponential stabilization in
positive time and orbital instability in negative time, while the four others give a manifold
on which there holds exponential stabilization in negative time and orbital instability in
positive time. Outside these manifolds, we have orbital instability in both negative and
positive time.

Remark B.7.1. We can also obtain expansions of the form (t) = e=iJo E(V(v) WS (Ve)+
e ety (t) orap(t) = e~ilo E(V(©) WG (Vi) +e tPmey ey (t) with the same conclusion
but we will only have ||E400 — &oll o < Cll&0|l s »

max{ ”5i||Loo(Ri,Hs’) ) HgiHL?(Ri,Hjo) ) ||€i||L2(R:{:’B£O’2) } < C”§0||Hs/-
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Notice that when Vo = 0 then £ = 0 and p = 0 so the theorem do not say anything for
this case. In fact, the charge conservation gives the orbital stability of 0. But one cannot
obtain asymptotic stability since we can build a manifold of stationary states tangent to
the eigenspace associated with A1 similarly to Proposition B.5.

2 Linearized operator and exponentially stable and unsta-
ble manifolds

We study the dynamics associated with (3) around a stationary state. We will use spectral
properties of the linearized operator around a stationary state.

2.1 The spectrum of the linearized operator

Here we study the spectrum of the linearized operator associated with Equation (3) around
a stationary state S(U). Let us introduce

H{U)=H +d*F(S(U)) — E(U)

where d?F is the differential of VF. The operator H(U) is R—linear but not C—linear.
Replacing L?(R3,C*) by L?(R3,R* x R*) with the inner product obtained by taking the
real part of the inner product of L?(R3,C?%), we obtain a symmetric operator. We then
complexify this real Hilbert space and obtain L?(R3, C* x C*) with its canonical hermitian
product. This process transforms the operator —i into

(0 Idgs
J(—Id@; 0 )

For ¢ € L?(R3,R* x R*) ¢ L?(R3,C* x C*), we still write ¢ instead of

Ro
(3)
The extension of H(U) over L*(R3,C* x C*) is also written H(U) and is now a real
operator. The extension of K is also written K.
The linearized operator associated with Equation (3) around the stationary state S(U)
is given by JH (U). We shall now study its spectrum.
Differentiating (5), we have that for U = (uq, u2)

0 0 0 0
Ho(uy,uz) = Span{a%mS(ul,uQ), @S(ul,w),mswl,uz), MS(Ul,UQ)}

is invariant under the action of JH (U). Using the gauge invariance, we notice that S(U) €
Ho(U) and differentiating (5), we obtain for any 3 € N* with |3| = 1:

JHU)JSU)=0 and JHU)ILSU) = (9pE)(U)JSU).

The space Hy(U) is contained in the geometric null space of JH(U), in fact it is exactly
the geometric null space as proved in the sequel.

Now we state our results on the spectrum of JH(U). The first deals with the excited
states part. We have the
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Proposition B.8. If Assumptions 1.1-1.5 hold. Then there exists a map Eq : Be2(0,e) — R
with

SE(U) = (M — E(U)) +O(|[U]*)

REL(U) =1/2T(S(U)) + O(|U|%).

such that E1(U), E1(U), —E1(U) and —E1(U) are double eigenvalue of JH(U). For any

1
s € R, there exist smooth maps k¥ : Bg2(0,¢) — {( Qj; )} N H?® such that
—191

k+(U)

(1 = B + B ) P @RS (e + 2k ) () @)

is o(|U|?) in B(L?,) for any o € R. For

U1

Tdgs + ;LU%"K> < _‘f;l > + ke (D),

we have

o {&,(U),KP(U)} is a basis of the eigenspace associated with E1(U),

o {<I>+(U), K<I>+(U)} is a basis of the eigenspace associated with E1(U),

o {O_(U),KP_(U)} is a basis of the eigenspace associated with —E1(U),

. {<I>_(U),K<I>_(U)} is a basis of the eigenspace associated with —E1(U).

Moreover for any 3 € N*, s € Rt and p,q € [1,00]. Thereisy >0, >0 and C > 0 such
that for all U € Be2(0,¢), for

&) € {0,(V), KO, (), 8, (U), K&, (U), & (U), K& (U),d(U), Ko (1) |
one has
1 QAW ||, < CISO) |2, (8)

918l
AP1 Ruq 872 Su1 0P1 Rua 802 Sug

where 35171@ =

Proof — Using Weyl’s sequences, we prove that the essential spectrum of JH (U), for small
U, is the essential spectrum of JH. So z with non zero real part is in the spectrum of
JH(U) if and only if it is an isolated eigenvalue. The equation to solve for excited states
is:

(JHU) - 2)¢ = 0. (9)

Since the proof is similar for all cases, we restrict the study to solutions the form ¢ = S1+1n
where S] is the normalized eigenvector:
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and 1 € {S;}*, the orthogonal relation is taken in fact with respect to J, but since
JS1 =181, we can take it in the standard way. We obtain the equation

n=(JH —2)" L W(U) {81 +n} (10)

with P{- the orthogonal projector, with respect to J, into {S;}* and W(U) = JH(U) —
J(H — E(U)). We remark that {S;}* is invariant under the action of J(H — E(U)). To
solve this equation in 7 for a fixed v and z, we notice that if

Rz > 0 and [Sz| > m,

the series

k(U,2)=(JH—2)"" P-Y (—W(U) (JH —2)* Pll)k W(U)Sy,
k>0

is convergent for sufficiently small |U| using the Limiting Absorption Principle (2). Hence,
we have a solution of (10).
Then we solve the equation in z, we obtain from Equation (9) the equation

(JH(U) = z) ¢,51) = 0.
With ¢ = 51 + k(U, z), we infer

2 = (JH(U)S1,S1) + (JHUE(U,2), S1)
= i()\l — Ao) + <W(U)Sl, Sl>

+3 <JH(U) (JH — 2L Pt (—W(U) (J(H — EU)) — 2)"" Pf)k W (U)Sy, Sl>
k>0
= i\ = Ao)

+(W(U)SL,81) + ) <P% (-w@) G - BE) -2 ) WS, Sl>
k>0

+> < (W(U) —2) (J(H — BU)) — 2)"* Pi x

k>0

< (~W ) I - B0) -7 R WS, 51>.

Since Pi-S; = 0, we introduce the function
f(z) =1(A1 = o) + (W(U)S1, 51)

+y <W(U) (J(H — EU)) — 2)"' Pt (—W(U) (J(H — B(U)) — 2)"" Pf)k W (U)S1, sl> .
k>0

Since JS1 = —iS; we obtain that ® (W (U)S1,S1) = 0, so with the Limiting Absorption
Principle (2), we have

RF(z) = R(WU)(J(H - BQU)) - 2)" PEWU)S1,81) + O(U")

= S(dF(SU)) ((H - BU)) + 2J) " PEPF(SU)S1, 81 ) + O(U[)
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using (6) and
(H—-EU))+2zJ)"" =
1

5 (((H = BW) =)™ (g2 +10) + (H = EW)) +i2) ™ (Ie2 = 1))

we obtain
<) <d2F(S(U)) (H — E(U)) + 2J) L d2F(S(U))S), Sl>
S (PF(SW) (H = BU)) = i2)" @F(SU)S, )

+

l\D\HL\’)M—A

) <d2F(5(U)) (H - B(U)) +iz2) ' 2F(S(U))S1, S1
+9 <d2F(S(U)) ((H = E(U))* + = ) L Jd2F(S(U))S, 51> ,
and so

S <d2F<s<U>> ((H = B(U) + (M — Xo) +0) 1) d*F(S(U)S1, 51 )

) <d2 (S(U)) (H — E(U)) + (A — Ao) — i0) "L d2F(S(U))S1, 51>

l\.’)\»—l

Using Assumption 1.5, the local limiting absorption principle (2) and regularity results of
[GMO1][Theorem 1.7], we obtain

Rf(z) =1/20(S(U)) + O(|U|°)

for z in a ball of radius of order |U|? around i (A; — A\g) and for small U. We also prove
by the same way

Sf(2) = (A = Xo) + O(IU)
for z in a ball of radius of order |U|? around i (\; — A\g) and for small U.

So we have proved that for sufficiently small U, f leaves a ball around i(A; — Ag) +
1/2T°(S(U)) invariant and is a contraction. Therefore, we have a fixed point E;(U) of each
U. Then we choose ki (U) = k(U, E1(U)). Using the complex conjugation, we obtain the
eigenvalue F1(U) and its associated eigenspace.

To obtain —FE1(U) and —FE1(U), we notice that E1(U) and E;(U) are eigenvalues of
(JH(U))*. Hence using the symmetry : J(JH(U)) = —(JH(U))*J, we show that any
eigenvector ¢ of (JH(U))* associated with A, J¢ is an eigenvector of JH (U) associated
with —\ and this gives k_.

The exponential decay works like in Lemma B.6 O

We introduce H[(U) is the intersection of H, with

. —1
{% <H —BE(U)+ A — X+ ;F(S(U)))d2F(S(U))|V|< ’V|IC4 + MK)( _f;l )
iy
YV = (1)1,1)2) S CQ} s

and P!(U) the orthogonal projector with respect to J onto H,(U). The following result
deals with the essential spectrum of our linearized operator.
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Proposition B.9. If Assumptions 1.1-1.5 hold. For any sufficiently small non zero U €
C2, let

H1(U) = span {<I>+(U), Ko (U), o (U),K®,(U),_(U), K®_(U), d_(U), K@_(U)} .

The orthogonal space of Ho(U) @ H.(U) with respect to the hermitian product associated
to J
He(U) = {Ho(U) & Hu(U)}*

is invariant under the action of JH(U).
We have for U' € Bez(U, €), with sufficiently small € > 0, that

PZ(U”'HC(U’) : HC(U,) — HZ(U)

is an isomorphism and is a bounded operator from HE(R3,C®) to itself for any reals s
and o, the inverse R"(U',U) is continuous with respect to U and U’ for these norm.

We also have for P.(U), the orthogonal projector onto H.(U) with respect to J, and
for U’ € Be2(U, €), with sufficiently small € > 0, that

PC(U)‘HC(U’) 1 He(U') = He(U)

is an isomorphism and is a bounded operator from HE(R3,C®) to itself for any reals s
and o, the inverse R(U',U) is continuous with respect to U and U’ for these norm.
Moreover, we have

/ Q)7 HOP (U2 ds < Clll3. Vi € L. (11)
R

and Ho(U) contains no eigenvector. We also have
[PV < Cllella, Ve € R, Vo € L2 (12)

Proof — We prove that there is no other eigenvector, by proving that smoothness estimate
(11) takes place over
He(U) = {Ho(U) & Ha(U)} .

First we prove that
Pc((U))|HC(U,) : He(U') = He(U)

is an isomorphism. To prove it, we exhibit an inverse R(U’,U) which is of the form

R(U',U) = Id+ Z | (U, U)) (J&(U)]

where & (U) is a basis of the eigenspaces of JH(U) and a;(U’",U) € {&(U) + (HC(U’))L}H
Hc(U). Such a « exists because this constraint reduce to invert a Gramm matrix when
U = U’ and a small perturbation of such matrices if for U and U’ close one to each other.
One then check that R(U’, U) sends Hc(U) in Hc(U’) and is the inverse of Pe((U))|y, 1r)-
The boundedness of R follows from the exponential decay of eigenvectors and their deriva-
tives, the continuity of R follows from the contiuity of the eigenvector with respect to the
parameters U and U’ see Proposition B.8, the paragraph above and Proposition B.6.
The statement for Pc(U)"|5, ;) follows by the same way.
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Therefore since R(U,U)PL(U)P.(U) = P.(U).

Q)= HWIP (U
= CQ) "R, U)PLU)HIP (U)y||
< Q) RU,U)PLU)e H=EUIP (U)o

/ Q)™ R(U,U)PL(U)e = H=EUN DY F(S(U))e* TP (U)y| ds

IN

) TR(UUNQ)IIKQ)~PLU)e H=FOIP(U)y)|
+C!Z! K@) R(U, UNQ)|| %

/II TOPL(U)e IIEEON Q)= (@) e TP (Ul s (13)

Using estimate (i), we obtain the estimate (11) for U sufficiently small:

[ @ e OP @ as < ol

Hence there is no eigenvector in the range of P.(U).
Using the inequalities (13) and the conservation law for H, we prove the estimate (12).
O

We obtain immediately the

Proposition B.10. Suppose that Assumptions 1.1-1.8 and 1.5 hold. Then the space
Ho(U) is the geometric null space of JH(U).

2.2 Stable, unstable and center manifold

We can now obtain results similar to those of Bates and Jones [BJ89].

We have that JH(U) as an operator in L?(R3 R®) is a closed densely defined oper-
ator that generates a continuous semigroup on L?(R3,R®). The spectrum of JH(U) in
L?(R3,R®) is the same as JH(U) in L?(R3,C8) and so it splits in three parts:

0o(U) = {\ € o(JH(u), A < 0} = {~E1(U), ~Ea(0) |
oc.(U) ={A € o(JH(u)), RA =0} =i{R\ (-E(U),EU))}
oo (U) ={\ € o(JH(u)), RA > 0} = {El(U),El(U)}

each one is associated with a spectral real subspace

X,(U) = spang {R®_ (), 30_(U), KR®_(U), KSD_(U)}
Xu(U) = spang {R®4 (U), 3P4 (U), KR®, (U), K324 (U)}
Xc(U) = RHo(U) & RH(V)

where we used the notation R¥ = (1/2) (¥ 4+ ¥) and S¥ = —(i/2) (¥ — ¥) and RX =
{RY¥,¥ € X}. The spaces Xs(U) and X, (U) are finite dimensional. Let us write 7¢(U),
m5(U) and 7%(U) for the projector associated with the decomposition X.(U) & X(U) ®
Xu(U). Since the eigenvectors belongs also to HS for any s,o € R, the projector P.(U)
and 7¢(U) can be defined in HZ for any (s,0 € R. We can hence defined an extend the
spaces H.(U) and X.(U) to HS for any s,0 € R. We have the
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Lemma B.11. If Assumptions 1.1-1.5 hold. Then there exist C1,Co > 0 such that for
all t € R, we have

Cle—'y(U)t < HetJH(U)ﬂ's(U) st < CQG—A/(U)t, (14)

Cle'y(U)t < HBtJH(U)ﬂ'u(U) < Crze'y(U)t7 (15)
B(H3)

[ Ome @), < ot (16)

for some power r, for any s,o € R and where v(U) = RE;(U).

Proof — The statements for the spaces X*(U) and X" (U) follows from (8).

The statement about X¢(U) is a few more complicate. We are not looking for an
optimal r. Using the fact that for s € R, < H >°< D,, >7% and < H >7°< D,, >*
are bounded in L?, we reduce the study to the case s = 0. First, let us prove the result
for e HPm+V) in L2 with o € 2N, the general case follows by duality and interpolation.
In fact, the result in this case follows from iterating several times the proof of [Tha92,
Theorem 1.3], which is based on the charge conservation.

Then for e!/H (U)WC(U) follows by the same way using also the charge conservation
of e/HUIP,(U) (see (12)) and the fact that e/HU)S(U) = S(U), etJH(U)ﬁgS(U) =
O S(U) + td) E(U)S(U) and Lemma B.6. O

By now we do not restrict to the norm of L?(R?, R®), we extend our study to H2(R3, R®)
for any s,0 € R, but we still write H.(U) and X.(U) for the extensions of these spaces to
HE(R3R8) for any s,0 € R.

We now study the behavior of the solutions in HS of (3) centered around S(U):

ohp=JHU)p+ JN(U,¢) (17)

where H(U) = H + d*F(S(U)) — E(U) and N(U,¢) = VF(S(U) + ¢) — VF(S(U)) —
d*F(S(U))¢ and d?F is the differential of VF.
In this subsection, we study a modified equation which coincides with (17) as long as
the solutions stays small:
d = JH(U)$ + IN.(U, 9) (18)

where N.(U,n) = p(e~1n)N(U,n) and p is a smooth function with compact support around
0.
We state the

Proposition B.12 (Center-Stable Manifold). If Assumptions 1.1-1.5 hold. Then for any
sufficiently small non zero U, there exists around S(U) a unique invariant smooth center-
stable manifold W (U) for (18) build as a graph and tangent to S(U) + X (U) & X(U)
at S(U).

Any solution ¢ of (18) in the neighborhood of S(U) tends ast — —oo to W (U) with

dist(p(t), WS(U)) = O(e™) as t — —o0

for any v € (0,v(U)) and for any sufficiently small neighborhood V' of S(U) any solution
in'V not in W (U) leaves V in finite positive time.
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Remark B.12.1. If we only consider small solutions, we obtain a locally invariant man-
ifold for the equation (17), that is to say that for any initial condition in the manifold
there exist an associated solution of (17) which stays in this manifold in a small interval
of time around 0.

Proof — Our proof is an adaptation of the one of Bressan [Bre| and we refer to it for more
details. First we prove that there is a global solution of the equation (18) which do not
grow much as t — 4+00. We look for solution as a fixed point:

y(t) = G=(vo, y)(t)

for any yo € X5(U) @ X.(U) where for small positive e

t
(s m) (1) = /MWy 4 [t IN(U,n(s) s
0

t +0oo
+ [l O @ IN () ds = [ IO @) INV.n() ds
0 t

when t > 0 and

0
G-(yo,n)(t) = e/H W)y, + / e=STHW) 28U JN(U, n(s)) ds
t

0 +oo
+ / =T HWU) e (1) JN. (U, n(s)) ds — / =T HWU) 2 (1) INL (U, n(s)) ds
t t

when ¢t < 0, with 7%(U) the projector into X*(U) with respect to the decomposition
@*G{c,s,u}X*(U)'
Let us introduce for v(U) = RE;(U) and any I" smaller than (U ), the space

Yo = {n: R L2R%,CY, 30 > 0, [n(t)]z <™, vt € R).

For sufficiently small € > 0, the map G. (o, ) leaves Y invariant and is continuous for the
norm

y = sup { [(0) ]2~}
teR

Moreover, it is a strict contraction for sufficiently small U and € > 0. In fact, € is a
o(y(U)). This proves the existence of the fixed point y.

Then we fix h{7(yo) = y(0) — yo. The invariance of the graph of h{7 by the flow is
immediate.

Now we prove the smoothness property. In fact N.(U,n) is [ times differentiable in 7
from Y7 to Yp if (I+ 1)IY < T and G. is [ times differentiable from X.(U) @ X (U) x Yp»
to Yp if 201" < T, see [Bre]. We introduce the family y,, satisfying

ny = 0 and Mn+1 = ga(y0777n)’

This sequence converge to y in Yr. Moreover, as functions of g, the convergence is uniform
in Yp on bounded sets of X4(U) & X.(U).

We want to prove that the sequence of their derivatives of order k with respect to 7
also converges in Yr on bounded sets for any I' < (U). We prove it by induction in k.
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So suppose that (871, )nen is converging in Yr for all j < k and any I' < 4(U). Then we
have that (see [Bre])

377n = ags(yOa"?nfl) =L+ M (817N€(U7 nnfl)anm)
8k77n = 3kgg(yo, 77n71) =M (anNs(Ua nnfl)aknnfl + \Ilk('r]nflv ceey 8k_177n71)> s vk > 2
with L = et/2U) and
t “+oo
(Mn)(t) = — /0 =9 THWU) 2es (17 J(s) ds + / U= THW) p(17) I (s) ds
t

and ¥, a smooth function of k parameter. Hence since M o 0,N.(U,y,—1) is a strict
contraction in Y for sufficiently small € and U (once more € is a o(y(U))), this proves the
convergence of the sequence of k-th derivatives in Y1 on bounded sets for any I' < ~(U).
Hence the sequences of derivatives of (1, ),ecn in Yr on bounded sets for any I' < v(U). This
gives the differentiability at any order of y(0) = h(yp). This also gives, since N(U,n) =
O(|n|?) around zero, that h(yo) = O(|yo|?) around zero.

Now we want prove that W (U) is attractive in negative time. In fact W (U) is the
graph of a smooth function h : X — X“(U). Let n be such that S(U) + 7 is a solution
of (3), we have

o =JHU)n+ JN(U,n).

n=y+r=y+hly) +z

with y = 7¢(U)n and we have the following equation for z
Oz=JHWU)z+ M(U,y, z)

where

M(U,y,z) =7 (U){JNU,n) = INU,y + h(y))}
— Dh(y)m*(U){IN(U,n) = IN(U,y + h(y))} -

Using Duhamel’s formula, we obtain

t
2(t) = "W z(0) + / =ITHOIN(U, y(5), 2(5)) ds
0

We obtain
t
Iz()] < @ 2(0) +C/ O MU, y(s), 2(s))|| ds
0

and so for v € (0,7(U))

ez < 1z0)] + ClU| sup {e™ ||2(s)[|} + o sup {77 [[2(s)II})
s€[0,t] s€[0,t]

where C' do not depend of U and z. Hence if z(0) is small, we have that there exists ¢ > 0
such that ||z(¢)|| < cet for all ¢ < 0.
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Now choose V' a sufficiently small neighborhood of 0 and ¢ a solution of (18) initially
in V but not in W (U). Suppose it stays in V in positive time. We obtain that ¢ € Yr.
We have

o(t) = 1O (7°(U) +7(U)) $(0) + / e IO () IN(U, 0(s)) ds
0
n /Ot e s HW) e (U)IN.(U, ¢(s)) ds
4 etJH(U)Wu(U) (y(O) n /00 e_sJH(U)(U)JNE(U, o(s)) ds)
0

_/ e ST HW) zu (1) JNL(U, ¢(s)) ds.
t
with

$(0) + /Ooo e~ HUNU)JN(U, ¢(s)) ds # 0.

Hence we obtain with (15), that ¢(¢) exponentially tends to infinity in norm. This is a
contradiction so ¢ leaves V in finite time. ]

Then reversing the time direction that is to say replacing H by —H and F' by —F,
we obtain with this theorem a locally invariant center unstable manifold with the corre-
sponding properties:

Proposition B.13 (Center-Unstable Manifold). If Assumptions 1.1-1.5 hold. Then for
any sufficiently small non zero U, there exists around S(U) a unique smooth invariant
center unstable manifold W (U) for (18), build as a graph and tangent to S(U)+X.(U)&®
X, (U) at S(U).

Any solution ¢ of (18) in the neighborhood of S(U) tends as t — +oo to W (U) with

dist(p(t), W(U)) = O(e™ ") as t — o0

and for v € (0,7(U)), for any V sufficiently small neighborhood of S(U) any solution in
V not in W(U) leaves V in finite negative time.

We can build by the same way a center manifold which is the intersection of the two
previous:

Proposition B.14 (Center Manifold). If Assumptions 1.1-1.5 hold. Then for any suf-
ficiently small non zero U, there exists around S(U) a unique smooth invariant center
manifold We(U) for (18), build as graph and tangent to S(U) + X (U) at S(U).

Moreover, we have We(U) = W(U) N W(U) and WE(U) contains the part of the
PLS manifold which is in a neighborhood of S(U).

Proof — We build the center manifold with the same method as in the previous cases. We
can also build a center-unstable manifold inside center-stable manifold. More precisely,
let hi; : X.(U) @ Xs(U) — X, (U) be the map defining center-stable manifold and Ay, :
X (U) ® Xyu(U) — X (U) be the map defining center-unstable manifold. A solution
y=SU)~+yc+ys +yu with y. € X, (U) for x € {¢, s,u} is in the center-stable manifold if
Yu = h{;(ye, ys). Hence to obtain a center-unstable manifold inside center-stable manifold
one has to solve, for each y., the equation

Ys = by (Ye, R (Yer Ys))
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this could be solve inside a small ball for small y. and small U by means of the fixed point
theorem, since hj;(ye, 2) is a O(|yc|* + |2|?) around zero for * € {s,u}.

By the same way, we can also build a center-stable manifold inside the center-unstable
manifold.

Using the uniqueness of the center manifold, we obtain that this two manifolds are
equal to the center manifold and W¢(U) = W (U) N W (U).

Then any stationary states in a small neighborhood of S(U) converges to W (U) and
We(U) using the stabilization results of the previous lemmas. Hence, we have that it
belongs to We(U) N W (U) = We(U). O

Remark B.14.1. We notice that in the previous proofs we obtained € as a function of U

and this function is O(y(U)).

In the following section, we precise the dynamic inside the center manifold.

3 The dynamic on the center manifold

In this section, we prove that the dynamic on the center manifold around S(Vp), for small
non zero Vj, relaxes towards the PLS manifold. To this end, we use Theorem B.2 and
Theorem B.4 about the time decay of the propagator associated with H.

3.1 Decomposition of the system

Like in [Bou05], we decompose a solution ¢ € W€¢(V}) of the equation (3) with respect to
the spectrum of JH(U), with U specified in the sequel, and we study the equations for
these different parts of the decomposition.

For any solution of (3) over an interval of time I containing 0, we write for ¢ €

(1) = e o FUEDds (S(U (1)) + (1)) .

where 1 € Hp (U) and

0 0
Hé‘(ul,@@) = {77 € LQ(R37C8), <J17, mS(ul,u2)> = <J77, mS(ul,u2)>

0 0
= <J"7, (%S(U1,U2)> = <J777 MS(U17u2)> = 0}7

we notice that the orthgonality is taken with repsect to J. In fact, we have
Hy (U) = Ha(U) & He(U)

which is invariant under the action of JH (U). We recall that H1(U) is defined in Propo-
sition B.8 and H.(U) in Proposition B.9. We impose the orthogonality condition

n(t) € Hy (U(1)). (19)

So we want to solve the equation

i = {H—EU)}n+{VF(SU)+n) - VFSU))} - idSU)U

= {H+ ®F(S(U)) - E(U)} 1y + N(U,5) — S0 (20)
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for n € Hg (U(t)). Here d*F is the differential of VI and dS the differential of S in R2.
To close the system, we need the equation for U. This follows from the condition

(n(t), JdS(U(t))) = 0.
After a time derivation (like in[Bou05]), we obtain the desired equation:

U(t) = =AU (1), n(O)}(N(U(t),n(t)), dS(U(t))).
where
AU, n) = [(JdS(U),dS(U)) — (Jn,d*S(U))] ™
the matrix [(JdS(U(t)),dS(U(t))) — (Jn(t),d*S(U(t)))] is invertible for small |U(¢)| and

In(t)]]2 since we have

(as(Ue), s ) - (nenasOon = () %) +owl+ o).
Lemma B.15. For any s,s',0 € R and p,q € [1,00], let
S(Vo,e) = {(U, 2); U € Bea(Vo,€), 2 € Ho(U) BHg/(O,e’)}

There exist £,/ > 0 and a unique map g : S(Vp,e) — B;,q(R?),(C“) which 1is smooth
and such that for all (U,z) € S(Vb,e), g(U,z) € H1(U), z + g(U,2) € Ho(U)*, and
SWU)+z+g(U,z) € W¢(Vy). Moreover, we have g(U,0) = 0.

Proof — if h¢ is the function for which W¢(Vj) is the graph. Any ¢ € L?(R3,R®) can
be written in the form S(Vp) + U - DS(Vy) + € + p where p € H1 (Vo) and € € Ho (V).
It can be also written in the form S(U) + z+r r € H1(U) and z € H.(U). These two
decompositions in fact defines two bijective smooth maps in sufficiently small sets. We
write U for the first and ® for the second. Then f = ¥ o ®~! has 3 components following
the decomposition Ho(Vo) & Hi1(Vo) ® He(Vo), we write them (fi, f2, f3). Then g is the
solution of the implicit function in r

F(U,Z,T’) = fQ(U,Z,T) - hc(fl(U,Z,T),fg(U,Z,T)) =0

which can be solved by solved by the implicit function theorem in H, gl for 5,0 € R since
0rF(Vp,0,0) is invertible from H;(Vp) to itself because 0, f2(Vp,0,0) is invertible from
H1 (Vo) to itself and 0,h.(0,0) = 0.

The smoothness of g follows from the fact that g(U, z) € H1(U) and (8).

The last assertion follows by the fact that around S(V}), the PLS manifold is contained
in center manifold associated with S(Vp). O

Hence decomposing 1 with respect to the spectrum of JH(U), we write

n(t) = g(U(t), 2(t)) + 2(t)
with z € H.(U) N L*(R3,R®). We obtain the system
{U = ~ AU (N (U, ), dS(U))
Oz = JH(U)z + P (U)JN(U,n) + (dFe(U)) AU, n){N(U,n),dSU))n
with
n(t) = 2(t) + 9 (U(#), 2(1)) -

We notice that this equation is defined only for z small with real values and U small. We
now study this system.
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3.2 The stabilization towards the PLS manifold

We now show that any solution of (3) which belongs to the center manifold W¢(V})
stabilizes as t — +o0o towards the manifold of the stationary states inside W¢(Vp). The
proof for ¢ — —oo is similar. To this end, we will use Theorem B.2 and Theorem B.4 to
prove that z tends to zero in some sense.

Let us define for any €, § > 0

U(e,8) = {U € C¥(R, Bea(Vo,2), 1l yzeey < 02}

and for any U € U(e), let §', B be such that s > 3+2 > 2 and o > 3/2,
Z(U,8) = {z € C™(R, L*(R3,R?)), z(t) € H(U(t)),

max HZHLOO(R7H5I)7 HZHL2(R,H2’J)’ ”'ZHL2(R73<€O,2)} < 5}7

and ¢, ¢ are small enough to ensure that for U € U(e,d) and z € Z(U, J)
SWU)+z+g(U,z) e W(W).

where ¢ is defined by Lemma B.15.

3.2.1 some useful lemma

We will need some technical lemmas, which we collect here.

Lemma B.16. If Assumptions 1.1-1.5 hold. Let 0,0’ € R, s > 1 and p,p1,p1,p2,q €
[1,00] such that

+t;2—+—2

K=

1 1
b1 b2

K=
wl @

and
1 S 1

-+ - > =
p 37 m

Then there exist € > 0 and C > 0 such that for all U € Bc(0,¢) and n € By, ,(R*,R%) N

L>(R?, R®) with (Q)°n € Bs, ,(R* R®) and (@Q)'n e thq(R:)',RS), we have

QY N(U,m) gy, < C (s, F|U T+ [l ) U] ] e (@)

S
Bﬁpq

+C (5. B U1+ 0l eris, ) 003 1@l s - (21)
Proof — We recall the definition
N(U,n) = VF(S(U) +n) = VF(S(U)) = d*F(S(U))n.

We have o
N(U, ) = / / BE(SU) +00n) -1 O d6'do),
0 0
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or

1 1
N(U,n):/o /0 dB*F(S(U))-n-0ndd’do

1 1
+ / / d*F(S(U) +6"0'0n) - 0'6n -1 - nde" e’ db,
0 0

Then we use for s € R* , p, p1, p2, € [1,00] such that % +5> >

%\»—'

141
P10 P2

luvllss,, < Cllullsg, ,llvls;

p,.q — p1.9 P2q

and for s > 1, we use [EV97, Proposition 2.1]

ld*F()ll5;,, < C (s, F W]l ) [0l

p2,.9 — P2‘1

for k = 3 or k = 4 and d*F(z) = O(|z]), otherwise we decompose d*F(z) = A + O(z|)
where A is the constant operator.
Eventually using Lemma B.6 and

l@ <l 1K@l 5, -

for [ € N, we conclude the proof. O

Lemma B.17. If Assumptions 1.1-1.5 hold. Let be 0 € R, s > 1, p,p1,p2,q € [1,00] and

01,02 € R such that
1 1 1 1
,+,>7+7>,
p 37 pm p2

Then there exist e > 0 and C > 0 such that for all U € Bc(0,¢) and n € B ,(R3,R¥) N
L>®(R3,R®) with (Q)7n € BS (R3R®) and (Q)72n € B:, (R3 R?), we have

P1,9 p2,9

’6

|< Q> (VF(S(WU) +n) = VF(SWU) = VE())| 5,
< C(s, B UL+ nll ) (JU1+ 1< @ 7 nll g, ) IU11< Q> g,

Lemma B.18. If Assumptions 1.1-1.5 hold. Let be 0 € R, s > 1 and p,q € [1,09]
such that sp > 3. Then there exist ¢ > 0 and C > 0 such that for all U, U € Be2(0,¢)
andn, n' € B;q(Rg,RE;), we have
/
5y.) *

53.)

S C (s BIUI+ U] + s,

Q)7 {N(U,n) — ")} g,

Y { (II<Q>‘”77IIB;4 " H<Q>f’1n’||Bg,q)2 (J0 -0+ @ (n )]

)~
Bp,q

< (I6@mlz;, + @)% 15, ) Q)T (n =71 uBg,q},

<|U\+ \U'| + H Vg

iy, @

with 201 + 09 = oy +oh+oh =0 if < Q >V n, < Q > 1 € B;q(R?’,RS) for w €
{o1,09,01,04,0%}.
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Proof — Using the identity

1 1
N(u,n) = /0 /0 BF(S(u) +60'0n) - n - 0ndo'do.

we can restrict the study to d3F(¢) — d3F(¢'). If F = O(|z|°), we have

1
Q)7 (&*F(¢) — &> F(#)) |lss,, < /0 |d*F (¢ + t(6 — ¢")) s, Q)7 (6 — &) s, dt.
Then since s > 1 and sp > 3, we use

ld*F ()55, < Cls, F |19 55,)-

p.qa —

Using Lemma B.6, we conclude the proof when F' = O(|z]?).

Otherwise, if F'is an homogeneous polynomial of order 4, the proof is easily adaptable
since d*F is a constant tensor.

The case F' = O(|z[*) follows by summing the two previous one since as a function of
u € R8, F(u) = Au®* + O(|ul?). O

Lemma B.19. If Assumptions 1.1-1.5 hold. Let be 0 € R, s € R and p,q € [1,00]. Then
there exist € > 0, M > 0 and C > 0 such that for all U, U' € Bc2(0,e) and n, ' €
Brags gsy(0, M) with (Q)° {n—n'} € B ,(R*,R®), one has
AW - AW )] < c{ju - U]+ (@7 {n - '}
Proof — We recall that
A(U,n) = [(JdS(U),dS(U)) — (Jn, d*SU))]".

3.1 )

We have
AU, n) — A’ ') = =[(JdS(U),dS(U)) — (Jn,d*S(U))] " x
x {(JdS(U),dS(U)) — (Jn,d*S(U)) — (JdS(U"),dS(U")) + (Jn/',d*S(U")) } x
x [(JdS(U"),dS(U")) — (Jn/,d*S(U" )] .

The lemma then follows from Lemma B.6. O

3.2.2 Global wellposedness for z and stabilization

Let be U € U(e,d) and zg € H(U(0)) N HY. Let us write Uy, = tliin U(t), we de-
fine 7y, (2) by

t L ot
T2 (2)(t) = e~ itH+i [y E(U(r)) drzo +/ e~ it—v)H+i [, EU(r)) dTPc(U(U))JVF(n<’l))) dv
0

*/ ' I [ BUC) d(1(0)) J{V F(S(U () 40(0)— VE(SU(0)) =V F(n(v))} dv
0

+ /0 ¢TI BU) 4P (17 (0)dS (U (0) AU (), n(0)) (N (U (4), 7(0)), dS (U (v))) dv

t t .
_ / e~ it—v)HA+i [, EU(r)) dr(ch(U(U»U(v)n(U) dv.
0
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with
n(t) = z(t) + g (U(t), 2(¢))

First, we have a local wellposedness result for z with the

Lemma B.20. If Assumptions 1.1-1.5 hold. Then there exist 6 > 0 and € > 0 such that

for any U € U(b,€) and 20 € By (g5 NHe(U(0)) there are T*(20,U) > 0 and a unique

solution z € C((=T (20, U); 4T (20, U)), H* (0,8)) of the equation

Oz = JH(U)z + P, (U)JN (u,n) — (dP.(U))Un, (23)
z(0) = zo,

where 5(t) = =(t) + g (U (1), 2(1))-
Moreover, z is smooth and we have T (20,U) = 400 or lmy_pt .o oy [12(2) || gor > 0
and T~ (20,U) = +o0 or limy_,_qp- (o v) [[2(E)|| gor = 0.

Proof — 1t is a consequence of the fix point theorem applied to 7y ,,.

Using Lemmas B.16, B.18 and B.19 with the Estimate (14)-(16) and the properties of
g given by Lemma B.15 we obtain that 7p; ., leaves a small ball in H s' invariant and is a
contraction inside this ball.

Hence there exists a unique solution defined on the interval [-7,7T]. Classical argu-
ments permit to extend the solution over a maximal interval (=T~ (20, U), T" (29, U)) such
that if T (29, U) < oo then necessarily the solution should leave a small ball in H* at
time T (2o, U). O

We have now a global wellposedness result as stated in the

Lemma B.21. If Assumptions 1.1-1.5 hold. There exist 69 > 0, eg > 0 and C' > 0 such
that for any é§ € (0,0p), € € (0,e0), U € U(e,0) and zy € By (0,5) N H(U(0)) we obtain
for the Cauchy problem (23), TT(U, z) = 400, TT(U, 20) = —00 and z € Z(U, ).

Proof — The smoothness of z follows from a bootstrapping argument on the fixed point the-
orem and the fact that (1—P.(U))z = 0 follows from a derivation and (1—P.(U(0)))z(0) = 0.
Let us introduce for any 0 < T' < T (U, zp), the function

m(T) = sup 2| 7o Yy |12 _ sy, |12 _ B
(T) te(_”){” iy Il oy, 1ol nmy o2 )

First, we study the estimation of L2((—T,T), Hi’a) . We use only the estimates of the
Theorem B.1.

12l Lo 2,2), 2

t
< CO||ZO|Hs'U+CHPC /0 eIt HH[LEUE) drp (7 (1)) TV F (5(v)) dv

L2((_T7T)7Hi,o')
+CIVE(SU) +n) = VE(SU) = VEM 21,1y, 15
+CdS(U) AU, )N (U, ), dSU| 217y, 15')

+C H (ch(U)Un’

L2((-T,T),Hg)
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We now study the estimation of the third term of the right hand side

t
/ eIt HH [JEU) drp P (1 (0)) IV F(5(v)) dv
0

L%((_TvT)vHi/a)

IN

T
—i(t—v)H+i [T E(U(r)) &rp p Ia d
/e PUVIVFGO)| o e

c(U) HVF(U)HLl((fT,T),HS/)

< CU) e —rry L) 01l oo (), 1157 »

IN

where we used Theorem B.1 Estimate (ii).
Hence for the L2H¥ estimate, we obtain

HZHL2((—T,T),Hi'U) < Go HZOHHE'U +C HUH%?((—T,T),LOO) HUHLw((_T,T),Hs’)
+C (10lloe + 1) g2y 1) WOl 10l oy
2
+C ey + C |0, Wl iy

using Lemma B.15, we obtain

HZH[P((—T,T),HE’J) < CO HZOHHi'J + Cm( ) + Cm + C vV m m
Then, we estimate the H* norm
T
12l g < ll20ll o +/T||VF(n(v))|Hs' dv

t
+] / e =0 H L BUC) dp(17(p)) x
0

X J{VE(S(U(v)) +n(v)) = VE(S(U(v)) = VE(n(v))

T
+/_TIIdS(U(v))A(U(v%n(v))<N(U(v),n(v)),dS(U(v))HHs' dv

—l—/T H(ch(U(v))U(v)n(v)‘ dv.

-T Hs

to estimate the third term of the right hand side, we use the H-smoothness estimates,
more precisely Theorem B.1 Estimate (i4) and then we use Lemma B.14:

/ ' D L EUC) (17 (0)) J{VF(S(U () + (0)) — VE(SU () = VE((v))} dv
0
< CI{VE(S(U) + 1) = VE(SU) = VE0) | gy

< C (10lloe + W poe iy 1 ) 10 Il 2y e

H

Hence for the L H® estimate, we obtain
2@l < N2oll g + C Nl oy ey Il 32y )
C (101l e .1y + 10 ooy, 7y ) WO gy Il oy e

+C||77||L2( (—=T,T),L) "‘H ’

(—TTY) HUHLOO((_T,T),HS’) ’
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using Lemma B.15, we obtain
120l 7o < Nlz0ll o + Cem(T) + Cm(T)? + Cm(T)>.
For the LQBOBQ2 estimate, by Proposition B.9 and Theorem B.4, we have

”Z”L2((_T’T)’Bfoy2) < Collzoll gorrrer2 + C || d*F(S(U)) - 77HL2((_T,T),B§’;2+9) + CINWU D g2 (1), mo+i+or)
+C HdS(U)A(U7 n) <N(U7 ), dS(U)> HLl((fT,T),HfBﬂq*e/Q)
+C | (@Pe(v

! (_TyT)vHﬁ+1+9/2)

With Lemma B.16 and B.17, we infer

”2HL2(]R,BfO 5) < CO||ZOHHﬂ+1+9/2 + C|U’OO HTIHLQ((—T7T)7HE'!;2+9)
+CUloo 2l p2((—11), 100y 121l L2 7), 5414072

+C(|Uloo + 10l Lo () 1814072 I 22—y 100y 120 ooy o 140s2)

+C(|U’oo + ”77HLOO((—T,T),Hﬁ+1+9/2)) ”n”LZ((fT,T),HfjHe/Q) ||n||Loo((7T7T)’Hﬁ+1+9/2)
+C‘U|oo H"?HLz (~T,7), B T1+0/2)

we infer since ' > 8+ 2 + 6 and using Lemma B.15,
HZHL2((_T7T)7B§>,2) < CO|’ZOHHB+1+0/2 + €m(T) + Cm(T)3 -+ Cm(T)2.
Hence we obtain
m(T) < Collzoll gsrives2 + Cem(T) + Cm(T )22+ COm(T)? + C'\/im

where Cy do not depend of m and C' is a nondecreasing function of ||zl oo (7 1) go+1+0/2)
and hence it can be bounded by a nondecreasing function of m.

If ||z0]| o is small then m(0) is small and m(T) stay small. Therefore we have that
z € Z(U,6) if || 20|+ is small enough for any ¢ and € are small enough. O

Assume that Assumption 1.1-1.5 hold. The solution z just found is a function of z
and U, writing it z[zg, U], we have the following important property given by the

Lemma B.22. There exists §g > 0, ¢9 >0, C > 0, k € (0,1) such that for any § € (0, ),
e €(0,e0), U, U € U(e,d), z0 € H(U(0)), 2, € H(U'(0)), z € Z(U,6) and 2’ € Z(U',9),

one has

H —i [LEU(r)) dr A, U] — e —ify B ) dr [zo,U]‘

L200(R,H*")NL2(R,L>®)NL2(R,H )

gcwmﬁww+ﬁmu_w +|o-0

..

[
Proof — Using the technics of the previous lemma on the identity
e_ifot BEU(r)) dr 1f0 EWU'(m)dr s _ o —i [ E(U(r)) drT ( ) _ e—ifot EU'(r)) drTU’,z(’) (Z/)

O]
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3.2.3 Global wellposedness for U and stabilization

Here we want to solve the equation for U. We notice that z and « have been built in
the previous section and are functions of U and zg € H.(U(0)). Let us introduce for any
Uy € Be(0,¢) the function on U(e, 9):

fo,(U)(8) = Uo —/0 AU (), n(w))(N (U (v),1(v)),dS(U(v))) dv,

where n = z(t) + g [U(t), z(t)]. We have the

Lemma B.23. If Assumptions 1.1-1.5 hold. There exists 69 > 0 and €9 > 0 such that
for any 6 € (0,00), for any € € (0,e9), the function fy, maps U(e,d) into itself if Uy and
20 € H¥ N H.(Up) are small enough.

Proof — By means of Lemma B.16, we obtain
190 S0l g2 @rz@ < CINU @) 1@ ggsre gy < 5

and
1fvo ()| Loy < [Uol + CIIN(U @), n()| g1 g sty < [Uol + 82,

hence for sufficiently small Uy and 4, we obtain the lemma. O

The function fr, has also a local Lipshitz property as stated by the

Lemma B.24. If Assumptions 1.1-1.5 hold. For any T > 0, there exists dg > 0, €9 > 0
and k € (0,1) such that for any 6 € (0,0p), for any € € (0,e¢), for any u, v’ € U(e,d),
for any zo € H(U(0)) N H?', for any 2, € He(U'(0)) N H* small enough, for Uy, U} small
enough, such that

[ Fu(0) = fy ()] |+ |t @) = a0

Lo ((=T;T LY((-T;T))

< [0 = ) + & (0 = 0wy + [0 - 0

- ! / .
Li(=TT)) + llz0 = 2ol = >

Proof — This a straightforward consequence of Lemma B.18, B.19 and B.22. O
We now obtain the

Lemma B.25. If Assumptions 1.1-1.5 hold. There exists g > 0 such that for any 6 €
(0,80) such that for any Uy € C small and zy € He(Up) N HE small, the equation

{U - _A(Uvn)<N(Ua77)adS(U)>a
Uo) = U,

where n(t) = z(t) + g [U(t), z(t)], has a unique solution in U(J,¢).

Proof — This is also a the fixed point result for fr;,. Let us fix 7' > 0 and consider, for
any V € U(J, e) with sufficiently small § > 0 and £ > 0, the sequence:

Vo1 = on (Vn)7 Vn €N
Vo=1V;
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for any n € N, V,, € U(d,e). With Lemma B.24, the fixed point theorem give us the
convergence for the norms of L®((—T,T)) and WH((=T,T)) of (V,,).
Then we notice that for any 77 € R, we have

Va1 (t) = fro vy (Vo) (t = T).

Since for 77 € (=15 T), (fu,(Va)(T")) is a Cauchy sequence, the Lemma B.24 give us the
convergence of (V},) for the norms of L>®((T" — T;T' + T)) and WH'((T' — T;T" + T)).

Iterating this process, we prove the Lemma since the other statements are classical.

O

3.3 The nonlinear scattering and the end of the proof of Theorem B.7

We can conclude the proof of Theorem B.7 with our scattering result. First, we notice
that we have an asymptotic profile for U, since U € U(e,d). Then we can also obtain an
itH+i[§ EU©) dv, Byt we prefer to obtain a scattering result with

Hence we replace U by

asymptotic profile for e
respect to e/t (Use)) dv,

t Vi(t) = e~ JS(BU®)~E(U+o0)) g (p)

and z by
b £ (t) = ! JoBU@)=EUsa)) dv gy

We notice that Vi (0) = Up := Vj and £4(0) = 20 := &.
We have the

Lemma B.26. If Assumptions 1.1-1.5 hold. Then for any U € U(6,¢) and solution z of
(23), with zg € H* small, the following limit

foo = lim e T (Vele, (1)
t—+oo
exists in H* . Moreover, we have zs € H.(0) and
JtH(Uso) d 2
e O o = €l o o2 e 1,z 52, ) S OO

and
lim |[|e/tHUs)dre, fi(t)HLgo(R,Hs’) =0.

t—+o0

Proof — Using exactly the same method as the one of Lemma B.21, applied to

ethH(Vioo) drgi(t) = 2

* /o eI VE) P (Vi (1)) ] (VE(S(Va (1)) — VF(S(Viso))) £x(v) dv
+ /0 t T H Vi) P (Vo (0)) JN (Vi (v), 7 (v)) do
" /o TV P (Vi (0))dS(V (0) A(Vi (0), s (0) )N (Vi (0), 7 (0), dS (Vi (0)) dlo

—/0 eIV (AP (Vi (0))) AV (0), 714 (0) (N (Vi (0), 71 (0)), dS (Vi (0)) e (0) d,
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with 74(t) = e Jo (B(Va(0)) = E(Vioo)) dv (2(t) + g(U(t), 2(t))), we prove that the limit exist
by the same way we also obtain the estimates and the convergence of

) ey ().
Since (1 — P.(U(t))) z(t) = 0, we have (1 — P.(V100)) 1o = 0 and hence &1 belongs
to HC(V:EOO). O

The scattering result follows from a one to one correspondence of the initial profile
with the asymptotic profile as stated in the

Proposition B.27. If Assumptions 1.1-1.5 hold. There exist € > 0 and a continuous
map 1 : B4(0,¢) — R* with r(U) = O(L(U)) and Vo, V+ neighborhoods of (0,0) in

S={(V,2); V € Be2(0,€), 2 € Ho(V) N Bpyu (0,7(V))}

which is endowed with the norm of C2 x H® such that the maps

Vb V:I:oo
Px - eVy— ey
. (@) ’ (%m> .

are smooth bijections.

Proof — We choose
Vo={(V,2); V € Be2(0,7), 2 € He(V) N By (0,7(V))}
for some positive r. We write

Py (Vo, &) = Vo, &) + R (Vo, &o)

with R a lipshitz function. With the Proposition B.22 and B.24, we obtain that the
Lipshitz norm of R is a O (r). The proposition follows for sufficiently small positive .
The statements for r follow from Remark B.14.1. O

Proof — End of proof of Theorem B.7 Then we notice that the small locally invariant
center manifold build in Section 2.2 for Equation (17) is now a small invariant (globally
in time) center manifold. Indeed , we have just proved the stabilization towards the PLS
manifold, this ensures that a solution in the center manifold will stay inside this manifold
in the two direction of time.

For the same reasons the small locally invariant center-unstable manifold build in
Section 2.2 is invariant and attractive in positive time. The corresponding conclusion
holds for the center stable manifold.

The statements on the map r follows from Remark B.14.1.
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B.1IV

Un résultat de stabilité
pour des solutions
stationnaires d’une
classe d’équations de
Dirac non linéaires

Résumé

Nous présentons, pour un opérateur de Dirac, des estimations de Strichartz et de
régularité au sens de Kato. Puis nous nous intéressons a une classe d’équations de Dirac non
linéaires. Celle-ci est associée a un opérateur de Dirac n’ayant qu’une seule valeur propre,
dont la multiplicité est deux. Nous construisons une petite variété d’états stationnaires et,
appliquant nos estimations, nous énongons un théoreme sur la stabilité asymptotique de
ces états.



A stability result for small stationary solutions of a
class of nonlinear Dirac equations

Abstract

We present Strichartz estimates for a Dirac operator with a potential and other esti-
mates of the same type in weighted L? spaces. Then we study a class of nonlinear Dirac
equations associated with a Dirac operator having only one double eigenvalue. We build
a small manifold of stationary solutions and, as an application of our decay estimates, we
state a theorem on the asymptotic stability of these solutions.

1 Version frangaise abrégée

Nous étudions la stabilité des petites solutions stationnaires de I’équation de Dirac non
linéaire (1). Dans cette note, nous reprenons les résultats de [Bou05] sous une hypothese
différente : que notre opérateur linéaire de référence n’a qu’une valeur propre de multiplicité
deux. Cette dégénérescence est due a une invariance du systeme linéaire par un opérateur
antilinéaire K défini en (3). L’opérateur K commute aux potentiels électriques et scalaires.
Le doublement des valeurs propres apparait donc dans d’importants modeles physiques.
Notons que pour des potentiels matriciels plus généraux, il pourrait arriver que notre
valeur propre soit simple. Dans ce cas, les résultats qui suivent restent valables avec des
adaptations évidentes.

En supposant que la non linéarité est elle aussi invariante par K, nous obtenons des
solutions stationnaires qui forment une petite variété tangente & ’espace propre de notre
opérateur linéaire de référence. Nous pouvons alors montrer que toute perturbation d’un
élément de cette famille se stabilise asymptotiquement sur la variété. Pour cela nous uti-
lisons des estimations de propagation et de dispersion dont on trouvera une preuve dans
[Bou05]. Nous obtenons ainsi un résultat qui est I’analogue de [GNTO04][Theorem 1.7,
Theorem 1.8].

Pour faire nos estimations, nous faisons ’hypothese suivante :

Hypotheése 1.1. Le potentiel V : R? — S4(C) (matrice symétrique 4 x 4 ) est une
fonction C*® telle qu’il existe p > 5 vérifiant Voo € N3, 3C > 0, Vo € R3, [0*V|(x) <
C(z)=P~lol,

La notation < x > désigne la quantité v/1 + z2.

Lopérateur H := D,, + V est alors autoadjoint sur H!(R? C*). Dans notre cas, les
seuils £m sont les seuls points du spectre continu qui peuvent étre associés a des ondes de
vitesse nulle. La présence de telles ondes peut alors ralentir la propagation et la dispersion
des ondes libres. Nous supposerons :

Hypothese 1.2. Lopérateur H = Dy, +V n’a pas de résonance aux seuils ni de vecteur
propre auzr seuils.

Une résonance est ici un vecteur propre dans Hi/UQ(Rg,(C‘l) \ H'/2(R3,C*) pour un
o€ (1/2,p—1/2). Les espaces L2 et HS sont définis en B.2.

On introduit P¢(H) = g\ (—pmsm)(H) le projecteur associé au spectre continu de H et
H. son image. En utilisant [Bou05, Theorem 1.1], on a le
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Théoréme 17 (H-régularité de (Q>_1). Supposons que les hypothéses 1.1 et 1.2 soient
vérifiées. On a

@ e ey, d< ol )

@ e e 1) @) P ds

< CIF g2 prey » (ii)
L2(R,H?)

Nous obtenons également avec [Bou05, Theorem 1.2] et [KT98, Theorem 10.1] le

Théoréme 18 (Estimations de Strichartz). Supposons que les hypothéses 1.1 et 1.2 soient
vérifiées. Alors pour tout2 < p,q < o0, 0 € [0,1], 5 € [-0/2,0/2] tels que (1—%)(1—1—@ = %
avec (p, B) # (2,0), et ' — s > alq), avec a(q) = (1 + B)(1 — %), il existe une constante
strictement positive C' telle que

He_itHPc(H)¢HL?(R,B;T(R:”@“)) < C\WHHSI(RS,@% (1)

‘ / e U p (H)F(s)ds
s<t

pour tout r € [1,00] et (¢,p) choisi comme (q,p) et s+ § > a(q) + a(q).

< CHFHLﬁ’(R’Bi (R3,C4)) (iii)
LP(R,B; 2 (R3,CY)) @

Avant d’énoncer nos principaux résultats, nous rappelons ici les idées du théoreme de
Kramers, voir [BH92, Par90]. L’opérateur D,, commute avec 'opérateur antilinéaire K
défini en (3). Si V' commute lui aussi avec K, les espaces propres sont alors nécessairement
de dimensions paires. Nous faisons ’hypothese suivante :

Hypothese 1.3. Le potentiel V commute a K et H n’a qu’une seule valeur propre Ao qui
est double.

Nous introduisons alors une base orthonormée de vecteurs propres donnée par (¢, K ¢).
Pour construire notre variété, nous supposerons que le probleme non linéaire est lui aussi
invariant par 'action de K :

Hypotheése 1.4. La fonction F : C* — R de classe C* vérifie F(z) = O(|z|®) as z — 0.
De plus, on a F(Kz) = F(z) et F(e2) = F(z),Vz € C*, V0 € R.

On obtient alors

Proposition B.1. Supposons que les hypotheses 1.1 et 1.4 soient vérifices. Pour tout o €
RT, il existe Q un voisinage de 0 € C?, une fonction de classe C>®

h:Q— H.N H*R3 CYH N L2(R3,CY),

et une fonction E € C®(Q,R) tels que S((u1,u2)) = uigo + ua Koo + h((u1,us)) vérifie,
pour tout U = (uy,uz) € 2,

HS(U) + VE(S(U)) = B(U)S(U),

avee h((u1, u2)) = ([ Tdes + 2y K ) b (G, u2)],0)), (U) = O(UR), BU) =

|(U1,u2)|
E(|U]) et E(U) = X + O(|U?).
De plus, pour tout o« € N*, s € RT et p,q € [1,00], il existe v >0, € >0 et C > 0 tels
que pour tout U € Be2(0,¢), on a H67<Q>8§S(U)H357q < CIS(O)]2-
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On introduit alors iH (U) opérateur linéarisé au voisinage d’un état stationnaire S(U)
avec H(U) = {H + d*F(S(U)) — E(U)}, oit d*F est la différentielle of VF'. Cet opérateur
a un noyau géométrique de dimension réelle 4. Le reste du spectre est le spectre essentiel
et on note H.(U) 'espace associé qui est aussi 'orthogonal du noyau pour le produit

(f.9) — R(f, ig)L2(R3,(C4)-

On introduit également I’ensemble :
S={(Uz);UecQ, z€HA(U)},
que 'on muni de la norme de C? x H s’ Nous pouvons donc maintenant présenter notre

Théoréme 19 (Stabilisation et diffusion non linéaire). Supposons que les hypothéses 1.1
et 1.4 soient vérifiées. Soient s’ > 3+2 > 2 et o > 3/2, il existe un voisinage Vo de (0,0)
dans S et C' > 0 tels que pour tout condition initiale 19 = S(Up) + & avec (U, &) € S,
on a :

(i) il existe une unique solution globale 1) et cette solution est dans C (R, HS/) N
Cl (R Hs’71> .

(ii) il existe des bijections de classe C*
(Usooi €4) : Vo = V¥,
ot VE sont des voisinages ouverts de (0,0) dans S telles que
Utoo — Uo| < Clléo|I%0 1€x = oll s < CUo] 10l 7+
telles que pour tout t € R, (t) = e~iJo BU®) WS(U(t)) + /B Uso) g/ tH(Usoo) g | 4
e+(t) avec U € LP(R*) pour tout p € [1,00], tligl U(t) = Uico,
— =00
e {2 e g 1oy N o e o Nl oy b < C 1061 ol
et
i s (5] o = 0.
Nous pouvons aussi obtenir le développement

B(t) = e BV dog(yr,) 4 ¢TtPre, 4o (t)

avec les mémes conclusions mais dans ce cas nous avons seulement ||{+ — &ol| 5o < C||6o]| o
et

maX{H‘S:I:”LOO(Ri,HS’) > HSiHL%Ri,Hi'(;) ) ”‘g:tHLQ(Ri,BfO’Q)} < C||§0HHS’
ou encore

¢(t) _ e—ifot E(U(@w)) dUS(U:I:) + e_itHfi + 5:i:<t)

avec {1+ € H. et les mémes conclusions mais seulement ||+ — &l o < C|&ol| 5o et

maX{HEiHLoo(Ri,Hs’) ) Hgin(Ri,Hg’a) ) Hai”[ﬂ(RiVBgo 2)} < CH&)HHS'-
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2 English version

We study the stability of small stationary solutions of the following nonlinear Dirac equa-
tion:

046 = (D + V)b + VE(1). (1)

Here, D,, is the usual Dirac operator acting on L?(R3,C?%) defined with help of Pauli
matrices, see [Tha92]. In (1), V is an external potential field and F' is a nonlinearity
with some natural invariance properties which will be specified in the sequel. Stationary
solutions of (1) take the form 1 (t,2) = e Pt¢(x) where ¢ satisfies

E¢ = (Dp + V)¢ + VF(¢). (2)

We state our results about the existence of a manifold of small stationary solutions of (1).
Then, we present our theorem about stabilization towards this manifold. We shall need
linear decay estimates associated with the continuous spectral subspace of H := D,,, + V.
Proofs of these results can be adapted from [Bou05] with small modifications. Our result
is the analogue in the Dirac case of the one of [GNT04]|[Theorem 1.7, Theorem 1.8].

We first state our results concerning the time decay of e " (Pm+V) in weighted L2 spaces
and Besov spaces. This decays will be expressed in term of Lebegue spaces with respect to
the time. This kind of estimates, respectively the H-smoothness of <Q>_1 and Strichartz
estimates, are useful in the study of our nonlinear time-dependent Dirac equation. To
state our results, we need the

Definition B.2 (Weighted Sobolev space). The weighted Sobolev space is defined by
Hy(R?,CY) = {f € S'(R?), [{Q)7(P)"f||2 < oo}

for o,t € R. It is endowed with the natural norm | f|lg: = [(Q)7(P) fll2. Ift =0, we
write L2 instead of HY.

We write (u) for 1+ u?, P for —iV and @ for the operator of multiplication by x in
R3.
We work within the

Assumption 2.1. The potential V : R3 +— Sy4(C) (self-adjoint 4x4 matrices) is a C* func-
tion such that there exists p > 5 with Yo € N3, 3C' > 0, Vo € R3, |0°V|(z) < C{z)~~lel,

By the Kato-Rellich theorem H := D,, + V is essentially self-adjoint on C$°(R3,C*)
and self-adjoint on H'(R* C*). In this case, the thresholds +m are the only points
of the continuous spectrum which can be associated with wave of zero velocity. These
phenomenons can perturb the propagation and the dispersion. Hence we also work within
the

Assumption 2.2. The operator H presents no resonance at thresholds and no eigenvalue
at thresholds.

A resonance is an eigenvector in Hi/UQ(R:g, CH\ H'/?(R3,C*) for some o € (1/2,p—1/2)
here. Let Po(H) = 1(_oo —m|u[+m,+oc) (H ) be the projector associated with the continuous
spectrum of H and H. its range. Using [Bou05, Theorem 1.1], we obtain a Limiting
Absorption Principle which gives the following theorem
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Theorem B.3 (H-smoothness of (Q)™'). Suppose that Assumptions 2.1- 2.2. Then one
has

/RH (@)~ e P (H) |l dt < Oyl (i)

/ (@I (1) () P s

< CIF L2 sy » (i)
L2(R,HS)

Then using [Bou05, Theorem 1.2], [KT98, Theorem 10.1] and interpolation in Besov
spaces

Theorem B.4 (Strichartz-type estimates). Suppose that assumption 2.1 and 2.2 hold.
Then for any 2 < p,q < oo, 8 € [0,1], 5 € [-0/2,0/2] such that (1 — %)(1 +0) = ]% with
(p,B) # (2,0) and s —s > a(q), where a(q) = (1 + B)(1 — %), there ezists a positive
constant C such that

HefitHPC(H)wHLi,(RBS,T(Rg’(Cz;)) < CHT/}HHS/(RB;CzL)a (1)

H/ tefl(tfs)HPC(H)F(S) dSHLP(R,B;i(RS,CAL)) S CHFHLﬁ/(R7B§, (R3,C4))7 (111)
s< o

for any r € [1,00] and (q,p) chosen like (q,p) and s+ 5 > a(q) + a(q).

We now state our main results. We first mention the content of the theorem of Kramers,
see e.g. [BH92, Theorem 6.3.] or [Par90]. The operator D,,, commutes with K an antilinear

operator defined by:
K<¢>——<02¢>Withag——<0 1). (3)
X 02X 10

If V also commutes with K the eigenspaces of H are of even dimension. The class of
potentials commuting to K contains the class of electric and scalar potentials. Hence the
operator K appears naturally in some important physical systems. We work with the
following

Assumption 2.3. The potential V' commutes with K and H has only one double eigen-
value \g.

We hence introduce an orthonormal basis of eigenvectors given by (¢, K¢p). Notice
that the following results are still true, with straightforward adaptations, if we suppose Ag
is simple. We also mention that results of [Bou05] are true with obvious modifications if
the assumptions of the present notes hold with two double eigenvalues.

To build our manifold, we suppose that the nonlinear problem is also invariant with
respect to K:

Assumption 2.4. The function F : C* — R is in C°(R3,R) satisfies F(z) = O(|z]°)
as z — 0. Moreover, we have F(Kz) = F(z) and F(e?z) = F(z),Vz € C*, V0 € R.

We therefore have the
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Proposition B.5. Suppose that Assumptions 2.1 1.4. For any o € RT, there exist a
neighborhood Q of 0 € C2, a C*® map

h:Q— H.NH*R3C" N LA(R3,CY)

and a C* map E : Q@ +— R such that S((u1,u2)) = u1¢o +u2 K o+ h((u1,u2)) satisfies for
allU = (ug,uz) € Q,
HS({U)+ VF(SU))=EU)SU),
P(w1,u2)) = ([t Ides + 2K ) B ((I(un, 42)1,0)), h(U) = O(UP) and E(U) =
E(|U]) and E(U) = \g + O(|U]?).
Moreover, for any o € N*, s € RY and p,q € [1,00] there existy >0, >0 and C > 0
such that for all U € Bg2(0,¢) one has || Q08S(U)||ps < C|S(U)]2.

pr,q —

The proof of this proposition is an adaptation of the one of [PW97, Proposition 2.2].
We introduce iH(U) the linearized operator around a stationary state S(U) with
H(U) = {H +d*F(S(U)) — E(U)}, where d*F is the differential of VF. This opera-
tor has a geometric kernel of dimension 4. The rest of the spectrum is the essential
spectrum, we write H.(U), for the associated space which is the orthogonal of the kernel

for the product (f,g) — R (f,ig) 12(gs cay-
We introduce the set:

S={(U,z); UeQ, z€ H(U)},
endowed with the norm of C2 x H® . Now we can state our

Theorem B.6 (Stabilization and nonlinear scattering). Suppose that Assumptions 2.1—
1.4. Let s > +2> 2 and o > 3/2, there exist Vy a neighborhood of (0,0) in S and
C > 0 such that for any initial condition of the form g = S(Up) + & with (Uy, &) € S,
one has

(i) there exists a unique global solution 1 and this solution is in C (]R, Hs/)ﬂcl (R, HS/_l) ;

(i3) there exist C* bijective maps (Usoo;€x) : Vo +— VE, where VE are open neighbor-
hoods of (0,0) in S with

Usoo = Uo| < Cliéoll s s = &oll o < C [Uol |60l g7

such that for allt € R ¢(t) = e~ Jo BWW) WG (U(t)) + el B Wteo) HH (Uzoo) £ 4 e (2)
with U € LP(R*) for all p € [1,00], tliin U(t) = Usrand

maX{HEiHLOO(R:E,HS’) ) ||Ei||L2(Ri7Hi/U) ) ||6i||L2(Ri’Bfo,2)} <C |U0‘ H&]HHS’

and

lim |le r=0.
. H iH Hs
We also obtain the expansion

P(t) = e BV dog(yr,) 4 ¢TtPre, 4 e (t)
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with the same conclusion but we will only have ||£+ — &l 5o < Cl[&ol| 7+ and

maX{Hsi”Loo(Ri,Hs’) ) HgiHLQ(]Ri,Hilg) ) HgiHL?(Ri,BfO’Q)} < C| ol g
in this case or o .
¢(t) _ 6_1‘]0 E(U(v)) dUS(Ui) + e_ltHfi + €i(t)

with {1+ € H. and the same conclusion but ||{+ — &oll o < C||&o|| o+ and

e { e | oo e, 1) €2 o o sl pagae o)} < Clléolgor

Sketch of the proof of Theorem B.6. We decompose a function ¢ with respect to
the spectrum of H(U) = {H + d*F(S(U)) — E(U)}, where d*F is the differential of VF
with respect to R*. Then we solve the resulting equations instead of the equation (1). We
introduce the following space for U = (uy, u2)

. 0
(a1, 02)) = {neL2<R3 e (in, S =0,
i L2(R?, C4)

R (1777 88 S(UI,U2)) 0,:¢€ {1,2}}.
Sy L2(R3, C4)

which is stable under the action of iH (u). For any function over an interval of time [
containing 0, we write for ¢ € I, ¢(t) = ea:p( i E ) (S(U(t)) +n(t)). If ¢ is
small in L2, as in [GNT04, Lemma 2.3], we can prove that there exists a unique couple
(U,n) with U(t) € Be2(0,¢) such that n(t) € Hc(U(t)). So we solve the equation i0yn =
HU)n+N(U,n)—idS(U)U for n € H(U(t)) with N(U,n) = VF(S(U)+n)—VF(S{U))—
d*F(S(U))n, where dS is the differential of S in R%. We have the orthogonality condition
(n(t),idS(U(t))) = 0 and a time derivation gives
OU(t) = =AU ), n(t))(N(U(t),n(t)), dSU(t))) (4)
with
A(U,m) = [(1dS(U), dS(U)) + {in, d*S(U))]

since [(idS(U(t)),dS(U(t))) + (in(t),d*S(U(t)))] is invertible for small |U(t)| and ||n(t)||2-
This gives

Oyn = 1H(U)n +iNU,n) — dS(U)AU,n)(N(U,n)),dSU)) = iHU)n+GU,n). (5)

We build solutions of the system (4)—(5) with a fixed point theorem. For any U € B2(0,¢),
we define Z(U, §) a subset of C*°(R, L?(R3,R?)) by

{n, () € He(U (1)), s [{l oo, oy, Il o pn o Illzzceree )| < 6}.

For any 19 € H.(U(0)), let (s,t) € R? — P(t,s) be the propagator associated with the
time dependent operator i (H + DVF(S(U))), we study

Tu0(n) = P(t,0)m0 +/0 P(t,v)G(U(v),n(v)) dv.
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We have that for sufficiently small € and § the application 7y ., maps Z(U, ) into itself if
lm0]| ;s is small enough. Moreover, there exists x € (0, 1) such that

|70 ) = T ()| o P (A VR A

Loo(R+,H'

Hence there exists a solution n € Z(U,d) with n(0) = ny of the equation (5). We also
prove that the following limit 7s, = limy_, e*n(t) exists in H. N H* .

We notice that 7 is a function of U and 79. Let us introduce for Uy € Be2(0,¢) the
function on Bc2(0,¢):

t
FU)(t) = Uo —/0 AU (0), n[U, 1ol (v)){N (U (0), n[U, m0](v)), dS(U (v))) dw.

For sufficiently small e, 4, Uy and 79, f maps Bgz(0,¢) into itself and is a contraction.
Hence the equation (4) has a unique solution in Be2(0,¢) with U(0) = Up. O
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Etude de la stabilité des petites solutions stationnaires pour une classe d’équations de Dirac
non linéaires

Résumé : Cette these est consacrée a 1’étude de la stabilité de petits états station-
naires d’une équation d’évolution non linéaire issue de la mécanique quantique relativiste :
I’équation de Dirac non linéaire.

Tout le long de notre étude, les équations non linéaires sont vues comme des petites per-
turbations non linéaires de systeémes linéaires. Une partie de cette these est donc consacrée
a I’étude de problemes linéaires. Nous montrons que, pour un opérateur de Dirac n’ayant
pas de résonance aux seuils ni de valeur propre aux seuils, le propagateur vérifie des esti-
mations de propagation et de dispersion. Nous en déduisons également des estimations de
régularité au sens de Kato et des estimations de Strichartz.

En faisant des hypotheses ad hoc sur le spectre discret d’un opérateur de Dirac, nous
construisons des petites variétés formées d’états stationnaires. Puis en faisant varier ces hy-
potheses, nous faisons apparaitre des phénomenes de stabilisation et d’instabilité orbitale
pour certains de ces états.

Mots clés : équations aux dérivées partielles, opérateur de Dirac, estimations de pro-
pagation, estimations de dispersion, estimations de régularité, estimations de Strichartz,
équation de Dirac non linéaire, états stationnaires, stabilité, stabilité orbitale, stabilité
asymptotique, directions stables.

A study of the stability of small stationary solutions for a class of nonlinear Dirac equations

Abstract: This thesis is devoted to the study of the stability of small stationary solutions
of a nonlinear time dependent equation coming from relativistic quantum mechanic: the
nonlinear Dirac equation.

In this study, non linear equations are viewed as small nonlinear perturbations of linear
system. A part of this thesis is hence devoted to the study of linear problems. We prove
that for a Dirac operator, with no resonance at thresholds nor eigenvalue at thresholds,
the propagator satisfies propagation and dispersive estimates. We also deduce smoothness
estimates in sense of Kato and Strichartz estimates.

With some ad hoc assumptions on the discret spectrum of a Dirac operator, we build
small manifolds of stationary states. Then with small variations on the these assumptions,
we can emphase some stabilization process and orbital instability phenomenons for some
stationary states.

Keywords: Partial Differential Equations, Dirac Operator, Propagation estimates, Dis-
persive estimates, Smoothness estimates, Strichartz estimates, Nonlinear Dirac equation,
Stationary states, Stabilty, Orbital stabilty, Asymptotic stability, Stable directions.

CEREMADE

UMR CNRS 7534

Université Paris - Dauphine

Place du Maréchal De Lattre de Tassigny
F-75775 PARIS Cédex 16

France



