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Résumé

Cette these est consacrée aux propriétés qualitatives des multi-solitons de trois équations aux
dérivées partielles non-linéaires dispersives focalisantes.

Les premiers résultats nouveaux concernent I’équation de Schrodinger non-linéaire (NLS).
Nous construisons des multi-solitons réguliers, a valeurs dans des espaces de Sobolev H®, ou
s > 1 est directement relié a la régularité de la non-linéarité. Nous démontrons également un
résultat d’unicité sous condition pour les multi-solitons de (NLS) dans les cas stable et L2-critique.

Par ailleurs, nous énongons une propriété de Liouville au voisinage des multi-solitons de I’équa-
tion de Korteweg-de Vries généralisée (gKdV). Il s’agit d’un résultat de rigidité qui repose sur le
concept de non-dispersion. En particulier dans les cas intégrables, ce concept permet de carac-
tériser les multi-solitons. Dans une autre mesure, nous étudions le comportement ponctuel des
multi-solitons de (gKdV).

Enfin, nous nous intéressons a I’équation de Klein-Gordon non-linéaire (NLKG). Pour cette
derniere, nous construisons une famille a N parameétres de N-solitons a décroissance exponentielle
en temps. En ce qui concerne la question de I’unicité, nous classifions les multi-solitons dans une
certaine classe a décroissance polynomiale et obtenons la classification générale dans le cas ot ’on
considere une seule onde solitaire.

Abstract

This thesis is devoted to the qualitative properties of the multi-solitons of three nonlinear fo-
cusing dispersive partial differential equations.

The first new results concern the nonlinear Schrodinger equation (NLS). We construct smooth
multi-solitons taking values in Sobolev spaces H®, where s > 1 is directly related to the regularity
of the nonlinearity. We also prove conditional uniqueness for the multi-solitons of (NLS) in the
stable and L>-critical cases.

Moreover we state a Liouville property in the neighborhood of the multi-solitons of the ge-
neralized Korteweg-de Vries equation (gKdV). It consists in a rigidity result which relies on the
concept of non dispersion. In particular in the integrable cases, this concept allows us to charac-
terize the multi-solitons. From another perspective, we study the pointwise behavior of the multi-
solitons of (gKdV).

Lastly we are interested in the nonlinear Klein-Gordon equation (NLKG). For the latter, we
construct an N-parameter family of N-solitons with exponential decrease in time. Regarding the
question of uniqueness, we classify the multi-solitons in a certain class with algebraic decay and
we obtain the general classification in the case where only one solitary wave is considered.
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Chapter 1

Introduction

1.1 Solitons, multi-solitons et théorie non-linéaire des équations aux
dérivées partielles dispersives

1.1.1 Les solitons dans le cadre des équations de Korteweg-de Vries généralisées et
de Schrodinger non-linéaires

D’un point de vue historique, 1’équation de Korteweg-de Vries (non-linéaire)
Oru = —0y (8§u + uz) (KdV)

a vu le jour au dix-neuvieme siecle avec 1’observation, dans des eaux peu profondes, de vagues qui
prennent la forme d’ondes solitaires se propageant au cours du temps sans se déformer.

La structure de (KdV) présente I’intérét d’admettre une famille compléte de solutions, indexée
par deux parametres, la vitesse co > 0 et la position xo € R, qui correspondent aux ondes soli-
taires précédentes. Les éléments R, ., de cette famille sont appelés solitons et prennent la forme

explicite suivante :
RIeh)

2 cosh? (‘/TFO(X —cot — xo)) ‘

Rco,xo (l’ X) =

Le soliton R, x, est donc une solution, qui a chaque temps ¢, a un profil de courbe en cloche
centrée en cof + xq et qui se déplace au cours du temps vers la droite a vitesse cg, sans changer de
forme ni d’amplitude.

au temps £ au temps f > 1|

/ ' vitesse ¢
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Dans la méme optique, nous considérons les équations de Korteweg-de Vries généralisées suiv-
antes qui admettent encore un nombre important d’applications a la physique [55, 89] :

dyu = —dy (a)%u + uP) (gKdV)
avec p > 1 et ol u est une fonction des variables unidimensionnelles 7 et x et a valeurs réelles.

Un cadre naturel d’étude et d’appartenance des solutions de (gKdV) est I’espace de Sobolev
H'(R). Le probléme de Cauchy associé 2 (gKdV) est en effet localement bien posé dans H'(R)
selon Kenig, Ponce et Vega [50].

Il est remarquable d’observer que (gKdV) admet une famille de solitons, encore indexée par
R} xR et qui généralise la famille de solitons de (KdV) de la maniere suivante : notant Q 1’unique
solution positive (2 translation prés) dans H' (R) [2, 54] de I’équation elliptique stationnaire asso-
ciée a (gKdV)

Q"+0P =0,

qui admet I’expression

p+1

O(x) = m

L

et Qg (x) == cé’"l Q(+y/cox), les éléments R, x, définis par
RCQ,X() (t9x) = QCO (x —cof — xO)

sont des solutions globales de (gKdV) qui sont les solitons de (gKdV).

Les solitons sont des objets tres particuliers, dont I’existence est liée a la propriété focalisante
de (gKdV), due au signe de la non-linéarité u” : il y a un certain effet compensatoire entre ce
terme non-linéaire et la partie linéaire de I’équation fondamentale qui est dispersive en raison de
la dérivée seconde.

Nous rappelons aussi que les quantités suivantes sont conservées (au moins formellement) pour
les solutions de (gKdV) :

* (la masse ou la norme L?) /uz(t,x) dx
R

1 1
* (I’énergi —u — ——uP ' (1,x) dx.
( energle)‘/R{zux p+1u }( x) dx

La norme H' n’est en revanche pas constante au cours du temps en général. En outre, la norme

HT?P) on o(p) := % - p%l est conservée par I’invariance d’échelle de (gKdV), selon laquelle

2
pour tout A > 0, (t,x) > APy (/13t, Ax) est solution de (gKdV) des lors que u I'est. 11 s’agit de
noter que la dynamique des solutions est liée intimement au signe de o (p), ce qui donne lieu a la
distinction des cas :
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« L2-sous-critique, correspondant 3 o(p) < 0 (ou 1 < p < 5), ol toutes les solutions H' de
(gKdV) sont globales en temps et uniformément bornées dans H'

* L’-critique, correspondant & o-(p) = 0 (ou p = 5), ou il existe des solutions qui explosent
en temps fini [68,69,77-79]

» L?-surcritique, correspondant 2 o(p) > 0 (ou p > 5), ol il existe des solutions qui explosent
en temps fini au moins pour tout p € (5, p*) pour un certain réel p* > 5 [56].

Il s’avere que les critéres connus d’existence de solutions qui explosent en temps fini lorsque p > 5
reposent sur I’existence et les propriétés des solitons.

Notons enfin que les cas particuliers de (gKdV) qui correspondent a p = 2 (KdV) et p = 3
(mKdV) (ou équation de Korteweg-de Vries modifiée) sont des équations complétement inté-
grables : elles admettent une infinité de lois de conservation [58, 89].

Un autre exemple important d’équation aux dérivées partielles dispersive non-linéaire qui ad-
met des solitons est fourni par I’équation de Schrodinger :

Bou =i (Au + |u|P-1u) , (NLS)

oul<p<l+ (dit—2)+’ (t,x) appartient 2 R X R¥ et u est & valeurs dans C.
Dans le contexte de (NLS), le probleme de Cauchy est encore localement bien posé dans
H'(R?) selon un résultat de Ginibre et Velo [34]. De plus, les quantités suivantes sont conservées

par les solutions H' de (NLS) :

* la masse ou norme L? / lu(t,x)|* dx
R4

lu(z,x)|P*| dx

1 1
* I’énergie /Rd (EIVM(I,XNZ T o+l

¢ le moment Im/ Vu(t,x)u(t,x) dx.
R4

L’équation adimensionnée (NLS) que nous considérons est aussi au ceeur d’un certain nombre
de modélisations de phénomenes physiques et tout particulierement optiques. Pour ne citer qu’'un
exemple, I’enveloppe complexe E du champ électrique associé a un faisceau d’onde de lumicre
stationnaire qui se propage le long de I’axe des z dans un milieu d’indice de réfraction non-linéaire
n=ng+d8E? avec § > 0 est bien décrite par 1’équation

OE O°E )
2ik— + — = —k*—|E|’E, (1.1)
0z 6x2 no
ou k est le nombre d’onde associé [49]. D’un point de vue mathématique, il revient bien sir au
méme d’étudier cette derniere équation ou d’étudier (NLS) cubique (c’est-a-dire avec p = 3).

En dimension 1, (NLS) cubique se réécrit

%—i a—zu+|u|2u
or X
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et possede des solitons qui sont des solutions explicites particulieres ayant une expression de la

forme
e~ H(E-n)1-2iéx+ig

cosh(2n(x — xo) + 8nét)’

0(t,x) :=V2

oué e R, np>0,x € Retp € R. Les solitons précédents sont ainsi caractérisés par les quatre
parametres de taille n, de vitesse &, de position xq et de phase ¢. Dans le contexte physique de
I’équation (1.1), la variable z remplace ¢ et le soliton précédent Q(z,x) correspond a une onde
solitaire qui se propage sans se déformer, dans la direction donnée par un angle 8 = — arctan(4¢)
avec |’axe des z.

direction de propagation de I’onde solitaire

- X

0

En dimension supérieure, on sait encore démontrer, pour tout w > 0, I’existence (travaux de
Berestycki et Lions [2]) et I’unicité (travaux de Kwong [54]) de solutions fondamentales Q ., qui
vérifient le probléme stationnaire

AQ + QP = wQ,

mais on ne sait pas expliciter de telles solutions. Par conséquent, nous n’avons pas de formule
explicite pour les solitons construits a partir d’une telle solution fondamentale et des propriétés
d’invariance de (NLS) par translation, par rotation et par transformation galiléenne.

1.1.2 Pourquoi les multi-solitons ?

Il convient de souligner que les solitons sont des objets centraux dans la compréhension et I’analyse
du comportement des solutions des équations aux dérivées partielles dispersives non-linéaires fo-
calisantes.

Nous avons déja vu par exemple que les solitons permettent de dégager des conditions pour
assurer I’existence de solutions de (gKdV) qui explosent en temps fini dans le cas L>-critique [68].
Mais ces solutions tres particulieres ont aussi un role essentiel dans 1’étude de la dynamique de
solutions générales, définies en temps long.

Considérons par exemple la question de la stabilité des solitons qui est un pas naturel pour
comprendre la dynamique des équations dispersives non-linéaires focalisantes. Il s’agit en fait
d’étudier le comportement de solutions qui sont, a I’instant initial, proches d’un soliton. La notion
de stabilité orbitale que I’on définit dés a présent est appropriée au contexte des ondes solitaires.

Definition 1.1. Soit u : [0,T) — H' une solution d’une équation aux dérivées partielles (E) et
soit G un groupe qui agit sur I’ensemble {u(t) | t € [0,T)}. On dit que u est G-orbitalement stable
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(ou orbitalement stable s’il n’y a pas d’ambiguité) si pour tout € > 0, il existe 6 > 0 tel que pour
toute solution v de (E) définie sur [0,T) et a valeurs dans H',

V() ~u(O)llgr <6 = Vrel0T), inf [v(t) g - u@llm <e.
ge

Mais surtout, I’introduction du concept de soliton et son étude tirent essentiellement leur mo-
tivation de la conjecture de résolution en solitons, selon laquelle toute solution générique d’une
équation aux dérivées partielles non-linéaire dispersive focalisante se décompose en temps long
comme la somme de solitons (ou, plus largement, de solutions localisées) et d’un terme dispersif
linéaire.

Rappelons qu’a I’origine de cette conjecture, un phénomene d’interaction et de collision élas-
tique a été observé et étudié numériquement par Zabusky et Kruskal [112] : des solutions parti-
culieres de (KdV) dont le profil correspond a celui de la superposition de plusieurs ondes solitaires
de vitesses deux a deux distinctes avant collision conservent un profil similaire apres collision. Les
caractéristiques physiques comme I’amplitude des « pulses » des ondes solitaires observées restent
les mémes, seul I'ordre d’apparition en espace de ces pulses est inversé.

Profil typique de la solution observé avant collision

1.5

—

0.5

0! : 1 1 ‘
=25 =20 -15 -10 -5

X

Profil typique de la solution observé apres collision

1.5
1
0.5

0

La méthode de scattering inverse développée par Gardner, Greene, Kruskal et Miura [32] con-
firme et justifie I’observation de Zabusky et Kruskal d’un point de vue théorique. Les résultats
obtenus par cette méthode vont pleinement dans le sens de la conjecture de résolution en solitons.

Dans le cas de I’équation intégrable (KdV), un résultat de résolution en solitons a été notam-
ment élaboré par Eckhaus et Schuur [28] puis raffiné par Schuur [101] a partir de 1a méthode précé-
dente. Il concerne les solutions de (KdV) génériques, au sens ol la donnée initiale correspondante
est suffisamment réguliére et a décroissance suffisamment rapide.
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Théoreme 1.2 (Eckhaus et Schuur [28]; Schuur [101]). Soit p = 2 et soit ug € €*(R) une fonction

telle qu’il existe Coy > O tel que pour tout k =0, ...,4 et x € R,
—F—| < Colx| . 1.2
axk Ol | ( )

Soit u la solution globale de (KdV) ayant pour condition initiale uy. Alors il existe une solution ug
qui est un multi-soliton ou la solution nulle telle que pour tout B > 0, il existe K > 0 tel que pour
toutt >0

-1
u(®) = ua (Ol Lo xe>pey + (@) —ua(OllL2(x>pr) < K173 (1.3)

Un autre résultat de résolution en solitons et breathers a ét€ donné pour des solutions « génériques
» de (mKdV) par Schuur [101] et Chen et Liu [8] (voir Chapitre 3).

En vue d’éclairer d’une certaine maniere I’étude de la décomposition en temps long des solu-
tions a I’aide des solitons, nous introduisons le concept de multi-soliton.

Définition 1.3. Considérons N > 1 solitons R, ..., Ry d’une équation aux dérivées partielles
non-linéaire (E) ayant des vitesses deux a deux distinctes. Un multi-soliton en +oo (resp. en —o0)
associé aux R;, i = 1,..., N, est une solution u de (E) définie au voisinage de +oo (resp. —0), d
valeurs dans H' (R?) et telle que

N
u(t) — Z R;(1) — 0, quand t — +oo (resp. quand t — —c0). 1.4
i=1 H

1

Typiquement pour (gKdV), nous prenons pouri =1,..., N,
Ri(t,x) = Q¢ (x = cit — x;),

oul<cy <---<cyetxy,...,xy €R. Pour (NLS), il est classique de travailler avec K solitons
(au lieu de N solitons), et de considérer pourtout k = 1,...,K,

2
i lvk-x+(wk—u)t+yk)
Rk(t,x) = ka(x—xz—\/kt>e (2 ! 5

ou les différents parametres qui interviennent dans 1’écriture sont wg > 0, yx € R, xg e RY et
vi € R tels que pour tout k # k’, vy # vp.

Se posent d’emblée un certain nombre de questions en ce qui concerne les multi-solitons.
D’abord, ces objets existent-ils toujours ? Peut-on les construire, les caractériser, en donner des
formules explicites ? Ces solutions particulieres sont-elles réguli¢res, uniques, stables... ? Peut-on
en préciser le comportement en temps, en espace ?

Notre objectif est de répondre, dans la mesure du possible, aux questions précédentes. En
vérité, on retrouve les multi-solitons dans différents contextes. A présent, on sait démontrer leur
existence via une preuve constructive. En revanche, beaucoup d’autres propriétés qualitatives des
multi-solitons sont encore assez peu comprises. Il convient de noter toutefois que le cadre des
équations de Korteweg-de Vries généralisées (dont la structure particuliere permet aux méthodes
usuelles d’analyse non-linéaire d’aboutir) offre une bonne compréhension des multi-solitons ; la
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classification compléte, dans chacun des cas L?-sous-critique, critique et sur-critique a été dressée.
Cela dit, méme dans le contexte de (gKdV), certaines questions demeurent sans réponse a ce jour.
Aussi, nous souhaitons dégager de nouveaux résultats concernant les multi-solitons de (gKdV) et
(NLS), ainsi que pour les équations de Klein-Gordon non-linéaires (NLKG) que nous introduisons
dans la partie 1.4.

D’autres probléemes qui dépassent le cadre de cette thése restent encore ouverts aujourd’hui.
Par exemple, il serait intéressant de pouvoir décrire le comportement en —oo des multi-solitons en
+co qui sont définis pour tout temps ¢ € R. Une approche naturelle serait évidemment de relier la
décomposition en somme de solitons en +co avec une éventuelle autre décomposition en —oo pour
de telles solutions, et pour cela, d’essayer de mieux comprendre le phénomene de collision des
différentes ondes solitaires en jeu.

En appliquant la méthode de scattering inverse a (KdV), on obtient a ce propos I’existence
de solutions qui sont a la fois des multi-solitons en +co et en —co : précisément, étant donnés N
solitons Ry, ..., Ry associés a des parametres de vitesses 0 < ¢; < -+ < ¢y et de positions
X1,...,XN, il existe une solution u telle que

N
u(t) - Z R;(t)|| —0, quand?— +oo
i=1 H

1
et

N

u(t) — Z R()(--6)| —0, quands— —co,
i=1 H!

ou ¢; € R est quantifiable a I’aide des vitesses c;.

En outre, cette solution u est explicite et peut s’écrire (voir par exemple [32], [89] ou [39]) :

(92
u=6——Indet M,
0x2

oll M (¢, x) est la matrice carrée de taille N dont I’élément générique M ; j)(t,x) est égal a

1
i +2 (cicj)® e%(\/Fi(x—cit)+xi+\/67(x—cjl)+xj)‘

VT

Des formules analogues peuvent étre obtenues pour (mKdV) [101, chapitre 6] et (NLS) en
dimension 1 avec la non-linéarité |u|?u.

En utilisant la méthode de scattering inverse, Zakharov et Shabat [113] construisent un multi-
soliton pour (NLS) en dimension d = 1. La encore, le multi-soliton obtenu se découple en des
solitons de mémes fréquences et mé€mes vitesses lorsque ¢t — +oo ; les seuls parametres modifiés
sont la position et la phase.

Hormis dans les cas intégrables précédents ol la collision entre les différents solitons est élas-
tique (au sens ou les vitesses des différentes ondes solitaires en lesquelles se découplent les multi-
solitons restent inchangées), le comportement asymptotique en —co d’un multi-soliton en +oco qui
est de plus global n’est pas encore bien connu. Les estimées asymptotiques dont on dispose en +oo
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pour les multi-solitons définis au voisinage de +co ne permettent guere de préciser le phénomene
de collision qui se produit.

Cependant, d’apres un résultat de collision rigoureux dii a Martel et Merle [73—75] qui fournit
des estimées trés précises des différents parametres impliqués, nous savons qu’un 2-soliton en +co
de (gKdV) avec p = 4 ne peut pas se comporter comme une somme de solitons en —co. Notons en
outre que Mufioz [90] a généralisé ce premier résultat de collision inélastique a des non-linéarités
sous-critiques plus générales pour (gKdV).

Bien que nous n’en faisions pas 1’étude ici, signalons aussi, outre les multi-solitons, 1’ existence
d’autres solutions particuli¢éres en lien avec la conjecture de résolution en solitons. Aussi, Cote [14]
a démontré, pour des fonctions v suffisamment décroissantes, 1’existence de solutions u de (gKdV)
définies en temps long et telles que

[|u(t) = S(t)v||g1 — 0, lorsque t — +oo,

ou {S(1)}, est le groupe linéaire d’Airy : de telles solutions u dispersent donc complétement, en se
comportant comme des solutions linéaires en temps long. Par ailleurs, Cote a également construit,
a nouveau pour une certaine classe de fonctions v, des solutions u# de (gKdV) pour p = 4 [13]
et p = 5 [15] qui se comportent asymptotiquement comme une somme de solitons et d’un terme
dispersif linéaire :

N
u(t) - Z Ri(t) = S(t)v|| — 0, lorsquet — +oo.
i=1 H!

Remarquons que la solution précédente possede en quelque sorte une dynamique plus complexe
que les multi-solitons puisqu’elle se découple en temps long en une partie non-linéaire décrite par
la somme des solitons qui se propagent vers la droite et aussi en une partie linéaire qui se propage
vers la gauche.

1.1.3 Des outils d’analyse non-linéaire adaptés a I’étude des multi-solitons

Les outils classiques d’analyse linéaire comme les transformations de Fourier ou de Laplace tombent
rapidement en défaut lorsqu’il s’ agit d’étudier des équations non-linéaires comme (gKdV) et (NLS).

Il est usuel de recourir alors a des méthodes plus appropriées de point fixe, de compacité, d’énergie,

et autres fondées sur 1’étude de 1’évolution de certaines quantités dans le temps.

Mais il est souvent utile, voire indispensable, de considérer un cadre linéaire proche du probleme

non-linéaire qui fait I’objet d’étude. L’intérét est de pouvoir manipuler des opérateurs linéaires et, si

possible, de considérer leur spectre qui fournit des renseignements précieux quant a la dynamique

générale des solutions de I’équation étudiée.

Aussi, lorsqu’on travaille plus particulierement avec des solitons, il s’avere utile d’introduire les

opérateurs linéarisés au voisinage de chacun de ces solitons.

Par exemple, pour tout ¢ > 0, I’équation linéarisée de (gKdV) autour de Q. + v s’écrit ;v =
dx (Lev) ol L. est Popérateur linéaire H!' (R) — H'(R) d’expression

-1
L.v = —Biv +cv—pOlTy.
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L article de Pego et Weinstein [96] s’attache a la théorie spectrale de ’opérateur 0, L. ; celle-ciestle
point de départ pour démontrer que L. est strictement coercif en restriction a des sous-espaces bien
choisis de H'(R). Ces sous-espaces dépendent du régime L2-sous-critique, critique ou surcritique
considéré, autrement dit de la valeur de p.

Les cas L2-sous-critique et critique sont traités dans I’article [109] de Weinstein. Dans le cas
L2-surcritique, I’existence de vecteurs propres Z* et Z~ associés aux valeurs propres respectives
ep > 0 et —eg [96] suppose une propriété de coercivité différente, démontrée par Cote, Martel
et Merle [19] (a partir des idées de Duyckaerts et Merle [24]) ; les directions instables Z* et Z~
doivent notamment €tre contrdlées.

Ces propriétés de coercivité remarquables font ’objet de la proposition suivante.

Proposition 1.4. Soit ¢ > 0.
Si 1l < p <5, alors il existe A > 0 tel que pour tout v € H' (R),

si /VQC dx = / vQ. dx =0, alors /Lc(v)v dx > /l||v||ill.
R R R

Si p =5, alors il existe 1 > 0 tel que pour tout v € H'(R),

si /in dx = / vQ. dx =0, alors /Lc(v)v dx > /l||v||§il.
R R R

Si p > 5, alors il existe A > 0 tel que pour tout v € H'(R),

si /vZ+ dx = /VZ_ dx = ‘/vQ'C dx =0 alors /Lc(v)v dx > /1||V||,2111-
R R R R

Pour (NLS), considérant w > 0, I’équation linéarisée de (NLS) autour de e’ (Q, +w) s"écrit
ow =i %,w ol

%, H' (RYC) — H'(RYC)
W=wi+iwy, —Aw+a)w—(Q’Z,_lw+(p—1)QZ_1w1).

L'opérateur .7, se décompose de fagcon immédiate a 1’aide de deux opérateurs L, ,, L_ , :
H'(RY,R) — H'(RY,R) comme suit : .Z,,(w) = Ly w1 +iL_ ,w>.

Les opérateurs L, ,, et L_ ., sont aussi coercifs en restriction a des sous-espaces de H L(RY, R)
convenables qui dépendent du signe de % /Rd Q. (x)? dx, ou encore de la valeur de p. Remar-
quons d’ailleurs qu’en dimension 1, I’opérateur L__,, s’identifie a I’opérateur linéaire de (gKdV)
qui correspond a ¢ = w.

Définissons 1’énergie linéarisée autour de Q, : pour tout w € H'(R4), on pose :

H(w) :=Re Loww dx,
R4
— 2 2 p=1 12 p-1 2
= [ (9P + alwf = (057 1w + (p - QL w3)) .
R [
Les propriétés de coercivité des opérateurs linéarisés sont centrales dans la théorie non-linéaire

de (gKdV) et de (NLS) autour des solitons, et particulierement dans 1’étude des propriétés qualita-
tives des solitons et des multi-solitons. Une des utilisations importantes de la coercivité concerne
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la stabilité orbitale des solitons et des multi-solitons ; on pourra consulter par exemple [3, Defini-
tion 4.1], respectivement [109], pour une définition de cette notion pour (gKdV), respectivement
pour (NLS).

Rappelons que, dans le cas L>-sous-critique, la coercivité de L.. est un élément clé de la preuve
de la stabilité orbitale des solitons de (gKdV) [3,37,109]. La considération des opérateurs linéarisés
montre aussi que les solitons sont instables dans les cas critique et surcritique [3,37].

Dans le cas des équations de Schrodinger avec non-linéarité de type puissance, les travaux
successifs et complémentaires concernant I’étude des opérateurs linéarisés et de la stabilité des
solitons dus a Weinstein [108, 109], Grillakis [36], Grillakis, Shatah et Strauss [37,38], Maris [62],
Schlag [100], Duyckaerts et Merle [24], Duyckaerts et Roudenko [26] et Cote, Martel et Merle [19]
permettent d’obtenir :

Proposition 1.5. Soitw > 0. Sil < p < 1+ %, alors il existe py > 0 tel que pour tout w =
wi +iwy € HI(R, C),

2 d 2 2
H<w>2u+||w||§,l—i((/ w10 dx) . (/ W1, O dx) +(/ w200 dx))
My Rd —' \Jrd R4

=
(1.5)
et de plus Q ., est orbitalement stable.
Sil+ % <p< %, alors i £ w posséde un vecteur propre Y, associé da une valeur propre eg > 0,

il existe py. > 0 tel que pour tout w = wy +iw, € H' (R, C),

2
1
HO 2 ity = o ([ s
H+ \JRrd

d 2 2 2
1
_ L Z(/ w10y, 0 dx) +(/ woY dx) +(/ w200 dx) (1.6)
My \ 5 \JR R4 R4
et de plus Q, est instable.

Dans le cadre de I’étude des équations de Schrodinger avec non-linéarités plus générales, men-
tionnons qu’il est possible d’adapter les résultats de coercivité et de stabilité précédents (on pourra
se reporter aux propositions 2.15 et 2.16 au Chapitre 2).

Pour 1I’étude plus spécifique des multi-solitons dans les cas non-intégrables ot la méthode de
scattering inverse ne s’applique pas, on recourt a des versions dépendantes du temps et localisées
en espace de la coercivité des opérateurs linéarisés précédents, en se souvenant, par exemple pour
(gKdV), que le multi-soliton se comporte essentiellement comme le i*™ soliton au voisinage de
cit +x;pourtouti =1,...,N.

Concretement, afin de concentrer I’étude autour du point c;f+x; en espace et ainsi d’observer le
comportement de la solution « au voisinage du i*™ soliton, cela suggére d’introduire des fonctions
« cut off » ¢;.

Une telle famille de fonctions est typiquement générée de la maniere suivante (voir aussi par
exemple [80, paragraphe 2.2] ou [63, paragraphe 3.1]). On considere une fonction ¢ : R — R de
classe ¢, strictement croissante et telle que

limy =0, limwzl, VxeR, w(x)=1-y(-x),
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et
VxeR, @) <o (x),

avec op > 0 suffisamment petit, dépendant des parametres c;. On précise qu’une telle fonction
existe effectivement. Pour tout i > 2, on définit alors

Ci—1 +C[t Xi—1 +xl~)

Wit = g (x - <=5 -

INlustration : « filtration » des ondes solitaires par la fonction v; (¢)

Yi(t)

Ci—1f + X1 Cit +x; Ci+1T + X4

En posant

¢1(I,X): 1—)702(1,)6), ¢N([,X):¢N(I,X), ¢i([’x):lﬂi(ﬂx)_lﬁiﬂ(f’x)’ i:27"'7N_1

on se ramene a 1’étude de quantités comme « 1’énergie localisée au voisinage du i°™ soliton », soit

pour (gKdV) I’'intégrale
/ ((é?xu)2 +cu’ — pR{)_luz) (t,x)¢; (2, x) dx.
R

Par exemple, /R u*(t,x)p;(t,x) dx correspond a la masse de la solution en restriction a un
certain voisinage de c;f +x; (2 une précision O(e~?")) et on peut établir un lien entre cette quantité
et la masse du i*™ soliton.

La structure particuliere de (gKdV) permet d’obtenir la presque-monotonie de certaines quan-

tités, définies a partir de u et de y; ; en particulier,

d
— / u?(t,x)0(t,x) dx < Ce™".
dt Jp

Notons que les termes d’interaction entre les différents solitons sont essentiellement controlés
par des inégalités de la forme

Vi#]j, /RiRj(l) dx < Ce™,
R

ol ¥ > 0 dépend des vitesses (et des fréquences pour (NLS)) des solitons R; et R; ; il est ici im-
portant de supposer que les vitesses sont deux a deux distinctes.

A l’aide des propriétés de coercivité et de monotonie comme ce qui précede, les résultats de
stabilité de Martel, Merle et Tsai [80] des multi-solitons de (gKdV) ont ainsi pu voir le jour. En
procédant de facon analogue, mais en prenant des fonctions ¢; décroissantes, I’existence et I’unicité
des multi-solitons de (gKdV) ont été démontrées dans les cas L2-sous-critique et L?-critique [63].
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1.1.4 Existence et construction de multi-solitons pour (NLS) et (gKdV)
Premiére construction dans un cas non-intégrable

Dans son article [85] publié en 1990, Merle construit pour la premiere fois un multi-soliton dans
le cadre d’une équation aux dérivées partielles non-intégrable, celle de Schrédinger non-linéaire
L?-critique

ou=1i (Au + |u|%u) . (cNLS)

A titre d’illustration, notons qu’en dimension d = 2, I’équation précédente consiste en un
modele d’approximation satisfaisant pour décrire la propagation d’un faisceau laser planaire le
long d’une seule direction ¢ dans R>.

L’équation (cNLS) présente la caractéristique d’admettre la loi d’invariance pseudo-conforme
) . . 2 . .
suivante : si u est une solution de (cNLS), alors (7, x) > —e & i (1 x ) est également solution

ik v
de (cNLS).
On observe en outre que les solutions de (cNLS) de la forme

Georxy (1. %) = ﬁeﬁ‘(ﬁz_‘”)gw (XT‘_X;’) : (1.7)

4
N ‘o g+l . . .
ol w > 0etQ, vérifie —AQ, + wQ,, — fo;r = 0 explosent en temps fini 7 au point xg. En fait,
on peut montrer réciproquement que toutes les solutions de (cNLS) de masse minimale ||Q, || 2
qui explosent en temps fini 7' sont de la forme précédente [86, 87].

Merle [85] obtient I’existence de multi-solitons associés a K solitons comme corollaire d’un
résultat d’existence de solutions u explosant en temps fini en K points xy, . . ., X, construites a par-
tir de solutions g, x; définies comme ce qui précede (1.7), en utilisant la loi d’invariance pseudo-
conforme de (cNLS).

Une méthode de construction typique de multi-solitons 2 valeurs dans H'
Lexistence des multi-solitons pour les équations (gKdV) est garantie pour toute valeur de p > 1.

Théoreme 1.6 (Merle [85] ; Martel [63] ; Cote, Martel et Merle [19]). Soit p > 1, soit N €
N\ {0, 1} et soient N solitons R, x,, ..., Rcxn.xy de (§KdV) associés a des paramétres de vitesse
C1,...,cN > 0deux a deux distincts.

Il existe T € Retu € €([T,+c0), H'(R)) une solution de (gKdV) telle que

— 0, lorsquet — +co.

N
u(t) = )" Repx, (1)
i=1

H!

Se fondant sur les idées de Martel [63] qui démontre |’ existence de multi-solitons pour (gKdV)
dans les cas L?-sous-critique et L?-critique, le principe de la construction de multi-solitons 2
valeurs dans H', qui a été étendue par Cote, Martel et Merle [19] au cadre L>-surcritique, est
aujourd’hui bien connu.
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La preuve de I’existence de multi-solitons dans H' a ainsi été établie pour un certain nombre
d’équations aux dérivées partielles dispersives non-linéaires, dans chacun des cas stable et instable :
pour (NLS) [19,71,85], pour les équations de Klein-Gordon non-linéaires [20], pour I’équation de
Hartree [52], pour le systeéme des « water-waves » [88], et récemmment pour les équations de
Zakharov-Kuznetsov [107].

Rappelons les étapes essentielles de la construction dans le cas ou tous les solitons Ry consi-
dérés sont stables (c’est-a-dire lorsque 1 < p < 5). Considérant une suite strictement croissante
de réels (S,) qui tend vers +co et (u,,) une suite de solutions telles que u,, = R(S,,), olt

K
R:;Rk,

on démontre I’existence de 7y € R (indépendant de n) tel que pour tout n suffisamment grand,
Vite[To,Sul,  llua(t) = R@)llg < Ce™. (1.8)

La majoration précédente, uniforme par rapport a n, est le point central de la construction. Elle
repose sur un argument de type « bootstrap » qui fonctionne grace a I’ utilisation d’une propriété de
coercivité satisfaite par une certaine fonctionnelle sous réserve que des conditions d’orthogonalité
soient vérifiées. Cette fonctionnelle est construite a partir des opérateurs linéarisés autour des
ground states et dépend du temps ¢ ; aussi la propriété de coercivité utilisée est une version ana-
logue aux propriétés exposées dans les propositions 1.4 et 1.5 mais dépendante de . Notons qu'un
argument de modulation des parametres de la solution (s’appuyant sur le théoréme des fonctions
implicites) est nécessaire pour obtenir une nouvelle variable z := u — R qui vérifie les conditions
d’orthogonalité requises.

Ensuite, on montre que la suite (u,,(7p)),, d’éléments de H' vérifie une certaine propriété de com-
pacité. On déduit de cette dernicre et de (1.8) I’existence d’une fonction ¢y € H ! telle que
(1, (Tp)), converge vers g (a extraction prés) au sens de la norme L.

Enfin, la solution ¢ de I’équation considérée avec condition initiale ¢ en Tp est un multi-soliton
qui vérifie la propriété de décroissance exponentielle. Cela peut se justifier notamment par des
arguments de dépendance continue par rapport a la donnée initiale des solutions a valeurs dans
H®, s € [0, 1], sur des intervalles de temps compacts et par des arguments plus élémentaires de
passage a la limite. Par exemple, Martel procede de la sorte dans [63] pour (gKdV), en utilisant les
résultats de dépendance continue des solutions H' sur les compacts de Kenig, Ponce et Vega [50].
Martel et Merle [71] utilisent les résultats de Tsutsumi [105] de dépendance continue (par rapport
a la donnée initiale) pour les solutions globales a valeurs dans L? en ce qui concerne 1’équation
(NLS) associée a la non-linéarité de type puissance avec 1 < p < 1+ % et aussi ceux de Cazenave
et Weissler [7] pour les non-linéarités plus générales.

Dans le cas ol ’un des solitons au moins n’est pas stable, le controle des directions instables
nécessite la mise en place d’un argument supplémentaire, comprendre un argument topologique
qui repose sur 1’utilisation du théoréme de Brouwer. On pourra se référer aux travaux de Cote,
Martel et Merle [19], novateurs en cela.

Dans le méme état d’esprit, la construction de trains infinis de solitons a été réalisée pour (NLS)
par Le Coz et Tsai [60] et Le Coz, Li et Tsai [59] dans le cas H'-sous-critique, moyennant certaines
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hypotheses de vitesses relatives élevées et de grandes fréquences pour les solitons. L’approche
est en revanche différente de celle initiée par Martel puisque ces articles exploitent la formule de
Duhamel, les inégalités de Strichartz et travaillent bien davantage avec les normes L9.

1.1.5 Une autre interaction possible entre les ondes solitaires

Dans le cadre de la définition 1.3, les interactions entre solitons sont exponentiellement petites ; on
parle d’interaction « faible ». Récemment, on a commencé a étudier des solutions pour lesquelles
les interactions entre solitons sont algébriquement petites ; dans ce contexte, on dit que I’interaction

est « forte ». Nous détaillons ici quelques résultats a ce sujet.

Pour (cNLS) en dimension 2, Martel et Rapha€l [83, Theorem 1] démontrent I’existence de
solutions globales qui se comportent asymptotiquement lorsque ¢ — +oco comme la somme de K
ondes solitaires centrées en les sommets d’un K-gone régulier. Ces solutions ont une dynamique
en temps long différente des multi-solitons de la définition 1.3 du paragraphe 1.1.2 ; elles ont
la particularité notable d’exploser en temps infini : précisément, la norme L? du gradient de la
solution évolue ici en logt. De surcroit, les K ondes solitaires ne sont pas découplées en temps
long comme dans le cas d’une interaction faible prévue par la définition 1.3. Dit autrement, les
solutions obtenues par invariance pseudo-conforme de (cNLS) a partir des solutions construites
concentrent les K « bulles » en un méme point au temps limite d’explosion.

Un autre exemple d’interaction forte apparait en dimension 1 dans le contexte des équations
(gKdV). Nguyen [94] construit pour 2 < p < Set p > 5 un 2-soliton en +co pour lequel les
deux ondes solitaires associées se propagent a la méme vitesse et dont la distance relative est en
2logt + cte. Pour une certaine constante ¢, que I’on peut expliciter en fonction de la puissance p
de la non-linéarité, il existe une solution u telle que

u(t) =0 (- -t —log(cpt)) —cQ (- -1t +log(cpt))||H1 — 0 lorsque t — 400,

ou o = —1 en régime sous-critique et o = 1 dans le cas surcritique.

Prolongeant les résultats précédents et les méthodes mises a I’ceuvre dans les preuves cor-
respondantes, I’article [95] révele 1’existence de solutions de 1’équation de Schrodinger (NLS)
qui se comportent comme une somme de deux solitons séparés d’une distance qui évolue égale-
ment en 2log¢ lorsque ¢ — +co, dans les cas L2-sous-critique et L?-surcritique. En outre, pour
le systeme d’équations de Schrodinger cubiques unidimensionnelles couplées, Martel et Nguyen
[82] obtiennent des 2-solitons symétriques avec distance relative logarithmique (précisément en
logt + %log logt). Dans le méme papier, les deux auteurs exhibent également une nouvelle dy-
namique qui n’apparait notamment pas dans le cas de 1’équation intégrable (NLS) cubique : deux
solitons de vitesses différentes (donc d’amplitudes différentes) peuvent interagir de maniere forte
en O(logt).

Des solutions composées de deux ou plusieurs solitons interagissant de maniere forte ont aussi
fait récemment 1’objet d’étude pour 1I’équation des ondes critique par Jendrej [44] et Jendrej et
Martel [46].

Les dynamiques logarithmiques précédentes semblent tres particulieres et plutdt exception-
nelles. En ce qui concerne les questions relatives a la classification, mentionnons que I’article [43]
de Jendrej signale pour (gKdV) L?-surcritique que des 2-solitons associés a deux ondes solitaires
de mé&me amplitude ne peuvent exister que si ces dernicres sont séparées d’une distance adéquate
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en O(log?). De méme, pour I’équation des wave maps (a valeurs dans des variétés plus générales
que R ou C), on pourra consulter I’article [45] qui fournit un résultat d’unicité dans une certaine
classe pour les solutions particulieres issues de I’interaction forte entre les ondes solitaires.

Ces solutions obtenues récemment font 1’objet de constructions souvent assez délicates. Des
résultats d’existence analogues, inspirés des travaux ci-dessus, sont a ce jour au stade de con-
jecture pour les équations de Zakharov-Kuznetsov [106]. Plus généralement, beaucoup de pro-
priétés concernant les solutions de la nature décrite sont a explorer dans les différentes situations
relatées. Toutefois, nous ne nous focaliserons pas davantage sur ces solutions « exceptionnelles »
dont I’existence repose sur 1’interaction forte entre les solitons. Aussi, dans cette theése, nous li-
miterons notre étude au cadre de la définition 1.3.

1.2 Propriétés des multi-solitons des équations de Schrodinger non-
linéaires

1.2.1 Etude de la régularité des solutions

Afin d’étudier la régularité H*® des multi-solitons de (NLS), nous nous appuyons considérablement
sur les résultats d’existence et d’unicité de solutions générales de 1’équation dans H®, pour tout
s > 1. L’étude préalable du probleme de Cauchy pour (NLS) dans H® s’aveére donc indispensable.

Probleme de Cauchy pour (NLS) dans H*

Le probleme de Cauchy pour (NLS) a été étudié a 1’aide d’arguments de points fixes appliqués a
différents espaces bien choisis. Apres les résultats qui ont été obtenus dans H'(R<) [6,34] et, plus
spécifiquement pour 1 < p < 1 + % dans LZ(R‘Z) [91, 105], Cazenave et Weissler [7] ont montré
que, sous des hypotheéses H*-sous-critiques convenables, (NLS) est localement bien posé dans H*
(s > 1) avec dépendance continue dans H* par rapport a la donnée initiale sur certains compacts.

Théoreme 1.7. Si s > %, ousi <s < % etl <p<l1+ ﬁ, alors pour tout ug € H*(R?),
il existe Tyax(tg) > 0 et une unique solution u € € ((=Tmax(10), Tnax (o)), H* (R?)) de (NLS)
telle que u(0) = uy.

De plus, il existe T € (0, Tuax(uo)) tel que pour toute suite (ug), qui converge vers ug dans
H* (R?), la solution u™ de (NLS) telle que u™(0) = ugy est définie sur [-T,T] pour n large et (u")
converge vers u dans € ([-T,T], H* (R9)).

L’énoncé démontré par Cazenave et Weissler est en réalité plus précis en ce qui concerne
le résultat d’existence et d’unicité locales, dans la mesure ol les auteurs considerent également
des espaces auxiliaires (de Besov). Notons qu’en passant cette fois par des espaces de Lebesgue,
Kato [48] a généralisé le théoréeme précédent aux non-linéarités de classe €™ (au sens des fonctions

différentiables R — R?) dont les dérivées partielles d’ordre s’ € {0, ..., s} croissent en O (rk‘s')

. 4 N d
pour un certain k € [s, 1+ m] dans le casou s < 7.

Notons que le résultat de dépendance continue par rapport a la donnée initiale a été affiné par
Dai, Yang et Cao [21]. En s’appuyant sur les énoncés de Cazenave et Weissler et de Kato, on peut
démontrer que la dépendance continue dans H* (R?) est valide sur tout compact [21].

En reprenant les notations du théoréme 1.7, on a :
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Théoreme 1.8. Pour tout segment [—S, S] inclus dans (=T ynax(uo), Tnax(ug)), pour toute suite
(ug)n qui converge vers ug dans H* (RY), la solution u™ de (NLS) telle que u™(0) = u, est définie
sur [=S, S] et converge vers u dans € ([-S, S], H* (R?)).

Le théoréme précédent présente un intérét majeur : comme le probleme de Cauchy est locale-
ment bien posé dans H* (R¢) avec dépendance continue sur tout compact, beaucoup de calculs que
nous réalisons (comme les dérivées d’intégrales a parameétres de fonctions H*) et qui sont présentés
formellement peuvent étre justifiés par des arguments de régularisation.

Multi-solitons H*

Nous étudions ici la question naturelle de la régularité des multi-solitons. Peut-on espérer en par-
ticulier I’appartenance des multi-solitons construits & valeurs dans H' a des espaces de Sobolev
supérieurs ?

Les travaux de Martel [63] apportent une réponse affirmative dans le cas de (gKdV), unidimen-
sionnelle. Il est démontré dans [63] que la convergence exponentielle (1.8) a lieu au sens de la
norme H*®, pour tout s € N, avec une constante C devant I’exponentielle qui dépend de s et un
taux de décroissance exponentielle 8 indépendant de s. Notons que des estimées analogues ont été
obtenues tres récemment pour les équations de Zakharov-Kuznetsov par Valet dans [107] en faisant
I’usage d’un argument qui utilise la monotonie typique des équations (gKdV).

Un résultat important de cette thése est la construction pour (NLS) avec non-linéarité générale
B = i (Au + f(|u|2)u) (NLS)

d’un multi-soliton a valeurs dans H*(R?) ot I’indice de régularité s > 1 est intimement lié a la
régularité de la fonction g : z — zf(|z]?).

Plus exactement, dans le cas particulier de la non-linéarité de type puissance, le théoreme
démontré au chapitre 2 prend la forme suivante.

Théoreme 1.9 (Cote, F.). Supposons p > 3. Soit so = |p — 1] = 2 ou so = +co si p est un entier
impair. 1l existe @ > 0, Ty > 0 etu € € ([T, +00), H*(R?)) solutions de (NLS) avec non-linéarité
de type puissance f : r +— P55 tels que pour tout entier positif s < so, il existe une constante
Cs > 1 telle que

Vix>Ty,  |lu@®) - R@)||gs < Cye 5wt

Par ailleurs, si p est un entier impair, alors pour tout s > 0,

VixTi,  lu@) - ROl < Cee™.

Précisons que la solution u précédente est a priori différente de celle du théoréme 1.6, obtenue
dans H'.

Le théoréme 1.9 qui concerne la non-linéarité particuliere de type puissance se limite en réalité
aux dimensions inférieures ou égales a 3 en raison de I’hypothese H!-sous-critique p < 1 + ﬁ
faite pour assurer I’existence de solitons.

Nous disposons d’un résultat de régularité analogue au théoreme 1.9 pour des non-linéarités
générales. Sous I’hypothése que g est un élément de Ws°+1’°°(C), que I’on a s¢ > % et que chaque

loc
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opérateur linéarisé autour des solitons Q,, vérifie une propriété de coercivité adéquate qui traduit
en quelque sorte la stabilité ou I’instabilité du soliton considéré (voir Proposition 1.5), nous dé-
montrons que la conclusion du théoréme 1.9 est encore vraie dans ce cadre plus général.

La démonstration des résultats de régularité précédents, que I’on trouvera au chapitre 2, est
écrite pour des non-linéarités g quelconques. Soulignons qu’elle ne consiste pas en un travail
direct sur le multi-soliton H'! qui a été construit dans [71] ou [19]. Elle repose en revanche sur la
preuve d’estimées H*-uniformes satisfaites par une suite (u,) de solutions bien choisie, qui était
déja considérée dans [71] et [19] et sur la mise en place d’un argument usuel de compacité. La
conclusion de la preuve se fait a ’aide de la dépendance continue sur tout compact des solutions
de (NLS) par rapport aux données initiales décrite par le théoréme 1.8. Prenant comme point de
départ les estimées H'-uniformes obtenues par Martel et Merle et par Cote, Martel et Merle, et en
s’inspirant de Martel [63, section 3], la preuve des estimées H* se fait par récurrence sur I’indice
de régularité de la fonction g.

Le point clé de la récurrence est d’observer que la fonctionnelle suivante

Guciim [ 43 (S)ommntt= 3 (75 Re(dd (09m) ) a0

d
RO al=s 1Bl=s—1

qui s’écrit de la méme maniére en toute dimension d, peut étre contrdlée par ||u,, (1) — R(#)|| gs-1.
L’introduction de cette fonctionnelle permet d’éliminer, lorsqu’on la dérive, les termes que 1’on ne
sait pas contr6ler dans la dérivée de ||u, () ||%{S , & savoir

[, (2@ m2) 7

pour les multi-indices @ € N¢ de longueur s. De la sorte, la dérivée premiére de G, ¢ ne contient
ni terme quadratique faisant intervenir d®u,, avec |a| = s ni terme 9% u,, avec |a’| > s, ce qui est
essentiel pour pouvoir appliquer I’hypothese de récurrence.

En pratique, le controle des différents termes qui apparaissent dans G, ; est réalisé a I’aide d’outils
classiques d’analyse fonctionnelle, notamment 1’inégalité de Holder, les injections de Sobolev et
les inégalités d’interpolation de Gagliardo-Nirenberg.

Notons que si pour (gKdV), Martel [63] parvient 2 montrer que toutes les quantités ||u, () —
R(t)||gs décroissent exponentiellement en temps long avec la méme vitesse, nous obtenons, dans
le cadre de (NLS), des taux de décroissance exponentielle qui sont divisés par deux pour ces mémes
quantités lorsque I’on passe de s a s + 1. En effet, il ne nous est guere possible de considérer autant
d’intégrations par parties, dans la mesure ol la non-linéarité n’est pas nécessairement indéfiniment
dérivable et ou surtout I’algebre associée a (NLS) n’est pas aussi favorable. Plus précisément,
pour (gKdV), les termes qui apparaissent du type 0°*'u, d°u, peuvent étre intégrés tandis que
pour (NLS), les termes analogues sont de la forme Im (85+1un) Re (9*u,) (en dimension 1) et ne
peuvent ainsi pas étre traités de la méme facon.

Ainsi, nous notons la dépendance en s dans les estimées du théoreme 1.9 liée a la perte en
ce qui concerne la vitesse de décroissance exponentielle lorsqu’il s’agit de passer de la preuve de
I’estimée H* a celle de I’estimée H%*!. Le taux de décroissance exponentielle de la norme H* de

u(t) — R(t), correspondant a SZ% et obtenu finalement par interpolation, est optimal pour s > 2 (qui
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est le cas intéressant du théoréme précédent).

Rajoutons que notre preuve est aussi plus technique en raison de la dimension. Comme les
éléments de H' (RY) ne sont pas nécessairement dans L= (R?) pour d > 2, nous recourons a un ar-
gument de type « bootstrap » afin de démontrer les estimées H®-uniformes souhaitées. L hypothese
s > % est déja utile a ce niveau.

Par ailleurs, se pose la question de I’hypothése optimale a fournir quant a la non-linéarité g
de sorte & obtenir un multi-soliton u dans H* (R?) tel que ||u(t) — R(#)||g= soit a décroissance
exponentielle.

En 'occurrence, justifions qu’il convient de supposer que g soit dans I’espace Wls( ()’:l’oo(C).
Rappelons qu’il suffisait de prendre g de classe €' (considérée comme fonction R> — R?) pour
avoir le résultat avec sg = 1. D’autre part, dans notre cadre d’étude de (NLS) ou I’on exige sg > %,
le probleme de Cauchy est localement bien posé dans H* sous I’hypothese que g est de classe €™*°
(Kato, [48]). Au minimum, il est donc souhaitable de faire cette derni¢re hypothése.

Cela dit, afin d’obtenir les inégalités voulues, il est incontournable de savoir contrdler les quantités

de la forme

0%g 0%g
r qS0—r (l/l) - r 50—t (R)’
0y 0y 0x 0,
our =0,...,s9. Il semble donc naturel de supposer que % soit localement lipschitzienne
x %y

sur C (ou, autrement dit, appartienne a Wll(;zo(C)). D’autre part, le contrdle de I’intégrale qui fait
intervenir typiquement les dérivées d’ordre maximal sy des deux quantités u,, — R et g nécessite une
intégration par parties de sorte que la quantité u,, — R apparaisse avec une dérivée d’ordre sg — 1,
ceci afin de pouvoir appliquer 1’hypothése de récurrence. Pour un multi-indice @ = (a1, ..., aq)
donné de longueur s et de composante «; # 0, pour une fonction 4 donnée de classe ¢’ et pour
r=0,...,s0, nous pouvons écrire
0%g _ Cei—
R I (h(Rk)

So—r
PIS

0%g
————(R d 1.9
o 8§°_r( K] dx  (1.9)

i2 . ( P &%
(avec e; le 1™ vecteur de la base canonique de R) sous réserve que la dérivée de x; st_r (Ry)
xOy

appartienne a un certain espace de Lebesgue convenable. Ce point est assuré des lors que cette
dérivée est bornée.

Notre démonstration du résultat de régularité s’appuie manifestement sur I’hypothese 5o > %
qui, remarquons-le, est automatique en dimension d < 3. Cette derniere, utilisée dans 1’argument
bootstrap afin de travailler avec des éléments de L™ (R¢) comme évoqué plus haut, apparait aussi
naturellement lorsqu’il y a lieu de contrdler les différents termes dans I’expression de G, ;.
Probablement qu’une autre méthode, voire d’autres outils, seraient a mettre en ceuvre pour
répondre a la question de la régularité dans le cas ou sg < % Pour I’heure, il semblerait que les
inégalités de Strichartz usuelles associées a (NLS) ne permettent pas de répondre positivement au
probléme (sauf si les vitesses relatives sont grandes), mais nous pouvons raisonnablement penser
que des estimées de ce type, qui concerneraient plus particulierement 1’équation linéarisée au-
tour d’une somme de solitons, bien qu’inexistantes actuellement, pourraient s’avérer utiles dans ce

cadre. D’ailleurs, dans une autre perspective, le fait d’avoir a disposition de telles estimées serait
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de bon présage pour obtenir ou réobtenir des résultats de stabilité ou de stabilité asymptotique en
ce qui concerne les multi-solitons de (NLS).

1.2.2 Question de 'unicité des multi-solitons

Sous I’impulsion de [63] qui fournit I’existence et I’unicité des multi-solitons de (gKdV) dans les
cas L?-sous-critique et critique puis de [19] qui donne I’ingrédient nécessaire & la construction dans
le cas L>-surcritique, les travaux de Combet [11] permettent d’apporter une réponse compléte 2
la question de la classification des multi-solitons de (gKdV). Au contraire, pour (NLS) et pour la
plupart des autres équations aux dérivées partielles non-linéaires dispersives focalisantes, la classi-
fication exhaustive des multi-solitons n’est pas encore comprise a ce jour. Notons que les travaux de
Valet [107] attachés a I’étude des multi-solitons de I’équation de Zakharov-Kuznetsov (ZK) four-
nissent aussi I’unicité dans les cas L?-sous-critique et L>-critique, mais des informations cruciales
liées au spectre de I'opérateur linéarisé pour (ZK) manquent encore pour démontrer 1’existence,
voire espérer une classification des multi-solitons, en régime surcritique.

De méme que pour (gKdV) [11], il est connu de Combet [12] I’existence d’une famille a K parame-
tres de solutions pour (NLS) dans le cas L?-surcritique en dimension 1. En particulier, il n’y a pas
unicité pour les multi-solitons associ€s a K solitons donnés dans ce cadre, mais pour autant, il
n’est pas clair que I’on puisse obtenir tous les multi-solitons de la maniere décrite dans [12], a la
différence de (gKdV). Par ailleurs, un premier résultat d’unicité pour (NLS) a vu le jour dans les
papiers [60] et [59]. Au mé€me titre que pour la partie existence, ce résultat exige des vitesses re-
latives suffisamment élevées ; de plus, 1’unicité démontrée par les trois auteurs Le Coz, Li et Tsai
est valide dans une classe de solutions u telles que u(7) — R(¢) est a décroissance exponentielle en
norme L4, Strichartz ou H'.

En nous inspirant de [63] et de [81], nous obtenons un autre résultat d’unicité pour (NLS), au
sens de la norme H', qui concerne les cas stable et L2-critique. C’est aussi un résultat d’unicité
« avec condition », mais au sens ou I’unicité a lieu dans la classe des multi-solitons u tels que
|le(2) — R(2)|| g1 décroit plus rapidement qu’une certaine puissance de % pour ¢ assez grand.

Exposons le résultat d’unicité obtenu lorsqu’on considére la non-linéarité particuliere de type
puissance.

Théoreme 1.10 (Cote, F.). Soit d < 2 et supposons que p € [3, 1+ %]. 1l existe N € N et une
unique solution u € € ([T}, +o0), H' (R?)) de (NLS) telle que

1

lu(z) = R(®)||g1 = O (IW) , lorsque t — 400, (1.10)

Une conséquence directe, importante et rassurante, est que les multi-solitons des théorémes 1.6
et 1.9 coincident (et nous pouvons prendre en outre Ty = 71).

La encore, le théoreme 1.10 posséde en dimension d < 3 une généralisation aux non-linéarités
f telles que, en notant f(z) := f(|z|?) pour tout z € C,

» la fonction £ est de classe ¢ sur C vue comme fonction différentiable R> — R.

* la différentielle seconde de f est controlée de la maniére suivante :

”Dﬁf“ =0 (|Z|%_2) ) lorsque |z] — +o0 ;



20 CHAPTER 1. INTRODUCTION

e sid > 2, g appartient 2 WZS;’:]"X’(C) ol s = 4] +1;

* les opérateurs linéarisés autour des solitons Q,, vérifient la propriété de coercivité (1.5)
appropriée a la situation de stabilité.

Notons qu’il semble nécessaire de se restreindre aux dimensions d < 3 ; nous utilisons en effet que
% — 1 > 0 pour assurer I’intégrabilité d’une certaine quantité et nous avons besoin de I’injection
de Sobolev H' (R?) — L°(R4) pour contrdler les normes L® de quantités (non-bornées) par les
normes H' correspondantes.

En dimension d > 4, nous pouvons aussi donner un énoncé similaire qui s’applique aux non-
linéarités générales, mais alors au prix de considérer une classe de solutions u plus petite, pour
laquelle un certain controle de ft e ||(s) — R(s)||L~ ds est réalisé.

Il s’avere que le résultat de régularité obtenu (Théoréme 1.9) est utile dans notre preuve d’unicité
en dimension d > 2. Pour d > 2, nous utilisons le multi-soliton construit  valeurs dans H* (R).

L’idée de la preuve du théoreme d’unicité est de montrer que la différence z entre une solution
satisfaisant les hypotheses et le multi-soliton régulier construit dans le théoréeme 1.9 est nulle. Pour
cela, nous considérons une certaine fonctionnelle d’énergie de type Weinstein en une nouvelle
variable Z, obtenue & partir de z par modulation, comme dans [63] (I’intérét de la modulation est
d’assurer des conditions d’orthogonalité requises pour la coercivité de H sur laquelle nous fondons
notre preuve). Cette fonctionnelle tire son inspiration de [81] et s’écrit :

H =Y L 928 = (5 (1R0P) 2P+ 2Re(Riz s ()
k=1

2
+ (a)k + %) 1z = vk - Im (VZE)} o (t,x) dx. (1.11)
Le travail sur la variable Z semble aussi mieux adapté au cadre particulier de (NLS) considéré
ici.
Soulignons que, si un contréle en O (e"” ||z||i1,) permet d’obtenir 1’unicité dans le cadre le plus
général pour (gKdV), le controle de la dérivée de H par O (%HZ Hirl) explique que I’on doive se
restreindre a la classe vérifiant (1.10). En raison du manque d’estimées exponentiellement décrois-
santes en temps (qui sont intéressantes dans la mesure ou 1’on ne perd rien lorsqu’on integre
en temps long), les différentes inégalités démontrées et utiles pour conclure dans ce cadre sont
moins fortes que celles de [63] pour (gKdV) et demandent par conséquent une analyse plus fine.
L’inégalité typique obtenue en rassemblant toutes les majorations intermédiaires et qui permet de
conclure la preuve prend la forme

- C ™ .
20l < S [ 12l ds.
t

Il ne semble pas clair de pouvoir améliorer cette inégalité avec la méthode que nous employons,
fondée sur I’analyse de la dérivée de H.
Néanmoins, nous conjecturons que le résultat d’unicité précédent s’étend a toute la classe des
solutions u telles que
lle(2) = R(#)||1 — O lorsque ¢ — +co.
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Pour I’heure, il est malgré tout remarquable d’observer que le théoréme 1.10 permet de dépasser le
cadre de la classe a décroissance exponentielle, laquelle demeure communément la classe naturelle
de construction des multi-solitons.

1.3 Solutions non-dispersives des équations de Korteweg-de Vries gé-
néralisées

1.3.1 Solutions non-dispersives et théoremes de rigidité pour (gKdV)

Les équations de Korteweg-de Vries généralisées présentent la caractéristique d’admettre des pro-
priétés de type Liouville au voisinage des solitons. Un des premiers résultats en la matiere remonte
a [65, Theorem 1] dans le contexte de 1’équation L>-critique : 1’approche repose sur des consi-
dérations et des techniques propres a (gKdV).

Puis, ce résultat a été étendu par Martel et Merle au cas L2—sous—critique [66,70] et, en faisant
I’hypothese d’une proximité suffisante d’un soliton en tout temps, au cas instable avec des non-
linéarités générales [72].

Le théoréeme suivant regroupe les différentes situations.

Théoreme 1.11 (Propriété de Liouville au voisinage d’un soliton; Martel et Merle [65,66,70,72]).
Soit co > 0. Il existe > 0 tel que si u € € (R, H' (R)) est une solution de (gKdV) qui satisfait,
pour une certaine fonction y : R — R de classe €',

(proximité du soliton) VteR, lu(t, -+ y(2)) = Qcollg < @, (1.12)

(non-dispersion) Ve>0,3R>0,VteR, / u?(t,x +y(1)) dx < &, (1.13)
|x|>R

alors il existe c; > 0, x1 € R tels que
Vit,xeR, u(t,x) = Q¢ (x —x1 —cqt).

Autrement dit, les solutions globales de (gKdV) qui sont suffisamment proches pour tout temps
d’un état fondamental, mais qui ne sont pas des solitons, doivent nécessairement disperser au sens
ot la propriété de L?-compacité (1.13) n’est pas satisfaite. Pour de telles solutions, la masse n’est
plus concentrée en tout temps ¢ autour de y(7), et ceci aussi loin que ’on veut de y(z). Le théoréme
précédent suggere que les solitons sont des objets tres rigides.

A chaque fois, la stratégie mise en place pour prouver les théorémes de Liouville précédents
est la suivante : se ramener au cadre linéaire et y montrer une propriété de rigidité analogue qui
concerne 1’équation linéarisée autour d’un soliton, en utilisant toutefois des outils d’analyse non-
linéaire (arguments du Viriel, de monotonie) qui consistent a étudier la dérivée de quantités du
type fR v2(t,x)¢(x) dx pour des choix judicieux de fonctions v et ¢. S’il est possible de travailler
avec ¢(x) = x, les preuves, a I’instar de [64] et [72], ont progressivement gagné en efficacité en

.y O, (X) . c s o .
considérant ¢(x) = — o 0( + ©tune variable v, « duale » de u, construite a ’aide de 1’opérateur
<0

linéarisé autour de Q, et obtenue apres modulation. Dans [72], Martel et Merle travaillent ainsi
avec la variable

V= LCOT] - (f(QcO + 77) - f(Qco) - nf,(QLO)) ’
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ol 7 a pour expression 17(t, x) = u(t, x+p(t)) —Q.(;) (x) pour de certaines fonctions de modulation
p(1) et c(t) de classe €.

Notons que les propriétés de stabilité asymptotique H' des solitons et des multi-solitons ont
été développées en parallele des résultats de rigidité précédents pour la raison que ces derniers per-
mettent de récupérer la stabilité asymptotique des solitons [66,70,72] et des multi-solitons [72,80].
A notre connaissance, trés peu d’articles démontrent des résultats de stabilité asymptotique pour
(gKdV) sans I’appui d’une propriété de type Liouville (I’article [97] est en cela un des rares exem-
ples).

Notre propos est de fournir une propriété de Liouville analogue au théoréme 1.11, adaptée aux
multi-solitons. Nous considérons des solutions de (gKdV) qui sont non-dispersives au sens de la
définition suivante.

Définition 1.12. On dit qu’un élément u € € ([T, +c0), L>(R)) est non-dispersif s’il existe p > 0
tel que

Ve>0,3R,>0,Vr>T, / u*(t,x) dx < . (1.14)
x<pt—Rg

Intuitivement, une solution de (gKdV) non-dispersive au sens de la définition précédente est
une solution qui ne possede pas de masse a gauche en espace et pour laquelle toute la masse se
déplace a droite en espace lorsque ¢ augmente : observons en effet que la masse est essentiellement
localisée a droite de pt.

Exemple de fonction « non-dispersive » pour ¢ > 0 au sens de (1.14)

Vi

Exemple de fonction qui « disperse » pour ¢ > 0 au sens de (1.14) : (¢,x) @

\/’

A titre d’exemple, une fonction u € € ([T, +0), L>(R)) satisfaisant
Vi>T,Vx<pt, |u(tx)|<Ce Pl (1.15)

pour certaines constantes C et k, est non-dispersive.
Nous démontrons réciproquement que toute solution u € € ([T, +0), H'(R)) de (gKdV) non-
dispersive et uniformément bornée dans H'(R) vérifie (1.15). Plus encore, il s’agit d’un élément



1.3. SOLUTIONS NON-DISPERSIVES DE (GKDV) 23

de € ([T, +c0) X R) pour lequel toutes les dérivées partielles vérifient une inégalité de la forme
(1.15).

C’est une observation fondamentale, dont la preuve s’appuie sur une inégalité de monotonie forte,
inspirée de Martel et Merle [66] et de Laurent et Martel [57].

Nous prouvons au chapitre 3 que de telles solutions qui sont uniformément proches d’une
somme de N solitons découplés sont des multi-solitons.

Théoréme 1.13 (F.). Soit u une solution de (gKdV) qui appartient a € ([0, +c0), H' (R)). Sup-
posons existence de p > 0 tel que

Ve>0,3R,>0,Vr>0, / u(t,x) dx < €. (1.16)
x<pt—Rg
Soit N > 1 un entier et soient N réels positifs0 < ¢y < --- < cn. Il existe « = a(cy,...,CN,pP) >
0 tel que, s’il existe N fonctions x1, . ..,xny : R* — R de classe €' qui satisfont
N
V>0, u(n) = Y Q- —xi()| <o, (1.17)
i=1 H!
et
Vt>0,vVie{l,...,N—-1}, Xi+1(t) = x;(¢) = |Ina], (1.18)
alors u est un multi-soliton (en +o00). Autrement dit, il existe 6 > 0, 0 < c;’ < e < c}’v,
X{,...,X) € Retdes constantes positives Cj telles que pour tout s > 0, pour tout t > 0,
N
u(t)= Q=i —x)| = Cee™.
i=1 HS

Le théoréme précédent fournit ainsi une caractérisation dynamique des multi-solitons. Obser-
vons que les hypotheses sont faites ici pour des temps positifs # > 0 et non pas pour tous les temps
t € R. De la sorte, ce théoreme étend mais raffine également le théoréme 1.11. Bien sir, dans le
cas L?-sous-critique 1 < p < 5, les hypothéses (1.17) et (1.18) peuvent étre allégées et ne tenir en
somme qu’au temps ¢ = 0 dans la mesure ol les sommes de solitons découplés sont stables [80].

Dans la preuve du théoréme 1.13 que nous exposons, deux ingrédients majeurs sont utilisés.
D’une part, la propriété (3.6) de non-dispersion permet d’obtenir un contrdle de u et de sa dérivée
Oxu sur la région x < Bt pour un certain 8 > 0 suffisamment petit ; cela implique que

||M(f)||H1(x5'3,) — 0 lorsque t — +oo.

D’autre part, la propriété de stabilité asymptotique dans 1’espace d’énergie, dont nous dis-
posons grace aux hypotheéses complémentaires (1.17) et (1.18), permet d’avoir un contrdle, lorsque
t — +oo, d’une quantité de la forme ||u(t) —Zf\il chf(- — i1 (x2pn 000 < cf <--- <} et
oll pour tout 7, les fonctions ¢ — p;(¢) € R de classe €' proviennent d’un argument de modulation.

Lorsque les deux propriétés intermédiaires sont réunies, nous obtenons que

— 0, lorsque t — +oo,

N
u(t) = " 0t (- = pi(1)
i=1

H!
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ol p;41(t) — pi(t) = 6t et p/(t) = ¢ pour un certain 6 > 0. Il reste alors a affiner ce résultat pour
obtenir la convergence suivante, pour certains xi’, . ,x;’v eR:

— 0, lorsque ¢ — +oo.

N
u(t) = Y Qer (- = cft = x)
i=1

H!
Pour ce faire, nous suivons le schéma de la preuve de Martel [63, Proposition 4] et montrons en
fait que la derniere convergence vers 0 est réalisée a vitesse exponentielle.

Il convient de mentionner que le contexte particulier de (KdV) qui correspond a p = 2 offre
une caractérisation simplifiée des multi-solitons ; aussi, nous obtenons, a 1’aide des résultats de
résolution en solitons d’Eckhaus et Schuur [28] et de Schuur [101], le théoréme suivant.

Théoreme 1.14 (F.). Soit uy € . (R)\{0}. On suppose que la solution u de (KdV) qui correspond
a la donnée initiale ug, qui est globale en temps, est non-dispersive en temps positif, ¢’est-a-dire
satisfait (1.16). Alors u est un multi-soliton.

Ajoutons que nous pouvons également caractériser de fagon analogue les solutions non-disper-
sives de I’équation (mKdV) : ce sont génériquement des multi-breathers.

L’équation (mKdV) admet des solutions particulieres appelées breathers qui interviennent
également dans la réponse a la question de la conjecture de résolution en solitons. Pour tout
(a,B) € Ry xR}, ettous x1,x2 € R, rappelons que le breather B, g x,,x,, caractérisé par la vitesse
d’enveloppe y := 8% — 32, la vitesse de phase 6 := 382 — o et les paramétres de translation
X1,X € R, a pour expression :

B sin(a(x — 6t —x1))

arctan (Ecosh(ﬁ(x—yt—xz)))] . (1.19)

On pourra consulter notamment Alejo and Mufioz [1] pour I’introduction et I’étude de ces solutions
dans I’espace de Sobolev H>(R).
Un résultat de décomposition en termes de solitions et breathers pour (mKdV) a été développé
dans [101, Chapter 5, Theorem 5.1] et récemment dans [8, Theorem 1.10] pour des données initiales
uo génériques (en un sens que nous préciserons au chapitre 3).

Exploitant ce résultat de décomposition, nous obtenons 1’énoncé suivant en ce qui concerne les
solutions non-dispersives de (mKdV).

Ba g, (1.%) 1= 2V20,

Théoreme 1.15 (F.). Soit p = 3, soit ug € L (R) \ {0} générique, telle que la solution globale
correspondante u de (mKdV) soit non-dispersive pour les temps positifs (c’est-a-dire satisfasse
(1.16)).

Alors u est un multi-breather en +oo avec des vitesses positives : il existe N1, N, € N avec
N1+ Ny > 1, ilexiste 0 < cy <---<cp,, il existea;, B; € R} pour j =1,..., N avec

2 2 2 2
0<pBy—3aj <--- < By, —3ay,
et il existe y > 0, des constantes positives Cs, des signes €; = +1 et des réels xo ;, X1 j, X2, ; tels que
pour tout s > 0, u appartienne a € ([0, +00), H*(R)) et

N Ny
Vi 0, |u®) = Y @R ()= Y Byrg vag D) < Cse
=1

i=1 F; Hs
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La preuve s’inspire de celle du théoréme 1.14 : il s’agit d’écrire la décomposition en solitons
et breathers disponible pour p = 3 et d’utiliser la régularité, 1’unicité et les estimées H* pour les
multi-breathers démontrées par Semenov [102].

1.3.2 Comportement ponctuel des multi-solitons de (gKdV) : résultats et conjecture

Nous considérons a présent la question du comportement ponctuel des multi-solitons, a ¢ fixé. Un
tel multi-soliton décroit-il comme une somme de solitons ?
A ce sujet, nous démontrons le théoréme suivant.

Théoréme 1.16 (F.). Soientp > 1,0 <c; <- - <cn, X1,...,xn € Retu € €([T,+x), H (R))
un multi-soliton de (gKdV) associé aux solitons R, x;, i = 1,..., N (u est unique si p < 5).
Soit @ < c| et soit B > cn.

AlorsilexisteT' > 0, ko > 0 et ko > 0 tels que pour tout s € N, il existe Cs > 0 tel que pour
toutt > T,
si x < at, (décroissance exponentielle a gauche de la premiére onde solitaire)

|0Su(t,x)| < Cye*elx=atl; (1.20)

si at < x < ft, (décroissance exponentielle au voisinage des solitons)

N
03t n)] < € [ ety abearl ), (12D
i=1

Pour tout s € N et pour tout n € N, il existe Cs , > 0 tel que pour toutt > T, pour tout x > f3t,
(décroissance polynomiale a droite de la derniere onde solitaire)

. Cs n
AHu(t,x)| < ———. 1.22
O3t 0] < =25 (122)
De plus, siu € L*(R, H' (R)) (par exemple si p < 5), alors il existe T’ > 0, kg > 0 tel que pour
tout s € N, il existe Cy > 0 tel que pour tout t > T’, pour tout x > Bt, (décroissance exponentielle

a droite du dernier soliton)
|0Su(t,x)| < Cye~ s hI (1.23)

La décroissance exponentielle a gauche des multi-solitons de (gKdV) (sur une région de la
forme x < at) est liée au caractere non-dispersif des multi-solitons sur une telle région et découle
ainsi d’un argument de monotonie similaire a celui que nous mettons en ceuvre pour démontrer le
théoréme 1.13.

Sur un intervalle de la forme [at, Bt], I’inégalité obtenue est conséquence de la décroissance
exponentielle en temps des quantités ||u(t) - f\:’ | Rei x; (t)” gs» S ENL

Enfin a droite, sur une région de la forme x > ft, il semble en revanche plus délicat de montrer
que les multi-solitons décroissent a vitesse exponentielle en espace. Ici, I’argument de monotonie
ne s’applique plus si le multi-soliton n’est pas supposé global. A partir des estimées de convergence
exponentielle en temps pour toutes les normes H®, nous obtenons une décroissance plus rapide que
tout polyndme pour chacune des dérivées du multi-soliton. En particulier, nous obtenons que les
multi-solitons appartiennent a I’espace de Schwartz.
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Le résultat précédent est issu de la considération d’intégrales de la forme
(1) = / (02u)? (1,x) (x = Br)" dx
x>t

pour s et n entiers naturels. Par récurrence sur n, nous montrons que si pour tout s € N, I ,, < +00,
alors pour tout s € N, I ,41 < +co. Précisément, sous I’hypotheése que chacune des quantités
Ion, ..., 1Isn, Isi1 5 estfinie, nous établissons que I 5,41 est finie. Autrement dit, la convergence des
intégrales I , est démontrée de proche en proche, par procédé « triangulaire » ; par I’intermédiaire
des cases grisées, le tableau ci-dessous permet de visualiser toutes les valeurs des indices s et n a
considérer pour montrer que /41, < 400.

n

K
s+1
s+2

s+n

D’un point de vue technique, cette obtention triangulaire de la décroissance polynomiale de u a
pour origine 1’apparition d’un terme contenant une dérivée d’ordre s + 1 en espace sur u lorsqu’on
dérive en temps une fonctionnelle de la forme fR ((?;u)z @(t,x) dx, ou ¢(r) désigne une certaine
fonction « poids ». Ce phénomene est évidemment lié a la structure de I’équation (gKdV).

La décroissance rapide obtenue implique en particulier de la non-dispersion a droite pour le
multi-soliton u, ce qui permet d’obtenir (1.23) via de la monotonie dans le cas ol u est défini pour
tout temps ¢ € R ; ¢’est notamment le cas dans le cas L2-sous-critique.

Notons qu’un concept essentiel dans la théorie développée pour (gKdV) réside dans « I’effet
régularisant de Kato » (ou Kato smoothing effect) [47], et si dans les cas L2-critique et L2-surcriti-
que, les multi-solitons devaient également décroitre a vitesse exponentielle a droite de la derniere
onde solitaire (ce qui est actuellement au stade de conjecture), il est possible que le gain de dérivées
en espace traduit par cet effet régularisant soit utile a la preuve correspondante.

1.4 Famille de multi-solitons pour les équations de Klein-Gordon

Nous nous intéressons ici a une autre équation pour laquelle il est possible de considérer des multi-
solitons : 1’équation de Klein-Gordon non-linéaire qui apparait en physique quantique des champs

Ou = Au—u+ulPu, (NLKG)

ot u est une fonction de (¢, x) € R x R a valeurs réelles et p > 1.

Cette équation de nature hyperbolique présente des caractéristiques différentes des équations
(gKdV) et (NLS) introduites dans les parties précédentes. Par exemple, la norme L2 de u(f) n’est
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pas conservée au cours du temps ; en outre, (NLKG) ne dispose guere de propriété d’invariance
par scaling.

Néanmoins, les deux quantités remarquables suivantes sont conservées par une solution u de
(NLKG) a valeurs dans H! (R9) x L2(RY) :

* I’énergie %fRd {(6,u)2 + | Vu|> +u? - %lulp“} (t,x) dx

¢ le moment ./Rd {0,uVu} (t,x) dx.

On observe aussi que I’ensemble des solutions de (NLKG) est laissé invariant sous 1’action de
« boosts » lorentziens, c’est-a-dire sous 1’action de matrices de la forme

4 ~YB
BT la+ BB
1

Vi-gI’

Aussi, I’équation (NLKG) admet des solitons, obtenus comme « ground states » boostés a partir
d’une solution positive Q € H'(R?) de I’équation fondamentale

AQ-Q+Q" =0,

Aﬁ =

ot B € R4 est de norme euclidienne |B| < 1 ety :=

de la facon suivante :
Op.x, 1 (t,x) = Q (pr o Ag(t,x —x0)),

pour un choix de paramétres 8 € R, |8| < 1 et xg € R4, ot y := —

Vi-|g?

canonique R'*¢ — R surles d derniéres coordonnées. Dans le cas unidimensionnel en particulier,
le soliton précédent se réécrit :

et pr est la projection

Qﬁ,xo : (I,X) = Q (x _ﬁt _XO) .

Ces solitons sont des objets orbitalement instables, et cela indépendamment de la valeur de
p [23,37] ; cela constitue une différence notable avec les équations de Korteweg-de Vries ou de
Schrodinger. Comme il est commode de réécrire (NLKG) comme un systeme différentiel d’ordre
1 et de travailler avec des vecteurs a deux composantes, on notera dans la suite

Qﬁ,xO (t’ x) )
aI,‘Q,li’,xo (t’ X) ‘

La premiere construction d’un multi-soliton dans le contexte de (NLKG) est due a Cote et
Muiioz [20] ; elle repose sur des méthodes usuelles de compacité et d’énergie qui peuvent étre
mises en pratique grace a la théorie spectrale des opérateurs linéarisés autour des solitons dévelop-
pée dans cet article. Notons que cette construction a été étendue par Cote et Martel [18] en dé-
montrant I’existence de « multi-bound states » qui sont I’analogue des multi-solitons, mais définis
a I’aide d’états excités et non plus simplement a partir de « ground states ».

R,B,xo ([, x) = (

Focalisés plus particulierement sur la dynamique en temps long de solutions de I’équation
(NLKG) au voisinage d’une somme de solitons, nous démontrons 1’existence d’une famille a N
parametres de multi-solitons. Précisément, nous avons
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Théoreme 1.17 (F.). Soit p > 2. Considérons un entier naturel N > 2 et 2N paramétres
Xls.o o XN eR? ot Bi,..., BN e R4
tels que 0 < |By| < --- < |B1] < 1.
Alors il existe o > 0,0 < eg, <---<egy, Yy, € € (R, H' (R?) x L2(RY)) pouri=1,...,N et

une famille a N paramétres (9, ... Ax)(A,....An)erN de solutions de (NLKG) telle que pour tout
(Ay,...,An) € RN il existe tg € R et C > O tels que

Vit = ty,

.....

PA,...,.AN . ’ ’
Ay = . De plus, si (A],...,A,) # (A1,...,AN), alors on s #
" (aﬂPAl ..... AN) N AR

La famille de multi-solitons décrite par le théoréme précédent est construite en adaptant a
(NLKG) la construction effectuée par Combet [11,12] dans le cadre des équations (gKdV) et (NLS).
Cette construction s’appuie sur un argument topologique établi originellement dans [19] et est pos-
sible grice a la bonne connaissance des opérateurs linéarisés autour des « ground states ». Nous
utilisons en effet les notations introduites par Cote et Mufioz [20], réemployées par Cote et Mar-
tel [18], ainsi que les propriétés spectrales démontrées dans leur article.

En ce qui concerne la question de la classification, nous montrons réciproquement le théoréme
suivant.

Théoreme 1.18 (F.). Sous les mémes hypothéses que le théoréme précédent, si u est une solution
de (NLKG) telle que

N
1
U(t) - Z Rg, x; (1) =0 (ﬁ) lorsque t — +o0, (1.25)
i=1 H'xL?
oulU = 6u ) et > 3, alors il existe Ay,..., ANy € Retty € R tels que pour tout t > ty,
U

U(t) = @4, an (1)

L’unicité de cette famille de multi-solitons en restriction a la classe satisfaisant (1.25) est
obtenue grice a la presque-monotonie d’une fonctionnelle 7 bien choisie, inspirée de [76]. L'iné-
galité essentielle qui permet d’améliorer la vitesse de convergence de

N
Z(t) =U() = Y Rp,. (1)
i=1

vers 0 dans H' (R9) x L?(R?) est de la forme

(1) < ST W + 120 1)
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pour un certain paramétre 1 € (1, @ — 1) et une fonction  telle que t — t*h (¢, || Z(t)|| 1y p2) est

intégrable au voisinage de +oo et dont le comportement en temps long est meilleur que simplement

2

quadratique en || Z(?)]| 112, essentiellement en o (supl,Zt ||Z(t’)||Hl><L2 .

Lorsqu’un seul soliton est considéré, nous obtenons une caractérisation complete des solutions
qui convergent vers ce soliton lorsque ¢ — +oo.

Théoréme 1.19 (F.). Soit 8 € R¢ avec |B| < 1 et soit p > 2.
llexisteeg > 0,Y, g € € (R, H'(RY)xL?(R?)) et une famille (u?) gcr a un paramétre de solutions
de (NLKG) telle que pour tout A € R, il existe ty = to(A) € R tel que pour tout t > ty

|UA(1) = Rg(t) = Ae™P" Yo g (1)]| 1,2 < Ce 2, (1.26)
uA ’
on UA = ((9 A). De plus, si A # A’, alors u® # u?'.
U
Par ailleurs, si u est une solution de (NLKG) telle que
WU(t) — Rg(t)||gixz2 — 0, lorsque t — +oo, (1.27)
oulU = (au ), alors il existe A € R et ty € R tels que pour tout t > to, U(t) = UA(1).
U

L’existence d’une infinité de solutions est générée par la direction d’instabilité due a I’existence
de la valeur propre négative (li€e a eg) de I’opérateur lin€arisé autour du soliton Qg. Ce phénomene
est naturel pour I’étude de solitons instables.

Si I’énoncé précédent se construit sur le modele de [10] attaché & (gKdV) et s’inspire de
plusieurs résultats de classification obtenus auparavant, comme pour (NLS) cubique tridimension-
nelle [26], (NLS) H 1—critique [25] ou encore 1’équation des ondes dans le cas H 1-critique [24],
notre démonstration reléve d’une approche différente, dans la mesure ou celle-ci repose pleine-
ment sur la théorie spectrale des opérateurs linéarisés au voisinage des solitons.

La classification établie dans le théoréme 1.19 laisse supposer que pour N > 1 quelconque, les
N-solitons construits dans le théoréme 1.17 forment exactement 1’ensemble des multi-solitons u
tels que

H O
1 —+00

N
U- Z ngi,xi(l‘)
i=1

H!xL?

u
oulU = (6 ) Cependant, cela demeure au stade de conjecture et I’application d’un argument usuel
tU

de coercivité ne permet apparemment pas de décrire et d’améliorer de facon évidente la vitesse de
décroissance de ||U - Zf\:’ 1| Rgi x; (t)“ 1152 Vers 0. En outre, il existe une différence profonde entre
le cas ou un seul soliton est considéré (N = 1) etle cas ot N > 2 : le recours a un argument de
type point fixe, possible dans le cas N = 1 et initié par Duyckaerts et Merle [24,25] ne parait pas
adapté au cadre des multi-solitons.

Malgré tout, notre argument permet de récupérer tous les multi-solitons d’une classe raisonna-
ble, plus large que la classe a décroissance exponentielle en temps. De plus, la démonstration
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du théoreme 1.18 donne I’espoir d’une réponse a la question de 1'unicité ou de la classification
générale des multi-solitons pour d’autres équations aux dérivées partielles, au moins dans la classe
des solutions qui convergent polynomialement en temps vers une somme de solitons, c’est-a-dire
au sens de (1.25).

1.5 Organisation des chapitres

Les chapitres qui suivent cette introduction générale sont consacrés aux développements des résul-
tats obtenus dans le cadre de cette these.

Aussi, le deuxieme chapitre étudie les propriétés de régularité et d’unicité des multi-solitons
des équations de Schrodinger non-linéaires (NLS) et s’attache tout particulierement aux théoremes
1.9 et 1.10.

Le troisieme volet ouvre sur la propriété de non-dispersion qui s’avere essentielle pour carac-
tériser les multi-solitons des équations de Korteweg-de Vries généralisées (gKdV). Ce chapitre a
donc vocation a contenir les démonstrations des théoremes 1.13, 1.14 et 1.15.

La quatrieme partie fait en outre état du comportement des multi-solitons de (gKdV) en espace
(théoréme 1.16).

Enfin, la cinquieme partie fait I’objet de la construction de multi-solitons pour les équations de
Klein-Gordon non-linéaires (NLKG) avec le théoréeme 1.17 ; elle aborde aussi le probleme d’unicité
pour la classe de solutions qui convergent vers un soliton (théoréme 1.19) ou vers une somme de
solitons (théoréme 1.17).



Chapter 2

On smoothness and uniqueness of
multi-solitons of the non-linear
Schrodinger equations

Abstract

In this paper, we study some properties of multi-solitons for the non-linear Schrédinger equations
in R? with general non-linearities. Multi-solitons have already been constructed in H'(R?) in
[19,71,85]. We show here that multi-solitons are smooth, depending on the regularity of the non-
linearity. We obtain also a result of uniqueness in some class, either when the ground states are all
stable, or in the mass-critical case.

2.1 Introduction

2.1.1 Generalities on the non-linear Schrodinger equations

We consider non-linear Schrodinger equations in RY which admit traveling solitary waves (soli-
tons). More precisely, we focus on

Opu = i(Au+ f(lul*u), (NLS)

where u : I x R? — C, I c Ris atime interval, and f : [0,+c0) — R is an H'-subcritical
non-linearity.

For d < 3 and for particular functions f, equation (NLS) arises in the mathematical description
of many physical phenomena; it is used mainly to model non-linear wave dynamics. For instance, it
is fundamental in the description of the dynamic of particles moving in electromagnetic fields [61]
and quantum systems like Bose-Einstein condensates [98]. With particular non-linearities obtained
by linear combinations of quadratic, cubic, and quintic terms it appears also when one tries to de-
scribe the propagation of laser beams in some mediums [4] or of more general ultrashort optical
pulses (see for example [22] for the study of some solutions of these equations), with applications
in medical imaging, material processing and optical communications (we refer to [29] for further

Ce chapitre fait I’objet d’un article rédigé en collaboration avec Rapha&l Cote et accepté pour publication dans
Communications in Partial Differential Equations [16].
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details concerning the applications of (NLS) to fiber optics for example).

For the purpose of the exposition, we focus in this paragraph on pure power non-linearities

f(r):r%, l<p<l1l+

TR r>0. 2.1

(If d = 1 or 2, the condition is p > 1 and if d > 3, the conditionis 1 < p < 1+ ﬁ). We will give
results on general non-linearities in paragraph 2.1.3.

Ginibre and Velo [34] proved that (NLS) is locally well-posed in H' (R?): for all ug € H'(R%),
there exist 7 > 0 and a unique maximal solution u € €([0,T), H'(R9)) of (NLS) such that

u(0) = ug. For any such H' solution, the following quantities are conserved for all # € [0, T):

e the L? mass |lu(t,x)|? dx.
R4

lu(r,x)|P*| dx.

1 1
* the energy /Rd (§|Vu(t,x)|2 Tl

¢ the momentum Im Vu(t,x)u(t,x) dx.
RL’

Furthermore, for all s € N'\ {0, 1}, if
gz 2f (|27) = 2|27

is * on C as an R-differentiable function (that is if p > s or p is an odd integer), and in case
where s < %, if in addition p < 1 + ﬁ , then (NLS) is locally well-posed in H*(R¢) according
to Kato [48, Theorem 4.1].

Also (NLS) is invariant under properties of space-time translation, phase, and galilean invari-
ances: if 1 e R, v € R?, x0 e R4, v € R, and u is a solution to (NLS), then

o vz
(t,x) — u(t — 1% x —x° - vt)el(%v'x_%”") (2.2)

is also a solution to (NLS). What is more, (NLS) with a pure power non-linearity (2.1) is scaling
invariant: if A > 0 and u is a solution to (NLS), then

1 r x
(t,X) = mu (Z, m) (23)

is still a solution to (NLS).

Let us introduce now some particular solutions of (NLS) which are essential in the theory and
on which our paper is based. Given w > 0, Berestycki and Lions [2] proved the existence of a
(non-vanishing) positive radial solution Q, € H'(R9) to the following elliptic problem

AQu+ f(02)00w =wQyw, Qu >0 (2.4)



2.1. INTRODUCTION 33

(By scaling, it suffices to prove the existence for w = 1). A solution to (2.4) is called a ground state
(and if one relaxes the sign condition, we speak of bound state). Using a Pohozaev identity [99],
one can show that (2.4) has no solution in H'(R4) for p > 1 + (df—z); Moreover, for s € N* and if
g is € on [0, +0), then Q, is €% on R and one has exponential decay (see [2, proof of Lemma
1]): there exists C; > 0 such that for each multi-index § € N¢ with 6] < s+2,

Vo
VxeR?, 0904, (x)| < Cye™ T ¥, (2.5)

Then the function
(1,x) = Qu(x)e' (2.6)

is a solution to (NLS). Using the invariances (2.2) of the equation, one obtains a whole family of
solutions of (NLS) known as solitons.

Dynamical properties of solitons have been extensively studied. One important result is related
to their orbital stability: solitons are orbitally stable if p < 1 + % and unstable if p > 1 + %. Recall
thatthe case p = 1+ % corresponds to the L?-critical exponent: in this particular case, the L> norm
of a solution is invariant by scaling (2.3).

In this article, we are interested in qualitative properties of multi-solitons, that is solutions of
(NLS) which behave as a sum of decoupled solitary waves for large times.

Let us begin with the definition of some further notations. Fix K € N\ {0, 1} and for all
k=1,...,K,let

wr >0, 7y €R, xg eR? andv; € R? suchthatforall k # k/, vi # vpr.

Forall k =1,..., K, we consider

(1 v 2
Rk (t,x) — ka (x _xg _ vkt)el(ivk'x+(wk—%)t+7k),

0

x TVt We denote also

which is a soliton of (NLS) moving on the line x = x

M=

R = Rk.

k=1

In general, R is obviously not a solution to (NLS) because of the non-linearity. A multi-soliton is
a solution u of (NLS) defined on [T, +0) for some T € R and such that

Aim {lu(@) = R(@)lgz1 = 0. 2.7

Multi-solitons were explicitly constructed in the integrable case, that is with f(x) = x and
d =1, using the inverse scattering method (see Zakharov and Shabat [113]).

The first construction in a non-integrable context is due to Merle [85], in the critical case p =
1+ %. Later, following closely the ideas of Martel in [63] for the construction of multi-solitons for
the Korteweg-de Vries equations, Martel and Merle [71] constructed multi-solitons of (NLS), in
the L?-subcritical case 1 < p < 1 + %. This result was extended to L2-supercritical exponent by
Cote, Martel and Merle [19]. Let us recall the results.
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Theorem 2.1 (Merle [85], Martel and Merle [71], Cote, Martel and Merle [19]). There exist 0 > 0
(depending on vy, wy for 1 < k < K), Ty > 0, and a solution u € € ([T, +0), H' (R9)) of (NLS)
such that

Vi>T, llu(t) = R(0)|| g1 < 29", (2.8)

Let us also mention the works by Le Coz and Tsai [60] and Le Coz, Li and Tsai [59] where in-
finite trains of solitons are constructed, in the context of (NLS). The construction of multi-solitons
in H' was done for many other non-linear dispersive models (besides the generalized Korteweg-de
Vries equations) such as the non-linear Klein-Gordon equation [20], the Hartree equation [52], the
water-waves system [88], and in both stable and unstable contexts, which means assuming that all
0 ., are stable or not.

Even though solutions of (NLS) behaving as a sum of decoupled general bound states (that is,
solutions to (2.4) which change sign) have been studied in the last years (see for example [17] on
(NLS) or [18] on non-linear Klein-Gordon equation), in the present paper we concentrate only on
multi-solitons based on ground states. Our goal here is to study uniqueness and smoothness issues.

To our knowledge, the only work where multi-solitons are shown to be more regular than H' is
for the generalized Korteweg-de Vries equation (which is one-dimensional), with monomial non-
linearity, by Martel [63], where the exponential convergence (2.8) is shown to hold in H*(R) for
all s € N (with a constant C; depending on s in front of the exponential term and a convergence
rate § independent of s): see Proposition 5 and its proof for the L2-subcritical and critical cases;
the Lz-supercritical case can be treated likewise, as it is mentioned in [19, Remark 1]).

A natural question is thus to understand for (NLS) whether the multi-soliton « in Theorem 2.1
is smoother than H': for example, does it belong to €' ([Tp, +o0), H*(R4)) for s > 1 and does it
hold ||u(z) — R(2)||gs — O ast — +o0?

Another natural question is the uniqueness or the classification of multi-solitons. Again, to
our knowledge, the only complete study of the question was done for the generalized Korteweg-de
Vries equations: multi-solitons were proved to be unique in the L2-subcritical and critical cases by
Martel [63], and were classified in the Lz—supercritical case by Combet [11] (there is a K-parameter
family of K-solitons, each instability direction yielding a free parameter). Actually, smoothness of
the multi-solitons constructed in Theorem 2.1 is an important ingredient in the proof of uniqueness
(or classification) in dimension d > 2.

2.1.2 Main results

Our first result concerns the construction of a multi-soliton in H* (R9), where the regularity index
s > 1 depends on the regularity of the function g. We prove in particular that the convergence
occurs with an exponential rate in H* (R?). The result is stated here for pure power non-linearities,
and we will discuss general non-linearities in the next paragraph.

Theorem 2.2 (Smoothness of multi-solitons). Assume that p > 3. Let 8 > 0 be defined as in
Theorem 2.1 and sy = |p — 1] = 2, or s9 = +o0 if p is an odd integer. There exist Ty > 0 and
u € C([Ty, +00), H*(RY)) a solution of (NLS) with pure power nonlinearity (2.1) such that for
all non-negative integer s < sy, there exists Cy > 1 such that

VixTi,  |lu(t) = R(t)|as < Coe 5417, (2.9)
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Moreover, if p is an odd integer, then for all integer s > 0,
Vi>Ty, |lu(t) = R(@)|lgs < Cse . (2.10)

Remark 2.1. Theorem 2.2 completes Theorem 2.1 by showing the existence of smooth multi-
solitons. Notice that its applications are limited to dimensions d < 3, since we consider the pure
power case and due to the H'-subcritical assumption p < 1+ ﬁ which is required for the existence
of solitons.

In particular, in dimension d = 1 and d = 2, multi-solitons belong to H*(R¢) when p is an
odd integer, and in dimension d = 3, multi-solitons are H*(R?) when p = 3 (which corresponds
to the most physically relevant case).

The exponential decay rate SZ% is optimal for s > 2 (obviously, the estimate (2.9) obtained for
s = 1 is worse than (2.8) but this is not of interest in the context of Theorem 2.2). We underline that
this exponential decay rate does depend on s (vanishing when s is large); this is due to some loss,
passing from the proof of the H*-estimate to that of the H**!-estimate. This dependence could be
a problem for some applications. Observe however that if one is willing to consider only regularity
indices s < 870 (say), then a straightforward interpolation argument between the H' and H*° bounds
gives the convergence with uniform exponential decay rate 6:

Vs < %0 VieTi, lu()—R@|us < Cle™".

Our second goal is to obtain some kind of uniqueness result for (NLS). We derive one for L>-
subcritical and critical (NLS), in the class of multi-solitons u such that ||u(f) — R(¢)|| 1 decreases
faster than a high power of % for large values of ¢. More precisely, we state the following:

Theorem 2.3 (Conditional uniqueness). Letd <2and3 < p < 1+ j‘z' There exists N € N large
such that there is a unique u € € ([Ty, +00), H'(R?)) solution to (NLS) such that

1
llut) = R()|| 1 :O(W)’ as t — +oo. @.11)

In particular, the multi-solitons of Theorems 2.1 and 2.2 coincide (and one can take Ty = Ty ).

Remark 2.2. The crucial point in Theorem 2.3 is obviously the uniqueness part. For pure power
non-linearities, Theorem 2.3 provides conditional uniqueness in the sense of (2.11), in the L?-
subcritical and critical cases with p > 3 in dimension 1, and in the L?-critical case p = 3 in
dimension 2.

The requirement that the non-linearity be L?-subcritical or L?-critical is to be expected as no
uniqueness holds in the L>-supercritical case; see Cote and Le Coz [17] for example.

Of course, one would expect an unconditional uniqueness result, that is uniqueness in the class
of solutions u defined for large enough times and convergent to the profile R without decay rate:

lu(z) = R(D)||g1 — 0 as 1 — +oo.

This seems out of reach with our method, but we would like to point out that Theorem 2.3 already
allows to break the class of exponential convergence, in which multi-solitons naturally lie, and as
it was done in [59, 60] for example.
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2.1.3 General non-linearities

In order to consider general non-linearities, one must make a number of assumptions which we
discuss in this paragraph.

Well-posedness in H'(R9) is classically done under the hypothesis that g : C — Cis ¢! and
satisfies

(H1) g(0) = 0 and there exists p € (1, 1+ ﬁ) such that z—i(z), g—i(z) = O(|z|P7!) as

2] = +oo.

In order that the Cauchy problem for (NLS) be well-posed in H® for s € N'\ {0, 1}, Kato [48,

Theorem 4.1] requires furthermore that g is €, and if s < %l, one also needs:

(H2) if g is a polynomial in z and Z, its degree is deg g < 1 + -5

if g is not a polynomial, there exists p € [[s],1+ 75| such that af(;sg_k (z) =
Xy
O(|z|P7*) as |z] — +oo, forall k = 0,...,s, with [s] the smallest integer greater

or equal to s.

The existence of solitons with frequency w > 0 is not as immediate as in the pure power case.
Under the assumption that

3¢, €R}, F(&y) > wé, where F(r):= /rf(p) dp (2.12)
0

for r > 0, Berestycki and Lions [2] showed the existence of a positive radial ground state Q,, €
H'(R?) to (2.4). Note that if there exist A > 0, p’ > 0 and r( > 0 such that

Yr>ry, f(r)= P,

then (2.12) holds for all w > 0. If d = 1, a necessary and sufficient condition for the existence of a
positive solution (2.4) is that w is such that

ro = inf {r >0 ’ F(r)= wr} (2.13)

exists and f(rg) > w (see [2]).
Let us denote by O a subset of (0, +c0) such that

for all w € O, there exists a solution Q, to (2.4). (2.14)

Recall that when it exists, a positive solution of (2.4) is radial (see [2, section 3] and also Gidas,
Ni and Nirenberg [33, Theorem 1°] for non-linearities f such that  — rf(r?) is increasing). We
underline that it is not unique in general. Indeed, Davila, Pino and Guerra [27] showed the existence
of at least three positive H' solutions of

Au+uP + A’ =u

forsome A > Oand p € (1,5) indimension d = 3. See [27] for other counterexamples in dimension
3.

On the other side, Kwong [54] showed uniqueness of a positive radial ground state in the pure power
case, and one can extend this to more general non-linearities; we refer to Mc Leod and Serrin [84],
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Serrin and Tang [103] and Jang [42] for full details. One of the most important statements may be
found in Serrin and Tang [103]: a sufficient condition for uniqueness when d > 3 is the existence
of @ > 0 such that
Vxe(0,a], f(x)<1, and Vxe (a,+), f(x)>1

LX)

fx) -1
In [42], a slightly more general condition (inspired by [103]) yields uniqueness for (2.4) in any
dimension d > 2.

X is not increasing on (a, +0).

Let us point out that conditions for existence and uniquenes of a ground state have been dis-
cussed for specific non-linearities in the litterature. For example, Berestycki and Lions condi-
tion concerning existence and Serrin and Tang condition concerning uniqueness of a ground state
apply to the (important) cubic-quintic non-linearity (corresponding to g(z) = z|z|> — z|z|* or
f(r) = r — r?). Killip, Oh, Pocovnicu and Visan studied more precisely the properties of ground
states associated with this nonlinearity and showed in particular that existence and uniqueness of
a positive radially symmetric solution to

AQ,+Q7, -0, =wQo,
hold if and only if w € O := (0, %); see [51, Lemma 2.1 and Theorem 2.2].

Pursuing with general non-linearities, we will also need a number of assumptions on the lin-
earized operators around solitons. Fix w € O, and let
%, H'RYC) — H'(RYC0
v=vi+ivy = —Av+wv - (f(Q%)v+20% 1 (01)v)
so that the linearized equation of (NLS) around e*“*(Q + v) is §,v = i.Z,,v. We also define the
linearized energy around Q,,, for any w = w| +iw, € H'(R?,C)

HOn = [ (198 + ol = (FQ2)IWE +20% /(@27 ds

=Re/ Loww dx=/ Ly owiwi dx+/ L_ ,wowy dx,
R R R4

where
Ly wwi = —Awy +wwi — (£(QF,) +207%, £ (Q%))wi
L_ ,wy = —Awy +wwy — f(Qi))wz.

We do two (mutually incompatible) coercivity assumptions, depending on whether Q , is stable
or not. They write as follows:

(H3) (Stable case) There exists i, > 0 such that for all w = w; +iw, € H'(R¢, C)

d

1 S 2
H > 2 _ dx| — — E » d
(w) > ﬂ+||w||H1 N (/Rd w10 w x) i (./Rd w10y, 0w x)

i=1

1 2
- — (/ w20 dx) . (2.15)
H+ \JR4



38 CHAPTER 2. ON SMOOTHNESS AND UNIQUENESS OF NLS MULTI-SOLITONS

(H4) (Unstable case) There exists an eigenfunction Y., = Y| +i¥> € H'(R?,C) of i.%,, (with
eigenvalue ey > 0) and u, > O such that for all w = wi +iw; € H'(RY, ),

d

1 21 ?
HOO = bty = - ([ ] =2 ([ wian0, )
H+ \JRd H+ R

i=1

2 2
- i (/ wrY| dx) + (/ w20, dx) . (2.16)
H+ \JRrd R4

Assumptions (H3) and (H4) are intimately related to the stability of Q. Regarding the stable case,
we have the following result by Grillakis, Shatah and Strauss [38, p. 341-345] (see also the work
by Weinstein [108, 109] and by Maris [62, Lemma 2.4]).

Proposition 2.4. Assume that O is open and that the map w v+ Q,, is of class €. Let wy € O.
Under the non-degeneracy assumption that

0
Ker(Ly, o) = span{&, i=1,.. .,d}, (2.17)
ﬁxi
we have the following dichotomy:
d
o If — / Qo (x)? dx > 0, then (2.15) holds, and as a consequence, 0 w, is orbitally
dw |w=w, Jrd
stable in H'(R9).
d
o If — / 0 (x)? dx < 0, then 0w, is orbitally unstable in H' (R%).
dw lw=wy JRA

We also refer to Cazenave and Lions [5, Theorem II.2 and Remark I1.3] for another approach
to H' orbital stability of the solitons based on Q.

—p+3_d
For the pure power case, ﬁ fRd Qo(x)? dx = (% - %) wprT 2 /Rd Q1(x)? dx so that it is

positive when 1 < p < 1+ %, that is in the L>-subcritical case (and in particular (H3) holds in that
case) and it is negative when 1 + % <p< %, that is in the L?-supercritical case.

Regarding the unstable case, following the ideas of Duyckaerts and Merle [24], Duyckaerts and
Roudenko [26], and Cote, Martel and Merle [19], the coercivity result below holds.

Proposition 2.5 ((3.6) in [19]). Let w € O such that i.£,, admits a non zero eigenfunction Y, €
H'(RY). Then (2.16) holds.

An important step is therefore the construction of an eigenfunction Y,,: this can be done in the
L?-supercritical pure power case (p > 1 + %) for all w > 0, and so (H4) holds in that case.

We are now in a position to state our results for general non-linearities. For smoothness, it
reads as follows.

Theorem 2.2". Let sy > %. Assume that g satisfies (HI) and belongs to WZ?:I’OO(C). Assume
moreover that for all k = 1, ..., K, wy belongs to O and Q ,, satisfies either (H3) or (H4).
Then the conclusions of Theorem 2.2 hold.

And below is about uniqueness.



2.1. INTRODUCTION 39

Theorem 2.3". Let d < 3 and f : z — f(|z|*) be of class €* on C (as an R-differentiable
Sfunction), such that its second differential satisfies

ID27] =0 (IZI3‘2) . asz| = +e. (2.18)

If f is not the pure power non-linearity, assume that for all k = 1,...,K, wx € O and Q,
satisfies (H3), and in the case where d > 2, assume moreover that g belongs to Wlsgzl’w((C), where
S0 = L%J + 1.

Then the conclusion of Theorem 2.3 holds.

Remark 2.3. Theorems 2.3 and 2.3’ are restricted to dimensions d < 6. For d > 7, a similar
uniqueness result can be proved (using the same method as that we develop in section 2.3), provided
a smaller class of multi-solitons u is considered, and for which a bound on ||u(f) — R(¢)||L~ is
furthermore assumed. This is the purpose of the next proposition.

Proposition 2.6. Let d > 4, sy = [%J +1,and f : z = f(|z]?) be of class €* on C (as an
R-differentiable function), such that its second differential satisfies

[D27ll=0(121772),  aslzl - +eo. (2.19)

Assume that g belongs to WZ‘Z’ZI’M(C). Assume moreover that for allk = 1,...,K, wy € O and
0 w, satisfies (H3).

Then for any a > 0, there exists N € N* such that there exists a unique u € € ([T, +o0), H'(R?) N
L®(RY)) solution to (NLS) such that

a

llee(2) — R(2) | g1 =O(ILN) and /t+oo||u(s) — R(s)|| L~ ds:O(ti), ast — +co.

2.1.4 Outline of the paper and the proofs
The main content

We will prove Theorems 2.2” and 2.3” which generalize Theorems 2.2 and 2.3 respectively when
applied to pure power non-linearities.

Section 2 is devoted to the proof of our regularity result, that is Theorem 2.2’. We start from
a well-chosen sequence (u,) of solutions satisfying uniform H' estimates and which were con-
structed in [19] and [71] (we emphasize that we do not work with the already built multi-soliton in
H'(R?) given in Theorem 2.1). Taking some inspiration from Martel [63, section 3] in the con-
text of the generalized Korteweg-de Vries equations, we prove H* uniform estimates for (u,,) via
an induction on the index of regularity. We can combine both stable and unstable cases since we
start from the same uniform exponential H I estimates obtained in [19] and [71]. From these H*
estimates we deduce (by a usual compactness argument) the existence of a multi-soliton satisfying
the conclusions of Theorem 2.2’.

The induction argument relies on the study of a functional related to ||u,, |3, suitably modified
so as to cancel ill-behaved terms; this functional takes the same form in all dimensions (see (2.30)
in subsection 2.2.2). In [63], for gKdV, from s = 3, all quantities of the type ||u,(t) — R(?)||ms
introduced are shown to decrease exponentially in large time with the same rate. Our proof is more
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technical, insofar as the algebra is not as favorable. In the context of (NLS), the terms involving
real and imaginary parts can not be treated in the same way at once, and in dimension d > 2,
derivative can fall on terms in many various ways. As nonlinearities are not necessarily smooth
(as it is the case in [63]), we need to count carefully the number of times one can perform an
integration by parts. This explains why in the case of (NLS), the rate of the exponential decay on
||u,, (£) — R(2)|| s is halved when passing from s to s + 1 (see (2.25) and Proposition 2.8). We then
obtain the decay rate of (2.9) by a simple interpolation argument.

Regarding the regularity assumption on the nonlinearity, recall that the H' estimate in Theorem
2.1 holds when g : z > zf(|z|%) is of class €!. As fas as H* regularity is concerned, Kato’s well-
posedness result [48] in H% (R%) assumes g of class ©*°. In Theorem 2.2, we require a bit more
regularity for g to prove an H*° estimate for 5o > 2 for the multi-soliton. From a technical point of
view, many estimates rely indeed on the local boundedness of the derivatives (in the sense of distri-
butions) of the functions ﬁfﬂ,, where s =0, ...,s0and s =0, ...,s. The preceding property
is typically used at two levels. First, we need the local Lipschitz condition which is satisfied by
functions in Wlll;zo: this is for example the case for (2.42) in subsection 2.2.2. In order to obtain
the desired H® estimate, we need also to integrate by parts a particular term (at least one time)
which contains derivatives with respect to the space variable of maximal order sg of both u,, — R
and g in order that u,, — R appears with a derivative of order sg — 1, thus can be controlled (see in
particular (2.49) in subsection 2.2.2). For this, one shall ensure that the distributional derivative of

X; #&é’o_s (Rk (x)) belong to some Lebesgue space L4; this is in fact the case if the derivative

d%0g
Ox59yS 0

g is an element of Wlsg:l’m(C). Notice that this condition is met when f is the pure power non-

linearity (2.1) with sg = | p — 1] (and also in the particular case when p is an even integer).

of x; — is bounded on a certain disk centered at the origin. Therefore, we assume that

Besides, we emphasize that assumption s¢ > % in Theorems 2.2 and 2.2 (which is automati-
cally satisfied for d € {1,2,3}) seems to be needed to obtain the desired estimates, judging from
(2.43). In order to relax this, one should work out an argument involving Strichartz type estimates.
But to be effective, the dispersive estimates are to be done on the linearized equation around a sum
of solitons, that is a sum of potentials which are decoupled and smooth, but large and not decaying
in time. Such estimates would actually be very useful for other purposes, for example the stability
of multi-solitons. To our knowledge, they are however not (yet) available.

Section 3 is devoted to the proof of the uniqueness result, which combines some ideas of [63]
and of [81]. We will consider a solution satisfying (2.11) and (2.19) and show that it is in fact the
multi-soliton constructed in the proof of Theorem 2.2”: we therefore study the difference of these
two solutions and show that it is 0. One main tool for this is a Weinstein type functional, which is
coercive provided we assume some adequate orthogonality properties. Depending on the stable or
L?-critical case considered, these orthogonality conditions differ. The coercivity result available
in the latter case (where f : r — r%) is the object of Proposition 2.25. The fact that we do the
difference with an already constructed multi-soliton which is sufficiently regular is crucial, at least
up to dimension 2. In fact, what we truly need is the H*(R¢) decay for d > 2, and also at several
times, that the constructed multi-soliton takes values in L® (R9).

Note also that, finding like us his inspiration in [63], Combet [12], in the one-dimensional pure
power unstable case, has already obtained estimates similar to those we develop in section 2.3 for
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general f in the stable case. Last, the lack of (backward in time) monotonicity properties of (NLS)
explains somehow the difficulty to obtain unconditional uniqueness, that is to prove uniqueness
in the whole class of multi-solitons in the sense of (4.2) (without decay rate); see Remark 2.7 for
more details.

Some notations and writing practices used through the text

Solutions of (NLS) or functions constructed with such solutions take values in C. As usual, the
modulus of a complex number will be denoted by |.|.
Our computations are generally done in all dimensions d. To that extent,

» for any vector u € R?, we denote by Re(u) (respectively Im(u)) the vector of R? which
components are the real parts (respectively the imaginary parts) of the components of u.

» - denotes the euclidean scalar product in R? and |.| denotes also the euclidean norm from
which it derives.

¢ we use the usual notation for multi-indices.

As usual, it is also convenient to denote by C some positive constant which can change from
one line to the next but which is always independent of the index of any sequence considered.

The main functional spaces we will work with are the Sobolev spaces H*(R?) for s € N*
endowed with the usual norms defined by:

=

Vwe H'®RY), wllas = > 109w,

|a|<s

We consider also H*(RY) := ﬂ H*(R?) and the Sobolev spaces W;OZO (C) (identified with
sEN*
W (R?)) for s € N*,
Furthermore, many computations are presented formally for ease of reading but can be justified
by standard regularization arguments which often involve the local well-posedness of (NLS) in H*
with continuous dependence on compact sets of time (see [21, Theorem 1.6]).

2.2 Existence of smooth multi-solitons of (NLS)

In this section, let us concentrate on the proof of Theorem 2.2’. Let so > % be an integer and
assume that g : z — zf(|z|?) is in Wlsg:l’w(C) and satisfies (H1).

2.2.1 Step 1: Uniform H'-estimate for a sequence of solutions

In order to prove Theorem 2.2, we start from the following proposition, which applies to both stable
and unstable cases, and which has already been established in preceding papers. This proposition
gives rise to some control in the H' norm on a constructed sequence of solutions of (NLS) which
turns out to be relevant to achieve our goal.
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Proposition 2.7 (Martel and Merle [71], Cote, Martel and Merle [19]). There exist an increasing
sequence (Sp)nen of times such that S, — +oo, a sequence (¢,) € (H*® (Rd))N, and constants
6>0,C; >0, Ty > 0with Sg > Ty such that for all n € N:

* lgnllmso < Cre=2%n
* the maximal solution u, of (NLS) such that
un(Sn) = R(Sn) + ¢n
belongs to € ([Ty, Sy, H*(R)) and satisfies

Vie[To,Sal,  llun(t) = R(Dlgr < Cre”>".

Remark 2.4. Note that the sequence (¢,,) can be chosen in the following form.
* For the stable case, we take ¢,, = 0 for all n (see [71]).

« For the unstable case, we take ¢,, = i Z bj’ Yi (Sp) for all n with Y;* defined by

v>2
Y (Lx) = Y5 (x— vt —xg)ei(%vk'“(‘”"'_%)tﬂ'k) (2.20)

and with b, = (b* k)ke{l K)e € R?K well chosen (see [19] for full details) so that

.....

VneN, |b,|<e 205 (2.21)
Some particular estimates will be useful throughout the proof. Firstly we retain
et (Sn) = R(S)llrso < Cre=2%5 (222)
(since (2.21) holds and the quantities ||Y;"(¢)||gs are independent of ¢). We emphasize also that
VrneN, Ve [TySy, |lua(t) = R@)||g < Cre 2. (2.23)

In addition, the exponential decay property (2.5) of the ground states O, and their derivatives
lead to the following assertion, which is also crucial to establish many estimates:

Vte [Ty +00), Yk £k, V|a,|az] €{0,...,s50+2}, / |0% R0 R |(t) dx < Ce™%",
Rd
(2.24)

2.2.2 Step 2: Proof of uniform H*-estimates for u, — R, s =1,..., 59

From now on, let
Vn i=u, — R.
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Step 2.1: Performance of preliminary uniform H*-estimates

Define 6y := 26, 8; := 6, and for all s > 2,

(2.25)

0._ 20
Hszzmin{‘Sl },

2 d+1

so that 8y = ~—%— for all s > 2. We prove the following statement, which is the core of our
2572(d+1)

main existence result.

Proposition 2.8. There exists Ty > Ty such that for all s € {1,...,s0}, there exists Cy > 0 such
that foralln € N, if S,, > T\ then

Vi1el[T, S, IV ()]s < Cse . (2.26)

To prove Proposition 2.8, we resort to a "bootstrap" argument. Recall that for all s € N*, there
exists ug > 0 such that
VteR, 1YEO s < ps. (2.27)

For all n, set
Sy i=inf {r > Ty |V 7 € [1,Su], [va(D) o < Ay}
K
for some constant A, > 2Kpug,. Note that S}, indeed exists since v, (S,) = iz b;ikYki(Sn).
k=1

Hence for all n € N, we have
Vie (S:;’Sn]’ ”Vn(t)”HSO < Aso-
Due to the continuity of v,, : [Tp, S,] — H*(R9) in S7., we also have for all n € N:

Ve[S Sal, [va®llas < Ay (2.28)

We will show that S}, can be chosen independently of » and improve the preceding estimate by
showing first:

Proposition 2.9. Foralln € N, forall s € {1, ...,so}, forallt € [S}, Sl
V() lls < Ce ",

Proof. We argue by induction. The existence of C; > 0 such that for all n € N,

Ve[S, Snls Va1 < Cre™®
is already known. Assume that for some s € {2,...,s0}, forall s” € {1,...,s — 1}, there exists
Cy > 0 such that for all n € N,
Vitel[S:, S, |va(t)|lgs < Cyre™ 0. (2.29)

We aim at showing that the same estimate is valid for s’ = s. For this purpose, let us consider for
all n € N the functional

Gy i 1 > (;)|a“un|2— > (S/;l)Re(ui (6ﬁﬂ)2)f’(|un|2) (1) dx. (2.30)
R Jates Bl=s-1

More precisely we prove, in what follows, how to obtain the following statement, which is
essential in the proof of estimate (2.29) corresponding to 5" = s.
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Lemma 2.10. Foralln € N, and for all t € [S;,,S,], we have

(G5 (1) = Gy (Su)| < CemmindOsr it (2.31)
for some constant C independent of n, t and Ag,.

Remark 2.5. The fundamental reason why it is worth introducing the functional G, s is that no
quadratic term involving d®u,, for || = s appears in its first derivative and no term 8¢ u,, with
|@’| > s appears either. Thus we manage to control G, ((¢). Nevertheless, we do not claim that
the functional G, is the only one that can be used to prove (2.29).

Proof of Lemma 2.10. We will work on the derivative of G, ¢ and show in fact that
G, (1)| < Cemmin{Os-diT e, (2.32)

The computations and estimates are established rather in terms of the function g instead of f;
by this means, they are considerably less burdensome. Besides, in accordance with Remark 2.6
below, the calculations indicate that (2.32) would still be true for more generalized functions g
which satisfy Im d,g = Re dyg.

Let us introduce also some further notations. For ease of reading, we will write u instead of
un or u,(t) and Gy instead of G, 5. In addition, we denote by u; the real part of u and by u, its
imaginary part.

Moreover, for all j € {1,...,d}, we specify as e; the d-tuple (0, ..., 1,...,0) for which all com-
ponents except the j-th one are zero.

We divide the proof of Lemma 2.10 into three steps.
Step 1: Computation of the derivative of Gy.

First of all, observe that for all (x, y) € R?

Oxg(x,y) = 2x(x +iy) f'(x* + y2) + £ (x> +?)

(2.33)
dyg(x,y) = 2y(x +iy) f'(x* + y*) +if (x* + y?),

so that (8xg +idyg) (z) = 2z°f'(|z|?). In particular, G can be rewritten in terms of g as follows:

6= [ 13

lal=s

_ 2
(;)V)aulz—%llBl:ZS_l(sﬂl)Re((ﬁxg(u)+i(9yg(u)) (aﬁﬁ) ) (1) dx.

Let @ = (a1,...,aq) € N be such that || = s. There exists [(a) € {1,...,d} such that
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@j(a) 2 1. Then, using the fact that u satisfies (NLS), the following holds true:

d
d a2 _ 2 qa @ a—
- |a ul? dx = —ZIm/d [;axia u+90% (g(u)) | 0%u dx
==2 Im/ 0 (g(u)) 0%u dx
R (2.34)
=-2 Im/ (Oxg(u)Re (0%u) + dyg(u)Im (0%u)) 0%u dx + I,
R4
=— 2/ Im(u?(87u)%) £/ (|ul?) dx + I,
R4
where
I,=-2 Im/ (097€1@ (g (1)) U@ uy + U@ (Dyg(u)) O uy) 0“U dx.
R4
Due to Faa di Bruno formula, /,, is also a linear combination of the following terms:
a aQ, aq a
lag.r.a....a,(1) = -/]Rd 0%uj, ... 0%uj Im araq ———(u)0“u| dx, (2.35)

where ¢ € {2,...,s},r € {0,...,q}, XL |@;| = s,and foralli € {1,...,q}, @ > 1 and
Ji € {1,2}.

Similarly, we have for each multi-index g such that |8| = s — 1:

d
d[ 1 Re ((axg(u) + iﬁyg(u)) aﬁﬁz) dx

d

= Im / (D8 (u) +idyg(u)) (Z P2y + aﬂ(g(u))) P dx+Ji p
R4 1
’ (2.36)

=—Zlm/ xg(u)+18yg(u))( ﬁ+e’u) de+Jig+Jrpg+Jsp
j=1

ISY

—22/ Im(u? (0P w)?) £/ (Jul?) dx +J1 g+ Jop + J3 g,

where we denote

dx0 0x0y

d
9 9 o
Jp=y Im /R dy, (a—i(u) + la—i(u)) 3PP dx
=1

1 9 g 9 g
Jl,ﬁ=5/RdRe[( W30 + 5 Wap + i3 o +i5 S (”)‘9’”2)( )]dx

J3p =Im [Rd (Oxg(u) +idyg(u)) 9B (g(u))dPu.
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We observe that
d
§ a77\2 +e; _
> (a)(ﬁ DEEEY ( )Z(aﬁ u) - 0. (2.37)
lal=s 1Bl=s-1 J=1
Thus,
-1
G(1) = Z (;)Ia_ Z (SB )(]1,,3+J2,3+J3,/3). (2.38)
|a|=s |Bl=s-1

Remark 2.6. Note that, considering (2.34), (2.36), and (2.37), the property that allows us to obtain
(2.38) is in fact Im d,g = Re d,g. Indeed, this assumption suffices to have: for all @ € N4 with
la| =,

2 Im [ dxg(u)Re (0%u) + dyg(u)Im (0%u)) 0%u ] =Im [ (Oxg(u) +idyg(u)) (0%u) ]
Step 2: Control of the derivative of Gy.

Take @ € N4 such that |@| = 5. Let ¢, r, and @, .. ., @4 be as in (2.35), and denote by
,,,,, a, (Ri) the integral defined exactly as in (2.35) by replacing u by the soliton Ry, for all

k= 1 , K. Then we have

— mi 40
I .G, T, @1,...,0q (u) Z I, ,q.r,@1,...,A0q (Rk) <Ce mm{es_l’d” }t, (2.39)

for some constant C independent of Aj.

In order to prove (2.39), one proceeds by decomposition of 14,4 1, 4,..., ay (u) as follows. The
basic idea is to make terms in v (which provide the expected exponential term at the right-hand
side of (2.39)) appear. Let us explicit this decomposition:

Logr.in....iy (1) :/Rd 9%, ...a&ququ((a T _(u) — a’aq r(R))[)a—) dx (Ig.1)
- - ~ dlg
+/Rd(9a‘vj18a2ujz...Ha‘luqum(a T ,(R)aa—) (Ia2)
+/ alejla‘izvjza%h...a@%qlm( aqf_,(R)aau) dx (Ia3)
R 0y 0y
. (la,..)

+

S

d

~ _ 3 N dig
(9"1Rj16"2Rj2 .. 6“4—1qu716“qwam (6raq 7 (R)aa_) (Ia,q+1)

a a, aq a=

+ ‘/Rd 0 1RJ1 .0 ququ araq 7 (R)(? ) (I(I,q+2)
@ @ 8 ap

+ ‘/Rd 0 IR“ ..o ququ W(R)a R) dx (I(t,q+3)
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Now, we control each preceding term I, 1, . . ., I4,4+3 Occurring in the preceding decomposi-
tion by means of the induction assumption and some classical tools in functional analysis, namely
Holder inequality, Sobolev embeddings, and Gagliardo-Nirenberg inequalities.

Let us notice that

sup |[R(1) L= < +oo. (2.40)
teR

Considering that sg > %5, we deduce then from (2.28) and the Sobolev embedding H L5141 (RY) —
L™ (R?) that there ex1sts A > 0 such that for all n,

Vitel[S,, Sl lun ()|~ < A. (2.41)

Since 6,6 50T is W1 °,° on C (or in other words locally Lipschitz on C), it results from (2.40) and
y

(2.41) that
ol < c/ V[10%u||0%u] . ..|0%u| dx. (2.42)
Rd

We now estimate the integral fRd [v]||0%u]|0%u] . .. |0%u| dx by means of Holder inequality. For
this, we have to be careful concerning the choice of the involved Lebesgue spaces (or in other words
the Holder exponents) considering that 9%y € H%~|%!,
We define 1 := {i e{l,...,q}|so— @] < %},j’ = {i e{l,...,q}| so— &l > %},and
2d
m; =14 d—2(s0 —|@])
Io%) ifie 7.

ifierl

Forie{l,...,q}\ (Z UJ), we take m; € (0, +o0) large enough so that

which is possible since

| 1 1\ 11 d - 2(so — &)
z‘(ZWZE):z‘Zm—i LT

ie7 N ieg iel iel (2.43)
S0 S0
> = - — — > (1- ———|>0.
2 (z d d = (-9 ( d )
due to our assumption on sg and the fact that ¢ > 1. Then, we observe that for alli = 1,...,g4,

A%y e Ho1%I(RY) — L™ (RY) by the classical Sobolev embedding theorem. Using Holder
inequality, we obtain

q
a1l < CllO%ul| 2 l_[ 0% ullLmi vl < ClvllLm. (2.44)
i=2
where m > 2, and% = % - ?1 2 >(g-1) (——%) > 0 by definition of the m;,i = 1,...,q.

The following Gagliardo-Nirenberg inequality

Vil < VI, IIVI (2.45)

2
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L

with s() := L 1+1< d2 and o := % (% - #) (which implies 1 — o > ot since 2s{ —d > 1)

leads finally to

-2 10
a1l < Cllvl|};7 < Ce % < Ce @', (2.46)
To estimate 1,2, . .., I4,4+1, One proceeds as before. For instance, let us explain how to deal with
14 .2; the same would be done for the other integrals
We choose m/ such that H1~171@11 — 1™ (R?) and § - L. = 7 -L > 0. Then, again due to
1 - 13
Holder 1nequal1ty, we have:

q
ol < 10%ull 21107V, [][ 10% ul| £ araq — = ®) . 2.47)
< Clvlgs—1 < Ce™ %11,
Similarly, we check that
Vie{3,....q+1}, |l <Ce %11, (2.48)
Now, let us deal with I, 442. By (2.24) and the fact that ——2 o a" - € WZI(:’ (C), we have:
— S @ @ dg as -26t
Lo.ge2 _;/Rda Rij ...0 qu’j"Im(aga—;f‘r(Rk)a v) dx + Ce " ||v]|gs.
Again by assumption, each partial derivative of W (Ry) is bounded, thus the integral
/ A* 1y (ad' Ricjy ... 0%Ry ), 0% (Rk))
Rd ) 6’6q "
makes sense and one can integrate once by parts to obtain
/ %Ry j, ... 0% Ry qum( 0% (Ri)0“v )
d ’ . PR
= Im / Vo [0 R j, ... 0% Ry, o% ———(Ry) @4
R ’ Toroy "
< Clv(t)|ggs-1 < Ce %11,
Thus,
|1, q+2| < Ce %11, (2.50)
Finally, by (2.24) and using once more that 6q = is in W - (C),
K
Logss = ) aqr.n.....ag (Ri)| < Ce™2. (2.51)
k=1

Hence, we conclude from (2.46), (2.47), (2.48), (2.50), and (2.51) that (2.39) holds true.
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The expressions J g, J> g, J3,g (given before) consist of terms that can be controlled in a similar
manner. Let us denote by J; g(Ry) the same integral as J; g where Ry replaces u foralli =1,2,3
and forall k =1, ..., K. One can check that

K
Jip = Y Jip(R)| < Cemmin{thri}, (2.52)
k=1
K : 40
Jop = Z Dp(Ro)| < Cemin{Oor- i}, (2.53)
k=1
K
Jip= D Bap(Ri)| < Ce i, (2.54)
k=1
Step 3: Related functional involving Rg.
Let k € {I,...,K}. An immediate induction argument shows that for all multi-index & € N¢

such that |@| = s, for all multi-index @’ < @, there exists 7, € C such that

| [
8“Rk(t,x) — Z Z,y@“ ka(x _xg —th)el(ZVk X+| wi 4 Yk .

a' La
Therefore
2 2
[Lomrf @ de= [ |3 200 Qux = =win| dx= [ |3 20700, ax
R R4 = R4 o <a
so that

d

T /Rd |0YR|? dx = 0. (2.55)

Furthermore for all multi-index 8 such that |8 = s — 1,

2
— 2 ’
R} (5ﬂRk) (t,x) = 0%, (x —x) —vit) (Z 250% Qy (x — X7 — Vkl)) ,
BB

from which we infer also

d _
@ | Re(R2 (0°Ry))* f'(|1Ri|?) dx = 0. (2.56)

Hence, gathering (2.55) and (2.56),

d S\ qa s—1 —\2\ ,
0= Jua 2 (a)la R’ = )] ( 5 )Re(Ri (8BRk) )f(le|2) dx. (257

lar|=s 1Bl=s-1

Considering that this last quantity can be written as exactly the same linear combination of terms
as G,’LS (we refer to (2.38)) where we replace just u by Ry, we conclude from (2.39), (2.52), (2.53),
(2.54), and (2.57) that

VielSi,Sul, |G ()] < Cemmir{Os i}t (2.58)

Integrating the preceding inequality between ¢ and S, yields directly Lemma 2.10. O
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Let us now conclude the proof of Proposition 2.9.

We observe that, for all t €[S}, S,].

> (;) /Rd 0%, (1) ]2 dx

|a|=s

= (Gus(1) = Gy (S)) +2 Y (;)Re /]R 9Ty, (00T R(1) d

|a|=s

Lt o

|a|=s

) (5 (L, Re (@) rampryo - [ re (w0 R2) sariy)

) (5[ Re (R@R?) rreyo - [ Re (@ R?) rariis,)

S a 2 N a—e a+e, 7}
+ O (Sw)> =2 Re/8 Uy, (Sp) 0@ R(S,) dx.
|Zl(a)/R| (5l |Z|(“) [ (S2) (52
(2.59)
Then, by means of (2.22), (2.55), and (2.56), we infer
>, (S) / 10°v(D) dx| < |G (1) = G5 (Su)] + Clivallggss + Ce 7
|a|=s @) Jrd
+c/ Re(uf,(aﬁm 2)f’(|un|2)(t) dx—/ Re(Rz(aﬁE)z)f'(mP)(z) dx|. (2.60)
R4 R4

Now, from (2.24), (2.31), (2.57), and from the inequality

< Clva(Olgs-15

(2.61)
resulting from the local boundedness of the distributional derivative of z +— % (Ocg +idyg) (z) =
22f7(]z)?), we deduce the existence of Cy > 0 such that for all n € N,

/ Re(up (881)%) £ (lunl*) (1) dx —/ Re(R*(0°R)?) f'(IRI*)(z) dx
R4 R4

Vie[ShSal, vl < CRemmin{Orai}e (2.62)
This is rewritten as follows:
VielSSal.  llva@llas < Coe™™, (2.63)
which is exactly the expected result. Thus the induction argument implies that for all n € N,
Vie[SpSal,  Iva(Ollso < Cype %o, (2.64)

This puts an end to the proof of Proposition 2.9. O
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Now we explain how to deduce from Proposition 2.9 that S} can be chosen independently
of n, and by this means, we finish the proof of Proposition 2.8. We pick up 77 > Ty such that
Cspe” %™ < Ay,. Letn € N be such that S,, > T, and assume by contradiction that S > T;. Then
by continuity of v, in S}, (and by definition of S}, as infimum), we have [|v,(S})||gs0 = Ag,. On
the other hand,

Vi (S0 < Cope™%05n < Cype™ ™ < Ay, (2.65)

which yields a contradiction. Thus S} < Tj. Hence, for all n € N such that S,, > T}, we have
Vie[T,Sal,  Iva(®llms < Cye™ .
If necessary we drop the first terms of the sequence (S,) and re-index it in order to obtain:
VneN,Vtel[l,S,], va ()| s < Cgpe™ %o, (2.66)

Hence, Proposition 2.8 is established.

Step 2.2: Independence of 77 with respect to s
Now, we justify that 7} can be chosen independent of s > £, which is useful to obtain
VseN, 3C 20,V [T,S,),  Iva(llas < Coe™™", (2.67)

in the case where sg = co.

If g is € on C as an R-differentiable function, it is in particular of class & L%J”, so that we
can apply the previous result: there exists 77 > Tp such that for all n € N,

60, 4,1
Viel[T,Sal, VOl 410 < Cd e Ly, (2.68)
Lets > [%J + 2 and assume that for all 5" € {L%J +2,...,5},
Ve [T, Sl Vn (D)l ggsr-1 < Comye” %1

Then define
S,.s =inf{t 2Ty |V 7 € [t,Su], Vi (D) lEs < As),

for some constant Ay, > max{2Kpu,, 1} to be determined. We show exactly as before (that is
considering the functionals G, ) the existence of C,>0 independent of n, ¢, and Ay such that

Vite[S, s Sal, IV ()lFs < CiAze™20%", (2.69)
or also 1
Vie[S, oSl Iva@llms < CATe™ ™. (2.70)

Indeed, the constant A in (2.41) does not depend on s and Ay > 1 so that we have for example as
in (2.44) and then (2.46):
4
|Ia,l| < CAse_Tflt,

with C independent of Aj.
Choosing Ay > C2e72%Ti and arguing as in (2.65), we conclude that S,.s = T1. Hence, Tj is
uniform with respect to s.
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Step 2.3: Looking for optimal exponential decay rates in the uniform H*-estimates

The next result uses and improves that of Proposition 2.8.

Proposition 2.11. Forall s € {1,...,so}, there exists Ag > 0 such that for all t € [T}, Sn],
- _20,
Va(Ollas < Age™ s+ (2.71)
Proof. Lets’ € {1,...,s}. By (2.23), (2.26), and the following interpolation inequality
1-
Vel < Va1 Va5 s

with y = s=s" e have for all ¢ € [Ty, S.],

N

—205=54
Va()llgygs < Ce™=7 50

Now, set
T::=inf{t > Ty |V 7€ [t,Su], [va(D)|lzs < Age ™ 7},

for some p € (0,26) and for some A > 1 to be determined later.
Let 7 belong to [7,;, S, ]. Then by the proof set up before,

Ion (@135 < € (Ivn (Ol o1 +e72%7).

In addition, we obtain once again by interpolation
% % ~1_% 264 —us=ly
v llgs-1 < vaOILIva (Dl s < CAg Te™ s e ™5

Since u < 26, we have w < 20, and so there exists C > 0 (independent of Ay) such that

o ]L o
a1 < CAY * e 515 2.72)
Now, choose
20 ~ ~ s
H= and Ag > Cs+.

By a similar argument as that set up to prove Proposition 2.8, we see that 7,; = 7. Indeed, if we
had 7,; > T, then by the definition of 7, and by continuity of v,, in 7,;, we would obtain

S — ~ 211 209 s-1pe
Aze 2uT,; _ ||Vn(T;)”%—]S < CAS S STne T Tn’

thus, by the choice of y,
. .ol
A2 < GAVS,

which is a contradiction. Consequently, estimate (2.71) does indeed hold. O



2.3. CONDITIONAL UNIQUENESS FOR MULTI-SOLITONS OF (NLS) 53

2.2.3 Step 3: Conclusion of the proof of Theorem 2.2’

We construct now the multi-soliton u# using the same arguments as those of Martel [63, paragraph
2, Step 2] and Martel and Merle [71, Paragraph 2]. The crucial point is the following lemma,
obtained by a compactness argument.

Lemma 2.12. There exist ¢ € H(RY) and a subsequence (u,, (T1))x of (un(T1))n such that
lun, (T1) = @llso — 0.
k—+00

Note that the main ingredients to show this lemma are:
* the uniform H*-estimate obtained in Step 2.

» the following L?-compactness assertion: for all € > 0, there exists K a compact subset of
R< such that

VneN, / lun(T1, x)|* dx < €.
%C

Then by local well-posedness of (NLS) in H* (R?) with continuous dependence on compact sets
of time [21, Theorem 1.6], the solution u of (NLS) such that u(T}) = ¢ is defined in H% (R¢) and
forall t > T, ||unk(t) - go(t)HHSO — 0 as k — +oo. Thus ¢ turns out to be the desired multi-
soliton. Besides, the quantities ||u(¢) — R(#)||gs decrease exponentially; this result is obtained by
passing to the limit as k tends to +oco in the H®-uniform estimates given by Proposition 2.11, that
isforall s =1,..., s, for k large enough:

_ 26
lltn, (£) = R()| s < Cye™ 51"

This yields precisely (2.9).

Note that in the case where g is ¢ (for example when we consider the pure power non-
linearity with p an odd integer), we obtain (2.10) as a consequence of (2.9), by interpolating the
corresponding H*®-estimates, and by the independence of 7 with respect to s proved in Step 2.2.

2.3 Conditional uniqueness for multi-solitons of (NLS)

In this section, we prove the uniqueness result stated in Theorem 2.3’, that is for d < 3. The
strategy developed here would also work to prove Proposition 2.6 under the corresponding stronger
assumptions.

Our uniqueness result holds due to the coercivity properties of the linearized operators around
ground states, namely assumption (H3) when f is not the L?-critical non-linearity and (2.142) in
Proposition 2.25 in the L2-critical pure power non-linearity case. The proof follows essentially the
same lines in these two cases; the differences are only rooted in the use of the appropriate coercivity
result.

We first develop the proof in the stable case, assuming f : z — f(|z|?) of class € satisfying
(2.19). This covers in particular the L?-subcritical assumption with 3 < p < 1 + % andd =1in
Theorem 2.3. In subsection 2.3.4, we explain how to modify the calculations in order to perform

-1
the proof in the L>-critical case, that is assuming p = 1 + % and f :r "7, which will extend
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the uniqueness result as stated in Theorems 2.3 and 2.3’.

Let us denote ¢ the multi-soliton of (NLS) constructed in Theorem 2.1 for d = 1 and in Theo-
rem 2.2" for d > 2 (which is possible to consider by hypothesis). Set y := 2?9, where 6 is defined
in Theorem 2.1 and let 7; > 0 such that ¢ belongs to € ([T}, +c0), H' (R)) and

VieT,  lle(t) = R(D)|m < Ce™" 2.73)
for d = 1, and such that ¢ belongs to € ([T}, +o0), H*(R4)) and
Vi>T, lle(2) = R(2)||gso < Ce™! (2.74)

for d > 2 (where so = [£] + 1.) In particular, due to the Sobolev embedding H L2]+1(RY) —
L®(R4) for (d > 1), we emphasize that, for all d > 1, ¢ € € ([T}, +oo[, L°(R%)) and

Yix>T, le(#) = R(D)||L= < Ce™". (2.75)

Now, let us take u in the class of multi-solitons satisfying (2.11) and define z := u — ¢ the
difference of the two multi-solitons so that

diz=1i (Az +f (Iz + s0|2) z+ (f (Iz + s0|2) - f (Isolz)) 90) , (2.76)
and
le@llg =0 (}N) L ast o oo, @

for some integer N > 1 to be determined later.

We will show that z = 0. The idea is to practice some kind of modulation of the variable z
in order to ensure some orthogonality relations, needed to make use of the coercivity properties
mentioned before. In other words, we obtain a new function (denoted by 7) which seems to be
adapted to the proof; this is the aim of subsection 2.3.1. Then, the control of the modulation
parameters allows us to obtain an estimate of ||z(#)|| 1 in terms of ||Z(¢)|| 1 this combined with the
estimate of the derivative of some kind of Weinstein functional F; (that we introduce in paragraph
2.3.2) enables us finally to see that 7 = 0.

2.3.1 Change of function to ensure a coercivity property in the stable case
Introduction of a new variable
We introduce a new function Z on [T, +00) X R< for T sufficiently large by
K
Y (t,x) € [T,+00) xR, Z(t,x) == z(1,x) + Z (far (t)Ri(t,x) + by (t) - VRr(2,x)), (2.78)
k=1
where ay (t) € R and by (t) € R? are chosen so that
Im ZRe dx =0

Vke{l,...,K}, Vie{l,...,d}, R (2.79)
Re / 20, R dx = 0.
Rd

Existence of a (¢) and by () for ¢ large enough follows from:
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Lemma 2.13. For t large enough, and for all k = 1,...,K, ar(t) and by (t) are uniquely de-
termined. Moreover, t > ai(t) and t — by (t) are differentiable in the sense of distributions
and

lar (D)1, b (D)] < Cllz(D)]l 2, (2.80)
lai (D1, 163 (D] < Cllz(@) I - (2.81)

Proof of Lemma 2.13. Let us introduce the symmetric block matrix

Aoo(t) Brai(r) -+ Bra(t)

'Bia(t) Ana(t) -+ Apa(t)
M) = : : .. : ’

"Bra(t) Agi(t) --- Aga(t)

where A; ;(t) and By ;(t) are K x K-matrices with real entries defined by

b}

Aoo = |Re / Ry R; dx
-5

(k.I)

s

(k,1)

Vjie{l,....d}, By;= Im/ aijkde] .
L R4 (k,I)

V(i,j) e{l,....d}*, A= Re/ Ox, ROy, Ry dx
L R4

Set also
x(t) =" |ar,....ak, b1y, ... bk 1, . b4, ... bk 4]
and
y(t) =="[yo, y1.-- -, yal,
where

yO:[Im/ ZR; dx,...,Im ZRk dx
R R

andforalli=1,...,d,

y; = [Re/ 205, R1 dx,...,Re/ 205, Rk dx]~
R4 R4

Then relations (2.79) rewrite clearly

M(6)x(1) = y(1).

Consequently, we have to show that det M () # 0 for ¢ large enough to ensure existence and unique-
ness of ay (¢) and by (¢) for those values of ¢. To do this, observe that

_ / Q:, dx ifk=1
Re/ Ri ()R (t) dx = { Jrd
e O(e™)  ifk#l,
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R / {axikaaX'ka + Lk ok Q%U} dx ifk=1
Re/ axiRk(t)aijl([) dx = R4 J 4 %
= O (e_?’t) o
Vik 2 .
o dx ifk=1
Im/ aXiRk(t)Rl(t) dx = 2 Ad ka
: O(e™) if k£ 1.

Let us now compute det(M(¢)). Forall k = 1,..., K, let L; denote the k-th line of the block
matrix

[A0,0(2) Bi1(1) -+ Bra(1)].

Foralli = 1,...,d, and for all k = 1,...,K, replacing the k-th line L; ; of the block matrix
[’Bl’i(t) Aia(t) - Ai,d(t)] by Lix — WT"‘L,{, we obtain det(M (¢)) = det(N(¢z)) where

Aoo(t) Bii(t) -+ Bra(t)

Ci(t) Dii(t) -+ Diyql(t)
N(t) = . . .. N

Ca(t) Dgi(t) -+ Dgualt)

and C;(r) has entries zero on the diagonal and O (e™") everywhere else and D; ; has entries

,/R:d axikaax_,-Qu)k dx

on the diagonal and O (e~?") everywhere else.

Thus
K
det(M (7)) = 07, (x) dx
I

where D(t) is the sub-matrix of N(z) with block matrices D; ;(1).
We observe that D (¢) admits a limit as # — +oco which we denote by D (co) and which corresponds
to the block matrix

det(D(7)) + O(e™), (2.82)

Dy1(e0) -+ Djgq(o0)

Dai() - Dgale)

where D; ;(co) is a diagonal matrix with entries fRd 0x; O wr aij w dx. Due to the continuity of
the determinant, det(D(¢)) — det D(o0) as t — +oo. Thus,

K
03, (x) d

Moreover for all ¥ = (y; ;) € RYK different from 0, we have

d K
tYD(OO)Y = Z Z (‘/Rd 6xikaanka dX) YikYj.k

ij=1 k=1

detM(1) — det(D(0)), ast — +oo. (2.83)
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2
dx

K d
= Zf (Z yi,kaxika

k=1 YR 3T
which is a positive quantity for large values of ¢ since for all k, the d functions 0,0, ,i = 1,...,d
are linearly independent (this can be seen using that Q,, is radial but it is in fact also related to a
more general result corresponding to Proposition 2.30 in Appendix).
Hence, det(Doo)) > 0 and also det(M (¢)) > O for large values of ¢ by (2.83). In particular, M (¢)
is invertible for large values of f. Applying Cramer’s formula, we obtain an explicit expression of
ax(t) and by () in terms of z(7), from which we derive the content of Lemma 2.13. Let us justify
it.
The entries of M (¢) are bounded functions of ¢ so that the transpose of the comatrix of M (¢) is
bounded too (with respect to ¢). In addition, we have proved the existence of ¢ > 0 such that for ¢
large, det M () > c. Hence, there exists ¢y > 0 such that for all ¢ sufficiently large,

lx(0)| < coly(n)].

This immediately implies (2.80).

We moreover observe that the entries of M(¢) are €' functions of ¢ (by (2.5) and Lebesgue’s
dominated convergence theorem); in particular ¢ — det M (¢) is €. Then, the differentiability of
a(t) and b(r) and estimate (2.81) follow from the differentiability in the sense of distributions (and
the expressions of the differentials) of # — Im ./Rd 2(t)Ri () dx and ¢ — Re /Rd 2(1)0y, (1) Ry dx
fori € {1,...,d}and k € {1,...,K}. Let us explain how to show the differentiability of ¢
/Rd z(t,x)Ry(t,x) dx. This is essentially due to a density argument and the local well-posedness
of (2.76) with continuous dependence on compact sets of time (as for (NLS)). Let us consider a
%! function ¢ defined for large values of ¢ and with compact support, say included in [, ¢{]. Since
z(t9) € H'(R?), there exists (z,(t9)) € €= (R?) converging to z(to) in the sense of the H'-norm.
The solution z,, of (2.76) with initial data z,, (¢9) in time 7, is defined on [#¢, #1]) for n large, belongs
to € ([to. 1], -7 (RY)), and satisfies

sup |[zn(2) = z(®) ||z — O, as n — +oo. (2.84)
t€lt.t1]

Now, by Fubini theorem and the differentiability of # — z,,(z, x) Ri (¢, x) for all x € R?, we obtain

/t1 (/ Zn (1, X)Ri (2, x) dx) ¢’ (1) dt
) R4
:/ (/tl Zn(t, X)Ry (£, x) ¢ (1) dt) dx
R4 1o

i [ ([ @ st 0) - eoDRe 2,080 1.0100) ) s
—=i [ o) ([, (@t (a0 +0) - @R+ 28R (1.0 ) a

= —i/ | ¢(1) (/ (Vzn - R + (8(zn + @) — 8(#))Ric + 21 0: Ry) (1, %) dx) dr.
to R4

(We recall that g(z) = zf(|z|?) for z € C.) Passing to the limit as n — +oo by using (2.84) leads to
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/t1 (/ z(t, x) Ry (t,x) dx) ¢’ (1) dt
) R4

1
=i [Mo0)( [, (V2 Rev e 0) - g0+ R () ) . 285)
To R
Thus ¢ — .[Rd ZRy (t,x) dx is differentiable in the sense of distributions; its differential is

to [ (Ve Rt (gl 0) = (@) R+ 200R) (1.3) d

and is thus bounded by ||z(?)|| 4.
This finishes proving the lemma. O

Even if it means taking a larger 77, we can suppose that the preceding lemma holds on [77, +c0).
Then it results also immediately that

K
Vix>T, Nz < NZO] p +CZ (lax ()] + |br(0)]). (2.86)
k=1
and
VixT, NZO g < Cllz() - (2.87)

The statement of a coercivity property in terms of the new variable

In this paragraph, we come to some crucial inequality, on which the proof is essentially based. First
of all, let us define some notations, and particularly well-chosen cut-off functions.
By a classical argument given in [71, Claim 1], we can assume (without loss of generality) that

Vi,1 < v 1 << VK- (2.88)

.....

1 ifx < —-Ag

Ay _ ?02 Ay _ ?02
x e / e 7 dy / e B dy if —Ag <x < A
- X

Ag
0 if x > Ao,
which is obviously a smooth bounded non-increasing function.
Forall k € {1,...,K — 1}, let oy := % (vk,l +vk+1,1) and & = % (xg | +x2+l 1). Then define on
R x R4

Yo: (t,x) — 0
S|
Uk : (t,x) — 1

— & — oxt
x‘f+‘7") forke{l,....K—1}
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and also K functions on R x R? by

VkE{l,...,K}, Pk =Y —Yi-1.

We can check that, for large values of 7, ¢ (z, -) has a smooth profile localized at the "neigh-
borhood" of the k-th solitary wave; more precisely we have

1 ifx; <&+ (01— Ayt
¢1(2,x) = .
0 1fx1 >§1+(O’1+A0)[,

foralk=2,...,K—1:

(t.%) I if &g+ (or-1 + Ag)t <x1 < &+ (0% — Ap)t
t,x) =
& 0 ifx < &kl +(O'k_1 —Ao)t Oor X >§k+(0'k+A())l,
and
1 iffK_l + (O'K—l +A())t < X
Pk (1,x) = .
0 ifx; < §K—1 + (O'K_1 — Ao)l.

Besides, for large values of ¢, the following inequalities hold owing to the decay properties of Ry
and the support properties of ¢; and its derivatives.

Lemma 2.14. Even if it means reducing y > 0 so that

VWi (Vj,l =~ Vj-11

_A ),k:l,...,K, =2, KV,
4 2 0 J }

y < min{

we have:
Vizgk,  (IRe(t.0)] + 10y Re(t.0)));(1,x)] < Ce Ve Fmtl  (2.89)
v, (IR, (t,x)| + |0, R (£, )| + |8, R (£, %)), (£, x) = 1] < Cevt =L -y (2.90)
Ve 1m0 0] 41886501 +18,6,(00] < T )
Yk, (IRi(t.)] + 105 R (1.2)]) |04, 8, (.0)] < Ce¥ e 5 vmil (2,02

Proof. The proof, postponed in Appendix, is similar to that of Combet [12, Proof of Lemma 3.9,
Appendix Al. O

Let us introduce the following Weinstein energy functional which is inspired from Martel,
Merle and Tsai [81] for dimensions 1 to 3:

Ho =Y vz = (7 (1ReP) 12 + 2ReRe2? s (1R )
k=1

lvel®

+ (wk + T) 1z = vk - Im (VZE)} o (t,x) dx. (2.93)

One of the main features concerning H is the following coercivity property, which turns out to be
a key ingredient in our matter.
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Proposition 2.15. There exists C > 0 such that

K

2
Vi>Ti, ClZ0I% - éz (Re /Rd 2R (1) dx) < H(1). (2.94)

k=1
Proof. This result follows from our assumption (H3), from (2.79), and an immediate adaptation to
all dimensions of the proof given for the one-dimensional case in [81, appendix B] which consists
in localizing in some sense each version of (H3) forall k =1, ..., K. O

2.3.2 Proof of some needed estimates

This subsection, which is probably the most technical one, precises the tools and estimates which
will allow us to make use of Proposition 2.15 and actually to conclude the proof of uniqueness in
subsection 2.3.3. It consists in giving some controls of H(7), of the scalar products

Re / Z( Rk (1) dx,
R4
and also of the modulation parameters ay (z) and by (¢).

Control of H

We typically improve the a priori control of H by O (||Z ||f{l) by differentiation of the functional.

Actually, for the sake of simplification, we will compute the derivative of the following related
functional A : [T}, +c0) — R defined by V 1 > T},

K
A =3 /R vz = (FUz+ o) - FloP) - 2Re(zB) (61

|Vk|2 ~12 ~=
+ wk+T 1Z| —vk-Im(VZZ) Pr(t,x) dx. (2.95)

(Recall that F(r) = [ f(p) dp (2.12).)
The next proposition, which compares H and H, justifies that it suffices to control A in order
to obtain a similar estimate for H.

Proposition 2.16. We have
H(D) = A +0 (2013, + e IZ0)12,) (2.96)

Proof. Let us first observe that F : z — F(|z|*) is € on C. Indeed, since f is > on C, the
function f is €2 on (0, +c0) and thus, F is € on C \ {0}. Moreover, for all z = (Re(z), Im(z)) =
(x,y) € C\ {0}, we obtain by differentiation of £ and F:
0xF(2) = 2xf(I2*) = 2x f(2)
OyF(2) =2yf(1z*) = 2y (2)
OxxF(2) = 2f (|2*) +4x* ' (12*) = 2f(2) + 2x0x f (2)
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OxyF(2) = 4xy f'(|2]*) = 2y0. f(2)
OyyF(2) = 2f(1217) +4Y° ' (I21%) = 2f(2) + 20, f (2)
OxxxF(2) = 40x f(2) + 2x0xx f (2)
OxxyF (2) = 2y0xx f(2)
OxyyF(2) = 220y, f(2)
OyyyF(2) = 45yf~(2) + 2y3yyf(Z)-
Since f is €2, the partial differentials of F up to order 3 admit limits as (x,y) — (0,0) in R,

from which we deduce that F is €3.
Then we have the following Taylor expansion: for ¢ > 77 and x € RY,

(F(Z+¢) = F(p) —Re(2)0xF (¢) = Im(2)d,F(¢)) (1, %)

| ~ i i
-2 ((Rei)zaxxF +2ReZImZd,, F + (Imz)Zany) (t,x) + p(t,x), (2.97)

where
1 5 ~
lp(t.2)] < 2P sup ID%,F
wele(t,x),(Z+9) (t,x)]
<clf s (IDGFl+ D)

welp(t,x),(Z+¢) (1,x)]

< 3P (1 + zﬁ‘l)
by assumption (2.19). We then note that the preceding Taylor expansion rewrites

F(Iz+¢1)-F(lo)-2Re(20) £ (l¢1?) = 1217 £ (1o +2Re(20) 2 (0| +O (|21 +]2]3*2), (2.98)

uniformly with respect to both variables # and x. Let us underline that, for d > 2, one can not claim
whether z(#) or (¢) belong to L= (R¢) and even less whether z or 7 belong to L™ ([T}, +00), L®(R9)),

which prevents us from simplifying O (|Z|3 + 7| 3”) by O (|Z|3).
Moreover, we have noticed that

217 £ (l¢l*) +2Re(20)* £ (l¢I*) = %Diﬁ(i, ?)

so that

K X )
; /Rd {|Z|2f (|<p|2) +2Re(Zp) [’ (Is0|2)} ¢i dx = ; /Rd DLF(Z,2)¢x dx.

We now observe that forall k = 1,...,K,

[, (P2FGD - Di Feo) e ax

< / (¢ - ROSIZP sup  [|ID3,F] d
R4 WE€[R, ]
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< [ e-Rodi s IDLANx+Y [ IRl sup IDLFY d

WE[Rk, @] ik wE[Ry, 9]

We note that sup ¢ g, o] |D3 F|| is bounded by a constant C independent of ¢ and x because Ry,
¢ belong to L® ([T}, +o0), L*(R9)) and w + D3 F is continuous on C. Then (2.74) and (2.89)
lead to

K

Z/Rd{lzZ

k=1

£ (19P) + 2Re(z@)% 1" (Ipl2) | o d

= i /Rd {|Z|2f (|Rk|2) +2Re(ZRi)* f’ (|Rk|2)} ér dx+0 (e_wllzllin) . (2.99)
k=1

We finally obtain (2.96) as a direct consequence of (2.98), (2.99), the Sobolev embeddings
H'(RY) — L3(RY) (indeed available for d < 3) and H'(RY) — La*2(R9), and the fact that

4
i1

O

Now, we state and prove the crucial

Proposition 2.17. The derivative of H is given by

d -
7, 1(1) = Main(7) +O(e Nz izl + NZO N z(DNF0),  ast — +eo. (2.100)

where

K 2
Main(t) = Z (wk + |er| ) (-/]Rd 12126, 1 dx +2-/Rd Im(0x, Z2)Ox, ok dx)

K
1
“Y v (2 [ viPogonas-5 [ 106 dx)
R4 R4
K pa—
Z Vi * / Im (VZZ) 0, dr dx

k=1
(l |z<r>||H1) .

Remark 2.7. The bound O (% 1Z(?) ||i{1 ) in above is the one which constrains us to prove uniqueness
in the class satisfying (2.11). In order to prove unconditionnal uniqueness, one would need to
improve this bound to O (oz(t) 1Z(?) ||3,1 ), where a(t) is integrable in time (in the KdV context, [63]
proves it with a(7) = e™”* for some y > 0).

Let us begin with some preliminaries (Lemma 2.18 and Lemma 2.19 below), which are needed
to obtain Proposition 2.17.

Lemma 2.18. There exists C > 0 such that:
4
2+ 6 = o) < 1zl + I2])
e 4
|12+ 6®) - fIe?) - 2Re(z) £ (IpP)] < € (12 +1214 ).
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Proof. By the mean value theorem applied to f,

|f(z+¢) = F(@)] (1,%) < |z(2,x)] sup DS
welp(1,2),(z40) (1,9)]

By (2.19) and the boundedness of ¢ with respect to ¢ and x, it results

|F@+¢) = F(@)] (1) < € (Jz2(t,0] + 12, 0)1F)

Similarly, the second estimate stated in Lemma 2.18 is obtained by direct application of Taylor
formula for f at order 2 and by using

~ 4
sup ID%, fll < C(1+2472).
we[@(1,x),(z+¢) (1,)]
O
Lemma 2.19 (Expression of d,7). We have
512=i(AZ+f(IZ+<p|2)Z+ (f(lz+el*) —f(Isvlz))sD)
K K
. . 2 2 . ’
+z;{zakf(|Rk| )R + by - V(£ (IR | )Rk))}+;{lakRk+bk-VRk} 2.101)
K
=i(AZ+ fUIePZ+ (FUZ+0P) = FleP)¢) + Y {iapRic+ b - VR +e,
k=1
where € is a function of t and x such that
/d el (12] +1V2]) dx + /d Az dx| < C(e™ |zl 12l e + Nzl 2] 1) (2.102)
R R

Proof. The first equality concerning 9,7 is quite immediate. Let us precise how to obtain the second
equality. Decomposing

flz+ ez = fleP)z+ (flz+¢l) = fleP)z,

and using the expression of z in terms of 7 and the ay and by, k = 1,..., K given by (2.78), we
have that

K
fUz+ePrz+ Y {ianfORKPIRe + by ¥ (FURPIRO)) )
k=1

K
= f(lel))z + Z {ia (FURKI?) = f(101)) Rec + brc - VR (F(IRe?) = £(le1)) }

k=1

K
+ ) b V(R R+ (Flz+ o) = f(lel)z
“ (2.103)



64 CHAPTER 2. ON SMOOTHNESS AND UNIQUENESS OF NLS MULTI-SOLITONS

Moreover, using the second estimate obtained in Lemma 2.18,

flz+el?) = flel)
= f(Iz+¢) - f(lel?) = 2Re((Z - @) £ (I¢l*) + O(|z> + [2])

K
= F(Iz+¢P) = f(¢P) =2 > Re(bi - VReRe) f'(IRe?) + h+ O(12 + [2] )
k=1

K
= FUz+¢l) = £Uel) = > bi- V(F(IRI) + B,
k=1

(2.104)
where / and 7 satisfy the same property (2.102) as € due to (2.74) and (2.89). Lemma 2.19 is now
a consequence of (2.103), (2.104), and the fact that % +1>2((ford < 3). O

We are now in a position to prove (2.100).

Proof of Proposition 2.17. The proof decomposes essentially into two parts. We first differentiate
successively each term constituting H by means of Lemma 2.19. For this, integrations by parts are
sometimes necessary in order not to keep terms carrying second spatial derivatives for z. Then we
put together suitable terms in the expression of %I:I in order to get better estimates than the a priori
control by O (llZ(t) ”ill ) Besides, we put annotations for the different terms we have to work on
for ease of reading; terms associated with the same letter A, B, or C are to be gathered.

Step 1: Differentiation of H

* Using Lemma 2.19, one computes

d
- vz|* d
dt Rdl ZI .

2Re/ Vz, - VZ dx
R‘l

21m ~/Rd f(|§0|2)ZA§ dx +2 Im ‘/Rd (f(|2+()0|2) _f(|90|2))90A§ dx

K
-2 Re/ Z {ia} Ry + b}, - VR }AZ dx + O((e™" + |zl g ) Izl g 121 1)
R0

Similarly one obtains directly

d

dr JLu AF 2+ 0Py = F(lgl?) = 2Re(z) £ (19" |

_ 2Re /R @B+ 6l - f(10P) - 2Re(z) £ (0) dx
+2Re / 2 ZF(Z+ ) dr+2 Re / (@3 + 258 (F(12+ o) - F(lol) dx
Rd R

=-21Im / AZZf(|Z+ ¢|?) dx
Rd
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~21m [ A7z + o) = F(4) = 2ReGf (o) d

~21m [ (724 6P) - 6P+ o) ds

“21m /R AZB(f(1z+ 0P) - F(lgP)) dx

~2m [ (ap+ FUePIoE(F 2+ o) - Fol)) dx

~21m [ FeP) (1 + o) - ) dx

+2 Re/Rd kzz (ia} Ri + b, - VRy) (Ef(IZwIZ) +9(f(Z+¢P) —f(lsolz))) dx

+O((e™ + llzllg) Nzl g 12l 1)
Thus, we have at this point

—jt / {IVZ? = (F(1Z + ¢|*) = F(l¢|*) — 2Re(Zp) f (¢])) } dx
Rd
=21Im /Rd Apg(f(1Z+¢l*) = f(lel*) - 2Re(Z0) £/ (I9l)) dx (B1)

+2Im [ (Ap+ f(lelPe)Z(FUZ+¢l?) = f(lel?) dx (A1)

d

-2 Re

S~ T

sl
~

(ia} Rk + b} - VRr) (AZ+Zf (17 + ¢|?)) dx (Cy)

M=

d
1

~2Re b, - VR R (f(1Z+¢l*) = f(lgl) dx (C2)

d
1

+ O (e + lzllpr) Nzl g 121 1) -

S

+ We differentiate then the next term appearing in the expression of H. Forall k = 1,..., K,

vil?) d / -2
—_— ] — d
(a)k + 2 ) dr Jo |Z|“¢r dx

B vl 2 vl =
=|lwr + —— 12|70 pr dx +2 |wi + —— Im (0y,ZZ| Ok, dx dx
4 Rd 4 Rd

(Main )
2 —_—
-2 (wk + %’) /R [ Im(eD) (@ +¢P) = F(1eP)) o d (A20)
2
+ 2 (a)k + %) Re/ (ia;{Rk + b; . VRk)EQﬁk dx (C3.x)
R4

+O((e™ + llzllg)lzll g 1zl 1)
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* To finish with, using integrations by parts and (2.92), we obtain for all k = 1, ..., K,

d _
— I -Vzz d
@i o m(vy - VZZ) i dx

:—2vk-Im/ 7 Vidr dx—vk-lm/ 72V dx+vk-Im/ V770, ¢y dx
Rd d R‘I

R
=2 vk,l/ V22 0y, xc dx — V"—l/ 121202 i dx + vy - / Im (vz%) 8,y dx
Rd 2 Rd Rd

(Mainz,k)
w2 [ Re(VeR(F(2+6P) = £ 1ol o ds (A3,
e v [ VP i (B2,
~2viceRe [ 9 (68) (7024 6P) - £ () 01 (B3.0)

R4
~2vi- Im [ (ia}Ri + b}, - VRy)Vigy dx (Cax)

R4
+O((e™ + llzll gzl gzl 1)

We now continue the proof by showing how the corresponding terms put together can yield
estimation (2.100).

Step 2: Estimate concerning H’

We first deal with the terms A, Az x,and Az x (kK =1,...,K). We see that

K
Ar=237m [(ORc+ FOREIRE( 2+ o) = £ 1) d
k=1

<2 | [ at-RE (70244 - £a4) as

+ /R Qe = FARP|eZ £ (12 + ¢l = £l d (2.105)
+ /R [FURP) (¢ = RZ|f (12 + ) = £ (l¢)] dx

K
' kz{ /R [(FURP) = FURCD) Re| [ £ 12+ 0 = £ (10 .

As for the proof of Lemma 2.18, by the mean value theorem, we observe also that

[£(¢P) = FARP) < € (1 - RIT +1¢ - RI)
|(FURP) = FURP)) Ril < € 3 IR;Rel.

j#k

(2.106)
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Moreover, we deduce from Lemma 2.18 that

4
o+

— ~ =112
< Ce (12T +1I23,0)

[, 8- RE (7074 o) - £1oP))
Rd

(2.107)
< Ce .

Let us establish the preceding inequality in each dimension d = 1, 2, 3.

* For d = 1, we firstly make use of one integration by parts:
[ 8= RE (7124 6 = £1el?)) ax
== [ V=R VE 1z = £eP)) as
- [ o= 809 (24 6P) - £1e)) T ds.
We thus obtain by Lemma 2.18:

‘ [, 8t = R (114 6P) - £ (14)) as
R4

4 4
<¢ [ 9= RIVAEl +121)+C [ 1900~ RITel(el + |l dr. 2108
Then we note that for all € H'(R), (by the embedding H' (R) < L*(R))
[ IR dx < U9 Tl < O 1,
- 4 S - o+l
VEIVelal dx < 120, 1922 19el.e < I el
R4

4 -2 -2
/ IVulIVellzld dx < 215 IVl Vel < ClEZN G 1l g llell g
R4

e For d = 2: for all y € H*(RY), (by the embeddings H'(R?) «— L9(R?) for each g €
[2, +00))

/Rd IVYIIVEIIZ] dx < V2N 2 IVl sliZll s < CHENG W e,
U - o -
» IV [IVZ][Z]4 dx < HVZHLZ”Z”L%”V‘J/”L“ < Clizlig Wl e
4 -1 -1
/Rd IV [IVellz]4 dx < ||Z||Z% IVl Vells < ClEZI G W g2 lll g2

4
3

e Ford =3, |z| + Izlg < |z| + |z]3 < 2(|z] + |z|*). We have for all ¢ € H*(R4), (by the

embedding H' (R?) — LS(R?))

/Rd IV IV212Z] dv < V2N IVl s izl e < CIZNG D2,
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/ Ve lIV2I1Z17 dy < V2 12156Vl e < CIZIG, Il
R4

/R, IVulIVellzI* de < IVY I 1215619l s < ClZIG Il 2 ll ol o

Hence, gathering (2.105), (2.106), and(2.107), using (2.74) and the fact that % +1 > 2, it results

< ce (12l -

K
A2 [ (ORc+ FORPIRDE( 2+ o) = Flel) d
k=1

(2.109)
In a similar way, forall k = 1,...,K,
2
o2 (o B0 ) [ R0+ o) - £GP0 d
2
<2{w+ 5 [ o= R+ ) - £ o]
2
w2(ocs BE) S [ RE G+ o) - o] o @110
4 ) e

= C/ o = RI(121 +12P) dx +C ) / R0l (12177 +12P) dx
R4 R4

Jj#k

< Ce IR, .

We have then forall k =1,...,K,

Ari =20 [ Re(VRG(F(1z+ o) = £ s
SC/ V(e - R)|(12I7 + |Z]*) px dx+CZ/ |VRj¢k|(|z|%+1+|g|2) dx (2.111)
= jk JRY

< Ce 2.
Let us gather (2.109), (2.110), and (2.111). Observing that

2
atRk = —Vi - VRk +1i (a)k + %) Rk

O R = i(ARy + f(IRk|)Ry),

2.112)

we notice that

2 = |Vk|2 = =\ _ =
Im((AR+f (IR ROZ) (i + 5 | Tm (ReiZ) —vicRe (VR94F) = —Re (3, Ri(1 = 90)Z)

As a consequence of (2.90), we obtain a control of

v |?

/ {2Im((ARk + f(IRE|*)R)Z) -2 (wk + T) Im (Rk¢k§)
R4
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- v -Re (VReiE) (£(12+ o) - f(|¢|2))} d

by Ce™|ZI1%,,.
Finally,
K

Ar+ ) {Ask — Az}
k=1

< Cezl1%,. (2.113)

Let us focus now on the terms identified by the letter B. We observe that

By = v /Rd FUZ+ @)V e dx +O (e + gzl 12l - (2.114)

Then, we obtain

Bt B =-viRe [ V(12+50) £z 47100 drvvic-Re [ 9 (16) 7024510 ds
R R

+2vy - Re /Rd V(p2) f(leP) i dx +O (e + llzllgg )zl 121l g) -

2.115)
Notice next that L L
v -Re (VRkRk) = Im (ARkRk) ,

which allows us to rewrite
K —
Bi=2 Y vi-Re [ VREL(F(+6P) - f(16P) RS (4F) o
k=1

as a sum of quantities in which the differences between ¢ and R or the products VRkR_j forj +#k
appear. Use moreover

1. on the one hand, the second estimate proven in Lemma 2.18

2. on the other, the following inequalities:

o ford = 1: for all y € H'(R?),
IV IV2I12] dx < V22Vl 2l lle < ClEIG, Wl
R4
/R IVUPIER dv < IR IV < CIER IR,

4 . .
/ IVUlIVellzla dx < |IZII 5 IVl 2 Vel 2 < CHEZI Il el g
R4

« for d € {2,3}: forall y € H*(R9),

/Rd IV IV2I1Z] dx < V2N IVl s liZllze < CIZNG e,
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/Rl IV 1217 de < 217V l7s < ClZIG, w117,
/R, VU IVellz* dx < 1213Vl Lo Vell e < CUZIG I L2 el -

Remark 2.8. Regarding the higher dimensions in order to prove Proposition 2.6, one would make
use of the following inequality, valid for d > 3: for all ¢ € HL% ¥ (R9), for all § € H'(R9),

/Rd IV IIV112] dx < NIZN 24 IV9 N2Vl La < ClE 10l 2l

pglg

Then we conclude that

K
Bi=2 Y vi-Re [ VREL(F(E+6P) = f(oF) = 2ReG)f (o)
k=

(2.116)
< e (IZNET + 1121, < Ce IR,
Thus, from (2.115) and (2.116), we deduce that:
K
B - (Bz,k + B3,k) (2.117)
k=1

=2 — ~
< Ce|Zll + C (7 + izl Izl a1zl )

K
2
K

2

k=
< C( CHllzllg) Nzl 2 g

vi-Re [ V(IR = 16F) £+ oP)o s

v [ (16F) £06P) dravicoRe [ Tz oPrf (o) d

(2.118)

Notice that we have used (2.87),

‘/Rdv(|90|2) f(¢l* dx=0, and ‘/Rdv(|z+<p|2) Fz+¢) de=0

To finish with, we have to obtain estimates for the terms with the letter C involving a; and b, .
Due to (2.81), (2.90), and (2.112), we compute

_2 Zak/ {Re iRKAZ) + Re (iRiE) - (wk+¥)Re (iRiZex) - vi - 1m (szqubk)}

2
=2 Za;{ Im /d {Z (ARk + ka (|Rk|2) — (a)k + %) Rk¢k — ivk . VRk¢k)} dx
k=1 R

+O(e™ izl Izl 1)

=0 (e |zl Izl 1) -
(2.119)
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On the other hand,

K
-2 > b /R ) {Re(VRk@ +Re(VRIZf (|2 +¢[%) +Re(VRRe (f (12 +¢2) = £(I¢1)))
k=1

— (a)k + %) Re (Vngqﬁk) —Im (Vk . RkVEqSk) } dx

K 2
=2 Z b;c . Re/ {VE (ARk + ka (|Rk|2) - (a)k + M) Rk¢k R VRk¢k)} dx
=1 R4 4
K
o = 21)) _ 5 = 2\ _ 2
+2;bk /Rd {Re (szv (f(|Rk| ))) Re (VRkRk) (f(|z+go| ) f(|<p| ))} dx
+O (™ + 112l gzl gzl )
=0 (e +lzll )Nzl g Nzl gr) »
(2.120)
again due to (2.81), (2.90), and (2.112). Consequently, (2.119) and (2.120) lead to
K
Ci+C+ Z{C3,k — Cax} =O( (e + 11zl 1) Nzl g Nzl 1) (2.121)

k=1

Proposition 2.17 follows from Step 1, from estimates (2.113), (2.117), and (2.121), and from the

observation that
K

1
Main = Z (Mainy j — Mainy i) = O (;IIZ(I)H?_II)
k=1

by (2.91). O

Control of the R; directions

We have the following estimate which expresses that the variation in time of the real scalar products
Re ./]Rd Z(t)Ry (1) dx (which appear in (2.94)) is essentially of order two in z(z).

Lemma 2.20. Forallt > Tj,

’%Re/Rd EORK(1) da| < C (e Nzl + 120121 ). (2.122)

Proof. We notice that
K K
Ry dx+ Y R ja;RiRi dx+ » R b;-VR,R; d
dzkx;e‘/ﬂ{dzajjkx;e—édj jkx

ZR_kdx+akRe/ ile|2 dx+bk~Re/
R4 R

Re/ 7Rk dx = Re
R4

(2.123)

S—5— 5=

Re VRiRy dx +1(t)
d

d
=Re ZRy dx + (1),

d
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where 77 is a complex-valued function defined on a neighborhood of +co, differentiable in the sense
of distributions, and such that ' () = O (e "||z(¢)||1). Moreover,

%Re‘/sz_kdx=Re/Rdi(Az+f(|z+g0|2)z+(f(|z+g0|2) —f(lcplz))w)R_kdx
+Re/Rd iz (AR_k+f(|Rk|2)R_k) dx

=Re [ i{f(16P) =1 (1RuF)) R ax

eRe [ i(f (1) = (16F)) R dx+0 (Iz00E,. ).

(2.124)

where we have used p > 2 and

[aRean= [ aaRiae and|feegP) - £Q0P)] < el + 1.
R4 R

By means of

£ (el?) = FUR)| < C(lg = RI> + 1 — R| +Z IR;R|)
Jj#k

(which is consequence of the application of the mean value theorem, as for the proof of Lemma
2.18), and by means of (2.24) and (2.74), we see that

< Ce M |z(t) ]l 2. (2.125)

Re [ i{f(6P) - F(RP)) <Rs o
R4

Similarly by Lemma 2.18, and noting in addition that

Re (igRy) = Re (i((¢— R) + (R~ Ri)R)

we have also
< Ce |zl - (2.126)

Re [ i( £z ) = £(1oP)) oFir ds

To put it in a nutshell, Lemma 2.20 is now a direct consequence of (2.123), (2.124), (2.125), and
(2.126). O

As a consequence of the preceding lemma, we state:

Corollary 2.21. Forallt > Ty,

2
% (Re /R . Z(1)Ri (1) dx)

Control of the modulation parameters

< C (20 g + 12O 12O 1 (2.127)

At this point, recalling inequality (2.86), it remains us to obtain estimates for |ax (¢)| and |bx ()]
This is the object of the following result.



2.3. CONDITIONAL UNIQUENESS FOR MULTI-SOLITONS OF (NLS) 73

Lemma 2.22. Forallt > Tj,

lai, (] + 163, (D] < C(e Nzl + Nz + Nzl + 120 2)- (2.128)

Proof. Due to

K

j=1
K K
Oz=0z+ ) (iayRe+Db - VRe) + > (iaxd,Ri + by - VO, Ry
k=1 k=1

dz=i(Az+ flz+ @)z + (fz+el) = fUel)e),

differentiation with respect to ¢ of equality Im ./Rd ZRi dx =0 (2.79) implies:

0=1Im 8,ZRy dx +Im 70, Ry, dx
Rd R‘I

=Re /Rd (Az+ f(lz+ @)z + (fz+ ) = f(lel))e) Ry dx
K Ry R, o —
+;Im(1a;‘/RdR]Rk dx+b;/RdVR]Rk dx+iaj‘/Rd(9tRij dx+bj.‘/R:dVatRij dx)

K
—Re/ z+
R4 —

or equivalently

0=0 (1)) +Re [ (7U6P) = FURPR: drsRe [ (7002 o) = Flel) R d

(iajR; +b; - VRj)) (ARy + f(IRx|*)Rx) dx,

j=1

M=

+ (a;.Re/ RiRi dx+b’-Im | VR;Ry dx)
1 R R

~.
Il

+

D= T

(—ajIm <[Rd (AR, + f(|R,|2)R,)R_k dx + bj -Re Ad (ARJ + f(lR,Iz)RJ)VR_k dx)

(—ajIm/Rd R; (AR_k+f(|Rk|2)R_k) dx+bj-Re/Rd VR, (AR_k+f(|Rk|2)R_k) dx)

~
Il
—_

’ 1 4
= [z oP) = U NIRP v, [ 03, dxesbiovi [ 0%, o
R4 R4 R4

+0 (IO, + e 20 )
L (2.129)
Similarly, exploiting the d-dimensional equality Re fRd ZVRy dx =0 (2.79), we see that
K K
0=1I AZ - ‘a;AR; —
m / 8z asar, -y

bj . VARJ) VR_k dx+0 (“Z(l‘)“iz)
j=1 J=1
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K

K
—Im/ Fflel>) 2= ) ia;R;i— ) b;-VR;|VRy dx
Rd Z JY ; J J k

J=1

~Im / (12 +¢P) = F(loP)¢VRr dx
+Z[a Im/ VRkR_jdx+b;.-Re/RdVRjVR_k]

K
]R /R AR;VRy dx—ZajRe‘/Rd f(|Rj|2)RjVRk dx

MN IIMW :

Im/ V(AR;)VR, dx—Zb Im/ (f(IR;1>)R,) VR dx

j=1
+Im/ Z(V(AR) + V(f(IRe|P)Ry)) dx
R4
or equivalently, using
d
2 2 _ 2 2
L vU@oeh a==3 [ 1000.@%,) d
:0,
0=0 ()% +e ™ 20l ) + /]R (Flz+¢P) = e Im(VRR) dx
+Im/Rd ZV(f(|Rk|2))R_kdx+%"vk /Rd 07, dx+Re/Rd [VR_k’VRk] x by, dx
= O (e + €Il + [ (7l o) = FeP)Im(VRF) ds - 2130
~ N ay 2
+Im/Rd FA% (f(|Rk| )) Ri dx+ v, /Rdek dx

1 ’
+ /Rd [VOw,'VOu, + kakaQi,k] X by, dx,

Using Lemma 2.18 and (2.24), we obtain
[, Uz = (1P (VR
R 4
= Z/Rd Re(z¢) f' (o)) Im(VRiRy) dx +O (”Z“%_Il + IIZII;l,l)

J— J— 4
= 2/d Re(zRx) f'(|Ri|*)Im(VRy Ry) dx +0O (e_WIIZIIH1 +llzll,, + IIZII;’II) :
R

Recalling the definition of Z (2.78), this reads also as follows:

[, Gz a? = (1P (YRR ax
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2 [ Re(4Re) £/ (1R (VR 0 (e el + 1)

4
~ —_ 2 -
O (IIZIIL2 +e Mzl + Nzl + IIZII;’II) :

Considering that Im (VRkR_k) = vi|Rk|?, we then deduce from (3.98) and (3.99) that

, - - 7\ vk
/Rd [VOw.'VQu,| dxx b, =0 (IIZIILz +e 7zl + llzll?,) + IIZII;’,I) bR

Since /Rd [Vka’ Vka] dx is a positive definite symmetric matrix (by Proposition 2.30), it is
invertible, so that inequality (2.128) holds for |5} (¢)|. Then we conclude that the same inequality
is true for |a; (¢)| by (3.98). O

2.3.3 End of the proof

We now conclude the proof of our uniqueness result, that is Theorem 2.3’ by gathering (2.94) and
the different controls obtained in subsection 2.3.2.
Let us begin with a control of ||z||g1 in terms of ||Z]| ;1 which relies on the integrability of
4

41
t = |zl g + lz(D)]] I‘;l in the neighborhood of +co (provided N is chosen sufficiently large);
once more, we observe here that the condition d < 3 is important.

Proposition 2.23. For t large enough,

Izl g1 < C(SuItDIIZ(S)IIH1 +/ 2G|l du)- (2.131)
s> t

Proof. Recall that we have already seen (2.86):

lzllgr < C (IIZIIHl +§ (lakl + Ibkl))

k=1

Therefore, using the control of the modulation parameters obtained before, that is (2.128),

Izl < ClZO [

+c(/ 126 ds+ [ (||z(s>||3,l+||z<s>||;,l) ds+ [ ezl ds).
t t t
(2.132)

4_
Since t — ||z(t)||g1 + ||z(t)||;’ll1 is integrable in the neighborhood of +co, we have for ¢ large
enough:

/ (Ilz(s)lli,. +||z(s)||£’,1) ds < (/ (||Z(S)||H1 +||z(s)||,%,?l) ds) sggllz(s)llm-
- (2.133)

Similarly we have

+00
/ e 29It ds < S suplz(s) 11 (2.134)
t s>t
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It follows from (2.132), (2.133), and (2.134) that for ¢ large enough,

sup [|z(s) |l g1 < C(SUPIIZ(S)IIHI +/ NZ() dS)

s>t s>t

+C ( / (nz(s)uH] + ||z<s>||§,j‘) ds + e-ﬂ) sup llz(s)ll 1. (2.135)
t

s>t

Hence, for ¢ large enough,

+00
sup [|z(s)||g1 < C (SUP 12 g1 + / 2G| g1 du) ) (2.136)
s>t s>t t
which ends the proof of Proposition 2.23. O

Now, we deduce the following
Lemma 2.24. There exists T > 0 such that for allt > T, 7(t) = 0.

Proof. By means of (2.94), (2.100), and (2.127), we can write for ¢ large enough

Izl <c [ (%nmnip + e 2 12 + ||z<s>||i,,||z<s>||m) ds

v [ (2.137)
<C / (EHZ(S)”HI +e 7 lz(s) ]l + IIZ(S)IIi,l) dS] sup [|Z(s) [ g1-
t s>t
We deduce from the preceding line that for ¢ large enough
+00 1 ' 5
1ZD[pr < C/ (;”Z(S)HHl +e (o)l + ||Z(S)“Hl) ds. (2.138)
t

Using (2.133), (2.134), and (2.136), this leads to the fact that for ¢ large enough

1Z()|| g1 < C/ %HZ(S)HH] ds
+C (e‘W +/ lz(s$)]| g1 ds) (supIIZ(s)HH] +/ 1Z() || g1 du) .

s>t

Thus, for large values of ¢,

2O < €| [ Mz as+ {4 [0 as) ([ 1200 au)|.

(2.139)
Since by assumption ||z(#)]| g1 = O (z%) with @ > 2 and since e™?" < tc+-1 for  large enough, there

exist C > 0and T > 1 such that for all ¢ > T,

_ +00 1 1 +00
12Ol < € / L)1 ds+ oy ( / 120l d)] . @140
t t
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Remark 2.9. Note that in (2.140), C seems to depend on z (or equivalently on «) but in fact it does
not (even if it means changing 7' which does actually depend on z). Indeed, C depends only on the
constants appearing in (2.74), (2.86), (2.87), (2.94) (linked with the parameters used to define the
solitons Ry), on the constants appearing in (2.96), (2.100), (2.127), (2.128) (linked with f, with
the parameters used to define the solitons, and with ||z(#)|| ;1 which can be chosen less or equal to
1 provided ¢ is sufficiently large, depending on z), and also on universal constants which enable us
to pass from (2.135) to (2.136), from (2.137) to (2.138), and from (2.139) to (2.140) (on condition
that ¢ is once more sufficiently large, which depends on z). Thus one should read the following

assertion: there exists C > 0 such that for all z satisfying (2.76) and ||z(¢)||z1 = O (t%), there
exists T'(z) > 0 such that for all r > T(z), (2.140) holds.

Now take N in (2.77) such that N > 4C +1 (in this way, N does not depend on z, as emphasized

in Remark 2.9). Even if it means taking a larger 7, we can assume
B c
Fe20,Ve>T, 2|y < N

Then A := sup{t" ||Z(#)|| 1 } is well defined. Let us pick up T > T such that TV [|Z(T)|| ;1 > 4.
t>T

Now, replacing ¢ by T in (2.140), we obtain
- 1 1 2CA

—— < CA|—=+ = < —. (2.141)
2TN NTN (N - 1)TN+a-2 (N-1)TN
Supposing A # 0 would lead to a contradiction because of the choice of N.
Consequently
Vi>T, 1Z() g1 = 0.
O

We deduce from Proposition 2.23 and Lemma 2.24 that
Vt>T, |z()|| g1 = 0.

The local well-posedness in H' (R4) of (NLS) implies then u = ¢. Hence Theorem 2.3’ is proved.

2.3.4 Uniqueness result for the critical pure-power case

In this paragraph, letd > 1and f : r — rd. Our proof of uniqueness in the class of multi-solitons
u such that ||ju(#) — R()||lgzn = O (zLN) (for some N € N* sufficiently large to be determined
1 —+00

later) and in the L2-critical case consists in exploiting the same ideas as for the subcritical case.
Nevertheless it is this time based on Proposition 2.25, stated below and proved in Appendix.

Proposition 2.25. Assume that f(r) = ra and let w > 0. There exists u > 0 such that for all
w=wj;+iwy € HI(R,C),

2
H(w) 2 plwll7,, - L (/ lewdx)
H\JRrd

1 (& 2 2 2
-— (Z (/ w10x,Qw dx) + (/ wi (x - VQy)? a’x) + (/ w20 dx) ) . (2.142)
M R4 R4 Rd

i=1
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In order not to be too redundant, we only explicit the main modifications of the proof given for the
stable case.

Change of variable

We still consider ¢, u, and z as defined at the beginning of Section 2.3. In order to apply Proposition
2.25 (which states a coercivity property available in the critical case), one has to take into account
a third family of directions indexed by k = 1, ..., K. More precisely, let us introduce y (¢, x) :=
x—vkt—xg eR9 forallk =1,...,K,and

K
Z(t,x) == z(t,x) + Z {iar () Ri(t,x) + br(t) - VR (2,%x)}
k=1

K
d i
+ Z ck (1) (ERk + Yk - VRy — SVk ykRk) (t,x),
=l

where ay, by, and ¢y are well defined on [T, +o0) (even if it means taking a larger 71) with values
respectively in R, R4, and R such that

Im Z(t)Ri(t) dx =0
R4

Vi>T,, 1{Re /Rd Z(t)VRi (1) dx =0 (2.143)

y .
Re/ | SR + yi - VR, — Svi - yiRe | (1) dx = 0.
Rd 2 2

As for the stable case, we can prove that ax(z), br(t), and cr(¢), k = 1,..., K, are uniquely
determined by the preceding orthogonality conditions. This time, we have to show indeed that the
following block matrix is invertible:

[ Aoo(t) Bii() -+ Bia(t) Zo(t) |
'Bi,i(t) Ap(t) - Apa(t) Zi(1)

M(r) := : ST S
'Bia(t) Aai(t) --- Aaqa(t) Za(t)

"Zo(t)  "Zi(t) oo TZg(r) W() |

where Ao, A;,j, By, are defined in paragraph 2.3.1, Z;(¢) (i = 0,...,d) has entries zero on

its diagonal and O(e~?") elsewhere, and W(z) possesses the coeflicients /]Rd (x - Vka)2 dx,
k=1,...,K on its diagonal and O(e™?") elsewhere.

For the sake of completeness, let us justify how to determine the coefficients of Z; (t) i = 1,...,d)
which are the less obvious ones to compute. By the orthogonality condition Re /Rd Z(1)VRi (1) dx =
0, the coefficient Z;(k, [) of Z; located at line k and column [ is equal to

d —
Z,'(k,l) = ERE‘,/‘ 4 ykRkaxiRl dx.

R0y, Ry dx + Re/
R4

— 1
Yk VRkaxiRl dx + EVk . Im/
R4

R
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Thus for k # [, we have Z;(k, 1) = O(e™?") by (2.24), and for k = [, we obtain:
Zi(k,1) = Re/ Yk (VRk - inRk) axl—R_k dx = / X - VQa)kaxika
R4 2 R4

d
:Z/ (/X_iaijwkaxika dx[) dX1...dAxl‘...dXd:0,
3 RA-1 R

J=1

since for all j € {1,...,d}, x; — Xj0x; O wy (X1,....xq)0x,Qw, (X1, . ..,Xg) is an odd integrable
function on R in view of the fact that Q,, is radial.

Hence, we obtain that
K
det M (¢) = det M (1) ]_[/ (x-VQu,)* dx+0(e™)
k=1 /R?

is strictly positive for ¢ large enough (see (2.167) in Appendix).

Moreover, for all t > T,

lar (O, b (D], lex (D] < lz(D]l 2, (2.144)

and
lag (O] 16 (D], [ (D] < Mzl g1 (2.145)

Remark 2.10. The consideration of Z turns out to be appropriate judging by the properties stated
in Lemma 2.27. Besides let us note that the particular non-linearity satisfies the ODE dx f'(x) =
2f(x) in the L?-critical case; this will be truly useful to control the third family of directions
associated with the coefficients cy.

First of all, let us begin with the useful computation of the derivative of Z with respect to the
time variable.

Lemma 2.26. We have

K
8,z = i(AZ +FUeP)z+ (f(Iz+ ¢ - f(lcplz))sv) + > {ia}Ri + b, - VRi}
k=1
S & (d i
-2 ; Ckkak + ; Ci (ER]< + Vi - VRk - EVk . ykRk(t,x)) + €1,

where € is a function of t and x such that

~ ~ ~ — ~ 2 1~
/d el (121 + V2] +1AZ]) dx < C(e™ Nzl g llZl g + Nzl 12N )
R
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Proof. Note that d,Z decomposes like

K
Bz=0z+ » {a (- )+ by () +ar(--+) +be(--)}
k=1

L (d i
+ Cr ERk + Vi - VRy — EVk - Vi Ry

+

D TP

d i .
cx (15<AR;< + SURCP)DRE) = vic: VR + S 1vkRic + iy - V(ARk + f (IRk[*)Ri)

x~
1l
—_

+ e ve(ARi+ f(|Rk|2)Rk))‘

(2.146)
Now, we want to express 0,z given by (2.76) in terms of Z, as already made in Lemma 2.19. For
this, let us observe that:

A(yk . VRk) =Yk V(ARk) + 2ARy, (2.147)
A(—%vk : ykRk) - —%vk - yiARy — ivy - VRy, (2.148)

flz+eP)z= (flz+el®) = fUel®)z+ f(lel*)z
—f(|90|2)zkl {ak(' ) +bi(er) +ex (ng + Yk - VRi — %Vk ‘ykRk(t’x))},
(2.149)

and

(Flz+ e = fUeP))e = (FUz+elP) = FelP))e +2Re((z - 2)B) £ (le|P) e + €
= (fz+ ) = fe)e

K
- 2ZRC [(bk(’ )+ ek (ng + Yk VRk))R_k} F(RKIP) Rk + €.
=1

(2.150)
Inserting each equality (2.147), (2.148), (2.149), and (2.150) in (2.146) leads to

K
0,2 =i (Az+ fUeD)z+ (FUZ+¢P) = FUgP))e) + ) {iatRe + by - VRe)
k=1
& (d i
+ kz_; Cr (ERk + Yk - VRg — SVk ykRk(t,X))
X i
+ Z Ck (—ka . VRk + Ele|2Rk - 2iARk - id|Rk|2f/(|Rk|2)Rk) + €1.
k=1

Finally, we conclude by means of

d |RI*f'(IReI?) = 2 (IRk]?) (2.151)
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(which indeed holds in the L>-critical case as mentioned in Remark 2.10) and the two possibilities
given in (2.112) to write d; Ry. O
Control of H and of the modulation parameters

Take again H as defined at the end of paragraph 2.3.1 and consider still Main(t) as in Proposition
2.17. Then we can state

Lemma 2.27 (Control of the derivative of the Weinstein functional). The following assertion holds
true:

dH = 2 —
E(I) = Main(t) — 4; ;. (1) (a)k - %) Re ./Rd ZRy () dx

+O (e + lzOll ) NZO ezl ) -

Proof. Take again the proof of Proposition 2.17. Concerning the expression of the derivative of A,
observe that everything is kept unchanged in the present context except that we have to take care
of the additional terms involving the parameters cx () and ¢} (¢), forall k = 1,...,K.

Let us define the C-linear endomorphism £ of H'(R?) by

|vel?

Li(v) = —Av—f(lelz)v+(wk+ )v+iw< -Vv.

Observe that £ (Ry) = 0 and for all v, w € H'(RY),

Re/ v L (w)px dsze/ wLi(v)dr dx—ZRe/ wVv -V dx+Rei/ vwvg - Vo dx,
R4 R4 R4 R4

(2.152)
Using (2.90), (2.92), and (2.152), we deduce that for all v € H'(R9):

Re/ RkLk(V) dx = Re/ Rk-Ek(V)¢k dx+0 (e_ytIIV”Hl)
R? R? (2.153)
=Re -[Rd vLr(Re) ¢k dx +0O (e_7t||v||H1) =0 (e_7t||v||H1) .

The term associated with ¢y (¢) in the expression of %FI writes

2 cu(t)Re / (~2iwRi) L) dx.
R4
By (2.153), it is thus bounded by Ce ™ ||Z|| g1 ||zl g1

It remains us to obtain the term associated with ¢} in %Ifl . This term corresponds to 1 y — 12 x,
where

d ) —
Ik =2Re /d (ERk + Yk - VRy — SVk ykRk(t,X)) Li(2) ok dx
R

and
Bi=2Re [ (SR R B4 ) - F(16P)
R4
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Let us concentrate first on J; . By (2.152),

d [ -
Np=2 Re/ L (ERk +yi - VRy — VK yiRi(1,x) | Zdx + O (e |12l 1) -
Rd

Moreover,

- d
Re/ 7Ly (—Rk) dx =0;
Rd 2
Re/ %Lk(yk - VRy) dx
R4

= Re/d %( — vy - V(ARy) - 2ARk) dx —Re/d Ef(|Rk|2)yk - VR dx
R R
2
+Re/ izvi - V(yx - VRy) dx+Re/ E(wHM)yk.wzk dx
Rd Rd 4
:Re/ (V?-yk+d§)ARk dx—ZRe/ VAR dx
R4 R4
+Re/ (V%-yk+d§)f(|Rk|2)Rk dx+Re/ Zyvie - V(f(IRk|?)) Rk dx
R4 R4
- Re/ i(VE-yk) (vk . VRk) dx — (d - l)Re/ iZvi - VRy dx
R4 R4
2
—Re/ (Vf-yk+df) (a)k+%) Ry dx+O(e_7t||Z||Lz)
R4 4
=—2Re/ ZARy dx+Re/ iZvi - VR dx
R4 R4

+2Re / ZF/(RP)ye - Re (ReVRi) Ric e+ O(e™ |11 2);
R‘I

- i
Re/ 7Ly (—Vk -ykRk) dx
Rd 2
= i . = |Vk|2 i
=Re Z-=(vi - yr)ARg —ivi - VR | dx +Re Zlweg + —— | =vi - YR dx
R4 2 R4 4 2
1 - i—
— —RC/ ka -V (Vk . ykRk) dx — RC/ —Zf(lelz)Vk . ykRk dx+0 (E_WHZHLZ)
2 R4 R4 2

2
:—Re/ iZvi - VR dx—MRe/ ZRr dx +O (e |zl 12) -
Rd 2 Rd

Note that to establish the three preceding equalities, we have used once again L (Ry) = 0. Thus,
gathering the preceding calculations, we infer

lvel®

C;C-Z.l,k =2 C;CRE‘, /d ERkyk . V(f(|Rk|2)) dxk -4 C;CRC/ Rk dx
R

z (ARk +ivi - VR —
R4
+0 (e 1zl 2Nzl -

(2.154)
Now, let us focus on the second integral 75 . On the one hand, by means of a Taylor expansion,
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by (2.24), (2.75), and (2.151), we obtain
@ [ RP (7124 6P) = £(16P)
=d /R R X 2Re(ZRi) 7 (IRk ) dx +O(e ™" [1Zll2 + 1121172 (2.155)
=4 [ FORCPIRe(GRL) i+ O(e 2l + 217).
On the other, we observe that

2Re [y VRGP + o) = flP)

(2.156)
—4Re [ i VRRRe (Re) £ RAP) de+ O 200 +2IE).
R
Thus, we deduce from (2.155), (2.156), and (??) that
’ o = . |Vk|2
il = Re ZIARy +ivy - VR — Ry | dx
R (2.157)

+2¢}Re /Rd ERivic -V (FURP)) dx+O(e™ 212 + IEI1.).

From (2.154) and (2.157), we conclude that the term associated with c;< in %I:I is equal to

lvel?

—4 C;Re‘/ E (ARk + ivk . VRk +f(|Rk|2)Rk - Rk) dx + O(e_7t||Z||Lz||Z||H1),
R4

that is to R
v —
4cp (a)k — Vil )Re/ ZRi dx +O(e™ )z 21zl g1)-
4 R4
This finishes the proof of Lemma 2.27. O
Lemma 2.28 (Control of the modulation parameters). We have forall k =1,...,K:

Viz T, ap(d)+1b, (0] + e, (0] < Cle™ Nzl + llzll; + 1Zll2).-
Proof. This lemma follows from the preliminary computations

K
d
=

K .
—Z {%Vj 'yjARj +iVj . VRj}
J=1

K .

d

8,2 =8ZZ+ g {ia}Rj+b} 'VR]'+C} (ERJ ty; 'VRJ' - %Vj 'ijj)}
J=1
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K
+ > fia;oR;+b; - V(OR))}
j=1

K _ .

d i i

+ch (EatRj +y; - V(OR)) - Vi YjOR;—v; VR, + §|vj|2Rj ,
=

from (3.98), (3.99) (which still take the same form in the present context with the consideration
of a third direction), and from the derivation with respect to ¢ of the third family of orthogonal
conditions

p -
Re/ Z (—Rk +yi - VR — ivk . ykRk) dx =0,
Rd 2 2

which yields

, d? - -
0=c (/Rd (x-VQu,) dx - T /Rd o7, dx) +O(lzll3, + ezl + 12l 1), (2.158)

We finish the proof of Lemma 2.28 with (2.167) in Appendix. O

Now, to exploit Lemma 2.27 in order to perform an estimate of H(t), we have to control the
scalar products Re fRd ZRy dx, k = 1,...,K. In fact, we state and prove next the analogue of
Lemma 2.20.

Lemma 2.29 (Control of the Ry directions). We have

d _
—R ZRi d
‘dt e‘[gd Lk ax

Proof. Note that (2.123) is still guaranteed here by observing moreover that

_ 2
< C (e ellyr +12I)

K

d ] — d —
E che/Rd (ERJ- +y;-VR; - %ijj) Ry dx = /Rd §|Rk|2 dx +Re -/]Rd Vi - VRi Ry dx + (1)
j=1

= e(t),

where € (¢) = O (e™"||z()||z1). Now, the rest of the proof of Lemma 2.20 is kept unchanged and
thus we obtain Lemma 2.29. O

We deduce from Lemma 2.28 and from Lemma 2.29 that

c;cRe‘/ ZRy dx
R4

Next, it follows from (2.159) and Lemma 2.27 that

400
< C (e 2l + 2l + 2l / (¢ Nellrr + 112l ) ds. 2159)
t

H(t)
1 ~ 2 —ys ~
< C/ {;IIZ(S)IIHI + (e +[lz($) Ml g1) IIZ(S)||H1IIZ(S)||H1} ds

+C [ 1+ 1+ 1) [ (7wl + 121 ) s
* (2.160)
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Conclusion of the proof of uniqueness in the critical case

Proposition 2.25 allows us to obtain the coercivity estimate in Proposition 2.15) so that by (2.127)
(which follows also from Lemma 2.29) and (2.160), we obtain

[HGIP

+00 1
<cf {;||z<s>||i,l +<e-”+||z<s>||H1>||2(s>||H1||z<s>||H1} ds

[ (I + 12Oy 4 1Ein) [ (7Nl + 1y, )

On the other hand, Proposition 2.23 and in fact (2.133), (2.134), and (2.136) are still available here
in the critical case; this is guaranteed by Lemma 2.28.

Thus, adapting the proof of Lemma 2.24, we deduce the following estimate in which 7 is the only
variable that appears: for ¢ large enough, and for some a > 4,

+00 1 1 +00 +00
/ lE) g ds + ta—_zf / 12@) |l g1 du ds} (2.161)
t t N

(with C independent of z for the same reasons as those mentioned in Remark 2.9).

It results then Z(#) = O in the neighborhood of +co. Note that one requires here ||z(¢)|| g1 =

0] (t%), with @ > 4, to hold. Consequently, uniqueness of a multi-soliton associated with the Ry,

2@l < €

k=1,...,K in the sense of (2.11) is proved also in the L?-critical case.

Appendix

Linear independence of (0;,00),c(,. 4

Proposition 2.30. Let u € H' (R?) be such that there exists n € R% \ {0} such that
V x € RY, n-Vu(x)=0.

Thenu = 0.

Proof. Even if it means completing {ﬁ} in an orthonormal basis of R¢ and considering the pas-

sage matrix between the canonical basis and this new basis, we can always assume that 7 is the last
vector of the canonical basis of R?. In that case, our assumption in Proposition 2.30 reads:

V()C],...,Xd)ERd, axdu(xl,...,xd)zo,

or, in other words, for all xy,...,x4-1 € R, the application x4 — u(x1,...,X4-1,xq) is constant,
equal to u(xy,...,xq-1,0).
Since u € L?(R%), for all xy, . ..,x4-1 € R, one must have that

/|u<x1,...,xd_1,xd>|2 dxd:/|u<x1,...,xd_1,0>|2 dxg
R R

is a finite quantity by Fubini theorem. This is the case if and only if u(x1,...,x4-1,0) = 0. Thus
u=0. O
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Proof of Lemma 2.14

Assume that 1 < k < j < K.
If x; < fj—l + (O’j_l - Ao)l, we have ¢j(t,x) =0.
If x; > &1 + (01 — Ao)t, then x1 > vy ;7 for large values of ¢ and thus, by (2.5), we have
IR (1,x)] < Cem 3= (armvian) o= Y8 bemvit| o g5 (0m1=Ap—vi )t =55 bx-vi |
oy @) VO (Yj17Vj-1,1 [O)n
< Ce—g(ffj—l—Ao—Vj—l,l)te—JTTIx—thI < Ce_T(%_AO) e—@u—vm
< Ce_"’e_@”_"”l.
Assume now that 1 < j < k < K.

If x; > & + (0 + Ao)t, we have ¢ (t,x) = 0.
If x; < &;+ (0 + Ap)t, then x; < vy 1t for large values of # and thus we have as before

[ w7y, [ \/T
IRk (1,%)| < Ce—@(\/k,lt—m)e—glx—vwl < Ce_g(vk,l_o'j_AO)te_Tk|x_th|
< Ce—@(\/jﬂ,l—o'j—Ao)te—\/%T|X—th| < Ce—)’l‘e—gh—vkﬂ'
Thus for all k # j,
oy NPh
IRk (t,x)¢;(t,x)| < Ce Y= g x|

and of course the same estimate is valid for [0, Ri (2, x)¢; (¢, x)|. This proves (2.89).
In a similar way, one proves (2.90). Now, let us show how to obtain (2.91). First, notice that it
is sufficient to prove (2.91) with . instead of ¢,. Then,

1, (x1 =&k — ot 1 x| — &g — oxt
Ox Yk (t,x) = ;lﬁ (f)’ 03 Wi (t,x) = t—3¢(3) (f ,
and
x1 =&k —oxt ,[x1— & — Okt Ok, [x1— & — Okt
R N Y S N N 1)
t t t t
Hence,
g LT 93 < Lo e
| X]'vbk(t’x” < t”'?b ||L°°7 | X1 Wk([’x” = t3 ”¢ ||L°°>
and {
’ Ok ’
Bk (1,001 < 1l + S5 o
which leads to (2.91).

To finish with, let us observe that dy,¢;(z,x) = 0if &;_1 + (01 +Ag)t < x1 < &+ (0 — Ap)t
(and in fact also if x; < &j_1 + (07j—1 — Ag)t orx1 > & + (0 + Ag)t). Thus, for k # j, the proof
of (2.92) is just a copy of that of (2.89).

Moreover, if x; < &;_1 + (0j_1 + Ap)t, then x| < v, 1t for ¢ large and thus, as before, we obtain

w; - ©; -
|Rj(t,X)| < Ce—g(\)jt—xl)e—@bc—vﬂﬂ < CE_Q(Vjt_O—j_I_AO)te_@|x_vjt|

_ NPk .
< Ce Ve 7 Ixvitl
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If x; > é; + (0; — Ag)t, then x1 > v; 1t and one obtains again

N
|R;(t,x)| < Ce Ve "7 vl

Hence, using in addition (2.91), we deduce from what precedes that

Yt yor
|Ri ()0, ¢;(1,x)| < CeTe—T’”Ix—vjﬂ'
In this manner, we obtain (2.92).

Proof of Proposition 2.25: coercivity property in the L>-critical case

In the L?-critical (pure power) case, we consider f : r ra so that the linearized operators around
4 4

Q. rewrite Ly ., (v) = —Av + wv — (1 + %) Qdvand L_ ,(v) = —Av+wv - Q&v.

Let us prove Proposition 2.25, following the results and ideas of Weinstein [108].

Due to Weinstein [108, Proposition 2.7], inf, c 1 (rd) (0,,,vy=0 {L+,wV, V) = 0 so that we can
set T := inf,cg (Ly. o, v), where S is the set of all v € H'(R?) such that (Q,,,v) = 0, for all
i=1,...,d,(0x,Qw,v) =0, {x - VQ,,v) =0, and ||v|[z1 = 1. We have obviously 7 > 0; we aim
to show that 7 > 0.

Assume by contradiction that 7 = 0. Then for all n € N, there exists v, € S such that

<L+ wVnsVn) < n+1
This implies

0 < min{w, 1}|vall3,, /|an|2dx+w/ |vn|2dx<(l+ )/ Qwv dx+—.

(2 162)
In addition, (||v,||f1),, is uniformly bounded so that, up to extraction, (v,) converges in H' (R%)
for the weak topology, say to v* € H'(R9). And so, we have

(Quwv*) =0, Yie{l,....d}, (0,00 v") =0, (x-VQeu, v*)=0. (2.163)

By means of Holder inequality, interpolation, and exponential decay of Q,, (2.163) leads to

n—+o0o

4 4
/ Qv dx —> 0dv*? dx. (2.164)
R4 R4

By passing to the limit as 7 tends to +oo, it results from (2.162) and (2.164) that

. 4 4 %2
0 < min{w, 1} < |1+ = Qv dx.
d R4

In particular, v* # 0.
Moreover, by weak convergence, we have

V|72 < liminf ||v,||;2 and [IVv*||z2 < liminf |Vv,]||;2. (2.165)
n—+oo n—+oo
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It follows from (2.164) and (2.165) that

0 < (Ly v, v*) <liminf(Ls vy, vn) =0;
n—+oo

in other words is an element of S which minimizes v — (L, ,Vv,v). Even if it means

.

> v g

considering Hv*vT’ we will assume moreover ||v*||z1 = 1. We are thus led to the following
H

Lagrange multiplier condition:

d
Liov =av'+p0, + Z Yi0x,Q 0 + 0x - VQ o, (2.166)
i=1

for some reals a, ,y;, and 6. Since 0 = (L4 ,Vv*,v"), (2.163) implies that = 0. Then, for all
jed{l,...,d},

d
0= <L+,a)aijwa V*> = <L+,wV*’ aijw> = Zyi(axl'Qw, aijw>-
i=1

Given that 0y, Q. . . ., 0x,Q, are linearly independent in L? (Rd ), the d X d-matrix with entries
(0x,0 w» 6ijw> is invertible. Consequently, for all i € {1,...,d},y; =0.
Now, using

0=(-2Q0u,v"), Ly o (gQw +X- VQm) =-20,

(which is specific to the critical case), and the symmetry of the bilinear form (L, -, -), we deduce
that

. d d 5d?
0= <L+,wv R EQw +x - VQw> = %Hleliz -

4
d2
:6(/ (x-VQw)2 dx——/ Qi dx).
R4 4 R4

But we have

Bd
~BQuIE+6 [ (90

2
/ (x-VQ,)? dx - d—/ 02 dx >0, (2.167)
Rd 4 Rd

considering that this quantity is nothing but the square of the L? norm of %Q w+x-V0, (and
%Qw +x - VQ,, is obviously not zero).

Hence ¢ = 0, and finally (2.166) reduces to L ,v* = 8Q,.

We claim now that § # 0: otherwise (using the well-known non-degeneracy condition (2.17) of
L., in the present case) v* would be a linear combination of the 0,0, =1,...,d, and then it
would result v* = 0 (since for all i, (v*, 0y, 0 ) = 0), which is not the case.

Thus v* = —% (%Qw +x- VQw) and

0= <V*=x : VQu)> = _% <§Qw +x-VQ4,x- VQw>

_ 2 2 dz 2
-5 L ovowr - [ o ar).

which contradicts (2.167). So we come to the conclusion that 7 is positive; hence Proposition 2.25
is established.



Chapter 3

Non dispersive solutions of the
generalized KdV equations are typically
multi-solitons

Abstract

We consider solutions of the generalized Korteweg-de Vries equations (gKdV) which are non dis-
persive in some sense (in the spirit of [70]) and which remain close to multi-solitons. We show
that these solutions are necessarily pure multi-solitons. For the Korteweg-de Vries equation (KdV)
and the modified Korteweg-de Vries equation (mKdV) in particular, we obtain a characterization
of multi-solitons and multi-breathers in terms of non-dispersion.

3.1 Introduction

3.1.1 Setting of the problem and known results

We consider the generalized Korteweg-de Vries equations

KdVv
u(0) = ug € H'(R) (gKdV)

{8,u +0,(Pu+uP) =0

where (¢, x) are elements of R X R and p > 1 is an integer.
Recall that the Cauchy problem for (gKdV) is locally well-posed in H'(R) from a standard
result by Kenig, Ponce and Vega [50] and that the two following quantities are conserved for each

solution u of (gKdV) for all ¢:

* (the Lz—mass)/uz(t,x) dx
R

1 1
* (th —u2 — ——uP* (1,x) dx.
( eenergy)/R{zux p+1u }( x) dx

Ce chapitre fait ’objet d’un article publié dans les Annales de I’ Institut Henri Poincaré C, Analyse non linéaire [30].

&9
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In addition, the set of solutions of (gKdV) is conserved under scaling transformation
u— ((t,x) — /ll%-lu (/l3t,/lx)) ,
for all A > 0, and the H (P)-norm is invariant under this transformation, where o(p) := % - %.
Let us recall that the global dynamics of the solutions depends on the sign of o(p). The case
o(p) < Othatis 1 < p < 5, is called L?-subcritical, and all H'-solutions of (gKdV) are then
global (in time) and H'-uniformly bounded. If o(p) = 0, that is p = 5, we are in L?-critical case
and solutions might blow up in finite time [68,69,77-79]. In the L-supercritical case, correspond-

ing to o(p) > 0 (or p > 5), much less is known but finite time blow up is expected: existence of
p* > 5 and of blow-up solutions for all p € (5, p*) are proven in [56].

Moreover it is well-known that (gKdV) admits a family of explicit traveling wave solutions
indexed by R* x R. Let Q be the unique (up to translation) positive solution in H'(R) (known also
as ground state) to the following stationary elliptic problem associated with (gKdV)

0" +0" =0,

given by the explicit formula

p+1

R Py (5]

Then for all cp > 0 (velocity parameter) and x¢ € R (translation parameter),

RCo,xo(t’x) = QC() ()C = cof — X()) (31)

is a global traveling wave solution of (gKdV) classically named soliton solution, where Q. (x) =

1
cy B Q(+/cox). It is orbitally stable if and only if p < 5 (L2-subcritical case) (see Weinstein [109],
Bona, Souganidis and Strauss [3], Grillakis, Shatah and Strauss [37], and Martel and Merle [67]).

Solitons are special objects which enjoy very specific properties. Let us recall the following
rigidity result, which roughly asserts that non dispersive solutions to (gKdV) which are close to
solitons are actually exactly solitons.

Theorem 3.1 (Liouville property near a soliton; Martel and Merle [65, 72]). Let ¢y > 0. There
exists & > 0 such that ifu € € (R, H' (R)) is a solution of (gKdV) satisfying, for some €' function
y:R—>R,

(closeness to a soliton) VteR, lu(t, -+ y(1)) = Qcollg < @, (3.2)

(non-dispersion) Ve>0,3R>0,VreR, / u(t,x +y(1)) dx < &, 3.3)
|x|>R
then there exist ¢c; > 0, x1 € R such that

Vi, x €R, u(t,x) = Q¢ (x —x1 —cqt).
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This striking result has its own interest of course, but we emphasize that it is also a key ingre-
dient to prove asymptotic stability of (gKdV) solitons (we refer to [65, 66, 72]). We highlight the
fact that this result applies in each mass subcritical, critical, and supercritical case by requiring the
solution u to remain close to a soliton (up to translation) for all times (3.2). In the L?-subcritical
case where solitons are known to be stable, (3.2) can be relaxed to hold only at # = 0.

Finally let us note that solitons play a fundamental role in the study and the understanding of
the (gKdV) flow; the important soliton resolution conjecture asserts that any solution with generic
initial condition behaves as a sum of solitons plus a radiative-dispersive term as time goes to infinity.
In this spirit, built upon solitons, we are interested in other solutions to our problem, namely multi-
soliton solutions, defined as follows.

Definition 3.2. Let N > 1 and consider N solitons R, x, asin (3.1) with speeds0 < c¢; < --- < cn.
A multi-soliton in +oo (resp. in —oo) associated with the R, x, is an H'-solution u of (¢KdV) defined
in a neighborhood of +oo (resp. —) and such that

— 0, ast — +oo (resp. ast — —oo). 3.4

N
u(t) = ) Regx (1)
i=1 H!
Multi-solitons are known to exist for all p > 1; they are even explicit for p = 2 (KdV) [89,
section 16] and for p = 3 (mKdV) [101, Chapter 5, formula (5.5)]. What is more, the classification
of the multi-solitons of (gKdV) is complete. Let us gather the main results.

Theorem 3.3 (Martel [63]; Cote, Martel and Merle [19]; Combet [11]). Let p > 1 be an integer
and let N > 1,0<chr < .- <c;(], andx;r,...,x;(] eR.

If p < 5, there exists Ty > 0 and a unique multi-soliton u € € ([Ty, +o0), H' (R)) associated with
the Rclfr’xlfr, ie{l,...,N}.

If p > 5, there exists a one-to-one map ® from RN to the set of all H -solutions of (3KdV) defined
in a neighborhood of +oco such that u is a multi-soliton in +co associated with the Rt xr if and only
if there exist 1 € RN and Ty > 0 such that U [Ty +00) = P(A) [Ty, +00)-

Moreover, in each case, u belongs to € ([Ty, +0), H*(R)) for all s > 0, and there exist 6 > 0 and
positive constants Cy such that for all s > 0, for all t > T,

N
u(r) - Z Rc[.*,x;“(t) < Cse_et~ 3.5)
i=1

HS‘

In the L2-subcritical case (like solitons), sums of decoupled and ordered solitons are stable in
H' (R), even asymptotically stable (Martel, Merle and Tsai [80] and Martel and Merle [72]), and
so are multi-solitons.

3.1.2 Main results

Several properties available for solitons have been adapted or even extended to multi-solitons. This
article precisely takes this step since it aims at providing an analogue of the rigidity property of
Theorem 3.1 in the multi-soliton case. We consider solutions of (gKdV) that are non dispersive
in some sense and uniformly close to the sum of N solitons, and show that they are exact multi-
solitons.
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Theorem 3.4 (Liouville property near a multi-soliton). Let u be a solution of (gKdV) which belongs
to €([0,+00), H'(R)). Assume the existence of p > 0 such that

Ve>0,3R,>0,Vr>0, / u*(t,x) dx < . (3.6)

x<pt—R.
Let N > 1 be an integer and consider N positive real numbers 0 < c¢| < --- < cn. There exists
a = a(cy,...,cn,p) > 0 such that the following holds: if there exist N functions x1,...,XN :

R* — R of class €' satisfying

N
Viz0,  fu) =) 0 (-x)| < (3.7)
i=1 H!
and
V>0, Vie{l,...,N-1}, Xir1 (1) = x;(t) = |Ina], (3.8)
then u is a multi-soliton (in +o0). In other words, there exist 6 > 0, 0 < cT < e < c}’v,
x{,...,Xy € Rand positive constants Cs such that for all t > 0, (3.5) is granted.

Remark 3.5. Assumption (3.8) is done so that solitons are sufficiently decoupled, and thus do not
collide. In the L?-subcritical case 1 < p < 5, as sum of decoupled solitons are stable, assumptions
(3.7) and (3.8) can be relaxed to hold only at time ¢ = 0.

This result is a natural extension of Theorem 3.1 to multi-solitons in +co, which are the only
solutions which are non dispersive in the sense (3.6) (and remain close to a sum of solitons): this is
a nice dynamical characterization of multi-solitons among solutions to (gKdV). By contraposition,
it means that if a solution u remains in large time sufficiently close to a multi-soliton but is not a
multi-soliton, then it disperses insofar as (3.6) fails.

We emphasize that, in contrast with the original statement for one soliton (Theorem 3.1), the
non dispersion assumption (3.6) requires the mass to be located essentially for x > pt for some
small positive speed p > 0 (and almost touches x = 0); it allows (seemingly) for much more room
than in the condition (3.3), which requires that the mass be essentially concentrated in a moving
ball of fixed size R.

Furthermore, the assumptions in Theorem 3.4 are done only for positive times # > 0 (and not
for all times r € R). As it applies of course to the case of a single soliton, Theorem 3.4 actually
extends and refines Theorem 3.1.

We must underline that this improvement to focus on the behavior for positive times only is
actually very meaningful. Indeed, in view of the above result, a solution which would be non
dispersive at times +oco and —co would be a multi-soliton at both ends: but such a behavior is not
to be expected, except in the integrable cases of p =2 (KdV) and p = 3 (mKdV) and the Gardner
nonlinearity u? — Au>. To support this, let us refer to the work by Martel and Merle [73-75] (see
also Muiioz [90]) on the description of 2-solitons: starting with a 2-soliton solution at —co (for the
quartic p = 4 (gKdV)), the collision is almost but not elastic, and there is a non zero defect (which
one can quantify), so that it is not a 2-soliton at +oo (and so, by Theorem 3.4, it must be dispersive
in the sense of (3.6)).

In principle, the computations in the articles above could extend to N-solitons for N > 3, but it
has not been performed yet, and one could still wonder if there is always a defect. If one is willing
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to assume non dispersion for all time ¢ € R, our conclusion is that the solution under consideration
is a multi-soliton in +oo for which all derivatives decay exponentially in space for each fixed values
of t. More precisely, we have

Corollary 3.1. Let u € € (R, H'(R)) satisfy the assumptions (3.7), (3.8) of Theorem 3.4, and
assume (to replace (3.6)) the existence of two constants O < o < p such that

Ve>0,3R,>0,VteR, / u*(t,x) dx < €. (3.9)
Bpt,o|t]+R:)C

Then the conclusion of Theorem 3.4 holds, and also the following exponential decay property at
fixed time, for all s € N, and for some possibly larger constant Cy:

N
Vix0,VxeR,  [|05u(x)| <G Y efleitl, (3.10)
i=1

As it was first observed in [65], non dispersion (for all times) actually self improves to smooth-
ness and exponential decay in space (outside the center of mass). Of course, this is very relevant for
solitons, which exhibit precisely this spatial behavior. But it has yet to be proven that multi-solitons
do have spatial exponential decay (3.10) as well; even though it is a very natural conjecture, and
that it is known that multi-solitons are smooth. To be able to conclude to (3.10), one has currently
to make the assumption (3.9) (in fact, it would be sufficient to assume that u and u(—t) satisfy (3.6)
and to assume in addition that the analog of (3.6) with x > (p + o)t + R holds for positive times),
and for the time being, the above Corollary 3.1 is meaningful.

Remark 3.6. In the L?-subcritical case 1 < p < 5, assumptions (3.7) and (3.8) can be relaxed to
hold only a time ¢ = 0. If they hold for large enough times, positive and negative (or outside of the
collision period), the conclusion can be strengthened to u# being a multi-soliton at +co and —oco, and
satisfying (3.10) for all r € R.

In the context of the particular (KdV) equation (corresponding to p = 2), we claim next a result
which gives rise to a simplified characterization of multi-solitons among all H'-solutions.

Theorem 3.7. Let p = 2 and ug € . (R) \ {0} be such that the corresponding solution u of (KdV),
which is defined globally in time, is non dispersive for positive times, that is, satisfies (3.6). Then
u is a multi-soliton (in +o0 and —oo).

The proof of this theorem relies on the soliton resolution result for (KdV), set up by Eckhaus
and Schuur [28] and refined in Schuur [101].

Remark 3.8. Requiring that the initial condition ug belongs to the Schwartz space is not necessary
in order to reach the conclusion in Theorem 3.7. Considering the non dispersion assumption made
in Theorem 3.7, it would be sufficient for example that all derivatives up to order 4 of uy decay
faster than x~!! when x — +co. Actually, we only need to assume that u( is smooth enough and
decays sufficiently rapidly for |[x| — +oo for the whole of the inverse scattering method to work,
thus for the soliton resolution result for (KdV) to hold [9, 101]. However, our goal is not to obtain
the most general statement, and for clarity purposes, we will not attempt to optimize the regularity
and decay assumptions on uy.
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Similarly, we can characterize non dispersive solutions of the (mKdV) equation. Recall that,
in addition to solitons, (mKdV) admits other particular solutions, known as breathers, which are
also important with respect to the soliton resolution conjecture. Breathers do not correspond to a
superposition of solitons but are instead periodic in time and can move both in the left and right
directions; for all (o, 8) € R} x R}, and for all x1,x, € R, the breather B, g 4,,x, With envelope
velocity y := 82 — 3a?, phase velocity ¢ := 38% — a2, and translation parameters x, x> € R takes
the following expression:

Ba g.xix (1,X) = 2\/§6x [arctan (gci)l:é(aﬁ(zcx —iit _X;B) )] . (3.11)
We refer to Alejo and Muiioz [1] for the introduction and the study of stability in H? of these solu-
tions. Note that the decomposition result in terms of solitons and breathers available for (mKdV)
solutions and stated in [101, Chapter 5, Theorem 5.1] and more recently in [8, Theorem 1.10] holds
under the assumption that the initial data ug is generic in the following sense: the set of all £ € C
such that the classical Jost solutions ¥; (&) and ¥, (£) to the Zakharov-Shabat system

o = (e ) o)

are R-linearly dependent is finite and consists in the scattering data

{i\/a,...,i\/CNl,a/]+iﬂ1,...,01N2+i,8N2}, (3.12)
Witth,Nz€N,(,’1,...,CNl,al,...,aNz,ﬁl,...,ﬁNzERiSUChthat
c1<--<cn.  Bi-3aj << By, —3an, (3.13)
and
V(@i.j)e{l.... .Ni}x{1,....Na}, ¢ # 5 —3a. (3.14)

We refer to Schuur [101, Chapter 4], Chen and Liu [8, Paragraph 1.2], and the references therein
for more details concerning genericity.
Our result on non dispersive solutions of (mKdV) writes as follows.

Theorem 3.9. Let p = 3 and ug € ./ (R) \ {0} be generic (in the above sense) with scattering data
(3.12), and such that the corresponding global solution u of (mKdV) is non dispersive for positive
times (that is, satisfies (3.6)).

Then u is a multi-breather with positive speeds in +co: we have Ny + N» > 1 and for all
j=1,...,Ny,

B7 —3a; >0,

and there existy > 0, positive constants Cs, signs €; = 1, and real parameters xo;, X1 j, X2, j such
that for all s > 0, u belongs to € (|0, +), H*(R)) and

N,

N,
Vi>0, u(t) — Z EiRZCi,xo,,- () — Z B‘/Eﬂ/j,‘/iﬁj,xl,j,XZ,j (1) < Cse_W.
i=1 J=1 Hs

The proof is done by adapting that of Theorem 3.7 by writing the soliton/breather resolution
for p = 3, and then using smoothness and uniqueness of multi-breathers and the estimates in higher
order Sobolev spaces proved by Semenov [102].

Remark 3.10. Let us notice that Remark 3.8 applies also in the context of Theorem 3.9.
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3.1.3 Comments

The proofs of Theorem 3.4 and Corollary 3.1 are in the spirit of the original Liouville result by
Martel and Merle [65], and also the work of Laurent and Martel [57] on smoothness and decay of
non dispersive solutions. An important ingredient is the observation that a crucial monotonicity
formula holds under a much relaxed non dispersion assumption than previously made, see Propo-
sition 3.11, which has its own interest. Also we underline a subtle but key difference in the strategy
of the proof: we crucially rely at some point on the asymptotic stability of multi-solitons in the en-
ergy space (from [70], stated in Theorem 3.15). But let us recall this result itself is a consequence
of the rigidity result for one soliton stated in Theorem 3.1: in some sense, the roles are reversed
here.

In fact, our proofs use and combine several previous results on the (gKdV) flow around soli-
tons and multi-solitons. This sheds a new light on many results established so far and which have
their own interest, which are here linked together to yield new statements. It seems to us that this
phenomenon is an interesting point of this paper.

Our results lead to several open questions. We already mentioned above the first one, but repeat
it here: we conjecture that, for each time where defined, multi-solitons for (gKdV) have pointwise
exponential decay (along with their derivatives); this is only known in the integrable case, where
explicit formulas are known. As second question is whether similar rigidity results (as well as
asymptotic stability properties) hold for other dispersive models. The Liouville theorem for soli-
tons holds for the Zakharov-Kuznetsov equation in 2D for example, it would be nice to know if an
analog for multi-solitons holds as well. A very natural context is that of the non-linear Schrodinger
equations, for which the understanding of non-dispersive solutions remains mostly open.

This article is organized as follows. After the introduction, we present in section 3.2 a general
property of exponential decay satisfied by non-dispersive solutions which is an important new
observation and interesting in itself. The third section is then devoted to the proof of Theorem 3.4
and Corollary 3.1. In the forth section, we consider the integrable case and sketch the proofs of
Theorems 3.7 and 3.9.

3.1.4 Acknowledgments

The author would like to thank his supervisor Raphaél Cote for suggesting the idea of this work
and for fruitful discussions.
3.2 Smoothness and exponential decay for non dispersive solutions

The goal of this section is to show the following propositions which extend Laurent and Martel [57,
Theorem 1].

Proposition 3.11. Let J be a neighborhood of +0 and u € € (J, H' (R)) be a solution of (gKdV)
which belongs also to L*(J, H'(R)). Suppose that there exists p > 0 such that

Ve>0, 3R, >0, Vrel, / u?(t,x) dx < . (3.15)
x<pt—Rg
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Then u belongs to €*°(J X R) and there exists k > 0 such that for all k € N, there exists K > 0
such that
Vield,Vx<pt, |0%u(t, x)| < Kye 211, (3.16)

We state next another generalized version, which is useful in the proof of Corollary 3.1.

Proposition 3.12. Let J be a neighborhood of +0 and u € € (J, H' (R)) be a solution of (gKdV)
which belongs also to L®(J,H'(R)). Suppose that there exist 8,6 > 0 and two €' functions
a,b : J — R such that

Vtel, §<ad(r) <b'(r) <B, (3.17)

and
Ve>0,3R,>0,Vtel, / u*(t,x) dx < €, (3.18)
x<m(t)-Rg

where m(t) := min{a(t), b(t)}.
Then u belongs to €*°(J X R) and there exists k > 0 such that for all k € N, there exists K > 0
such that

Vield, Vx<m), |0k u(r, x)| < Kye 2P=mO1, (3.19)

Remark 3.13. It is to be noticed that, if J in Proposition 3.12 is replaced by a neighborhood J’ of
—oo, then we conclude with an estimate at the right of M (¢) := max{a(¢), b(¢)}, or more precisely
with the existence of k¥ > 0 such that for all £ € N, there exists K; > 0 such that

Vield, Vx> M), |0%u(t, x)| < Kpe 2 =M 0), (3.20)

This is justified by the following symmetry property for (gKdV) and the assumption in Proposi-
tion 3.12. Denoting i(t,x) := u(—t, —x), a(t) := —a(-t), b(r) := —=b(=1), m(t) := —m(~t), and
M (1) := —M(~t), we observe that u satisfies the assumptions of Proposition 3.11 on a neighbor-
hood J’ of —oo if and only if # satifies the same assumptions on —J’ (which is a neighborhood of
+00) with a, b, m, and M replaced respectively by 4, 13, M, and 7 in Proposition 3.12. Thus once
we have proved (3.19) as stated in Proposition 3.12, we have immediately the pointwise estimate
on ii(t) at the left of ri2(¢) for t € —J’, which precisely provides (3.20), that is the desired pointwise
estimate on u(¢) at the right of M (r) fort € J’.

Obviously, Propositions 3.11 and 3.12 apply in particular with J = R, in which case both estimates
(3.19) and (3.20) hold.

Now, proceeding essentially as Laurent and Martel [57, Theorem 1], we derive the proof of
Proposition 3.12.

Proof. Step 1: Estimates to be established
By the classical Sobolev embedding H' (—co, m(1)) < L™ (—co0, m(t)), it suffices to see that

IK>0,Vreld, / (1 (1,%) + u%(1,x)) "D gy < K (3.21)
x<m(t)

holds to have the desired conclusion, that is (3.19), for k = 0 and for almost every x < m(#). Using
that u(t) is continuous on R by H!(R) — %'(R), we deduce that (3.19) is true for k = 0.
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Similarly, to reach the whole conclusion, we have to show that for each k € N, there exists K; > 0
such that

Viel, / (0%u(1,x)) X ™09 4y < Ky (3.22)
x<m(t)

In order to prove (3.22), it is convenient to introduce a well-chosen ¢! function defined on J,
denoted by 72, which replaces somehow m in the case where m is not already %’!. By this means,
we get around the difficulty of a possible point where m is not differentiable. This is the purpose
of the following:

Claim 3.14. There exists i1 : J — R of class € such that for all t € J, m(t) < m(t) < m(t) + 1,
and m’(t) = 6.

Proof of Claim 3.14. Define m by

2
Vied, () ;:1+M_\/1+(b(f)—a(t)) .

2 2

Then 7 is €' on J and given that min{a, b} = % - |a;b|, one can check that 7 satisfies m(¢) <

m(t) < m(t) + 1 by means of the well-known inequality

VX +y < Vx++/, valid for all x,y > 0.
Moreover, by a straightforward computation, we have

a'(t)+b'(t) b'(1)-d'(®) S 4
5 >

m' (1) > >

(1)
Consequently, Claim 3.14 is proved. O

Now, we consider 77 as in the previous claim. Judging by the fact that forallz € J, m(t) < m(¢),
we can write for all k € N

2 2 -
/ (ﬁi‘u(t,x)) XM= gy < / (afu(t,x)) XD gy (3.23)
x<m(t) x<m(t)

Thus, to achieve our goal (3.22), it suffices to show the existence of C; > 0 such that
k 2 kG
Vield, / (ﬁxu(t,x)) eKMD=2) gy < ¢ (3.24)
x<m(t)

Step 2: Proof of (3.24) for k =0

We will obtain (3.24) by a strong monotonicity property which is the purpose of Lemma 3.2
and Lemma 3.3 below.

Let us introduce, for some k > 0 to be determined later, the function ¢ defined by

p(x) = arctan(e“*).

N =
N
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It satisfies the following properties

1
J20>0, VxeR, Aoe ¥ <~ (x) < A—e_”xl,
0

VxeR, lo® (x)] < k%9’ (x).
34;,>0, Vx>0, A1 < p(x).

Moreover, let us observe that

/ u? (1, x)e M=) gy = / u? (t,x + (1)) e dx,
x<m(t)

x<0

and that, for all xo < O,

[ wrsmeyeracs e [l aen) e i
x0<x<0

X=X

1
< —e KN / u? (t,x +m(1)) o(x — xq) dx
A1 X=X

1
< —e KX / u? (t,x + (1)) ¢(x — xo) dx.
A1 R

(3.25)

(3.26)
(3.27)

(3.28)

(3.29)

By Claim 3.14, for all ¢t € J, /ii’(t) > 6. Therefore there exists n > 0 and an increasing affine

function f : R — R such that
Vield, —f'(t)y+m'(t)>n.
Now, for fixed t¢ € J and x( in R, consider
Lixy o J — RY
ro ‘/Ruz(t,x+n~1(t))go(x —xo+ f(2) — f(t0)) dx.

We have
Vtel, Lty x0) (1) = /Ruz(t,x)go(x —xo+ f(1) = f(to) — (1)) dx,

so that by differentiation with respect to #, we obtain

dI(IOaXO)
dt

(1) :—3/u§(z,x)go'(x) dx — (= f/(t) + i’ (1)) /uz(t,x)go’(i) dx
R R
2 (3) (= 2p pil 'e
+ [ u(t, )" (X) dx + —— [ uP*(t,x)¢’(X) dx,
R p+1lJr
where X ;= x —xo + f(t) — f(t0) — m(r).
Set k := \/g We claim then
Lemma 3.2. There exists Co > 0 such that for all xo € R, and for all ty,t € J,

dl(19.xy) () > _Coe—k(—)m+f o-f (to)).

dt

(3.30)

(3.31)

(3.32)

(3.33)
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Proof of Lemma 3.2. Due to the choice of x and property (3.26) of ¢, we have

/ uz(t,x)go(3) (%) dx
R

Furthermore we control the non-linear part by considering, for R > 0,

L(1) := / uP* (1, %)’ (%) dx
[X|>=x0—R+f ()~ f (t0)

L(t) = '/Rup”(t,x)cp'(i) dx — I (1).

On the one hand, we have due to (3.25)

< —Q/uz(t,x)go'()?) dx. (3.34)
2 Jr

and

|I](l)| < ie—K(—xo—R+f t)-f (IO)) (/ |u|p+1 (l X) dx) < Ce—K(—xo—R+f (t)-f (to))
B AO R ’ - »

where we have used the Sobolev embedding H'(R) < LP*!(R) and the fact that u belongs to
L®(J,H'(R)). Note that C > 0 is independent of x, #o, and ¢.

On the other, we observe that if || < —xqg — R+ f(¢) — f(to), then x < 7ii(¢) — R in particular, and
therefore by Claim 3.14 we have also x < m(z) — R + 1. Thus, it follows

p_l 2 )/~
|L(0)] < lu()]] Lo <m(z)—R+l) /Kmm o (1,x)|¢"(%)] dx
p= 2 pT 2 e
<V2 ””(””Lz(x<m<> G -~ [weoi@ra @3

VO el [ Rl @) ax

By the non-dispersion assumption (3.15), we can choose R > 1 such that

-l p+1
Dl > t
VO ey S22 Iy i

n.

Taking into account (3.35), this leads eventually to the following estimate

‘ / WP (1,2)¢ (3) dx

< —Q/ u*(t,x)¢’ (%) dx + Cpe~ w(—xo-Ref (1)~ f("’)) (3.36)
p+ 1 2 R

where Cy := p—flC is independent of xq, #y, and ¢. Gathering (3.30), (4.18), and (4.22) in (4.53) we
deduce finally

dI(to X0)
dt

Thus Lemma 3.2 is established. m]

00 () > 3 / u2(1, )¢ (%) dx — Coe (30 RS (=F ()

As a consequence of the preceding lemma,
AC;>0,VxgeR, V1 =1y, I(to’x())(l‘o) < I(l‘o,xo)(t) + Cie ™, 3.37)

with C| independent of the parameters xo and #y. Next, we claim the following:
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Lemma 3.3. For fixed xo € R and tg € J, 1(4 ;) (1) — 0 ast — +oo.

Proof. To show this lemma, we just repeat the arguments given by Laurent and Martel [57, para-
graph 2.1, Step 2]. Let & be a positive real number. By Claim 3.14 and by (3.18), there exists R > 0

such that
/ u*(t,x) dx <
x<m(t)-R

Since 0 < ¢ < 1, this enables us to see that

| &

/ u? (t,x +1(1)) p(x — x0 + f(1) = £(t9)) dx < / B(x)de< 2. (3.38)
x<-R x<m(t)-R 2
Now, recall that ¢ is decreasing so that
[t mmel a0+ 0 - () ds
x>-R
< @(=R=xo+ f(t) = f(10) w3
< Co(=R—-xo+ f(1) = f(10), (3.39)
with C = ||u(t)||2L2 for all + € J. Moreover, since f(f) — +co ast — +oo and ¢(x) — 0 as
X — +oo, there exists 7 € R such that forall ¢t > T,
— . e
Co(=R—=x0+ f(1) = f(1)) < 5
Then, forallt > T,
g ¢
I(to,xo)(t) < E + 5 =E&.
Hence, we have finished proving Lemma 3.3. O
Due to (4.23) and Lemma 3.3, we obtain
VtgoelJ, VxgeR, I(Zo,xo) (tg) < Cie*™, (3.40)

Thus, (4.14) leads to: forall ¢ € J,

C
/ u>(t,x +m(1))e ™™ dx < =t
x0<x<0 A1

Thus letting xg tend to —co, we deduce from (4.13) that

/ W (t,x)eX MO gy < ﬂ
x<i(r) A1

Step 3: Proof of (3.22) for k > 1

Starting from the fact that for all # > ¢y and for all xg < 0

C d N ,
Tty ) (10) = ) (1) < 770 43 / /R i (s.x + ()’ (x =30 + f(5) = f (10)) dx ds
to
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and arguing like Laurent and Martel [57, paragraph 2.1 Step 3], one can show

fo+1
/ /ui (s,x +m(s)) e dx ds < C,
o R
where C is independent of x¢ and #o.

Now, one proves by induction on k£ € N the existence of Cx > 0 such that for all r € J,
|ue(t)|| gx < Ck and

2 t+1 2
/ ((9)1514) (t,x +m(r)) e* dx +/ / (afu) (s,x+7m(s)) e dx ds < Cy. (3.41)
R t R

In particular, estimates (3.22) are then performed. Moreover, we deduce from the equation satisfied
by u that the partial derivatives with respect to x and ¢ of all order exist and are continuous, thus
u € E°(JxR).

For simplification purposes, we will not explicit the proof of (3.41) and refer instead to [57,
paragraph 2.3 and paragraph 2.2 Step 2]; the induction argument works since we assume b’ (f) < 8
in (3.17), which implies that 72" is bounded on J. O

3.3 Proof of Theorem 3.4 and Corollary 3.1

We split the proof into four steps. The first three steps are common to both theorems and are valid
under the hypotheses of Theorem 3.4, whereas the last one is specific to the proof of Corollary
3.1 where exponential decay properties are established and for which the stronger non dispersion
assumption (3.9) is required.

Consider u# which satisfies the assumptions of Theorem 3.4.

Step 1: Asymptotic stability in the energy space

The following asymptotic stability result in the energy space is to be considered as a crucial
tool for the proof. In particular, we point out the importance of assumption (3.8) in Theorem 3.4.

Theorem 3.15 (Martel, Merle and Tsai [80]; Martel and Merle [72]). Fix 0 < c(l) <--e < c?v. For
all B > 0, there exist Ly > 0 and ag = ao(B) > 0 such that if u € €([0, +c0), H' (R)) is a solution
of (gKdV) satisfying

Vt>0, inf
ri €R
risg1 —F > Lo

< Clap+e™) (3.42)
H!

N
u(t) = > Q- =ri)
i=1

for some positive constants C and vy, then the following holds.

1. (Asymptotic stability in the energy space) There exist €' functions t +— c;(t) € R%, t
pi(t) e Rforie{l,..., N} such that

= 0. (3.43)

Jim
H! (x>,8t)

N
u(t) = Y Qe (- = pi(1))

i=1
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2. (Convergence of the scaling parameter) There exists c] € R} such that tl_i)IPOO ci(t) =cf.

Set ¢ :=  min {cy, minyeqr, n-1}{cis1 — ¢i}}-
Using Theorem 3.15 and adapting the classical modulation argument set up in the proof by Martel
and Merle [72, section 5], we have the following. Foralli € {1,..., N}, there exist ¢; : [0, +o0) —
R*, pi : [0,400) — R of class €' such that, defining

N

€1 (1) = u(t,x) = ) Qerin) (x = pi(1)), (3.44)

i=1
and for @ small enough in Theorems 3.4 and 3.1, we have

1. the conclusion of Theorem 3.15, that is

im0 1) = 0 (3.45)
with A > 3 such that el
" <p-o, (3.46)
(take o = 0 for Theorem 3.4) and
Vie{l,...,N}, 3cf eR}, ,ETmci([):C;r; (3.47)

2. control on the modulation parameters [80, proof of Lemma 1]: more precisely, there exists
K > 0 such that for all ¢ large enough,

Vie{l,...,N-1}, pin(1) — pi(1) = 6t, (3.48)

and foralli € {1,...,N},

0
lei(@) —cil + el < (3.49)
3
lpi(t) —ci(1)| < K (/ €2 (t, x)e Verlx=ri@l gy | (3.50)
R

Remark 3.16. The preceding choices of A, K, and of the functions 7 - ¢;(¢) as defined before are
possible, provided « is sufficiently small.

Note also that estimate (3.49) and assertion (3.47) guarantee that 0 < chr < - < c1+\] (due to the
choice of 0).

Step 2: Convergence of u(t) — f.\:’] Qc;(- —pi(t)) ast — +o0

Lemma 3.4. We have

— 0, ast — +oo.

N
u(t) = > Qer (- = pi(1))
i=1

H!
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This lemma follows immediately from Claim 3.17 and Claim 3.18 below. We begin with this
first observation.

Claim 3.17. We have

=0. (3.51)

H! (x>%lz)

lim
t—+00

N
u(t) = Qe (- = pilt)
i=1

Let us justify this fact.
Using the triangular inequality and taking into account (3.45), it suffices in fact to see that for all

ie{l,...,N},

Jm (10, (= pi(1) = Qer (- = pi (D] 1 (1) = O (3.52)
But the quantity |[Qc; ) (- = pi(1)) = Qc; (- = (D) 1 (1, i bounded by 1100, = Qe llay

which tends to O as ¢ tends to +co. We recall indeed that the map
R} - H'(R), ¢~ Q.

is continuous by application of Lebesgue’s dominated convergence theorem. Hence (3.52) holds
and Claim 3.17 is proved.

Due to the assumption of non-dispersion made in Theorem 3.4, we claim moreover:

Claim 3.18. We have

N
lim \lu(r) - E Qcr (- = pi(1)) =0. (3.53)
1—+00 ! .
i=1 H! (xs%lt)
In what follows, we prove actually that each quantity ||u(7)|| A (x<5Le) and
=

Q¢+ (- _pi(t))HHl(xS%z) fori e {1,..., N} tends to O as ¢ tends to +co.

1. Proof of ||u(z)|] 0y — 0.
H XSWZ) t—+00
Let e > 0. By (3.6) or (3.9), there exists R, > 0 such that for all R > R

V>0, / u*(t,x) dx <
x<(p—0o)t—-R

Now, by means of Proposition 3.11, there exist x > 0 and K| > 0 such that for all # > 0,

NIO‘)

Vx<(p-o)t, luy(t,x)] < Kle—klx—(p—a)ﬂ.

Pick R > R, such that K2 - / I gy < g
For ¢ large enough, <1 < (p — o)t — R due to (3.46), and therefore

/ u*(t,x) dx < E,
x<<ly 2

A
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and

/ u2(t,x) dx < / u(t,x) dx < Kl/ e Rlu(t,x)] dx
x<y x<(p-o)t-R x<(p-o0)t—-R

A
< K12€—KR/ e—K|x—(p—0')t| dx
x<(p-o)t—-R

< K]Ze—KR/ —k|x—(po—0)t| dx
R

As a consequence, for ¢ large enough, ||u(7)]|?

H! (xs%lt)

NIO‘J

<e.

2. Proof of 1Qc: (- = i)l () 52 O
Notice first that, recalling (3.49) and (3.50), we have for ¢ large enough
lpi (1) = cil < 1pi (1) = ci(D)] +lei(r) = cil < Klle®)]l2 + lei(r) = cil
< (K+ D(le®llz2 +lei(n) - cil) < 5
In particular, for ¢ large enough,
pl(1) > % (3.54)

By integration of the preceding inequality, we deduce that for large values of ¢, p; () > %t.
Thus, for these values,

C1 1 1
pl(t) - Zt > C (5 - Z) t, (3.55)

1 1
with § -——>0.
Due to the exponential decay property of the integrable functions Qe and Q! ,, we deduce
then from (3.55) that ||Qci+(- — pl-(t))llHl (x<<t1) — 0.

1) t—+o0

Now, it follows from Claim 3.17 and Claim 3.18 that

=0. (3.56)

lim
t—+00

N
u(t) = ) Qe (- = pilt)
i=1

H!
Step 3: Refinement of (3.56)

Proposition 3.19 (Improvement of the H'-convergence for asymptotic N-soliton like solutions).
Letu € €(R, H' (R)) be a solution of (gKdV) and let 0 < ¢| < --- < cn. Assume the existence of
Ty > 0, 69 > 0, and N functions x1,...,xN : R — R of class ¢! satisfying for all t > Ty,

Vi=1,...,N—=1, xiz1(t) —x;(t) > oot and Vi=1,...,N, x/(t)=d0, (3.57)

and such that

tim (o) - Z 0. (- —xi(0)|| =0. (3.58)
H!
Then there exist C > 0and yy,...,yN € R such that
N 3
V>0, u(t) = Y Qe,(-—cit—y)| < Ce §91, (3.59)
i=1 H!
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It was first observed by Martel [63, Proposition 4] that multi-solitons in the sense of Definition
4.1 do actually converge exponentially fast to their profile: this was a key to proving uniqueness
of multi-solitons, in the L?-subcritical case. In the above Proposition 3.19 we further refine this
observation, by noticing that the conclusion still holds even if one gives some freedom to the center
of mass of the soliton x;(¢) (instead of (3.57), the assumption in [63, Proposition 4] was x;(¢) =
cit +y;).

The proof of Proposition 3.19 follows the lines of [63] and is postponed to the Appendix; we
go on assuming it holds.

Given (3.48), (3.54), and (3.56), we just have to apply the previous proposition (with x; replaced
by p; and 6 by ¢ defined in Step 1) to conclude that u is a multi-soliton. In other words, there exist
x7,...,X5 € Rsuch that

3
< Ce 3971, (3.60)
Hl

Vi>0,

N
u(t) = )" Qs (- = cft = x7)
i=1

We recall then from Martel [63, proof of Proposition 5] that for all s € N*, u € ([0, +c0), H*(R))
and there exists Cy > 0 such that

Vit>0, L (3.61)

N
u(t) = Y Qer(- = cft = x7)
i=1

H s

This concludes the proof of Theorem 3.4.
Step 4: Proof of smoothness and exponential decay of u

Apply Proposition 3.12 with a(¢) := (o —o )t and b(¢) := (p+0)t to obtain u € € ([0, +c0) XR)
and foreach t > 0,

Vx<(p-o), |0Su(t, x)| < Kye Y -tomorl]

where K,y > 0 are independent of ¢ and x.
Under the global non-dispersion assumption of Corollary 3.1, which we take as granted from now
on, we have also

Vx> (p+o)t, |03u(t, x)| < Kye Y =(pro)t)

(See Remark 3.13.)

At this stage and as we explain just below, the desired exponential decay estimate (3.10) follows
from the strong property (3.5) or (3.61). We distinguish three cases, depending on the position of
x with respect to +2(p + o7)t; the moral being that (3.5) implies the expected pointwise estimate in
each region |x| < £t (with an exponential decay rate depending on {) and even if it means taking
large enough and reducing the decay rate vy, one can propagate the control by PRdano (respec-
tively e~ YX=CT1l) o the region x > (p + o)t (respectively x < (p — o)1).

3 ~
02, for each s € N, there exists K; > 0 such that

N
53 (u(r) - Qe (-~ —x?))
i=1

LettZOandé:z%

< Kse_et.
LDO
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Case 1: |x| < 2(p + o)t. We have

0

——|x - cht| < b1,
20p+0)+c)y

Ix —cntl < 2(p+0)+cjy)r  thatis,

and thus
- —$_|x—c+ t|
< Kye 2erorey = N

L®

(3.62)

N
N (u(t) =2 0u (=<t —x?))
i=1

Consequently for ¢+ > 0 and |x| < 2(p + o), using the triangular inequality and the exponential
decay of (9;Qci+, we obtain

N

03t x)] <

i=1

030+ (x = cft = x7)| +

N
oy (u(t) - Z Qe+ (- =it = x;r))
i=1

N
<K Y ehetl, (3.63)
i=1

L®

where ¥ := min {\/C_J{, m}
Case 2: x > 2(p + o)t. Let us rewrite this asx — (p + o)t > %x. In particular
x—(p+o)t> %(x—c;(,t)

so that for x > 2(p + o)t

|05u(t,x)| < Kee 730D < g om3 (e, (3.64)
Case 3: x < =2(p + o)t. Arguing similarly as before, we have then

|(9;u(t,x)| < Kye ?(pmo)i=x) o g o (eft=x), (3.65)
L(p-0)=c}

for L > 2 chosen such that ——— > -2(p+o0).
Set finally 6 := min {% )7} to obtain (3.10) in Corollary 3.1.

3.4 The integrable cases: proofs of Theorems 3.7 and 3.9

3.4.1 Non dispersive solutions of the Korteweg-de Vries equation

The strategy to prove Theorem 3.7 takes inspiration in [57, Proof of Theorem 2]. We use the
following result of Eckhaus and Schuur [28, Section 5], which is also a consequence of a generalized
version by Schuur [101, Chapter 2, Theorem 7.1 and (7.23)].

Theorem 3.20 (Eckhaus and Schuur [28]; Schuur [101]). Let p =2 and ug € €*(R) be such that
fJor some Cy > 0, forall k =0, ...,4, and forall x € R,

0% up(x)

T | < Colx|™". (3.66)
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Let u be the corresponding global solution of (KdV).
Then there exists a solution ug which is a multi-soliton or zero such that for all B > 0, there
exists K > 0 such that for all t > 0

_1
u(®) = ua (Ol x>pey + (@) = ua(OllL2(x5pr) < K175 (3.67)

Proof of Theorem 3.7. Due to the assumption on ug in Theorem 3.7, we can apply Theorem 3.20
and we obtain a solution uy4 of (KdV) as above which fulfills (3.67). We claim first that Ud is not
the trivial solution. Otherwise, with 8 := § > 0, we would have [[u(?)|;2(x>p) = O(73) as ¢

tends to +co. On the other hand, by the non dispersion assumption and namely by Proposition 3.11,

Y x < B, lu(t,x)| < Ce™Y¥Ptl, (3.68)
so that
()22 (x<pr) < Ce 7P (3.69)
Then, we would obtain that
Nlu@ 2 = Ol 2x<pry + U@l 2(xspy =0 ast — +oo,

hence conclude that ||ug||; > = O by the mass conservation law. This contradicts our assumption in
Theorem 3.7.

Thus there exist N > 1,0 < ¢y < --- < ¢y, x],...,X5 € R, and a possibly smaller y > 0 such
that
N
ug(t) — Z Ren()| =0(e7), ast— +oo. (3.70)
i=1 H!
Claim 3.21. We have
N
u(t) — Z Rci,x;_*(t) =0 (t_%) , ast — +oo.
i=1 12

Proof of Claim 3.21. Consider 8 € (0, min{c, p}) so that (by the non dispersion assumption and
the sech-shaped profiles of the solitons R, +)

Rci,x;' (t) =0 (e_Yt)

N
(2 (x<pr) +Z|
i=1

even if it means reducing y > 0. We perform then

L2(x<pBt)

lue(0) = wa (D)l 2 = Nu(t) = ea (Ol 2 ey + 10(0) = ta (Dl 2 (e
_1
< (Ol 2 oy *+ a2y +O (74
_1 _
< it ()l 2 x <y + O (75 + €7

.5

H! i=1

< Rci,xi* (t)

N
ta(t) = Y Reyr (1)
i=1

:o(;—%),

by the embeddings H'(R) — H'(x < Bt) — L*(x < ft) and by (3.70). By means of the
triangular inequality and once again (3.70), we deduce the expected estimate in Claim 3.21. O

+0 (t_%)
L% (x<pBt)
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We are now able to finish the proof of Theorem 3.7. Indeed, let us make the following key
observation.

Claim 3.22. The solution u belongs to L ([0, +c0), H*(R)).

Proof of Claim 3.22. This is an immediate consequence of the following conservation law for the

KdV equation

d » \2 10 ) 5 4
el - = e = 1
o R{(éxu) 3 (Oxu)“u+ 9u }(t,x) dx =0, 3.71)

of the Sobolev embedding H' (R) < L*(R), and from the fact that u belongs to L (R, H'(R)).
i

As a consequence of Claim 3.22, v := u — N Re; xt belongs also to L= ([T}, +o0), H*(R)).

i=1

Then, integrating by parts and using the Cauchy-Schwarz inequality and Claim 3.21, we infer that
[ @2 == [v032 ) dr < b O @l < €
R R
from which it results that

— 0, ast — +oo, (3.72)
H!

N
u(t) = )" Repar (1)
i=1

Hence u is a multi-soliton in +co. By means of the well-known theory concerning multi-solitons
of the KdV equation (see for instance Miura [89]), we deduce that u is also a multi-soliton in —co.
This ends the proof of Theorem 3.7. O

3.4.2 Non dispersive solutions of the modified Korteweg-de Vries equation

Theorem 3.9 is obtained by using the same strategy as that developed in the previous subsection.
Thus we will only sketch its proof.

As for the KdV case, we apply first the following decomposition result, obtained from [101,
Chapter 5, Theorem 5.1] and from [8, Theorem 1.10] where a more precise version can be found.

Theorem 3.23 (Schuur [101], Chen and Liu [8]). Let p = 3 and ug € €*(R) be such that for some
Co >0, forallk =0,...,4, and for all x € R,

*ug(x)
Oxk

< Colx|™", (3.73)

and be generic as in Theorem 3.9, with scattering data (3.12). Let u be the corresponding global
solution of (mKdV).

Then there exist signs €; = =1, i = 1,..., Ny, and parameters xo;, i = 1,...,Ny, and x j,
x2,j, J =1,...,Na, such that for all v, > 0 and v_ < 0, there exists K > 0 such that for all t > 0,
denoting

N

Ny
P(1) = ) €Rocings (04 ) B \ag, 1 somn, (D5
i=1 j=1
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we have ]
lu(t) = P(O)|| Lo (xvyr) + 16(2) = PO 12 (x50,0) < K73, (3.74)

and 1
lu(t) = P(Oll o (x<vory < K272, (3.75)

Then, the non dispersion assumption (3.6) in Theorem 3.9 shows that N; + N, > 1. Since the
profiles of the breathers are sech-shaped, due to (3.6) and (3.75), we deduce that the breathers have
positive (envelope) velocities.

Now, proceeding as in the proof of Claim 3.21, we obtain in fact that

() = P(1)ll 2 = O (73).

Moreover, (mKdV) admits conservation laws of orders 2, 3, and 4 in the spirit of (3.71), which
shows that u belongs to L* ([0, +c0), H*(R)). Proceeding similarly to subsection 3.4.1, we obtain
that

lle(2) — P(t)|| 2 — O, ast — +oo,

Finally, by the uniqueness and smoothness results and the estimates in higher Sobolev spaces
proven by Semenov [102] as far as multi-breathers are concerned, we deduce that u belongs to
% ([0, +00), H*(R)) and that there exist y > 0 and positive constants Cs such that for all s € N,

lu(t) = P(t)||ys < Cse™", as t — +oo.

This finishes proving Theorem 3.9.

3.5 Appendix: Proof of Proposition 3.19

The proof follows the same lines as that of Proposition 3 and paragraph 3.2 in Martel [63] for the
L2-subcritical and critical cases, and that of Lemma 4.1 in Combet [11] for the supercritical case.
For the sake of simplicity and for the reader’s convenience, we present here the essential ideas and
also the changes in the L?-subcritical case only.

Remark 3.24. We mention that in the L?-critical and supercritical cases, the proof is basically
changed in terms of the coercivity property we use to control the modulation function € defined
below in Step 1. The monotonicity properties of local mass and energy obtained in Step 2 are still
valid in these cases.
Concerning the critical case, the idea is to modulate the scaling parameter in addition to the
translation parameter so as to ensure a second orthogonality condition satisfied by €, namely
fR e(1)R;(t)* dx = 0, and then to apply a localized version of the coercivity property available
in this case, which leads to:

0>0,V1,  Nle®llF < AH (), (3.76)
with H defined in Step 3.
In the supercritical case, it is known from Pego and Weinstein [96] that, considering the standard
linearized operator L on H'(R) defined by Lv := —92v +v — pQP~!v, the composed operator L,
has two eigenfunctions Z* and Z~ related by Z~(x) = Z*(—x), which decay exponentially, and
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such that Lo, Z* = +eogZ* for some ¢y > 0. In this case, we only have to make modifications in
Step 3 by using this time

1 _ 2
>0, Vt, ||6(t)||§11 < AgH (1) + X lzi: (/R e(t)Z (1) dx) , (3.77)
where ZE (1) 1= ZE(- — x:(1) — y;(1)) and ZE(x) = ¢, 2 Z* (c%x)

(The functions y; are defined in Lemma 3.5 below.) The control of fR e(t)Z;—' (t) dx by afunction of
t which decreases with exponential speed follows the strategy of Combet (for full details, see [11,
paragraph 4.1 Step 4]).

Step 1: Set up of a modulation argument
Set v := min{cy, 8o }. We claim the following

Lemma 3.5. There exist T > 0and ay € (0, 1] such that for all & < ay, the following holds. There
exist unique €' functions y; : [T, +00) — R such that defining

N
€= u— Z R;, (3.78)
=1

4

where R;(t,x) := Q, (x —x;(2) = yi(2)), we have forall t > T,

Vie{l,...,N}, /e(ﬁi)x(t) dx = 0. (3.79)
R

In addition, there exists K > 0 such that for allt > T, foralli € {1,...,N},

N
le@llm + ) i) < Ka, (3.80)

i=1

1
2 3
lx/(2) + yi (1) = cil SK(/ez(t)e_Wlx_x"(’)l dx) +Ke 1771, (3.81)
R

Proof. Recall that the proof of existence and uniqueness of the functions y; () is based on the
implicit function theorem. We refer to [80, proof of Lemma 8] and also to [67, paragraph 2.3] for
a complete proof in the case of one soliton. Moreover, estimate (3.81) which involves v < ¢ is
obtained formally by writing the equation of e, that is

N N p N
& +d%e= ) (x+yi—c)(Ri)x - ((le@) —Zzéf) , (3.82)

i=1 i=1

by multiplying it by (R;),, and by using the following properties:

ozi/e(ﬁi)x dx:/a,eaxzéi dx—(x;+y;)/ea§1é,~ dx; (3.83)
dr Jr R R
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Vitj,Vt>T1,
IR (1,x)| + |05 Ri(1,x)| < Ce™ VW%l (3.84)

W

ﬁz

/R{Iéi(t,x)léj(t,x) +[0xR;i (t,x)0xR;(t,x)|} dx < Ce™ 7. (3.85)

Note that (3.85) is a consequence of the decoupling assumption (3.57). We refer to [63] and the
references therein for more details. O

Step 2: Monotonicity properties for localized mass and some modified energy of u

Lety : x — %Arctan (e‘gx) be defined on R so that for all x € R,

NS IN]

VD)0 W< e W@ < 2 @,

(we recall v = min{c1, 6¢}). Then define on R* x R:

_ x; (1) +xi41(2)

5 , Un:i(tx)—1 (3.86)

Vie{l,...,N -1}, wi:(t,x)»—u//(x
and also

¢1 ::wl’ Vi€{2>""N_1}’ ¢i 3:%—%—1’ ¢N 3:1_¢N—1- (387)

Remark 3.25. Note that by definition and by (3.57), for t > 0, ¢;(t) takes values close to 1 in a
neighborhood of x; () and takes values close to 0 around x(¢) for j # i.

Take « € (0, %) and consider now for all i € {1,..., N — 1} the following quantities:

* (localized mass of u at the left of M)

M;(1) := /R u?(t,x)0;(t, x) dx (3.88)

* (modified localized energy of u at the left of w)

&i(1) := /R (%ui - I%MP“ + Kuz) i (t,x) dx. (3.89)
Let also
My (1) = / u?(t,x)n (t,x) dx (3.90)
R

(which is nothing but the mass of «) and

s 1 1
En(t) = / (Eui - uP+! +Ku2) W (t,x) dx (3.91)
R p+ 1

(which is a global quantity linked to the energy of u).

Remark 3.26. The reason why we have to choose « small enough appears clearly in Step 3 (see
Remark 3.27).
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We claim now a monotonicity result on the preceding quantities.

Lemma 3.6. There exist T| > Ty and K| > 0 such that for all t > Ty and for alli € {1,...,N},

3 & 3
dd—AtA"(z)z—Kle*%f and da’(z)z—lqe*%f. (3.92)

Proof. First we observe that
dM; X/ +x! 2
dtl = —/ (3ui + - 5 itl2 flu”“)d/{ dx+/u21//l.(3) dx.
R p R

For all no > 0, there exists T;,, > 0 such that for all 7 > T,,

< 1o
H!

N
u(t) = Y Qe (- = xi(1))
i=1

and for all Ry > 0, for each (#,x) € R* X R such that x;(7) + Ry < x < x;41(f) — Ro, we have

N
< CZ e~ VeiRo +10.
H! i=1

N
Ju(t, )] £ " 0e, (x = xi(1) +C
i=1

N
u(t) = > 0, (- = x:(1))
i=1

Thus, for Ry sufficiently large and for g > 0 small enough being fixed, we have for some 77 > Tp:
forall ¢ > Ty, for all x € [x;(¢) + Ro, x;41(¢) — Ro],

2p - v
tLx)[P7 < -
Cre o < 3
If x > x;41(¢) — Ry or x < x;(¢) + Ry, then
Xi (1) + xin1 (1) | _ xin1 (1) — x;(2) vt
- —~Ry> — — Ry.
’x 2 g 2 0= 75 R
Consequently, for t > Ty and x ¢ [x;(¢) + Ro, xi+1 () — Rp], we obtain
3
i | < Vo E(2 ) _ ook
Vi
We deduce that
dM,; v3
2;[1 (1) = —/ (3ui + (60 - g) uz) vi— / £u2|¢{| —Ce !
R R
, ; 3 (3.93)
> —/ (3u§ + —uz) Wl —Ce ! > —Ce 51,
R 2 ’
Similarly, we compute
dé&; 2 x;+xl X/ +xl
dtl = - ‘/R [(uix +up) + 20’ + - 3 - lp+ l1+ upﬂ] (Yi)x dx
dAM:
+/”§W,‘(3) dx+2p/uiup_1(gbi)x dx + K 2;(1
K * (3.94)

>y / () + / () +2p / 2P ()
R 4 R R

’

3 ’
, vz, XX 2
—K/RZ%Mi'/’i(x)—Ce Ea - 3 il /R(p+1up+l —KMZ) (Wi)x-
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As before, we can increase 7 and reduce 7 to have

Zp“/u ul” l(w)x —4/14 |($)x|+C€_T§

2 [wrtwnl <5 [,

113

and

Eventually, this leads to

déi _ 3 _; 1)/ )
Z Dy —Ce 3 Xy D
dt = 4 /R (i) = Ce A | (i)«
3 6 (7'3 ;
> v [ |<¢l>x|+u/ 2|<¢l>x|-ce—% s cetig
R
Step 3: A Weinstein type functional

Let the functional H be given by

(3.95)
i=1 Ci
define
N1 1, 1 .
- — —ut - uP*t , 3.96
a ;cg{R(zx 1" )¢‘ 2/”‘} (350
and set w(t) := u(t) — 3.1, R;(t), where for all i = 1 ,N,
Ri(2) := Qc; (- = xi(2)).
We gather next some properties satisfied by H and ¥ which are essential to obtain ||e(?)|| g1 =
O (e ") ast — +oo, for some y > 0
Lemma 3.7. We have
1. (coercivity property satisfied by H)
| & 2
A>0,Ve>T ||e(t)||Hl < AQH() + — Z (/ e(t)Ri(t)) ; (3.97)
Ao = \Ur
2. (expansion of H)

N
7{:2(95—22

{/( <chl)2——Q"+‘)+ﬁ/Qi¢i} +g,  (3.98)
i=1 "i R 2 R

where |g(1)| < Ce™ vdr Callet)|?

Lz’
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3. (second expression for F )

-1
1 1 ~ 1 1 1 1 1
7:_2 {(C_%_C‘%j)gi+(c_i_Ci+1)(§_K(C_i+Ci+l))Mi}

i=1 (3.99)
| 1 (1
+—=EN +— -5 Mpy;
c%\, cy \2 c¢n
4. (consequence of the monotonicity properties) For allt’ > t > T\, foralli=1,...,N,
%
M; (1) —/Q%. < 2/wR,~(t’)+/w2¢i(t’)+Ce_V4’; (3.100)
R R R
. 1 , ob
&0 - [ 1500.00)" - S0 b < Cwlos [ wioris) i [ wrir)
R |2 p+l R R
(3.101)

1 _ v3
+ 5 /(wi - pr lwz)gb,-(l") + Ce_th.
R

Proof of Lemma 3.7. We only give some indications, and particularly the key ingredients. Property
(3.99) is obtained by Abel transformation. Now, we focus on the other lines.

Estimate (3.97) is a consequence of a localized version around ¢; of the coercivity property of
the linearized operator around Q. (for all i = 1,...,N), which holds under the orthogonality
conditions (3.79) satisfied by €; we refer to [80, proof of Lemma 4].

To prove (3.98), one has obviously to replace € by its definition (3.78).

To finish with, integrate the almost monotonicity properties as expressed in Lemma 3.6 between ¢
and ¢’ and use the expression of u(¢’) in terms of w(¢’) in order to obtain (3.100) and (3.101).

Let us mention furthermore that (3.97), (3.98), (3.100), and (3.101) rely all on classical inequalities
used in studying quantities which are localized near the solitons, and which write in the present
context as follows:

3w
Vi#j, (Ri (1, x) + |0 Ri(1,%)]) ¢ (1,x) < Ce™ T e~ x XX (0l (3.102)
3w
Vi, J, (Ri (1, x) + |0 Ri(1,%)]) |8x¢ (1, x)| < Ce™ T 1w xxi ()l (3.103)
3
v2 Vv
Vi, Ri(1,x) (1= ¢;(1,x)) < Ce™Tte~ Tl o (3.104)

Let us now explain how to conclude the proof. Note that (3.98), (3.99), (3.100), and (3.101)
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leadto: V' >t >T,

[SI[3%

v

“\

H(1) <Cem+ " +g(1)]

N-1 1 1
+2 — -
z(cz -

(CIIW(t)Ile/W2¢i(t')—ci/RW(t’)Ri(t’)¢i(t’)

~
Il
—_

+3 [ @)= prr o)

& 1 11 ) .
2 1(C_z_Cz+1)(__K(C_i+ci+l))(2./IR;WRi(t)+v[RW ¢l(t))

=

e 2 (et [ o g [ @2 - prE W} o))
N

c
1 ’ 2 ’ 2 /
=) (2 [ornrs [wono) - 2 [urnen,

thatisto: V' >t > T,

(3.105)

+

2

CN

N
HW) < D 5 {0002+ eon’@) = pRI (w20 010

i=1 i

<
"*‘ N

+ Clw ()= lw ()13, + Calle()ll7, + Ce™F ", (3.106)

where C does not depend on &.

Remark 3.27. Note that the monotonicity property (3.100) can indeed be used in the preceding

estimates since « verifies k (+ + =—) < 1 and £ < 1.
Ci Ci+l 2 CN 2

Assumption (3.58) tells us exactly that [|w(#’)||g1 — 0, thus we obtain
t'—+00

3

VixT, H()<Ce T +Called)|2,. (3.107)
Remark 3.28. Notice that it is important to consider w instead of € in estimates (3.100) and (3.101)
to obtain (3.107), thus to improve the a priori control of H by O (||e||§{1).
Then, by (3.97) and by the following estimate

N

2 3
> ( /R e(twé,-(r)) < Ce T le(0)ll2 + Catlle(n)|12, (3.108)

i=1

(see Martel [63, Step 3]) for a proof), there exists Cyp > O such that forall r > T,

3 N 2 3
v2 . - v -
le(),, < Ce™ 5" + Calle(],, +CZ( / e(r)&-(r)) < Coe™ 51+ Coalle(d) 12,
i=1 YR
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Now, due to the independence of Cy with respect to @, even if it means taking a smaller @ so that
Coa < 1, we infer

3
VixT,  [le@l?, < Ce™ 7. (3.109)
By (3.81), this implies that
3
Vi>T, () +yi(0) —ci] < Ce 5,

which leads to the existence of y; € R such that
x;(t) +y;(t) —cit oo i

and

<
°°‘ [N

L (3.110)

Hence, using (3.109), the triangular inequality, the following estimate

1Qc; (- = xi(2) = yi(2)) = Qc; (- = cit = y) |l < Clxi(2) +yi(t) — cit = yil

(which is a consequence of Lemma 3.8 below), and (3.110), we have

|xi () + yi(t) —cit = y;| < Ce”

[

v

m‘

<Ce ® 1. (3.111)

N
u(t) = > Qe = cit = 1)
i=1

HI
Lemma 3.8. Foralli=1,...,N, forallr > 0, and for all s € N*,

10306 - = 1) = 830072 = (105 QerlZ + (+ 2211037 Qi 13 ) 12,
where z 1= max ((8;+1ch.)_l ({oh n Rﬁ)
Proof of Lemmma 3.8. By the mean value theorem, we have:
2
”a;QCi(' -r) - 3§ch~||iz = /R (a;+lQCi(§x)) r? dx,

where x —r < &, < xforallx e R.

Now, split the preceding integral into three regions: x < —z5, —zs < x < zg+r,andx > z;+7r. In
. . . 2

the first and third regions, use the monotonicity of (8571Q,,)". We have:

(0700 (€0) < (33700 ) itx s
(a;‘”Qc,. (fx))2 < (8;+1Qci (x — r))2 ifx >z, +7.
If -z, < x < zg +r, we have

+1 2 +1 2
(05710 (€0)) < 1957 Qe 1.
Thus, we obtain:
2
1930c; - = 1) = 330c 2 = (1057 QerlZa sy + (220185 Qe 1)

which puts an end to the proof. O
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At the stage of (3.111), it suffices to see a posteriori that 9 < c; in order to obtain exactly
(3.59). Let us justify it briefly.

Foralli € {1,...,N},set fi(t,x) = Qc, (x —x;(t)) — Qc¢; (x — cit = yi).
From (3.58) and (3.111), we deduce

N
WG
i=1 H!

Define th,(x) := tanh(pT ). A direct computation yields

— 0, ast — +oo. 3.112)

VxeR, Q'(x)=-th,(x)0(x),

from which we have foralli € {1,...,N}

axﬁ(t,X) == \/C_ithp(\/c_i(x —cit — yi))fi(t’x)
# e (1 (VT (r = x1(0))) = thy (Ve (e = it = 30)) Qe (x = (1),

By (3.112), we have in particular

N 2
/ (Z éxﬁ(t,x)) dx — 0, ast — +oo.
Rz

Now, it follows from Lebesgue’s dominated convergence theorem that

— 0, ast — +oo.
L2

N
D Veifi(
i=1

Combining this result with (3.112) and due to the fact that the speeds c; are distinct two by two,
we obtain successively for k£ describing the integers from N — 1 to 1:

— 0, ast — +oo.

k
> (Ve = Vern) £i(2)
i=1

L2
Hence || fi(2)|| 2 o 0 and even || fi(¢)|| g1 = 0 judging by the expression of dy f1. This
—+00 —+00

implies x1(¢) — ¢t —y; — 0. Now it is clear that condition x| (#) > & forces to have ¢ > dp.
t—+00
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Chapter 4

Pointwise decay of the multi-solitons of
the generalized Korteweg-de Vries
equation

Abstract

Focusing on the decay properties of the multi-solitons of the generalized Korteweg-de Vries equa-
tions, we obtain that these solutions and their derivatives decrease exponentially in space on the
left and inside the soliton region, by exploiting the general dynamics of the flow and asymptotic
estimates available for the multi-solitons, respectively. On the right of the last solitary wave, we
prove rapid decrease for all derivatives by a novel approach, based on an induction process and
the good knowledge of the behavior of the multi-solitons in large time. For global H'-bounded
multi-solitons in particular, exponential decay is also proved to hold on the right.

4.1 Introduction

4.1.1 Multi-solitons and main result
We are interested in multi-solitons of the generalized Korteweg-de Vries equations
Ot + Hx(a)%u +uP)=0 (gKdV)
where (¢, x) are elements of R X R and p > 1 is an integer.
Recall that (gKdV) admits a family of explicit traveling wave solutions indexed by R} X R. Let

Q be the unique (up to translation) positive solution in H'(R) (known also as ground state) to the
following stationary elliptic problem associated with (gKdV)

Q"+0" =0,

given by the explicit formula

i
3

p+1

Q(x) = m

119



120 CHAPTER 4. POINTWISE DECAY OF THE MULTI-SOLITONS OF (GKDV)

Then for all ¢y > 0 (velocity parameter) and x¢ € R (translation parameter),

Regoxo (1, x) = Qg (x = cot — X0) 4.1)
is a global traveling wave solution of (gKdV) classically named soliton solution, where Q. (x) =

CFQ(\/C_()X).

In this article, we explore some properties of the multi-solitons, built upon solitons and which
are defined as follows:

Definition4.1. Let N > 1 and consider N solitons R, x; as in (4.1) with speeds0 < c; <--- < cn.
A multi-soliton in +oco (resp. in —o0) associated with the R, x, is an H'-solution u of (gKdV) defined
in a neighborhood of +co (resp. —) and such that

— 0, ast — +oo (resp. ast — —o0). “4.2)

N
u(t) = Y Reyx, (1)
i=1

H!

Recall that several results have been established so far concerning the multi-solitons of (gKdV).

For the original Korteweg-de Vries equation (with p = 2) and the modified Korteweg-de Vries
equation (corresponding to p = 3), given N solitons Ry, ..., Ry with velocity parameters 0 <
c1 < --+ < cn and translation parameters x1,...,xy € R, the inverse scattering transform led
to the existence of a solution # which is a multi-soliton both in +oco [89], with the same velocity
parameters c; in oo but with distinct translation parameters; namely, there is a shift which one
can quantify in terms of the c¢;. Besides this solution u is explicit; for instance, for p = 2, it writes

(see [32], [89, section 6], or [39]):
2

u= 66— Indet M,
0x2

where M (¢, x) is the N X N-matrix with generic entry

1
M(l ) (l‘, _x) = 6[ - 4 2—(Clc'])4 e%(\/Fi(x_cit)+xi+‘/rj(x_cjt)+xj)
>J >J (ci + \/C

and ¢, ; is the Kronecker delta. We refer to Schuur [101, chapter 5, (5.5)] and to Lamb [55, chapter
5] for a formula when p = 3.

The study of multi-solitons is motivated by decomposition results obtained for general solutions
of (gKdV) with p = 2 and p = 3; we refer to the soliton resolution properties stated in [8,28,101] for
instance. Though multi-solitons have already been considered for various models, it is undoubtedly
for the gKdV equations that the knowledge about multi-solitons has been most developed. One
central result concerns the exhaustive classification of the multi-solitons according to the value of

p-

Theorem 4.1 (Martel [63]; Cote, Martel and Merle [19]; Combet [11]). Let p > 1 be an integer
andlet N > 1,0<cy <---<cpn,andxy,...,xy €R.

If p < 5, there exists Ty > 0 and a unique multi-soliton u € € ([T, +0), H' (R)) associated with
the Re, ;i € {1,...,N}.
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If p > 5, there exists a one-to-one map ® from RYN to the set of all H'-solutions of (gKdV) defined
in a neighborhood of +co such that u is a multi-soliton in +oo associated with the R, ,; if and only
if there exist 1 € RN and Ty > 0 such that U [Ty, +00) = P(A)[[Ty,+00)-

Moreover, in each case, u belongs to € ([Ty, +o0), H*(R)) for all s > 0, and there exist 6 > 0
(depending on the c;) and positive constants As such that for all s > 0, for all t > Ty,

< Ae7 Y. 4.3)

N
u(t) = ) Reyx, (1)
i=1

Hs

In [30], we linked the multi-solitons of (gKdV) with the concept of non dispersive solutions
which had already appeared in some form in early papers by Martel and Merle [65] in the context of
the study of asymptotic stability of the solitons. For the Korteweg-de Vries equation in particular,
we showed that non dispersion is a necessary and sufficient condition for an H'-solution with
sufficiently regular initial data to be a multi-soliton. More generally, we saw that an H'-solution
of (gKdV) which is non dispersive and remains close to a sum of N decoupled solitary waves for
positive times is a multi-soliton in +oo.

Non dispersion is actually significant insofar as it self improves to smoothness and exponential
decay in space. That being said, it appears that non dispersion only allows for exponential decay
of the solution on a half line x < pt for some p > 0; to conclude to exponential decay everywhere,
as for a sum of solitons, we had to assume in addition that the solution is global and that non dis-
persion holds also for negative times, which is a priori not verified by multi-solitons.

In this article, we go on studying qualitative properties of the multi-solitons by particularly
concentrating on the behavior in space (at fixed time) of the multi-solitons of (gKdV).
Let us fix the parameters 0 < ¢; < -+ < ¢y and x1,...,xy € R. We consider 7 € Rand u €
€ (|T,+), H (R)) a multi-soliton of (gKdV) associated with the solitons R, x,, i = 1,...,N;
we recall that u is unique if p < 5.

Let us state our main result.

Theorem 4.2. Let 0 < a < cy and let § > cn. Then there existT" > 0, ko > 0 and ko, g > 0 such
that for all s € N, there exists Cs > 0 such that for all t > T’,
if x < at, (exponential decay at the left of the first soliton)

|(9;u(t,x)| < Cye Kalx-atl, 4.4)
if at < x < Bt, (exponential decay in the soliton region)
N
!(9;u(t,x)| < Cy Z e Kaplx=cit], 4.5)

i=1
For all s € N and for all n € N, there exists Cg, > 0 such that for all t > T, for all x > ft,
(algebraic decay at the right of the last soliton)

. Cs n
Oyu(t,x)| £ ———. 4.6
O3t 0] < =25 (4.6)
Moreover, if u is global and H'-uniformly bounded (for instance if | < p < 5), then there exists

kg > 0 such that for all s € N, there exists C; > 0 such that for all t > T’, for all x > ft,
(exponential decay at the right of the last soliton)

|03u(t,x)| < Cye  elxFrl, 4.7)
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Remark 4.2. The constant k, can be chosen in (0, ‘/TE) The constant k, g depends on a, £, and
the velocity parameters ¢;,i = 1, ..., N; with 8 as in (4.3), one can take

0 0 0
Kq,g = Min {\/c_— min {—}}

c1—a B-cn i=l..N-1|cip1 — i

Theorem 4.2 shows in particular that the multi-solitons of (gKdV) belong to the Schwartz space
7 (R). To our knowledge, no similar result has yet emerged with regard to the multi-solitons of
a nonintegrable partial differential equation. Since a sum of solitons and its derivatives decrease
exponentially in space, obtaining exponential decay, at least at the left of the soliton region, is actu-
ally not surprising. As a corollary, we point out that multi-solitons are in particular non dispersive
in the sense of [30]. If the multi-soliton is globally defined (this is guaranteed if 1 < p < 5), then
exponential decay of all derivatives holds everywhere. Estimates (4.6) suggest that exponential
decay holds also on the right in general, which would be in full conformity with the integrable
setting, but this conclusion seems currently out of reach.

4.1.2 Comments

Exponential decay of the multi-solitons of (gKdV) at the left (on the region corresponding to x <
at) follows from revisiting a strong monotonicity argument set up in [30, section 2] and originally
developed by Laurent and Martel [57]. We underline that, rather than arising from non dispersion
(which turns out to be a consequence of (4.4)), the produced monotonicity property holds for large
values of ¢ due to (4.2) and the decay of the solitons in the present context.

On an interval like [at, Bt], estimate (4.5) is established by means of the exponential decrease
in time of the quantities ||u(t) - Zi’il Rci,xi(t)HHS, s € N, as stated in Theorem 4.1.

On the half line x > ¢, it appears to be more difficult to show that multi-solitons decrease
with exponential speed in space independently of p. The monotonicity argument, linked to the
dynamic of the flow of (gKdV), does not apply anymore if the multi-soliton « is not assumed to be
global. It is interesting to emphasize that multi-solitons (along with their derivatives) are proved
to decrease faster than each polynomial function by exploiting the strong convergence result (4.3).
This is achieved by a triangular process by considering the family of integrals

I (1) ::/ ) (85u)” (1,x) (x — Bi)" dx

for s, n € N. By induction on n, we succeed in establishing that, if for all s € N, I, < +oo, then
forall s € N, I 541 < 4+00. More precisely, assuming that Iy, . . ., Is », Is+1,, are finite quantities,
we prove that I, is also finite. From a technical point of view, this consists in one main new
observation provided by this paper.

Actually this triangular way of obtaining algebraic decay for # and its derivatives comes from
one term which carries a spatial derivative of u of order s + 1 and which appears in the derivative
with respect to ¢ of a functional of the form

/ (8;u)2 &(t,x) dx,
R

where ¢(¢) denotes a certain weight function. This phenomenon is obviously related to the structure
of (gKdV).



4.2. DECAY OF THE MULTI-SOLITONS ON THE LEFT 123

The algebraic decay then implies non dispersion of the multi-soliton on the right, which allows
us to conclude to (4.7) by monotonicity if u is defined on R.

Yet, we can expect the multi-solitons to decrease exponentially with respect to the space vari-
able on the full line even though multi-solitons are not global. This is still a very natural conjecture
all the more so as multi-solitons are in some ways to be considered as special solutions in view
of Theorem 4.1. Starting from (4.6), one possible first direction of research in order to prove this
conjecture would be to "track" the constants A that appear in (4.3). From another perspective, one
could also rely on Kato smoothing effect [47] by using the gain of derivatives in space which arises
from this concept.

Furthermore, by a monotonicity argument in the spirit of [30, section 2], we would show that
it suffices to obtain exponential decay on the region x > [ty for some time f( in order to obtain
exponential decay on the region x > St for all time ¢ > #y. This observation is in line with general
statements linked with persistence of regularity and decay of solutions to (gKdV) previously de-
veloped by Kato [47] and Isaza, Linares and Ponce [40,41]. But similarly the question of obtaining
exponential decrease everywhere in space for one time f( remains unresolved, even for the partic-
ular multi-soliton solutions; actually, it is unclear whether one can improve (4.6) to an analog of
(4.4). Additionally, the decay on the left-hand side of the real line does not in general propagate
forward in time; conversely, one can thus wonder if decay on the right-hand side does really prop-
agate backward in time.

For the time being, estimate (4.6) is thus meaningful in the L2-critical and supercritical cases.
Besides, our argument could be adapted to other models such as the nonlinear Schrodinger equa-
tions (see the main theorems in [16]) in order to prove algebraic decay (in the sense of (4.6)) for
the corresponding multi-solitons, especially when smoothness and asymptotic estimates hold and
monotonicity properties are missing.

The next sections are devoted to the proof of Theorem 4.2.

4.2 Decay of the multi-solitons on the left
4.2.1 Decay of the multi-solitons on the left of the first soliton
Va

Let0 < a <cyand k, € (O, T) The goal of this section is to prove

Proposition 4.3 (Exponential decay in large time on the left of the first soliton). There existsT’ > T
such that for all s € N, there exists Cg > 0 such that for all t > T, for all x < at,

|05u(t,x)| < Cye alr=atl, (4.8)

Proof. The proof follows the ideas of [30] and [57]. To reach the conclusion, we show the existence
of T’ € R such that for each k € N, there exists K; > 0 such that, with « := 2«,,

2
VixT, / (a}gu(t,x)) K@) g < Ky (4.9)
x<Zat



124 CHAPTER 4. POINTWISE DECAY OF THE MULTI-SOLITONS OF (GKDV)

The first step is to obtain (4.9) for k = 0. For this, we claim a strong monotonicity property
which is the purpose of Lemma 4.4 and Lemma 4.5 below.

Let us introduce, for some k > 0 to be determined later, the function ¢ defined by

1 1
¢(x) = = — — arctan(e"”).
2 n
It satisfies the following properties
1
>0, VxeR, el <—p'(x)< A—e"("‘l, (4.10)
0
Vx€R, l0® (x)] < k%9’ (x). (4.11)
A >0,Vx>0, e < p(x). (4.12)
Moreover, let us observe that
/ W (t,x)e (@) gy = / u? (1, x +at) e dx, (4.13)
x<at x<0

and that, for all xg < 0,

/ u? (1.3 +ar) e dx < 7 / u? (t,x + at) e <) gy
x0<x<0

X=X

1
< —e N / u? (t,x + ar) o(x — xo) dx (4.14)
A1 X >X0

1
< —e KN / u? (t,x + at) o(x — xo) dx.
A1 R

Since k*> < a, one can choose § € (0,a — k*). We consider T’ € R to be determined later.

Then, for fixed tg > T’ and xo € R, we define
I(lo,xo) . [T', +OO) — R7*
t — /uz(t,x+a/t)g0(x—x0+(5(l‘—t0)) dx.
R
We have
Vix>T, L1y, x0) (1) = /uz(t,x)ga(x —x0+06(t —t9) — at) dx, (4.15)
R
so that by derivation with respect to ¢, we obtain

dl(to,)m)
dt

() ==3 [ w(t,x)¢"(¥) dx = (@ =) | u’(t,x)¢'(%) dx
/R /R (4.16)

2
+/u2(t,x)go(3)(i) de+ 2P /up“(t,x)go'(i) dx,
R p+1lJg

where X :=x —xg + 6(t — ty) — at.
We then claim
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Lemma 4.4. There exists Co > 0 such that for all xy € R, and for all to,t > T,

dl(to X0)
dt

Proof. Due to property (4.11) of ¢, we have

’/ W2 (1, x) (%) dx
R

Furthermore we control the nonlinear part by considering

() > C e —k(—=x0+6(1— [0)) (417)

< —«? / u(t,x)¢’ (%) dx. (4.18)
R

I (1) ::/ uP* (1, %)@’ (%) dx
|X|>=x0+6 (1)

and
L(1) ::/ uP* (2, x) ¢’ (%) dx.
|X|<=x0+6(t—1p)

On the one hand, we have due to (4.10)
1 _ (— +5(t—t)) +1 - (— +5(t—t))
(0] < e «\=xo 0 lulPL(2,x) dx < Ce ™\ o), (4.19)
0 R

where we have used the Sobolev embedding H'(R) «— LP*!(R) and the fact that u belongs to
L®([T’,+c0), H'(R)). Note that C > 0 is independent of xq, 9, and .
On the other, we observe that

()] < ||u<t)||”;‘( ) [ weaiena

2
2 (x <at

<V ol 2( @l /R Pl @ de (420)

-1

<7 ol [l @) ax

Since u is a multi-soliton, we can choose 77 > 0 such that for all ¢t > T’,

VI OIS s e < P

Let us justify it briefly (it consists in the main change with respect to previous proofs based on
non dispersion [30] or Lz—compactness [57]): we have

/ u*(t,x) dx
xX<at
N

N 2 2

SZ/ u-— Cixi (tx)dx+2/ x| (t,x) dx
X<<Yf( ; ) x<at IZ]:

<2C2e? +2NZ / 2 (1,x) dx

<at

- ). 4.21)
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and foralli=1,...,N, since @ < c¢;, we have for t > 0O:
/ Ri,n (t,x) dx < C/ e Veilx—cit=xil g=eilx=cit=xil g
x<at x<Zat

<c / Ve i) i lx—cit—xi| g
x<at
< CoVailci-ayt / oG l—cit=xil gy
R
< Cemveiteman,
where C denotes a positive constant which can change from one line to the other and which only

depends on c; (see expression (4.1)).
Thus, we can pick up C > 0 such that for all > 0,

N
/ u*(t,x) dx < C e 2% + Ze“/a(ci—a)f ]
x<at =

Hence this leads to the existence of 7’ satisfying (4.21).
Taking into account (4.19), this eventually leads to the following estimate

2p
p+1

/ uP* (1, %)@’ (%) dx
R

< —(a -6« / u? (1, x) ¢’ (%) dx
R
4 Cpe—(--ReoG-0)) (42

where Cy := [%C is independent of xg, tg, and z. Gathering (4.18) and (4.22) in (4.53), we finally

deduce

dl
—(5£XO) (t) = -3 / ui(t, x)¢' (%) dx — Coe_K(_xo_R‘L‘S(’_tO)).
R

Thus Lemma 4.4 is established. O
As a consequence of the preceding lemma,
AC;>0,VxgeR, V1t >t I(to,xo)(to) < I(l‘o,xo) (t) + Cie" ™, 4.23)

with C; independent of the parameters x( and #y. Next, we claim the following:
Lemma 4.5. For fixed xo € R and tg > T', (4., (1) — 0 ast — +oo.
Proof. This lemma is shown by adapting the proof in [57, paragraph 2.1, Step 2] and in [30]. Let

€ be a positive real number. As in the previous proof, because u is a multi-soliton, we can find
T\ = T’ large such that for all r > T},

| M

/ u*(t,x) dx <
x<at

Since 0 < ¢ < 1, this enables us to see that

(4.24)

NN

f u? (t,x +at) p(x —x+6(t — 19)) dx < / u(t,x) dx <
x<0

x<at
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Now, recall that ¢ is decreasing so that

/ u?(t,x + at)p(x —xo + (1 —ty)) dx
x>0

< @(=x0+06(1 = 10)) lu(D)]I7
Co(=R—xo+6(t—19)), (4.25)

IA

with C = ||u(t)||i2 for all ¢+ € J. Moreover, since ¢(x) — 0 as x — +oo, there exists 7, € R such
that for all t > 7>,

ap( —xo+6(t—19)) < g
Then, for all ¢ > max{T, 1>},
e ¢
I(IOsXO)(Z) < 5 + 5 =E&.
Hence, we have finished proving Lemma 4.5. O

At this stage, we deduce from (4.23) and Lemma 4.5 that
Yty > T, Y xo €R, I(to,xo)(lO) < Cre*, (4.26)

Thus, (4.14) leads to

_ C
Vix>T, / u’ (t,x+at)e gy < =L
x0<x<0 /ll
Letting xo — —oo, we infer that
_ C
Vi>T, / u? (t,x +at) e X gy < =L
x<0 A1

which proves (4.9) with k = 0.

Now, to conclude to (4.9) for all k£ € N, one actually proves by induction on k € N the existence
of K > 0 such that for all r > 77,

2 t+1 2 B
/ (c'))’fu) (t,x+at)e™™ dx +/ / (a)lju) (s,x+as)e ™ dx ds < K. 4.27)
R t R
For k = 0, this is in fact a consequence of (4.9) and of the following estimate: forallr > ¢ty > T,
Ci KX ! 2 ’
L(ty,x0) (10) = L(29,x0) (1) < /1_18 +3 ui(s,x+as)g’(x —xo+ (s —tg)) dx ds
1) R

(which follows from the proof of Lemma 4.4).
Indeed, we notice that by (4.10) and since ¢ is decreasing, for s € [to, 1],

Age ¥l « _o"(x —x0) < —¢"(x —x0 + 6(s — 10))

so that for t = f9 + 1 in particular, we have

to+1
/ / ui(s,x +as)e ™ dx ds < Ce™ (I(,O,XO)(t) - I(,O,XO)(IO))
1o X0<Xx
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< Ce_KXOI(tO,xO)(IQ + 1)
< Ce_KXOI(,‘OH’xO) (tp+1) <C.

where the last inequality results from (4.26). Passing to the limit when x) — —oo, we obtain the
desired inequality (4.27).

The rest of the induction argument closely follows [57, paragraph 2.3 and paragraph 2.2 Step
2]. Since it does not depend on the properties of the multi-soliton and for the sake of brevity, we
will not detail the proof (4.27) for higher values of k. O
4.2.2 Decay of the multi-solitons between the solitary waves

We consider 0 < @ < ¢y and 8 > cn. Let us prove

Proposition 4.6 (Exponential decay in the soliton region). There exists ko g > 0 such that for all
s € N, there exists Cg > 0 such that forallt > T, for all at < x < ft,

N
|osu(e, x| < ¢ Z e Kaplr=cit], (4.28)

Proof. We denote z(1) := u(t) — X;_ 1 Re, x;(t). Forall s € N, for all # > T, we have by (4.3) and
the Sobolev embedding H'(R) < L*(R)

1032l < Cldzz(llgr < Cllz@lgsn < Asrre™

6 - 0
Now, let ko g := min {\/ cl, —— Cl @ Fecy > MiNi=1, N1 {CM_Q_H.
Fixt>T.Foralli=1,...,N—1and c;t < x < c;41t,

0
e 0 < eKap(x=cil) ifand only if x < (cl- + )t,
K(x,,B

which is indeed satisfied since ¢;4+1 < ¢; + o= by the choice of «, g.

Similarly, for all a7 < x < cit, we have e 9’ < e ¥a.p(c11=X) pecause ¢y < a + v ﬁ
(o2

And forall cyt < x < Bt, wehave e % < e
Thus, we obtain that for all t > T and for all at < x < St,

K(I,ﬁ :

N
022, 2)] < 1032l < Asre™ < Agur Y e7rersbei,
i=1

Moreover, foralli =1,..., N, |5§Rc,¢,xi(t, x)’ < Ci,se_‘/a"“‘?l't| for some C; ¢ > 0 depending on i
and s. Hence, we conclude to (4.28) by the triangular inequality and by the factthatk, g < +/c1. O

4.3 Decay of the multi-solitons on the right of the last soliton

4.3.1 Rapid decrease on the right

Let 8 > cn. In this subsection, we prove the general
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Proposition 4.7 (Polynomial decay in large time on the right of the last soliton). Forall s € N and
foralln € N, there exists Cy ,, > 0 such that for allt > T, for all x > ft,

s 2 Cs,n
(A3u(t,x))” < G_g (4.29)

Proof. Let us denote z(¢) := u(t) — i]\:ll R, x;(t) and R; = R, x,. By Theorem 4.1, there exists
6 > 0 such that for all s € N, there exists A > 0 such that forall r > T,

Nz() s < Age™ . (4.30)

3
Setn € (LCT;] cl) and introduce the function ¢ : R — R defined by ¢(x) := % arctan (e‘/ﬁx) . We

can check that

VxeR, ’(/’)(3) (x)‘ <n¢’(x); (4.31)

VxeR,  0<¢'(x)<CeV (4.32)
2

Vx<0, 0<¢(x)< ;e\/ﬁx, (4.33)

For xog > 0 and r > T, we consider X = X(¢) := x — xo — Bt. Notice that the choice of 1 is made
in order to obtain the following interaction estimate, which roughly expresses that the growth of
x — eV¥ is weaker than the decay of the solitons.

Claim 4.3. For all k € N, there exists C = C(k) > 0 such that for alli = 1,..., N and for all
t>T,

/ |0XR; (1,%)| (¢(%) + ¢/ (%)) dx < Ce VT, (4.34)
R
Proof of Claim 4.3. By (4.32) and (4.33), it suffices to show that

/ 0K R; (1, x)| VTP ax < C.
R

On the one hand, we have

On the other, since 8 > ¢y and S/l < ci+/ci,

/ Ve lx—citl j VTGP gy < pleiveBym1 / SN gy
x>t

x>t

(Vr1—+fci)Bt
< / ST gy o EVTYOP
x>Lt

Ve

Hence, noticing that we also have |(9)’§ Rl-(t,x)| < C(i, k)e~Veilx=citl 'Claim 4.3 holds. O
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For all s € N, let us define for some xo > 0 and forall t > T:
Js xo (1) := / (B;z)z (t,x)¢p(x — xo — Bt) dx.
R

We first show the following recurrence formula which makes the link between the functions
Js. x> 5 €N

Lemma 4.8. Forall s € N, there exists Cs > 0 (independent of xo) such that

s+1 2 s—1
Js,x (1) < Cs / Z (a)lfz) (t,x)¢'(X) dx + Cye™" Z Jixo (1) + Cye V%0701 (4.35)
Ri=1 k=0

4
dt

Proof. Let us observe that
d _ s+1 2 e
T ==3 R(ax 2] ¢/(%) dx
5% 2 (3) (% dx — /as 2 1~ d
+/R( xZ) ¢ (X) dx - B R( xZ) ¢'(X) dx (4.36)

N PN
+2/(’); ((z+ R,-) - Rf’) (03z¢) . dx.
R - —

By (4.31), we have

’ / (032)* 6 (%) ax - B / (052)% ¢/ (%) dx
R R

<28 /R (652)% ¢’ (%) dx. (4.37)

Let us control the nonlinear term fR 03 (zP) ((’);ng)x dx which does not contain any soliton. For

s = 0, we observe that
/Z” (z0) dx =L /Z””cb’(i) dx.
R pt+lJr

/zp (zp)" dx
R

For s > 1, we can write

Thus

< P ||z(t)||f;l/z2¢'(i) dx < C/z2¢/()?) dx. (4.38)
p+1 R R

/ 8 () (8324) . dx = / 9% (2P) 3320/ (%) dx
R R

- [t e (o 0tz an
R

We have
Z k - (ip)
6!: (ZP) B (i19-..,' )a;ll)z"'axlp <
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so that

’/ 357 (2P) 35 z¢ dx
R

R

i+ +ip=s—1

s—1 2
< Cllz(0)]l g /R Z(aj;z) ¢ (%) dx (4.39)
k=0

s—1
<Ce™ " Tty (1),
k=0

where we have used (4.30).

Similarly we obtain

1

< Ce™? / ¢'(x) dx (4.40)
R

k=0

‘/8* L(zP) 85t z¢’ dx

and
S

< Ce ¥ /R (a};z)2¢’(x) dx. (4.41)

k=0

/ 9% (2P) 3324 d
R

Moreover,

p

i=1

il

N
—ZR{’ —zp) (03z¢) . dx

(4.42)
< Cllz()llgen Z Z / |05 Ri (1,)] ($ () + ¢’ (%)) dx
i=1 k=0
< Cllz(0)] gssre V1,
where the last line follows from Claim 4.3.
We obtain Lemma 4.8 by gathering the above estimates. O

Then, we obtain the following control of J; y,(?):

Lemma 4.9. For all s € N, there exists K5 > 0 such that forallt > T:

400 s+1
Js,x (1) < K / / (Z (3}1&)2 (t’,x)¢’(i(t’))) dx dt’ + Kye V1001 (4.43)
g R A\k=1

Proof. The preceding lemma follows from (4.35) and an induction argument. Notice that for all
s € N, Jg «,(¢) tends to 0 as ¢ tends to +co. Thus, for s = 0, (4.43) follows by integration of (4.35)
between ¢ and +oco. Now assume that (4.43) is proved for 0, ..., s — 1 for some particular s € N*.
Then, by integration of (4.35) between ¢ and +oo (for ¢t > T), it results:

+00 s+1 5 oo
Js.xo (1) < Cs/ /Z ((%’fz) (', x)¢" (%) dx dt’ + Cse_\/ﬁx"/ e ay’
t R = P
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400 s’+1
+Cy ZK / / /Z ak (t",x)¢' (%) dx dt”’ dt’
R

s'=0 k=1

+CZKeWXO/ e dr

/= t

< G, / "~ /R (; (a;‘z)z(t',xm'm) dx dt’

+00 s'+1 n
+ Z C K / ‘/RZ ak ”,x)([sl(.f) dx dl//) / e_et,dt’
s'=0 k=0 )

N max {C,, max{C;Ky,s" =0,...,
0

s = 1}}e—\/ﬁxoe—9[’

hence the existence of K; > 0 such that:

+0o v+1
Js.x (1) < K / /( (t x)¢’ (x)) dx dt’ + Kye V109",

O

Now, we show how to deduce from Lemma 4.9 the polynomial decay of z and its derivatives
This is the object of Claim 4.4 and Lemma 4.10 below.

Let us define @[_1j(x) := ¢’(x) and for all n € N,

By (x) = / ®po(3) dy.

(o)

The following claim justifies that ®[,} is well-defined for all n € N and in fact motivates the
introduction of (®[,), .

Claim 4.4. We have for alln € N

1
Vx<0, 0<®px) <—eV?
[n] \/ﬁn

4.44)
1x" < 1 x* (
Vx>0, 5—'S(I)M](X)SZ nn_kﬁ

k=0

Proof. We argue by induction on n.
Note that @ o) = ¢ is an increasing function and that

V>0, arctanr <t.
Thus
Vx <0, 0 < Ppgy(x) < %e‘mx < V¥
Vx>0, %—¢(0)<(I>[0(x)<1



4.3. DECAY OF THE MULTI-SOLITONS ON THE RIGHT OF THE LAST SOLITON 133

Now assume that (4.44) holds for some n € N being fixed. In particular, ®[,; is positive on R
and is integrable in —oo; thus @y, is well-defined. Moreover, by definition of ®,,} and by the
induction assumption, we have for all x < 0

X
1
0 < @y (x) < / — eV dr <

1 1e‘ﬁx.
o \/ﬁ ’\/ﬁn+

In particular,

0 < Dppqp(0) <

n+l"

By the induction assumption, we then infer that for all x > 0,

D417 (%) = Ppy417(0) +/0 D, (¢) dt

satisfies

X1 1 &1tk
0+\/0' EJ dt < (I)[n+l](x) < \/ﬁ”"'l +‘/O Z \/ﬁn*kﬁ dt

k=0
Thus for all x > 0,

1yt 1 n 1 k1 n+l 1 xk
2(n+1)! S @puar) (%) < — +Z nl=k (ko + 1)1 =Z nl—k 1
’ ‘/ﬁ k=0 \/ﬁ ' k=0 \/7_7 :
This finishes the induction argument, hence the proof of Claim 4.4. O

Lemma 4.10. Foralln € N, for all s € N, there exists K , > 0 such that forall t > T,

/R (852)° @[y (x — x0 — Bt) dx < Ky e .
Proof. The following inequality holds true: for all s € N,
/R (832)° @0 (x — x0 — Br) dx < Ky e . (4.45)
Assume that for some n € N, we have:
VseN, 3K, 20,Vt=>T,Vx,>0,
'/R (03z(1, x))2 Dy (x —x, — Bt) dx < Ky ne %, (4.46)

Then take s € N and x,+; > 0. Integrate estimate (4.43) provided by Lemma 4.9 on [x, +00) with
respect to xg, for some x; > 0. We obtain by Fubini theorem: for¢ > T,

/ (05z) 2, x)/ @ o) (x — xo — Br) dxg dx

+00 s+1
<K/ /Z ak (t x)/ D_j1(x —xo — Bt’) dxo dx dt’
k=0
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\/>X1 -0t
+ —e e
Vi

and then by an affine change of variable

/R(afz)z (t,x)®[17(x — x1 — Bt) dx

+00 s+1 2
SKS/ /Z (5,152) (t',x)@o)(x —x1 — Bt’) dx dt’
k=0

+ —e_‘rxle_m
\n

Then integrating the preceding estimate on [x;, +o0) with respect to x;, for some x, > 0 leads to

/R (a;Z)Z (t,x)®2)(x — x2 — Bt) dx

+00 s+1
< K, / /Z Bk (t’,x)d>[1](x —xo — Bt’) dx dt’
Ri=0

—fxze—gt

\/7—72

Iterating several integrations (n + 1 in total), we finally obtain:

/ (332)2 (1, 2)® o (x — s1 — 1) dx
R

s+1

+00
< K / Z (?k (t',x)(b[n](x — Xpy1 — Bt') dx dt’
Ri=0
+ e \fx,ﬁ.le—ﬂz
\/ﬁn+l
s+1 +0o
< KSZKk,n‘/ 0 ar + -e ViiXns1 o= 01
k=0 4 Vi

K _ K
< = E Ki ne % + e VXnt1 =0t
’ n+l1
=0 Vi

where the second line follows from the induction assumption (4.46). Thus, there exists K ;41 = 0
such that for all ¢ > T, for all x,,+; > 0O,

/ (a;Z(t,x))zq)[nH](x — Xn+l _ﬁt) dx < Ks,n+1€_9t-
R

This finishes proving Lemma 4.10.
O

Proposition 4.7 follows now from Lemma 4.10, from the Sobolev embedding H' (R) < L*(R),
and the decay of all derivatives of the R;. O
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4.3.2 Exponential decay on the right for global multi-solitons

In this subsection, we assume moreover that the multi-soliton (in +oc0) u is global; in other words, u
belongs to €' (R, H®(R)). This is in particular satisfied in the L>-subcritical case, when 1 < p < 5.
We will show that u also decays exponentially on the right of the last solitary wave.

Let 8 > cy and kg € (O, @)

Proposition 4.11 (Exponential decay on the right). Let us assume that u belongs to € (R, H* (R)).There
exists T’ € R such that for all s € N, there exists Cs > 0 such that for all t > T’, for all x > Bt,

|0Su(t,x)| < Cye~* P11, (4.47)
Proof. Let us consider a function f : R — R of class €' such that:
e forallt > 1, f(1) = Bt
e forallt € R, f(¢) = max{cit,...,cnt}
e forallt e R, c; < f' (1) < B.

The choice of f is essentially motivated by the next claim, the main observation being the
uniform (in time on the whole real line) polynomial decay of u.
Claim 4.5. There exists K > 0 such that for all t € R,

K
x—f(t)

As a direct consequence of this claim we obtain non dispersion on the right in space for all time
teR.

Claim 4.6. We have

Vx> f(1), lu(t,x)| <

sup/ u?(t,x + f(1)) dv —> 0.
teR Jx>R R—o0

Proof of Claim 4.5. The proof is done by adapting the previous subsection. On the one hand, we
note that there exists C > 0 such that for all 7 € R,

N
u(t) - Z Ri(1)| < e (4.48)
i=1

H!

this is by definition of a multi-soliton and due to the fact that u — Zf\:' (Ri€e L(R,H L(R)).

On the other, taking again the notation introduced in subsection 4.3.1 with X(¢) := x —xo— f(¢)
for some fixed parameter xo > 0, the analog of Claim 4.3 writes as follows: for all £ € N, there
exists Cy > Osuchthatforalli=1,...,N, forallt € R,

/ |0XR; (1,)| (¢(X) + ¢/ (%)) dx < Cre V10, (4.49)
R
Indeed, it suffices to check that for all r € R,

3
/ o Vit | NT—F (1) gy — pel t—Tf (1) / o~ (VG—VIDX gy
£ (1) x> £ (1)
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3 —(Vci—+m),
< ec,?r—«/ﬁf(r)M

- Ve
1
Ve i
(by the choice of f and since n < ¢;) and that for all # € R,
/ o Verlx—citl jWIT G- (D) gy < / eVl gy = 2
x<f (1) R Vei
With (5.32) and (5.33), Lemma 4.8, 4.9, and 4.10 are now kept unchanged (by simply replacing
Bt by f(1)), thus Claim 4.5 holds. i

Now, we follow the computations and arguments set up in subsection 4.2.1 and use Claim 4.6
to conclude to exponential decay on the right.

Set k := 2kg. In a similar way as in subsection 4.2.1, we take

1 1
¢(x) := = + —arctan(e*").
2 7

Then properties (4.10), (4.11), and (4.12) become

1

A1 >0,VxeR, el <y (x)< /l—e—K'X', (4.50)
0

VxeR, lo® (x)] < k2@’ (x). (4.51)

1 >0,Vx<0, A1e’* < p(x). (4.52)

We can choose y € (0, c; — k*). We then introduce for all 1o € R and ¢ < ¢
Loao(®) 1= [ (04 FO)px =0+ (e = 10) d.
R

By derivation with respect to ¢, we have

dI( > ) !~ ’ )~
80 (1) =3 [ 09 @) = (70 =) [weae' @ ax
f R R
) (4.53)
+ / W2 (t,x) 3 (%) dx + P /u””(r,x)go'(i) dx,
R p+lJr
where this time ¥ := x — xo + y (¢ — t9) — f(1).
We then obtain

Lemma 4.12. There exists Cy > 0 such that for all xo € R, for all ty € R and t < t,

M(l‘) < Coe—K(Xoﬂf(Io—t))‘ (4.54)

dt
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Proof of Lemma 4.12. We argue as in [57, paragraph 2.1, proof of Claim 1] and as in the proof of
Lemma 4.4 in the present article. Property (4.51) allows us to control the integral /R u?(t,x)3 (%) dx;
see (4.18). The nonlinear term is treated by cutting it into two pieces, depending on the position of

|X| with respect to xo — R — v (¢ — t9), R being fixed so that

’ PT_I p+1 2
VieR, lu(t, -+ ()2 (x2R) Suﬁllu(f ML < (c1—y—«%),
t'e

2p
which is indeed possible by Claim 4.6 and the choice of . O

By means of the non dispersion property provided by Claim 4.6, we deduce (with the same
proof as that of Lemma 4.5) that for all 7o € R, 14, x,) (1) — 0 ast — —oo.
Hence, Lemma 4.12 leads to

Vit €R, L1, x0) (t0) < Ce X0,

with C independent of xq and #.
By (4.52), we obtain

/ uz(t,x+f(t))ek(x_x°) dx < / u?(t,x + f(1)(x —xq) dx

xX<Xq
< Ce ™™,

In other words, for all xg € R,
/ u?(t,x + f(1))e’* dx < C.
x<Xp
Letting x¢ tend to +oo, we finally obtain by monotone convergence

‘/uz(t,x+f(t))e’<x dx < C.
R

With the same strategy as that developed in [57, paragraph 2.1 Step 3 and paragraph 2.2] and
that used in order to prove (4.9), we then deduce that for all s € N, for all # € R,

/ . (05u(t,x))* e<~F D) gy < ¢ (4.55)
x>f(t
In particular, for large values of ¢,
/ (B3u(t,x))* P dx < Cy, (4.56)
x>t

which allows us to conclude to (4.47).
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Chapter 5

Asymptotic N-soliton-like solutions of
the nonlinear Klein-Gordon equation

Abstract

We are interested in solutions of the nonlinear Klein-Gordon equation (NLKG) in RI* 4 > 1,
which behave as a soliton or a sum of solitons in large time. In the spirit of other articles focusing
on the supercritical generalized Korteweg-de Vries equations and on the nonlinear Schrodinger
equations, we obtain an N-parameter family of solutions of (NLKG) which converges exponentially
fast to a sum of N given (unstable) solitons. For N = 1, this family completely describes the set
of solutions converging to the soliton considered; for N > 2, we prove uniqueness in a class with
explicit algebraic rate of convergence.

5.1 Introduction

5.1.1 Setting of the problem

We consider the following nonlinear Klein-Gordon equation
O*u=Au—u+ f(u), (NLKG)

where u is a real-valued function of (#,x) € R x R? and f is a € real-valued function on R.
Let us denote by F the unique primitive of f on R which vanishes in 0. We make the following
assumptions:

e ifd=1,
(H1) fisoddand f’(0) =0.

(H2) There exists r > 0 such that F(r) > %rz.
o ifd > 2,

(H’1) f is a pure H'-subcritical nonlinearity r — A|r|P~!r, withA > O and p > 1 if
d=2andpe(1,43)ifd >3

Ce chapitre fait I’objet d’un article soumis pour publication [31].

139
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The (NLKG) equation classically rewrites as the following first order system in time:

0 Id 0 ,
a,u:( Ao1d 0 )U+(f(u)), (NLKG’)

where U is the two-vector
tU

Assumption (H1) for d = 1 or assumption (H’1) for d > 2 on the nonlinearity f ensures that
the Cauchy problem is locally well-posed in the energy space H' (R?) x L?(R%) [35,92]. It is even
globally well-posed if one assumes further sufficient smallness on the initial condition.

Recall also that the following quantities are conserved for H'xL?-solutions (u, ;u) of (NLKG"):

* the energy %fRd {(8,14)2 + |Vu|> +u? - 2F(u)} (t,x) dx
¢ the momentum ./]Rd {0;uVu} (t,x) dx.

Moreover, the structure of the equation is left invariant under the action of R x R? by (time and
space) translation, and under the action of the Lorentz group O(1, d) which consists of the linear
automorphisms of R!*¢ that preserve the quadratic form (¢, x1,...,xg) > t*> — Zflzl xiz. In other
words, precising this latter action, for all 8 € R with R?-euclidean norm |3| < 1 and y := —

Vi-igP’
u is a solution of (NLKG) if and only if
(t,x) — u (Ag(t,x))

is still a solution to (NLKG), where Ag is the linear transformation with matrix

Y —7@
—yBT Ia+ TWIJ’Tﬁ

in the canonical basis of R'*¢. We observe in particular that

A,B(t’x) = (Y(t _Bx)’ ’}/(X _ﬂt))

if d = 1. We refer to [20] for further details concerning the Lorentz transformations in all dimen-
sions.

It is well-known that (NLKG) admits a family of solitons indexed by two parameters: the veloc-
ity parameter 8 € R? with || < 1 and the translation parameter xo € R?. Let Q denote the unique
(up to translation) positive H' solution of the following stationary elliptic problem, associated with
(NLKG):

AQ-0+f(Q)=0 (.1

which we take as radial; for the record, existence of Q follows from a standard result of Berestycki
and Lions [2] due to (H2) or (H’1) and uniqueness has been proved in Kwong [54] (in the case
where f(u) = |u|P~'u is the particular power nonlinearity) and in Serrin and Tang [103]. We recall
that Q and its partial derivatives up to order 3 decay exponentially. Then for all 8 € R such that
|B8] < 1, for all xg € R, the boosted ground state

Op.x : (1,) = O (pr o Ag(t,x = x0)) ,
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1

V1-1B?
solution of (NLKG) known as soliton. In the one-dimensional case, this soliton rewrites

where y := and pr is the canonical projection R'*¢ — R< on the last d coordinates, is a

QB,X() : (I,X) = Q ()C _ﬁ[ _XO) .

Soliton theory concerning (NLKG) has extensively been studied in many articles. One ma-
jor result is linked to the classification of the solutions with energy near that of the ground state.
Dynamics of the solutions u of (NLKG) on the threshold energy E(u) = E(Q) has been inves-
tigated in Duyckaerts and Merle [24]. More generally, classification of the solutions with energy
less than a quantity slightly larger than the energy of the ground state has been done by Nakanishi
and Schlag [93] and by Krieger, Nakanishi and Schlag [53].

Let us also mention that solitons of (NLKG) are known to be orbitally unstable in H' (R?) by
a general property by Grillakis, Shatah and Strauss [37].

We further develop soliton analysis by exploring solutions which behave as a soliton or a sum
of solitons as time goes to infinity.
For all 8 € R such that || < 1 and x € R¢, let us denote

Qﬁ,xa(t’x) ) ( Q,B,xo(t’x) )
atQﬁ,xo(t’x) _ﬁ : VQ,B,Xo(t7x) ‘

When xo = 0, we will write Rg instead of Rg ¢ for the sake of simplification.

ng’xO(t,x) = (

Drawing on the work by Grillakis, Shatah and Strauss [37,38], C6te and Muiioz [20] have de-
veloped and proved spectral results adapted to the unstable dynamic around the (vector) soliton Rg.
Essential properties which are needed in this paper, as well as the introduction of useful notations,
are presented in the next subsection. Note that a similar spectral theory was firstly considered by
Pego and Weinstein [96] in the context of the generalized Korteweg-de Vries equations.

Starting from this point of view, we are interested in solutions which converge to a soliton or a
sum of solitons for large values of 7; these solutions are classically known as multi-solitons.

Let us consider an integer N > 1 and 2N parameters
d d
X1,...,xNy €R and ﬁl,...,ﬁNER

such that
Vi=1,...,N, |Bi <1 and Vi#j, pi#pBj.
We recall the following theorem by Cote and Muifioz which states the existence of at least one
multi-soliton.
Theorem 5.1 ( [20]). There exist oy, to € R and Cy > 0, only depending on the sets (B;)i, (x;)i,
and a solution U = (; ) € € ([tg, +o0), H' (RY) x L*(R?)) of (NLKG) such that for all t > to,
U

< C()e_o-ot .
H!xIL?

N
U() = > g, (1)
i=1
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We notice that this theorem has been extended to solutions describing multi-bound states by
Cote and Martel [18], that is to multi-traveling waves made of any number N of decoupled general
(excited) bound states. In the present paper, we will however only focus on multi-solitary waves in
the above sense.

Since solitons are unstable, a solution of (NLKG) which behaves as a soliton in large time is
not expected to be necessarily a soliton. One of our goals is thus to precise the dynamic of the flow
of (NLKG) near a soliton. Similarly, the dynamic near a sum of solitons is also supposed to be
more complex as time goes to infinity.

5.1.2 Main results

Given N distinct velocity parameters, we aim at proving the existence of a whole family of multi-
solitons which turns out to be the unique family of multi-solitons in a certain class of solutions.
Our first result reads as follows.

Theorem 5.2. Assume that f is of class €% and 0 < |Bn| < --- < |B1| < 1. There exist & > 0,
0<epg < <egy Yi; € CRH (RY)XL2(RY))NL® (R, H' (RY) X L*(RY)) fori=1,...,N
and an N-parameter family (pa,,...Ax)(A,,...An)erN Of solutions of (NLKG) such that, for all

(Aq,...,AN) € RN there exist ty € R and C > 0 such that
N N
Vizto,  |@anan ()= ) Reo () = ) A Vi) < Ce(Trn)t, (5.2)
i=1 i=1 H!xL2
o QAy,..., AN .. . ’ ’
where @, Ay = . Inaddition, if (A7, ..., Ay) # (A1,...,AN), thenpa, . A, #
at‘PAl ..... AN ! N
PA,,..., AN
Remark 5.3. The parameters eg; and the functions Y, ; (i = 1,..., N) are defined in Proposition

5.9 and in subsection 5.1.5.
One can moreover precise the value of o in Theorem 5.2; for this, we refer to (5.6).

Below is about classification in a class with polynomial decay. We emphasize that the correspon-
ding polynomial decay rate is explicit and independent of the soliton parameters, which is unde-
niably a breakthrough with regard to the thorny question of the classification of multi-soliton so-
lutions. As a comparison, we proved uniqueness of a multi-soliton in a class of solutions with
decrease faster than any power of % in the context of the nonlinear Schrodinger equations [16].

Theorem 5.4. Under the assumptions of Theorem 5.2 and keeping the same notations, if u is a
solution of (NLKG) such that

N
U(t) = )" Rp, (1)
i=1

=0 (%) ast — +co, (5.3)
H!'xL?

where U = " and where a > 3, then there exist Ay, ...,Any € R and ty € R such that for all
t 210, U(t) =D@apy,.. 4y (D).

Remark 5.5. Notice that Theorem 5.2 and Theorem 5.4 apply in dimension d < 5 only. Indeed,

assuming (H’1) and f of class €2 forces to have p > 2, hence 2 < % ifd > 3.
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In the case where only one soliton is considered, one can moreover improve the preceding
Theorem by completely characterizing solutions which converge to a soliton in large time.

Theorem 5.6. Let 8 € RY, |B| < 1 and assume that f is of class €°.
There exist eg > 0, Y, 5 € C(R, H/(R?) x L*>(R?)), and a one-parameter family (u*) acr of
solutions of (NLKG) such that for all A € R, there exists to = tg(A) € R such that for all t > ty

|UA(1) = Rg(t) = Ae™ 'Y, g (1)]| 1,2 < Ce ", (5.4)

A

u p

where UA = sl In addition, if A # A’, then u? # u?.
tU

Moreover, if u is a solution of (NLKG) such that

IU@) = Rl g1z — O ast — +oo, (5.5)

where U = (au ) then there exist A € R and to € R such that for all t > to, U(t) = UA(t).
tU

Remark 5.7. The parameter eg (which depends on ) and the function Y, g are defined in Propo-
sition 5.9; they are intimately related to the spectral theory dealing with the flow around Rg.

It is interesting to remark that there are only three special solutions among the elements of
the preceding family (U%)4cr, up to translations in time and in space. This is the object of the
following

Corollary 5.1. Consider the family of solutions (U A) defined in Theorem 5.6.

AeR

1. If A > 0, there exists ta € R such that for all possible t, UA(t) = U'(t + ta, - + Bt a).
2. If A <0, there exists t 5 € R such that for all possible t, UA(t) = U™ (t + ta, - + Bta).
3. Forallt e R, U%¢) = Rp(1).

Remark 5.8. Let us observe that Remark 5.5 is valid for Theorem 5.6 and Corollary 5.1 too.

Theorem 5.6 provides the behavior of the solutions converging to solitons at the order O (e‘zeﬁt )
in H'(R?) x L?(R?). The instability direction due to the existence of one negative eigenvalue (re-
lated to eg) for the linearized operator around Qg yields infinitely many possibilities (described by
the real line) to perturb the soliton Qg and to retrieve another solution of (NLKG) which however
remains exponentially close in time (with decay rate eg) to Qg. Let us emphasize that this phe-
nomenon appears quite naturally in the study of unstable solitons. In a stable mode such as for the
L?*-subcritical generalized Korteweg-de Vries (gKdV) equation, a solution which converges to a
soliton as time goes to infinity is pretty well-known to be exactly the corresponding soliton.

What is more, Theorem 5.6 is built exactly as in [10]. It reminds us of similar classification
results, previously obtained for the L2-supercritical gKdV equations by Combet [10, Theorem 1.1]
and for the three-dimensional cubic Schrodinger equation by Duyckaerts and Roudenko [26, Propo-
sition 3.1], both inspired from pioneering works of Duyckaerts and Merle [24,25].

As far as the multi-soliton case is concerned, Theorem 5.2 provides an N-parameter family of
solutions to (NLKG) which behave as a sum of N (differently boosted) solitons in large time. Here
again, the existence result looks like that of Combet [11,12] and reinforces the idea that, in general,
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non-uniqueness holds for multi-solitons in an unstable context. Furthermore, Theorem 5.4 opens
the way to treat the question of the classification of multi-solitons for other models, at least in the
restraint class of solutions with algebraic convergence in the sense of (5.3).

Regarding the global approach developed in this article, we shed new light on the construction of
the one-parameter family (U“)4cr by a compactness procedure. Note that the special solution
U~! in [10] has also been obtained in a first rigorous way by a compactness method (the starting
point was the proof of instability of the soliton), but the question of obtaining U' (as well as the
other solutions U4 for A > 0) by such method was raised (see Remark 4.15 in [10]) and, to our
knowledge, remained unanswered. Obviously, our process can be thought and used as an alternative
to prove similar results in the context of other partial differential equations which involve unstable
solitons, and for which the spectral theory around the ground states is well understood (and actually
analogous to the present case). This is a nice feature of our paper.

A second interesting point to be discussed is about proving uniqueness of multi-solitary waves.
Exploring the possibility of obtaining a "weak" monotonicity property like (5.42) in Corollary 5.11
would be a promising direction of research in order to classify multi-solitons of other models.

Besides, a significant issue would be to know to what extent the classification obtained in
Theorem 5.6 could be transcribed to the multi-soliton topic. Indeed, contrary to the gKdV setting
[10] and especially as for the NLS case [12, 16], proving general uniqueness in the sense of (5.5),
where Rp is replaced by a sum of several solitons Rg, ,, still remains unclear.

Another question to be addressed could be related to the potential generalizations of the previ-
ous theorems to multi-bound states.

5.1.3 Outline

In the spirit of [63] (dealing with the construction of multi-soliton solutions), our approach to
constructing the families in Theorem 5.2 and Theorem 5.6 is based on backward uniform H' x L?-
estimates satisfied by well-chosen sequences of solutions of (NLKG) which aim to approximate
the desired solutions. We entirely exploit a coercivity property available in the present matter
(see Proposition 5.10 stated below) in order to establish those estimates and, in fact, to obtain the
expected exponential convergences to zero in time. We finally use continuity of the flow of (NLKG)
for the weak H' x L?-topology to obtain special solutions which fulfill (5.2) or (5.4).

The proof of Theorem 5.2 is thus based on compactness and energy methods; it follows the
strategy of [11,12]. The construction of ®4, . a, is done by iteration, by means of Proposition
5.12 which roughly asserts that each multi-soliton can be perturbed slightly at the order ¢~ i’
around the soliton Rg; ;. In order to establish this key proposition, we particularly rely on the
topological ingredient set up originally by Cote, Martel and Merle [19] for the construction of one
given multi-soliton in unstable situations.

For the construction of U4 in the one-soliton case (Theorem 5.6), we also substantially rely
on the spectral theory available for (NLKG), built on the linearized operator of the flow around
the boosted ground state. In particular, we point out that our approach differs from previous arti-
cles [10,24-26] where the construction centers around the contraction principle.

Regarding the question of classification, from (5.4) and orthogonality properties exposed in the
next subsection, we notice that A corresponds to the limit of e%s” (U4, Z_pg)ast — +ooin Theorem
5.6. This is precisely useful for the uniqueness part of this theorem, where the goal is to identify



5.1. INTRODUCTION 145

U with an element of the one-parameter family (U A) Aer. Actually, to prove the second part of
Theorem 5.6, we follow [10] in the first instance (up to the obtainment of an exponential control
of U — Rg). Then, a refined version of the coercivity argument considered in [10], and indeed an
elementary but careful analysis of the available estimates, allows us to reach the conclusion, that
is to show that U equals some U (already constructed in the first part of the theorem), and that
without making use of any supplementary tool. We underline once again that we do not need any
fixed point argument to conclude.

Yet, we do not exclude the possibility to prove Theorem 5.6 via the contraction principle; if
the nonlinearity f is sufficiently regular (4***! for instance), one could precise by this means the
behavior of U4 in large time, and indeed expand the solution at the order O (e‘(”l)eﬁ ') in the
Sobolev space H*, in line with [24]. For clarity purposes, we will not explore this path further
and anyway, our description of the family (U”) acr is sufficient to characterize solutions verifying
(5.5).

Concerning Theorem 5.4, the identification of the solution satisfying (5.3) is done step by step
as in [11]. The core of the proof is the obtainment of an almost monotonicity property, inspired
by Martel and Merle [76]. By means of a technical lemma of analysis (we refer to Lemma 5.26
in Appendix), this monotonicity property allows us to see that any multi-soliton in the class with
polynomial convergence to zero converges in fact exponentially (see subsection 5.3.1), provided
one assumes suitable integrability conditions in the neighborhood of +co (and indeed @ > 3). Such
a "weak" monotonicity property has a priori been used so far only for the construction of multi-
solitons or multi-bound states of the energy-critical wave equation [76,110,111]. We also underline
that, by Lemma 5.26, we directly obtain the adequate exponential convergence rate which allows
us to identify Aj; this is in contrast with [11]. The monotonicity property is also used as a key
ingredient to identify the other parameters A, ..., An.

This paper is organized as follows. In Section 2, we introduce essential notations and tools
which are used throughout our article. In the following sections, we establish the proofs of our
main results; for ease of writing, each proof will be made in dimension 1. Section 3 is devoted
to the construction of the family of multi-solitons described in Theorem 5.2. Section 4 deals with
the classification of multi-solitons, which is the object of Theorem 5.4. In Section 5, we study the
existence part of Theorem 5.6 focusing on one soliton. Section 6 aims at proving the second part of
this latter theorem, that is general uniqueness of the one-parameter family previously constructed.
In the appendix, we explain how to adapt the proof to all dimensions and we justify Corollary 5.1,
and we state and prove the lemma of analytic theory of differential equations used in Section 4.

Asusual, C denotes a positive constant which may depend on the soliton parameters and change
from one line to the other, but which is always independent of ¢ and x.
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5.1.5 Notations, review of spectral theory, and multi-solitons

Elements of spectral theory concerning (NLKG)

Forall U = (Ml), V= (Vl) e H'(R?) x L*(R9), we define the scalar product:
uy V2

(U,Vv) :=/ (uvy +upvy) dx
Rd

and the energy norm
1

2 2 )2
Ul g1serz = (Nl + lluzllys
H L

Under assumption (H’1) (or (H1) and (H2) in the particular one-dimensional case), the oper-
ator L := —A + Id — f'(Q) admits a unique simple negative eigenvalue, which we denote by —Ao.
The kernel of L is spanned by (0, Q)i=1.....a [62,84].

Note that for a general nonlinearity f and for d > 2, the operator L possibly counts several and mul-
tiple negative eigenvalues. We refer to Céte and Martel [18] for the detail of the spectral properties
in this case.

With a slight abuse of notation, we still denote by Qg the function defined on R by Q g(x) =

Q(yx), where y = \/I—IIW so that for all 7, Qg(x) = Qp(t,x). In the sequel, we sometimes omit

the variables x and ¢ when there is no ambiguity (we work with functions which either depend on
time or not).

For all 8 € R4 with || < 1, we consider the matrix operator

[ ~A+Id-f(Qp) BV
Hﬁ"( v 1d )

0 1

the matrix J := ( “1 0

), and the operator

%::—Hﬁh(_ﬁ'v A=ld+11(Qp) )

ld B-V
We define forall j =1,...,d
~B-V (0:,05)
Zjﬁ = .
axj Q,B
Proposition 5.9 (Cote and Mufioz [20]). We have 7#3Z;g = 0 forall j € {1,...,d} and there
exist two functions Z g whose components decrease exponentially in space and such that

%Zi’ﬁ = ieﬁZi,ﬁ

2
where eg = \/770
Moreover there exist unique functions Y. g (whose components are exponentially decreasing in

space) such that

Hﬁyiﬁ € Span{Zi,ﬁ}, <JZ]-’B, Yi’ﬁ> = 0, and <Yi’ﬁ, Z;ﬁ) =1.
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In addition, the following orthogonality properties hold:
(Yi,ﬁ, ZJ_,’[;> =0 and (JZ()’ﬁ, Zi,ﬁ> =0.
The following coercivity property turns out to be a crucial tool in our paper.

Proposition 5.10 (Almost coercivity of Hg; Cote and Mufioz [20]). There exists p1 > 0 such that
forallV e H'(R?) x L?>(RY),

d
1
(HgV, V) = pllVIiz0 2| Zep) (V. Zo gV + > V. Zi )|
j=1
Multi-soliton results
Let us consider a set of 2N parameters as given in Theorem 5.2 and the associated (vector) solitons

R; = Qi = Rg. ,.,i=1,...,N. We introduce moreover the vectors:
aQi)

o Y. i(t,x) =Y.p, (pr o Ag,(t,x —xi))
* Zyi(t,x) =Z.p, (pr oAg,(t,x — x,-)),

where y; := Vl—llw We denote e; = eg, := % =+/A0(1 = |Bi]?).

In particular, let us observe that forall i = 1,..., N, Yy ; belongs to €' (R, H' (R?) x L2(R¥)) N
L®(R, H'(RY) x L?>(RY)).

There exists £ € R? such that
Vi#tj, (-pi#l-p; and Vi, |[€-Bi] <1;

we postpone the argument in the appendix. (If d = 1, one can take obviously £ = 1.) Let us
consider the permutation 77 of {1, ..., N} such that

—1<f~ﬁn(])<'-~<f~ﬂn(1\/)<l.

We denote also

1

0 = e min {er,yny min{¢- (By2) = By1))s- -+ € (Byv) = Buv-1))}} > 0. (5.6)

We can quantify the interactions between the solitons R; and the functions Y. ; and Z, ;, for
i=1,...,N in terms of the parameter o~. This is the object of the following

Proposition 5.11. We have for all i # j, for all k,1 € {0, 1,2}, and for all t > 0,

(9%Ri(1).9'R; (1)) = O (e-‘“”) .

<Yi,i(t),Yi,j(t)> =0 (e—4o't) .
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(Ze4(0), Ze 5 (1)) = O (747).
(YD), 94R;(1)) = O (e747)
(.40, 9LR; (1)) = O (e747).
(Yei(1), Zs;(D)) = O (6_4‘”) ,
What is more, due to Theorem 5.1, there exist #p € R and C > 0, only depending on the sets

(8:)i, (x;)i,» and a solution ®( = ( 0 ) € € ([ty, +0), H' (RY) x L*(R%)) of (NLKG) such that

Or¢0
for all t > ¢,

< Ce ot (5.7)
HlxL?2

N
@o(1) ~ ) Ri(1)

i=1

When dealing with the multi-soliton case, we will need to consider in the present article the
euclidean space (Rk, | - |) and euclidean balls and spheres of radius r > 0 in R¥, k=1,...,N;in
particular we define:

Bgpi(r) := {x e R¥| x| < r}

Spr(r) := {x e R¥| |x| =r}.

5.2 Construction of a family of multi-solitons for N > 2

In this section, we give a detailed proof of Theorem 5.2 in the one-dimensional case.
Let N > 2 and xq,...,xn, B1,...,8n be 2N parameters as in Theorem 5.2. Denote by ¢ a
multi-soliton solution associated with these parameters, satisfying (5.7) and consider @ := ( ¢ )

Orp
As it was firstly observed in [11], the existence of (¢a,,....ax)(A,....ay)ern Verifying (5.2) in

Theorem 5.2 is a consequence of the following crucial

Proposition 5.12. Let j € {1,...,N} and A; € R. Then there exist to > 0, C > 0, and a solution
u of (NLKG), defined on [ty, +o0) such that

Vit U (t) — D(¢r) - Aje_ejtYJr,j(t)HHlez < Ce—(ej+o-)t’
u
here U := )
where (atu)
By (5.7), assuming that the preceding proposition holds, and considering Ay,..., Ay € R, we
indeed obtain a solution ¢4, of (NLKG) and #; > O such that
Vizn, [ ®a, (1) = @o(r) = Are Y, 1 ()l < Cem e

with obvious notations. We notice that ¢4, is a multi-soliton. Now, assume that we have con-
structed, for some j € {1,..., N — 1}, a family of multi-solitons ¢4, ..., P4, A; such that there
exists 7; > Osuch thatforall k =1,..., j,

.....

Vi>tj, DA, a () = Pa,. . ap, () = Axe™ Y, 1 (D) || gixpe < Ce™ ek
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_____ A, = @ if k = 1. Hence we can apply Proposition 5.12 with ® 4,
® and there exist @4, Aji and 7,1 > 0 such that

A; instead of

.....

.....

Vit @A,y (8) = @Ay, (1) = A1 Y i1 (D)l gixgz < Cem G+,

Thus, by induction on j, we obtain a family of multi-solitons ¢4, ..., ¢4,
t>ty=max{t;[j=1,...,N},

A such that for all
J

.....

D@y,....ay (1) = DPo(2) - ZA.ie_ejtY+,j(f)

N
J=1

H'xL?

N
< D NPa,a, (1) = @y ay (1) = Aje™ Yo (0|2

At this stage, we conclude to (5.2) in Theorem 5.2, using once more (5.7) and the triangular in-
equality.

Let us already justify also that for all (Ay,...,Ax) # (A],...,A}), we have @4, .. Ay #
Assume for the sake of contradiction that pa,, . ay = ¢ Al A for some N-uples (Ay,...,An) #
(Al,..., A},). Then, we denote
io:=min{i € {1,...,N}| A] # A;}.

Ay there exists C > 0 such that for 7 large

.....

N N

Dy, Ay () —Da,, ., A1 (1) — Z A.ie_ejtY+’j(t) <C Z e~ (ej+rolt (5.8)
J=io HIxL? J=io

Similarly there exists C’ > 0 such that for ¢ large
N N
’ ’ - , ’ — ’ o€t . ’ —(ej+o)t

Oy, 4 (1) —Dar, ., o (1) Z Ale Y, (1) <C Z e~ erolt, (5.9)

J=0 HxIL?2 J=io

...............

(5.8) and (5.9) that for all ¢ sufficiently large
e 0" | Ay — A} | < Ce™ (et

Hence, letting t — 400, we obtain A;, — A lfo = 0, which leads to a contradiction.
This ends the proof of Theorem 5.2.
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5.2.1 Compactness argument assuming uniform estimate

The goal of this subsection is to explain how to prove Proposition 5.12; for this, we follow the
strategy of Combet [11] and Co6te and Muifioz [20], both inspired from pioneering work by Martel
[63] and Cote, Martel and Merle [19]. One key ingredient in the construction is the obtainment of
uniform estimates satisfied by a sequence of approximating solutions of (NLKG).

We fix j € {1,...,N} and A; € R. Let (S,), be an increasing sequence of time such that
Sp — +oo. Letus considerb,, = (b, k) j<k<n € RNJ the generic term of a sequence of parameters
to be determined, and let u,, be the maximal solution of (NLKG) such that

Un(Sn) = ©(Sp) + Aje ™Y, (Sa) + > bu Ve i (Sn), (5.10)
k>j

where U,, := ( Hn )

Oty
Concerning u,, we claim:

Proposition 5.13. There exist ng > 0 and ty > 0 (independent of n) such that for each n > ny,
there exists b,, € RV~ with |b,| < 2¢~€i*20) und such that U, is defined on [to, S| and satisfies

Y 1 € [to, Snl, |Un (1) = ®(1) = Aje™"Yy () || iz < Ce™ @Ot (5.11)

The b,, take the role of modulation parameters and are to be determined (if indeed possible) so
that U,, fulfills (5.11), thus is a natural candidate in order to "approximate" the desired solution U
which is the object of Proposition 5.13.

We postpone the proof of the previous statement at the next subsection; for the time being, let
us assume that Proposition 5.13 is satisfied and let us show how it implies Proposition 5.12. In fact,
the existence of U is due to the continuity of the flow of (NLKG) for the weak H' x L? topology.
We explicit the construction of U below, following the same strategy as [19, paragraph 2.2, step 2]
or [20, section 4].

Proof of Proposition 5.12. We observe that the sequence (||U, (#0)|lgixz2)nen is bounded; thus
there exist a subsequence of (U, (#0))nen, say (Up, (f0))ken, and Uy € H'(R) x L*(R) such that
(U, (t0))kext converges to U in the sense of the weak topology in H!(R) x L?(R). Let us consider
U, defined as the maximal solution of (NLKG) such that U(¢y) = U.

Lett > ty. For k sufficiently large, S,, > t and thus Uy, is defined on [#o,?]. By a standard
result (we refer to [20, Lemma 10] and [104, Theorem 1.2]), U is defined on [#¢, ] and (U, (1))
converges weakly to U(¢) in H'(R) x L*(R).

Moreover, by property of the weak limit,

[U(t) = @(1) = Aje™"Ye j (Dl e < lim inf [|Un, (1) — @(1) - Aje™ Y, j ()l ing

< C()e_(ej-'-o—)t.

Now, the remainder of Section 5.2 is devoted to the proof of Proposition 5.13.
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5.2.2 Proof of Proposition 5.13

For ease of reading, we will drop the index n for the rest of this subsection (except for S, ), that is,
we will write U for U,,, b for b,,, etc.
Let us introduce the following variable (which depends on n)

W(t) :==U(t) — (1) — Aje 'Y, (1)
and forall k € {1,...,N},
@k (1) = (W (1), Zo k(1))

(which depends on b in particular by definition of U = U,, (5.10)).
We denote also a_(?) := (a— (1)) j<k<n-

Modulated final data and strategy of the proof of Proposition 5.13

We make the first step in order to determine the appropriate modulation parameter b. We obtain b
as the solution of a well-chosen equation; this is the object of the following

Lemma 5.2. There exists ng > 0 such that for all n > nq and for all a € RN/, there exists a
unique b € RN 7 such that ||b|| < 2|a|| and a—(S,) = a.

Proof. Let us consider the linear application

¥: RNV o RN
b=(b)j<isn P (Zl>j bl<Y+’l(S”)’Z"Z(S”)>)j<ksN ’

Its matrix in the canonical basis of RN =/ has generic entry ¢ ; := (Y. j+1(Sn)s Z— j4x (Sn)) where
(k,1) € {1,...,N}%

Since ¢y = 1if k = [ and |y | < Coe™ 75" for k # 1, with Cy > 0 independent of n, we have
VY =1d+ M with |M]| < % for large values of 7. Thus W is invertible (for n large) and ||¥~!|| < 2.
We deduce the content of Lemma 5.2 by taking n( large enough and by considering, for a given
a € RV=/ | the element b := ¥~ (a). O

Roughly speaking, Lemma 5.2 reflects that estimate (5.11) is to be proven by choosing a rele-
vant vector a = a_(S,,).
The reason why we determine b according to the value of @_(S,) essentially comes from the di-
rections Z_ i, which yield "instability” in some sense (given Claim 5.16 below), and also from
definition (5.12) below.

At this stage, we notice that we already have:
Claim 5.14. We have:

I Vke{l,....N}, |asi(Sn)| < Clble™>75n.

2 Vke{l,....j} lami(Sn)l < Clble?75n,

3 MW S gixe2 < €.
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Let 7o > 0 independent of n to be chosen later and a € Bgn-; (e~(¢i*27)Sn) to be determined.
We consider the associated data b given by Lemma 5.2 and U defined in (5.10).
Let us define

T(a) :=inf{T > 10 | Yt € [T, Sp], WOl s1xz2 < e " and €2 q_(1) € Bpn-; (1)}.
(5.12)
We observe that Proposition 5.13 holds if for all n, we can find a such that 7(a) = #9. In the
rest of the proof, our goal is thus to prove the existence of such an element a.

To this end, we will first of all improve the estimate on ||W(?)|| 12 Which falls within the
definition of 7'(a). This is the object of the following paragraph. Then, we will only need to care
about the second condition, which implies a control of a_ (7).

Improvement of the estimate on |[|W|| 51,2

For notation purposes and ease of reading, we sometimes omit the index n and also write O (G(t))
in order to refer to a function g which a priori depends on n and such that there exists C > 0
(independent of n) such that for all n large and for all € [z}, S, ], |g(¢)| < C|G(?)].

Lemma 5.3. There exists Ky > 0 such that for all t € [T(a), S,],

Ko _(e.
”W(t)”Hlez < _18 (31+0')t'
t

1

The whole subsection consists of the proof of this lemma.

Step 1: Estimates on @ ; Let us begin with the computation of the time derivative of W.

Claim 5.15. We have forall k € {1,...,N},

0 Id
02 —Id+ f'(¢) O

et 0 0 (0
tAse ( £1($) = f(Qr) 0 )Yw " (g)

where g = f(u) = f(¢) = f"(¢)(u = ¢) satisfies

ath( )W+Aje_e-ft

ﬁjax Id X R .
( 02— 1d+ f(Qr) By ) +iF et

(5.13)

gl =0 (Il = ¢l2,,)

Proof. Claim 5.15 follows from the fact that both U and @ satisfy (NLKG’) and is also a conse-
quence of the following Taylor inequality (f is €?)

() = () = (@) (u = @)|(1) < Cllu(r) = (1) 7
and the Sobolev embedding H' (R) — L*°(R). o

Now, we are in a position to prove the following estimate on a. .
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Claim 5.16. Forall k € {1,...,N} and forallt € [T (a), S,], we have

- < C (MWD llgaz + WD o+ @) (514)

Proof. Letk € {1,...,N}. By means of (5.13) and since 0, Z. x = —Bx0xZ+ k, We compute

d
‘_ai,k(t) + ekai,k(t)

d
_Oli,k(t) = <6tW7 Zi,k) + <W: atZJ_r,k>

dt
_ ~Bidx 93— 1d+ f'(¢)
__<WC( Id ~BiOx )th>
e, B0y O0:-1Id+f’
+Aje it <Y+,ja( ﬁljd _ﬁja{c (@) )Zi,k>

Ao [<Y,( 8 f’(Qk)O— £/(9) ) Zi,k>+e,~<Y+,j,Zi,k>]

+0 (U=,

Let us notice first that

—Brdx O —1d + f' () _ 0 f(¢)—f"(Q)
T Y PO RPN Y LS P
‘We have
W, 0 2Zs 1) = (W, xerZs k) = ez k
and

0 0

< IWllezll (F/(9) = £1(Q0)) Ze il
N

¢ =2 0l Wil + ClWligrieze Y 1QiZe kllppiee

i=1 Lo ik

< Ce ™ |Wlgiga.

(8 0@ )2,

<C

Similarly, we have

< Ce—40't

<Y+’j,( 0 F(Q0 1) ) Zi’k>

and

(B -1d+11(Q0)
I\ Id —B;0x

) Z+,k> = (Ys,j» K Zs k) + (Br — Bj) Y+, j» OxZs k)
= i<Y+’j, ekZi,k) +0 (€_4Gz) .
Indeed, we notice that

0 ifk =

(ﬁk —ﬁj)<Y+,j,axZ¢,k> = {O(e—4at) ifk # J.
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Hence, we obtain

d
Sra (1) = % e s+ O (e [Wilgpias2)

+Ajeert [im,j, exZoi) +e;(Yejs Zog +O (e—‘“” +|U - @

Now, we observe that
i€k<Y+,j, Zi,k> + ej<Y+,j> Zi,k> = 0(6—40—1).

This is clear if k # j and for k = j, we have

iej<Y+,j,Z+,j>+€f<Y+’j’Z+’j>:{ ej+e;=0 ifx=

indeed, we recall from Proposition 5.9
<Y+,j, Z+’j> =0 and <Y+’j, Z_’j> =1.
In addition, we have by the well-known inequality (a + b)? < 2(a® + b?),

2 2 —2e;
10 = @110 < € (IWIE 10 + €72

Considering that 2e; > e; + 40, we have thus finished the proof of the claim.

Step 2: Control of the stable directions
Claim 5.17. We have forall k € {1,...,N}, forallt € [T(a),S,],
|as i (1)] < Cem ()1,

Proof. Due to Claim 5.16 and (5.12), we obtain

d
27 k(D) —eran ()| < Ce et

that is, for all ¢t € [T (a), S,.],
|(e_ekta+ k(l‘)H < Ce—(ej+ek+4(r)t.
Integrating, we deduce that for all ¢ € [T (a), S,],
e @k (S) = € i (1)] < Cem(Crretor,

Thus,
|y k(1) < aw x (Sn)| + Celejtdon)

From Claim 5.14 and Lemma 5.2, we have

sk (Sn)| < Ce™275n b

< Ce—ZO'Sne—(ej+20')Sn

< Ce_(ej+4(r)t.

Consequently, Claim 5.17 indeed holds.

0+0=0 if+=+

(5.15)

(5.16)
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Step 3: Control of the unstable directions for £ < j

Claim 5.18. We have forall k € {1,...,j}, forallt € [T(a), S,],
ok (1)] < Cemle**), (5.17)

Proof. As in the preceding step, we have forall k € {1,...,N} and t € [T(a), S,],

d
2Ok (1) + exa_ i (1)| < Ce™(eit4o)t, (5.18)

which writes also
|(€ekt(l_ k(t))/| < Ce(ek—ej+40')t‘

For k < j, we have e; < e}, and so by integration, we obtain
lo_ k(1) < e D a1 (S,)] + Ce @+t
But again from Claim 5.14 and Lemma 5.2, we infer
£k (Sn=1) lo— x (Sp)| < Ce®* (Sn=1) =2¥Sn ,=(ej+20) Sy,
< CeSn1(ex—ej) ,=ejt ;=40 Sn
< Ce ettt

Thus
Vke {1, . ,j}, Vte [T((I),Sn]’ |a/_’k([)| < Ce—(€j+40')t'

Step 4: Control of a Lyapunov functional satisfying a coercivity property Let us consider

vy: R —- R
X %Arctan(e‘x).

We define forallk=1,...,N -1,

ntron) = 2 x - P20 -

Vi

_ ﬁn(k) +,877(k+1) i Xn(k) T Xn(k+1) ))

and then

¢1(2) =y (1)
Or(t) = (t) =Yg (¢t) forallk =2,...,N—1,
N (1) =1—yn-1(D).

Recall that the permutation n has been chosen so that —1 < 8,,(1) <--- < B,(n) < L.

Now, let us introduce for all k € {1,..., N}

Fw k(1) = /R (W% +(0w1)? + w3 = f(Qyr))WT + 2,3n(k)3xW1W2) Pr dx,
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and

N
Fw (1) = ) Fw i (0).
k=1

By means of Proposition 5.10 and a usual localization argument [80], we obtain that Fy is
coercive on a subspace of H'! x L? of finite codimension. More precisely, there exists y > 0 such
that

N
T (1) 2 {IWOIZ 1= = (W BRI+ (W, Zo )+ (W, Z-0)%) (5.19)

k=1

==

We state the following control about the derivative of Fy :

Claim 5.19. For t( large and for allt € [T (a), S,],

C
@llWlliprz- (5.20)

Proof. Let us rewrite Fw i differently, using the notations developed in the introduction. Relying
on integrations by parts, our computations lead to:

d
ETWO) <

1
(HyoyW)pr, W) = Fw « (1) - 3 /W%a;%fﬁk dx + By k) /W1W23x¢k dx.
R R

Thus

1
Fw k(1) = ((Hy W), W) + O (—||W||2 ) : (5.21)

\/; H!xL?

We immediately have

d
E<(Hn(k)W)¢k’ W) = ((Hy W)k, ;W) + (0: (Hyy 1y W) bic, W) + ((H 1y W) 01 i, W).
Besides

<at(H7](k)W)¢k’ W> + <(H77(k)W)at¢kv W>

144 1
= ((Hy(t)0W) i W) + By | 0x0n £ ( Q) Wik dx + O (— W3,
R \/; H'XL
144 1
= (Hy(i) (OW), W) + By | 0xQuii S (Qu))widk dx +O [ —IIWI1Z,, . |-
R Vi
Since H,, (k) is a self-adjoint operator, we have

(Hyk) (0:W), Wi) = (0:W, Hyy (1) (W)

By a straightforward calculation, we have moreover

(Hyy(Woi), 0:W) = (Hy; (1) W) bi, 0:W) + O (iHWll2 ) .

\/; H!xIL?
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At this stage, we thus obtain

d
E((Hn(k) W)ér, W) = 2((H iy W) bk, 0, W)

144 1
+ Bk) /R@xQn(k)f (Q (k) Wik dx+0($||W||3,1xLz)-

Now, by (5.13), we write
((HyioW)pe, W) =1L+ L+ 13

where

- Tr(k) 0 0 1d
11"<( 0 Id)W¢"’(a§—1d+f’(¢) 0 )W>

by denoting T; = =92 + Id — f'(Q;) foralli=1,...,N,

i 0 -o, 0 1d
r '_ﬁ"(k)<( & 0 )W¢k’(—Tn<k>+f’(<p)—f'(Qn<k>) 0 )W>

and
—eit 0x 1d
13 = A_]e J <(H77(k)W)¢k’( 6)%—I§J+f’(Q]) ﬁ]ax )Y+,]>
0 0
* <(H'7<'<>W)¢k’ it ( F@=1Q) 0 )Y*’f> |

Let us deal with I: we observe that

Ty O 0 Id
1 Too ) W, ( ) W>
! <( 0 1d P Ty + f'(@) = f(Qnuy) 0
B <W( 0 1d )\ Ty o |V +O("’ ”W”H%z)

_ 0 Ty (k) (—4m 2 )
= g T e w0 (et IwE,

1
— 2 2 2
_—'/RwlaxWQ(bk dx+/szaxW1¢k dx+0($||W||Hle2)

1 2
=0 (@”W”Hlxﬁ) .

We have

_ 0 —0x 0 Id —(ej+4o)t
IZ—IBU(k) <( 0 0 )W¢ke( _Tn(k) 0 )W>+O(e J ||W||H1><L2)

== Bk /3xW2W2¢k dx + By (k) /@Wl(aﬁwl —wi+ f(Qyk)w1)dr dx
R R

+0 (e W 1,2
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ﬁ (k) ” 1 —\ej
:_UT'/R:W%GXQﬁn(k)f (OB, )Pk dx +0O @”W”qu*e Wil |-

In addition, we have
L=Aje " ((HyW)br, I Zs j + e;Ys ) + O (e‘<4“+ef>f||W||Hlez)
=Aje " ((Wok, — k) Zs,j) + €W, Hyi) Y k)

1 2 —(do+e))t
+O($”W”Hlez+e THEIHW N e

1 _ )
:0(—||W||i,.XL2 +e “C’*eﬂ’nwnmxu).

Vi

Note that the last line of the previous equality is a consequence of the following observation: if
n(k) = j,wehave 7, ; =e;Z, jand H;Y, ; = Z, ; so that

Aje " (Wi, =Hya) Zu.j) + €W i Hyyio Y. )) = 0.
If n(k) # j, we have
AjeCit ((Wr, =) Zs.j) + €[ (Wi, Hy( Y+ j)) = O (8_(ej+4a)t||W||H1xL2) :

Gathering the preceding computations yields

d
‘Efw,k(l)

1 (e
< €[+ W 15).
hence the expected claim, by summing on k. O
Step 5: Control of the directions §,R; To obtain a control of the scalar products (W, d,Ry)

which is more precise than the a priori control by ||W|| 12, let us introduce the following mod-
ulated variable W:

N
W) =W(@) + Z ar ()0 Ri (1), (5.22)
k=1

where ay (1) € R, k = 1,...,N are chosen so that forall I = 1,..., N, (W(z), 0,R;(¢)) = 0.
Existence and uniqueness of the family (ax (#))xe(1,.... v} are justified by the fact that the (interac-
tion) N X N-matrix with generic entry (0 Ry (t), dxR;(t)) is invertible for ¢ large enough.

Notice that

lak ()] < CIW ()|l gg1xp2 < Ce™ @), (5.23)

The functional Fy (1), defined as F (¢) by changing W in W, satisfies the following coercivity
property:
N
W0, < C (?’w(t) + (. Ze )P + (W, z_,k>2)) . (5.24)
k=1
We have

H!xIL?

T (1) < Fw (1) + O (e IW 12,1,
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and we have moreover by Proposition 5.11 and (5.22).
<W, ym k>2 < ai L+ e~2ej+50)1

Claim 5.20 (Estimate on W). We have

~ 1 B )
Ve [T(a),Sul, WO, - < 7 (2ej420)1

159

Proof. Let t belong to [T(a),S,]. We obtain by (5.24) and by integration of (5.20) on [z, +o0)

(which is indeed possible by definition of 7'(«)) that

- c .. o
W31, < @e 2(ej+o)t +Czaik + Co2lej+ha)t
+,k

Using the estimate on . ; provided by the definition of 7'(a) and Claim 5.17, we then infer:
H!xL? =

”W([)”z < £e—2(6j+0')t +C€_(26j+40—)t'
\t

This concludes the proof of the claim.

Claim 5.21 (Control of the modulation parameters). We have forall k =1,..., N,

C
Vte [T(C(),Sn], |ak([)| < _le_(ej-Hr)t-
ta

Proof. By definition of the modulation parameters ay, we have (W, d,R) = 0. Thus, we have by

differentiation with respect to ¢:
(W, dxRic) + (W, 0,0<Ri) = 0.
By Proposition 5.11, we have for [ # k,
(OxR1, 0xRi) = O (7)

and for all /,
(8,0.R1, 0, Ry) = O (6_4(”) .

We deduce that
@} (1)(0Ri ORK) + (O W, O Ri) + (W, 0,0:Rk) = O (e W (1) g2 -

‘We have in addition

<W’( 0 92-1Id+ f'(¢)

14 0 )6ka>+(W, OrxRi) = O (IIWllg1xr2) -

‘What is more,
|Aje e (Ve j, 0xRi)| < Ce ettt
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again by Proposition 5.11.
Hence,

la, (t)] < CIIW ()|l g1y + Ce™ e+

< Ele—(ej+(r)t +e—(ej+30')t'
t4

O

Now, gathering (5.22), Claim 5.20, and Claim 5.21, we immediately deduce the expected esti-
mate of ||W|| 512, which ends the proof of Lemma 5.3.

Control of the unstable directions for £ > j and end of the proof

To control @— = (a- ) j<k<N and eventually obtain the following statement, we resort to a classical
topological argument, already set up in [11] and initially developed by Cote, Martel and Merle [19].

Lemma 5.4. For tq large enough, there exists a € Bgn-; (e~ €*27)S%) such that T (a) = 1.
The proof follows that of Combet [11]. We write it below for the sake of completeness.

Proof. We first choose ty sufficiently large such that %0 <

Jio < % Then, we have by Lemma 5.3

1
Vi T(@.Sals  IWOllgie < 5e7 ",

Assume, for the sake of contradiction, that for all a € Bgpn-;(e”(¢i*29)Sm) T(a) > 1y. As
IW(T ()|l gixr2 < %e‘(ef“’)T(“), by definition of 7'(a) and continuity of the flow, we have:

la—(T ()] = 1.
(We recall that @_(7) = (a— x(?)) j<x<n.) In other words, the map

M Byn-j(em@29)Sn)  — Spnoj (e (€ 2)Sn)
a — e (€20 (Sn-T(@) oy _(T(qa))

is well-defined. Now, we aim at showing that M is continuous and that its restriction to Sgn—; (e~ (¢7 +27)5n)
is the identity.

Let T € [Ty, T(a)] be such that W is defined on [T, S,,] and, by continuity,
VielT,Sal, Wiz < 1.

We consider, for all ¢t € [T, S, ]:
) 2
N(1) = N(a_()) = ”e(ef+ ‘T>’a_(z)H .
Claim 5.22. For tg large enough, and for all t € [T, S, ] such that N (t) = 1, we have:

N'(1) < —(ejs1 —ej —20).
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Proof of Claim 5.22. Letus start from estimate (5.18): forall k € {j+1,..., N}, forallt € [T, S,],

< Ce—(6j+40')[‘

d +
—Q_tera_ i
dt

Thus we obtain forall k € {j +1,...,N},

-k + ej+1a%’k <a_jp—a_i+ ekcx%’k < Ce_(ef+4o')t|a/_,k|.

dt dt
Then, summingon k € {j +1,..., N} leads to

(lo-P) + 2¢O < Cem @™ a_(0)].
Therefore we can estimate:
N'(1) = 2200 [2(e 4 20l (P + (Ja-()F) |
< e2ler2olt [2(e 20 e (D) = 2ej1la—(0))? + Ce™ it o _(1)]| .
Hence we have for all t € |T, S,,],
N'(t) < =ON(t) + Cea_(1)|,

where 6 = 2(e;1 — e; — 207) > 0 by definition of o-. In particular, for all 7 € [T, S,,] satisfying
N(t) =1, we have:

N'(T) < =0+ Ce®T|a_(t)| < =0+ Ce®Te (42T < _g 4 Ce™27M0,

Now, we fix 7o large enough such that Ce™27% < g Thus for all T € [T, S,,] such that N (1) =1,
we have

, 0
N (T) < —5.

O

Finally, we claim that a + 7'(a) is continuous. Indeed, let € > 0. By definition of 7'(a) and
by Claim 5.22, there exists 6 > 0 such that for all t € [T(a) + &,S,], N(t) < 1 =, and such
that N(T(a) — &) > 1 + 4. But from continuity of the flow, there exists > 0 such that for all a
satisfying ||a — a|| < 7, we have

Vie[T(a)—¢,S,], IN(@) — N(a)] <

N

We finally deduce that
T(a)—e<T(d) <T(a)+e.

Hence, a +— T'(a) is continuous.

We then obtain that the map M is continuous. What is more, for a € Sgn-; (e~ (€/*27)S) as
N’(S,) < —(ejs1 —ej —20) <0, we then deduce by definition of T'(a) that 7 (a) = S,,, and thus,
M(a) = a.

The existence of such a map M contradicts Brouwer’s fixed point theorem. Thus, we have finished
proving Lemma 5.4.
m]
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5.3 Classification under condition of the multi-solitons of (NLKG)

Let N > 2and xy,...,xnN, B1,...,8n be 2N parameters as in Theorem 5.2. Let U be a solution
of (NLKG) such that
y 1
U(t) - Z Rg, (1) =0 (t_“) as f — +4oo (5.25)
i=1 H'xL?
for some a > 3.
The goal of this section is to prove the existence of Aj,..., Ay € R such that
U=®4,,. Ay

Here again, we make the proof for d = 1.
We denote by ¢ a multi-soliton solution associated with these parameters, satisfying (5.7) and

(OBES ( ¢ ) Let us consider Z :=U —® = (; ) Obviously,
tZ

Org

a

1
2002 =0 () s 1 4o
Our first objective is to improve this comparison, and namely to pass from the polynomial decay
to an exponential one.
5.3.1 Exponential convergence to 0 at speed ¢; of || Z(7)|| 152
Introduction of a new variable by modulation

In a standard way, we modulate the variable Z in order to obtain suitable orthogonality proper-
ties, making it possible to obtain crucial estimates when we apply the spectral theory available for
(NLKG).

Lemma 5.5. There exists to > 0 and €' functions a; : [to, +00) — R and b; : [ty, +o0) — R for
alli=1,...,N such that, defining

N N
E:=7- Z a;O0R; — Z biY, ;,
1 i=1

i

we have foralli =1,...,N and forall t > ty:
(E(t),0xRi(1)) =0 (5.26)
(E(t),Z_ (1)) =0. (5.27)
Moreover, we have foralli =1,...,N:
(1) = T (20, 0K (0) +0 (7 Z (528)
bi() = (20, Z-4(0) + O (¢ Zll 12 (5.29)

Proof. This lemma follows from the consideration of the system with unknown variables a; and
b; which is obtained by replacing E by its definition in (5.26) and (5.27). See also [16] for similar
considerations in the case of modulation for the nonlinear Schrodinger equations. O
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Control of the Z, ; and Z_ ; directions
Define @, ; :=(Z,Z. ;) foralli=1,...,N. We claim:

Lemma 5.6. The following bounds hold: foralli =1,...,N, forallt > ty,
0L (1) F eran i (D] < C (™7 N Zllgrisrz + 1211y ) -

HlxL?

Proof. The proof is in a similar fashion as that of Claim 5.16. We note that

0 1d 0
8[Z= , Z
( 2-1d+f'(g) 0 ) ' (f(u)—f(cp)—(u—cp)f’(so))
and that | f(u) — (@) — (u—@) f'(¢)| < Clu—¢|> < C||Z||i11xL2. Thus fori =1,..., N, we have

a-,_+—,i =0 Z,Z+;) +(Z,0:Zx )

= <( 62—1d0+f,((,0) I(()j )ZaZi,i>_Bi<z’axzi,i>+O(”Z||%_11><L2)

- —Bidx 03 —Id + f'(Q:) 0 f'(¢) = f(Qi)
e (T el 0 T )
+0(IZ131,,)

= (Z,2eiZe) + O (4 N Zl gz + 12021 ) -

m]
Control of the remaining modulation parameters
Lemma 5.7. Foralli=1,...,N, we have
a1 < € (IEmeze + 1213 1,,2) - (5.30)

Proof. We do not detail the proof of this lemma which is similar to Claim 5.21. It suffices to start
by differentiating the orthogonality relation (E, (R;),) = 0 with respect to ¢ and then to control
terms by means of ||E||giyz2- O

Study of a Lyapunov functional

Taking some inspiration in [76, 110, 111], we consider for all ¢ > #g:

F= (1) ::/{axz2+8tzz+zz—f'(<p)zz} dx+2/)(axzatz dx,
R R

where y is defined as follows.
To begin with, recall that the parameters are ordered in such a way: —1 < B, < -+ <
By(n)y < 1; let us denote, for some small 6 > 0 which will be determined later:

l; = B +6 (Bnast) = Buay)
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L=Byu—0 (ﬁn(i+1) _ﬁn(i)) :

We then define for all ¢+ > 7y and for all x € R:

Bnn if x e (—o0,lit]
B it x e [[;1,1it]
x(t,x) = Bn(n) if xe [Z_Nl,+00)

X 0

(1 —25)l‘ - 1-25 (ﬁ:](i) +ﬁ71(i+1)) if xe [l_it,élq_lt],i € {1,---,N_ 1}-

For all t > 1o, x(t) is a piecewise €' function.
Set Q(t) := Ui’\i | (I;t,1..1). It follows from the definition of y that

Zi+1

Ay (t,%) = dex(t,x) =0 ifx e Q(r)C

1 X
Oxx(t,x) = ———, Ox(t,x)=—7— if Q(1).
M) = s () =~ X Q)
Lemma 5.8. There exists y > 0 such that
T (1) = 2/ 0x20, 20y x dx — {(8i2)* + (0x2)* =22 + £/ ()2} Oxx dx
Q(r) Q(r)

+0/(eNZI1 0 + 1201 2) - 53D

Proof. We essentially have to use the identity 67z = 92z — z + f(u) — f(¢) in the expression of

7 (1).

We compute

F (1) = Z/R
2

/XthZt dx + Z/XZxZn dx + 2/)(zxtzt dx
R R R (5.32)

:Z/Zz (mzxx + 2 +2- f(9)2) dx+2/XszZt dx
R R

7’ 1 144
Uxix + 2 + 22— [ (@)zez — E‘Ptf (‘P)Zz} dx

+

+2 / on e = 24 ) = F(9)) dx - / N f o (9)2 dx
R R R
Notice that

/R 2 (~zex+ 2+ 2 f1(9)2) dr = /R 2 (f) = £(9) = £/(9)2) dx =0 (I1ZI1,.)
(5.33)
and

[ G =ston de= [ xat @z de+0(121,,0). (534)

Hence, collecting (5.32), (5.33), and (5.34),
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F, (1) :2/thxzt dx—/)(x(z§+z,2—z2) dx
R R
- [ 2 s @)+ xon () di- / e f ()2 dx +0 (121, ,)
. (5.35)
ZZ/Zth)(t dx—‘/{zi+zf_22+f/(¢)zz}/\/x dx
/ 27(¢) (g + ) de 0 (1210

Lastly, observe that

[ #1"@erxo) ds = Z L2170 (R xR0 ds+0 (1215 .,,0)
- I+J+O(||Z||Hle2)

where

: Z / 217(6) (RO + (o)) d

N Iit
ZZ [ 2 (R as

On the one hand,

N It
%) / 2£7(0) (R + x(Re)s) d

i=1 k=1

20

Iit
=3 [ 2 (Ruo 1 Rys) v O (2] O

i=1 YL

=0 (e ZI, )
Indeed, for all x € [[,(2), I;t], we have (Ryi))e(t,x) +)((t,x)(R,7(,-))x_(t,x) =0
On the other, for x € Q(t), there exists k¢ € {1,..., N} such that [t <x <[, 1.
Then

(I = Bt < x = Bt < (Liyy — Bio)t
and thus
|x = Bit| > 6 11’1’111’1 {ﬁ71(1+1) ﬂl](j)}t > 0.

.....

As a consequence, we have for all x € Q(t)

|(Ri)x(t,x)| < Ce™ 9 1x—Brtl

5.37
< Ce™, ( )

where 0 <y < odmin;=; _ N-1{By(+1) = Bn(j)}-
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Hence
1] < Ce™ N1 ZI G, (5.38)
Finally we gather (5.35), (5.36), and (5.38) in order to obtain (5.31). O

Let us introduce the components € and &; of the vector
£ ( & =2-2; {ai0xQi + bi(Yei 1} )
&2 1= 0z — X; {ai(—Bidxx Qi) + bi(Yi1)2}
Corollary 5.9. We have

(1) = 2/ Ex&rx; dx — {s% +si —&*+ f'(tp)sz})(x dx
Q(1) Q(1)

+0(eNZI 10+ 1Z0y12) - (539)

Proof. The corollary immediately follows from (5.31) and bounds for the derivatives of Ry and
Y, r which are analogous to (5.37). O

In the spirit of [76, Proposition 4.2], we will state an almost monotonicity property satisfied by
.. Let us define

Fe.r)(1) ::/ : {si +£% +2ng32} dx.
Q(t

Let A € (1,@ — 1). The choice of A is linked with the integrability of particular quantities and
will appear naturally later.

Proposition 5.23. There exists 6 > 0 and to > 0 such that for all t > t,
, A _
—F0) < e (1) + O (e NZI3 g0 +1Z15p1,2) (5.40)

Proof. Since f’(0) = 0 and f” is continuous, there exists 79 > 0 such that for all » € [0, rg],

|f'(r)| < 1. There exists K > 0 (independent of ) such that for all # > 7 and for all x € Q(¢),

|o(t,x)| < Ke™". Even if it means increasing 7y, we can assume that Ke™ " < rg for all 7 > t.
In addition y, > 0. Thus, for ¢ > ),

—2/ ExEXt dx+/ {8i+8§—82+f,((,0)82}/\/x dx
Q(t) Q(t)
< —2/ ExELXt dx+/ {si +8%}){x dx.
Q1) Q(t)
Moreover,
2, .2 1 X 2,2
-2 ExEr): dx + {sx + 82} Xx dX = ——— {28x82— +ep + 82} dx
Q) Q) (1=20)t Joq t

1 X
S 2 . ) dx) .
=20 (7:8,90)'{' /g(,)(t X)exer X)
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Now, for x € Q(z), we have

X 1 0
X{1- 2 max |8;
r( 1—25)‘+1—25X max 5|
§26(|);C|+C)

< C¢.

-

Thus,
2

T35 oy (7 =) o562 83 = O (1B ).

Noticing moreover that

oo > / (8 ee) a2l / 6162 dx
Q(t

Q(t)

> [ g} dr- Ol [ {24} ds
Q(t) Q(t)

2 (1 - ”X(t)“oo) ”EH?‘IIXLZ(Q(I‘))’

we obtain )
X
R - - dx =0 (o0 .
=357 oy (5 7)1 400 )
Finally,
, I )
T < g5, 1+ 00D Teain +0 (e 12010+ 12112

A _
< SFeain + O (721100 + 1210

provided ¢ is chosen small enough.

‘We now introduce the functional
Fe(t) := / {gi +3% +e2 - f’((p)gz} dx+2/)(3x82 dx
R R

and compare it with 7.

Lemma 5.10. We have
N

Folt) = Fo() =2 ) (e () + G(0),

i=1
where G(1) = O (e I1ZI2,. ) and 6'(1) = O (e 711, o)

-02+1d-f'(¢) 0O

Proof. Let M be the matrix ( 0 1d

position

o 0 Bidk 1(Qi) - f(e) 0
et 0, o[ @50 0)

167

). Foralli =1,..., N, we have the decom-

(5.41)
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Then we infer
Fe(t) =(ME,E) +2/,\(8x82 dx
R
=(MZ,7) —2<M

N
Z {ai(R)x+ biY+,i}) ,Z>
=1

+ <M

N N
Z{ai(Ri)x+biY+,i})yz{aj(Rj)X+ij+,j}>
i=1 =1
N ' N
2 xtd 2 i i)xx bi +,i)1,x ] i) xt bj +,j d.
+2 [ yesz de+ /R)(;{a(Q) i} D (s 40,00 1}

N N
2 /Rmx D {ai(Q0 + it} ds =2 /Rﬂt 2 {a(@ex # bilVeiiach v
N
= Fo(t) =2 bi(Zei Z) + G (1)
i=1

N
= F(1) =2 ai(Daei(t) + G (1),

i=1

with
0 a Frid2x (f"(Qi) = [ (@) (Ye,i
MY+,i = Z+,z +ﬁl(_(Y+,[)1,x) + ( 0 )
N — _ﬁ?(Qi)xxx) ((f’(Ql) - f,(go))(Ql)x)
M(Rl)x - ( _ﬁi(Qi)xx ¥ 0 ’
and
G(t) -_9 i ) _ﬂjz(Qi)xxx " bﬂ (Y+,i)2,x 7 +O( _7’||Z||2 )
I VA B W10 TS Rl SR AN T ) ¢ 1

+

N _R2(0. .
I s R el RCERRCS)

i=1

+2 X (ai(Qi)xx + bi(Yei)1,x) (—Biai(Qi)xx + bi(Yi)2) dx

M=
S~

i=1

N
- 22 /XZx (—Biai(Qi)xx + bi(Ys)2) dx — 22 /XZI (ai(Qi)xx + bi(Ye)1,x) dx.
i=1 i=1 /R

R

Integrating by parts, we obtain
/XZx (—Biai(Qi)xx + bi(Ys;)2) dx
R

= —/RXZ (=Biai(Qi)xxx + bi(Ye)2,x) dx — /R)(xz (=Biai(Qi)xx + bi(Ys,1)2) dx.
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Consequently,

N
6 =-2) a [ (=) (B2 @i)uws + 2(Q1))
i=1 R
N
— 2; bi ‘[R()( _ﬁi) (_Z(Y+,i)2,x +ZI(Y+,i)1’x) dx
al N
2 ; aibi .[R('Bi = X)(Qi)yy dx +2 ; b; /R(ﬁi = X)(Yei)1 (Yy,i)2,x
+ ZZ / Xx2 (_ﬁiai(Qi)xx + bi(Y+,i)2) dx

N
+2 3 aib; / O = B1) (=B (Vo)1 +(Qi)x + (Q0)ax (Ye)a) dx 40 (¢ N1ZI20,,0)
i=1 R
- )72
=0 (1211 2) -
O
We deduce from Proposition 5.23 and Lemma 5.10 the following "weak" monotonicity prop-
erty.
Corollary 5.11. We have for all t > ty,

N
, A C _
T < ST+ = ) a4 O (e NZI 1 pn + 12000 (5.42)
i=1
Proof. From Lemma 5.6, we obtain: foralli =1,...,N, forall t > 7,
(o) < € (e7NZI2 1 a + 12012 (5.43)

Thus, we have

) =0 423 (i) 40 (e 1Z1P)

i=1

A -
< SFeain + O (N2 + 1210

We now make use of the following property satisfied by ¥ which is a consequence of a local-
ized version of Proposition 5.9 (we refer to [ 76, proof of (4.12) and (4.21)] for similar considerations
in the case of the energy-critical wave equation):

N
Feoi) < Felt) +C D (e, Z01), (5.44)
i=1

to deduce that

H!xL?

N
, % C _
~FL(t) < ?TE(I) +— ;ai,— +0 (e 211z 121 ) .
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We are now in a position to prove

Proposition 5.24. Even if it means taking a larger ty, we have for all t > t,

1Z ()l < CsupZ i (1) (5.45)

t'>t

Proof. Multiplying the estimate obtained in Corollary 5.11 by ¢4, we have for all ¢ > to,

N
—(1'F) () < C[ ) el e N ZIR, .+t IIZIIHlez)

i=1

Since, t4! 2 t/l||Z || , are integrable functions of 7 on [#g, +c0) and t1F,(t) — 0 ast — +oo,
we infer that

N

1 +oo , 1 oo , ’

/IZ/ a2 () di’ + / tNZE), 0 A + e supIIZ(t)IIHlez)
i=1 71 !

Fe(t) <C
t'>t
(5.46)
By the coercivity property satisfied by 7., we thus obtain
”E(t)”HlXLZ < C (?dg(t) + Z C¥+ 1(t) +e 2yr||Z(t)“Hl><L2)
N o0
<SS [Trmaaar s S [T ez
- t/l —l J, [{IXL2
1=
+Ce sup || Z(1)1%1, 0+ C Z a2 (1)
t' >t —
In other words, there exists C > 0 such that for all ¢ > 7o,
c [ e N 5 N 5
IE@ g1z < ( / Y () dz') +C Zai,,m)
A i< i=1 (5.47)

|
C +00 , , 2 _Y ’
+—= (./ Yz )||H1><L2 dt ) +Ce 2" sup | Z() || gixra.
'

12 t'>t
From Lemma 5.6 we recall the estimate
@ (1) = e (O] < € (e NZW ez +1ZOI 1)
which is equivalent to
(e ) (0] = Ce™ (e NZ(N) gz + 12D 1,02

Integrating the preceding inequality (which is indeed possible), we deduce:

t'>t t'>t

i ()] < C ( A up 12 Lgrrg + sup | Z (7 >||H1XL2) (5.48)
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Now,

N
NZO sz < NEDlgigzz + € Y law i (0] +C D lai(0)] + Ce ™ | Z(0) |-
i,+

i=1

By Lemma 5.7, it follows that

I1ZDlgixz2 < €

+o00
B rness+ Y lasaOl+ [ (VEC s + 1260y dz') .

(5.49)
Observing that the quantity ft e |1Z(t')|| ;1572 dt’ makes sense and tends to 0 as ¢ — +oo (because
a > 1) and that

+00 +oo
/ I1Z(t)I315 g2 dt’ < sup IIZ(I')IIHleZ/ IZ(E) N fr1xr2 dt,
t t

t'>t

we deduce that for ¢ sufficiently large

1ZOllg1xe2 < €

+00
SUp [|E (1) |12 + / HE() ez de’ +sup Y Jawi(1)]| . (5.50)
>t t

I

Now, in order to obtain an estimate of ||E ()| 12 and of /:oo IE ()| 1% di’ in terms of
IZ()||gg1z2 and sup, s, |Z(t") || g1xz2, We replace (5.48) in (5.47). We notice that the following
well-defined quantities tend to 0 as ¢+ — +oo (because @ > 3 and by the choice of 4 < @ — 1):

+00 o
[ s iz e ars [ sup 126 a
: t

">t ">t

+00 +001 +00
/ FNZE e di's / L / 7 sup 124 i) du
t t 2 u

u l/’Zl‘/
+001 +00 %
/ 7(/ t”l||Z(t’)||Hlezdt’) du.
t uz u

and use (5.50). We then obtain for ¢ sufficiently large

(Sl

N
1Z@O |2 < Csup ) i (1)].
=

Then, we claim
Proposition 5.25. We have for allt > ty, foralli=1,...,N,

lo_;(1)] < Ce™®". (5.51)
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Proof. From Lemma 5.6 and Proposition 5.24, it results that forall i = 1,..., N, forall r > ¢g,

2

la’ (1) +eja_ (1) < C| e sup2|a S+ sulea SN |- (5.52)

t'>t

Then, foralli=1,...,N,
2

N N
o (i (1) + g0 ; (1] < Cle™ sup Y Ja () la—i(®)] +sup| Y o ()] | lai(0)] |-
t’'>t >t \
= j=1 ="\ j=1

(5.53)
Let us denote A := Zjv:l a/z’j. Summing oni = 1,..., N, we have in particular:

A (1) +2e1A(1)| < Ce™ supZm_,(zn Zm ROYe supZm S Zm (@)l

V>t
N 2
Noticing that ( ey o |) < CA, we obtain the existence of ¢ > 0 such that for all ¢ > 1y,

|A' () +2e,A(1)] < C (e_‘” + ﬂ(t)%) sup A(1).

t'>t

Lastly we observe that & : 7 +— e~ 7" + A(1)2 2 is integrable on [7g, +co) since

[
A} =0 (||Z(r>||H]XL2)= (i)

By Lemma 5.26 in Appendix, we obtain A(t) < Ce 2! for t > to. Consequently, for all i =
I,...,N,
la_;(1)] < Ce .

Gathering Propositions 5.24 and 5.25, we deduce

Proposition 5.26. There exists C > 0 such that for t sufficiently large,

1Z(O) |1z < Ce@".

5.3.2 Identification of the solution

Recall that we have constructed in Section 5.2 a family of multi-solitons (¢4,
all j=1,...,N,forall t > 19,

Ax ) such that for

.....

[@ar...n; () = a4, (1) = Aje™ 'Yy (D)1, 2 < Ce™ " (5.54)

(We can always assume that oo < min {el, min;—  n{e; — ej_l}}).
Following the strategy of Combet [11], our goal is to establish
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Proposition 5.27. Forall j = 1,...,N, there exist C > 0, to > 0, and Ay, ..., A € R such that,
defining

we have:
IE; ()|l gisre < Ce ', (5.55)
Moreover, denoting ax jx ={Ej,Zs ) forallk =1,...,N, we have
Vke{l,...,j}, e“a_ () >0, ast— +oo. (5.56)

Proof. We proceed by induction on j. First, we focus on the case where j = 1.
We have || Z(1)|| 1472 < Ce ¢! by Proposition 5.26. Thus, by Lemma 5.6 and given that o~ < ey,

|(e“"a1)| < Ce™".
Since 1 +— e~ 7" is integrable in +oo, there exists A; € R such that
ea_1(t) - Ay, ast — +oo,
We then define E| := U — ®4,. We notice that E| = E + (® — @y, ) so that

NEV(Ogixre S NEO sz + 1P() — Pa, ()| gixr2
S Ce M+ || Dy, (1) —D(1) — Are Yo 1 (D)l griser2 + A1V Y 1 (D 12
< Ce™ @,

Moreover
@11 =(E, Z_1) + (@ = Dp, —A1e™ VY, 1, Z_ 1)+ Are (Yo 1, Z2 1)
=—a_1+A1e"+0 (e_(e'm')t)
=o (e,

the last line resulting from the definition of A;.
Thus Proposition 5.27 is true for j = 1.

We now assume that there exist A,...,A;_1 € R such that [|[E;j_;(7)||g1xz2 < Ce™%~'" and
forallk =1,...,j =1, e*"a_j_1 x(t) = O0ast — +oo.
Let us show

Claim 5.28. We have
NE -1 (Dl g < Ce™,

* To prove this claim, we show that, if [|E;_1(¢)|| < Ce™7%" withe;_; < 0 < e; — o, then

”EJ'—I(I)HHIXLz < Ce‘(‘7+f70)t.

_ - 2
Cl’_’_'_’j_l’k(t) + eka’i,j—l,k(t)|| <C (e (rlHEj—l(t)”Hlez + “Ej—l(t)”Hlez)



174

CHAPTER 5. ASYMPTOTIC N-SOLITON-LIKE SOLUTIONS OF (NLKG)
< Ce—(o’+0’0)t

(by the same calculations and arguments as those developed in the proof of Lemma 5.6), we
have forallk =1,...,j -1,

|(€ektal_,j_1’k),| S Ce_(o—+o—0_ek)t.

Since 1 > e~ (7*+90=€k)! js integrable in the neighborhood of +co (since ex < e j-1), and by
assumption, e“*’a@_ ;_j x (1) — 0 as t — +oo, we have by integration

ja—j-1.x(1)] < Cem (o0,

Forall k = j,..., N, we have o + 0 — ex < 0+ 09— e; <0, thus by integration on [zo, 7],
we obtain
|eek’a_,j_1,k(t) - ee"’oa_,j_l,k(to)’ < Celex—o0=0)t

Eventually, we obtain (by a "cut-and-paste” of the argument exposed in subsection 5.3.1)

N
IEj 1 (D |z < Csup D lae j1 4 ()] < Ce 7+,
2t

which is what was expected.

Now, from the preceding induction, there exists & € (e j—o,e j) such that
IEj1 (D)l iz < Ce™ 7,

from which we deduce
|(eekta'—,j—l,k)/| < Ce—(0'+5'0—ek)t‘

Now, fork € {1,...,j—1},ex —0 -9 < ej_1 — 0 —e; <0, we thus have
la_j—1x(1)] < Ce™ (T < Cemeit,
For k = j, we have |(e“/a_ j_1 ;)| < Cel€i=00=)t Thus, there exists A; € R such that

ejt
e’ a_,j_l,j(t) - Aj, ast — +oo.

Fork € {j+1,...,N}, wehave o + 09 — ex < 0 +¢; — ey <0, thus by integration

la— j-1.x(B)] < Ce ¢! 4 Ce~ (P07t

< Ce 91,
Hence,

N
||Ej—1(l)||Hl><L2 < CSupZ |a'—,j—1,}<(t')| < Ce ¢,
=



5.3. CLASSIFICATION UNDER CONDITION OF THE MULTI-SOLITONS OF (NLKG) 175

Let us conclude the proof of Proposition 5.27. We define at this stage E; := U — @4,
immediately have

Aj- We

.....

Ej(t) =Ej1(1) +@a, A, (1) = DPa,,._a;(1).

Then,

NE;j(Olgisze € NEj-1 (Dl i + 1Pa,..oa, (1) = P4, (1) = Aje™ 'Yy j(O) | g2
+[|Aje Y, j (D)l gixs2
< Ce™ et

What is more,

a_j (1) =(Ej(t), Z_ (1))
=a-j1k(t) = Aje (Vs j, Z_ k) + O (e‘(“f“’)’) .

Fork =1,...,j — 1, we have:

e j k()] < Ce a1 (1)] + O (e7lesmers)r)

< Celes=e)t —, (.
t—+00

For k = j,
eef’a/_,j,j(t) = €ejta_,j_1’j(l) - Aj + O(e_o—l) — 0.

t—+00

This finishes the induction argument. O

Finally we obtain that U = ®4, 4, by means of

.....

Corollary 5.12. For t sufficiently large, ||En (t)||gixz2 = O.
Proof. As in the preceding proofs, the following bounds hold:

N
EN ()ll1xz2 < Csup Y e (1) (5.57)
t'>t im1

and
oy (1) +eia N (D] < C e NEN Ol sz + 1EN ONF1,.2) - (5.58)
A H'xL
We observe that 1 +— €’ (e“”HEN Dl gixr2 + |1En (t)||ille2) is integrable on [7¢, +00); this is
due to the fact that ||En (¢)||g1xz2 < Ce™®N'. Since foralli = 1,...,N, e’a_ n (f) — 0 as

t — +o0, we obtain by integration of (5.58) on [¢, +o0):
la- n.i(1)] < C (e_‘” sup [|EN ()| gixr2 +sup [IEN (t’)llfqlez) :
t'>t t'>t
Then, using (5.57), we obtain
sup [|En (") | gixz2 < C (e_‘” sup [|En (") | g1xz2 + sup ”EN(ZI)H?_leLz) :
t'>t t'>t >t

This implies that ||En (¢)|| 172 = O for ¢ sufficiently large. O
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5.4 Construction of a one-parameter family of solutions converging
to a soliton

The goal of this section is to prove the existence part in Theorem 5.6. Once again we restrict our
focustod = 1.

5.4.1 Outline of the construction

Let A e R.

Let (S,,)nen be an increasing sequence of real numbers which tends to +co and, for all n € N,
define u,, as the maximal solution of (NLKG) such that

Un(Sn) = Rg(Sn) + Ae™#5Y, 5(S,), (5.59)

with obvious notations.
We aim at proving the following key proposition:

Proposition 5.29. There exist ty > 0 and Co > 0 such that for n large,
V1€ [to, Sl |Un (1) = Rg(1) = Ae™ 'Y, g (1)]| 1,12 < Coe 2" (5.60)
To this end, we will set up a bootstrap argument and show

Proposition 5.30. There exist ag > 0, Co > 0, and ty > 0 such that for n sufficiently large,
if there exists t, € [to, S,] such that for all t € [t},, Sp],

U (1) = Rp(1) = Ae™ Y, (D)l g1ses2 < @0, (5.61)
then forall t € (¢, S,],
U (1) = Rg(t) = Ae™ 'Y,y g (1) | 1xz2 < Coe " (5.62)
Let us show how to deduce Proposition 5.29 from Proposition 5.30.

Proof of Proposition 5.29. Assume momentarily that Proposition 5.30 holds true. Let us consider
ao and Cy as in Proposition 5.30 and suppose (even if it means enlarging #o) that Coe 2% < %
We define for all n such that S,, > #:

ty :=1inf {t € [t0,Sn], ¥V T € [t, Sul.

Un(t) — Rg(7) - Ae‘eﬁTYJ,,ﬁ(T)HHIXH < ap}.

By (5.59) and by continuity in time of U,,, Rg, and Y, g, t,, is indeed well-defined and we necessarily
have ty <1, < S,.
Since (5.61) implies (5.62), for all z € [z, S, ],

|Un(1) = Rg(t) = Ae™ 'Y, g (1) ;1,2 < Coe "

< Coe—zeﬁto

Q
<=2
2
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Let us assume for the sake of contradiction that #;, > t( for some n. Then, observing the preceding
inequality, we obtain (again by continuity in time of U,,, Rg, and Y, g) the existence of 7, > 0 such
thatt, — 1, > to and for all ¢ € [¢}, — 7, Sy].

3
[Un (1) = R (6) = 40" Yo p (1) 1,2 < 2 < 0.

This contradicts the definition of #;, as an infimum. Hence ¢,, = #y and (5.61) (and thus (5.62))
holds on [#g, S,] for all n.
This achieves the proof of Proposition 5.29. O

The existence of u” (and U*), as stated in Theorem 5.6 is a consequence of Proposition 5.29
and the continuity of the flow of (NLKG) for the weak H! x L? topology. We will not detail the
construction of U4 considering that it is a sort of cut and paste of what was done in order to prove
Proposition 5.12 in the context of multiple solitons.

Similarly, we do not repeat the arguments exposed at the beginning of section 5.2 which justify
that the map A — u“ is one-to-one. We devote the next subsection to the proof of Proposition
5.30.

5.4.2 Proof of Proposition 5.30

We assume that U, () is defined on some interval [f}, S,] and satisfies (5.61). We want to show
that (5.62) holds, provided that the parameters aq and #( are well chosen.

In this subsection again, for notation purposes and ease of reading, we sometimes omit the
index n and also write O (G (¢)) in order to refer to a function g which a priori depends on n and
such that there exists C > 0 (independent of n) such that for all n large and for all ¢ € [z}, S,],
lg(D)] < CIG ()]

Step 1: Set up of a modulation argument

Lemma 5.13. For ty > O sufficiently large and ay > O sufficiently small, there exists a unique €
function x : [t,S,] — R such that if we set

W, (1) := Un(t) = Rp(1) = Ae™6'Y, (1),
with Rg(t) := Rg(t,- — x(1)) and Y, g(t) := Yy p(t, - — x(1)), then for all t € [t},, Sy],
(Wa(1),0cRp(1)) = 0. (5.63)
Moreover there exists Ky > 0 such that for all t € [t,, S, ],
IWn (Ol g1z + (1) < Kiao, (5.64)
(O] < Ky (IWa(0)ll g1z + €707 (5.65)

Remark 5.31. Notice that by uniqueness of the function x and by definition of u,, (see (5.59)), we
have W,,(S,,) = 0 and x(S,,) = 0.
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Proof. The existence of x such that (5.63) is granted and the existence of K> > 0 such that
IWn (Ol gixre + 1x(0)] < Kaag

are standard consequences of the implicit function theorem.
Now, let us prove (5.65). For this, we notice that W = W,, satisfies the following equation:

0 . Id 0
9 —1d+f'(Qp) 0 f@w) = f(Qp) - f'(Qp)(u - Qp)
+X(Z)ax]§,3 — Ae ! (atﬁ.,ﬁ - X(l‘)axﬁ.,ﬁ - 613?4.,5) y

oW = (W + Ae™P'Y, g) +

(5.606)
where Q~B(t, x) = Qp(t,x —x(1)).

Since %(W, (’)x[\;ﬁ) = 0, we have:
(W, 0xRg) + (W, 0, Rg — %02Rg) = 0.

Observing moreover that
f@) = 1(0p) = f'(@p) (= 0p) = O (11U = Rely1y 2] = O (IW (D)1, 00 + 7%

by Taylor formula (f is €2), we have thus:

0 Id R 2 —2e, . 2
0:<( a)%—ld+f/(Q~B) 0 )anxRB>+O(||W(t)||H1><L2+€ Bl)+x(t)||6xR/3||Hle2
+ Ae B! <(,3 +)'c)5x17+,,3 + elgﬁ,’g, 6xR,B> — (B+x){(W, 6)%1?/3)

=X (HﬁxRﬁllileLz + Ae—eﬁt@xﬁ,ﬁ, GXI:’IB) —(W, 53’%) +0 (HW(t)”qulez + e—ZeBz)

ﬁax 1d R —-e ﬁax Id ~ -
Ao idZrn aon W0t ac (o idlpay ao Tooocis)

~———

Notice that we have used (Y, g, 0xRg) = 0 (see Proposition 5.9). We now observe that

( B0y Id

02 —I1d+ f'(Op) PBox ) =~/Hp,

where A, 5 is the matrix operator defined like Hg by replacing Qg by 0 5, that is

o [ —9+1d—f"(Qp) —Pix
Hg ._( 58, 14 ) (5.67)
We obtain:
Ox id 5 o s i
<( 8§—Idﬂ+f’(Q~ﬁ) 80, )Y+,ﬁ,axkﬂ>:(Y+,3,Hﬁjax1eﬁ>:(Y+,ﬁ,o>=o.

Finally we can choose ¢ large enough such that

) i i 1
AP [(9:Tep. OxRp)| < 10xRpl13 1
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and we can take @ > O sufficiently small such that
(W, 03 Rp)| < Kra||03Rgl| < lllé‘ Rgll;
s Ox B )| = K2Q0|[OxKp H1><L2—4 xBBllgiyg2

and such that Kap < 1 (then ||W(t)||§1,|xL2 < |IW(#)||gixz2)- Consequently for ¢ large and ag
small, we have:

()] <

BOx 82—1d+ f'(Qp) <
<W’( 1d Bo )‘W>

o +O(IWOll1szz + 7"
”axR,B”}quxLz

< K (IW 1z +e729)

for some constant K3 > 0. Finally, take K := max (K>, K3) to obtain Lemma 5.13. O

Step 2: Control of particular directions

Let us denote 3
@ p5(1) = (W(1), Zs p(1)), (5.68)

where Zi"g(l) =2y g(t,- = x(1)).
Lemma 5.14. We have for all t € [t}, S,],

d6¥+’ﬁ
dt

da’_”g
dt

+

(1) — egay p(2) (1) +ega_pg(1)|=0 (”W(t)”illez + e—zeﬁt) '

Proof. Observe that

0 Zep(t.%) = =(B+3(1))0xZs p (1, = x(1))
= ~(B+5(1)0xZs p(1,x).
Thus
day
dt
By (5.65), we obtain

B (W, Zeg) + (W, —BOxZs g} + (W, —%0, 72 ). (5.69)

(W, =50 Zsg) = O (IW (O, + €72 (5.70)
In addition, defining ,%;jg like 773 by replacing Qg by Qﬁ, we have by (5.66)
(OW,Ze gy + (W, —BOxZusg) = (W, HpZs g) +%(0xRp, Zs g)
+ A~ (¥, g, HyZs g) +0O (||W(t)||fi1xL2 + e—zf—’fﬂ) (5.71)
+ Ae B! (X(axy_,_”g, Zi”g> + 8'3<Y+"3, Zi,'g>) .

Since
1 if we take + = —

Y ,Z+ = Y ,Z+ =
Wop Zup) = Wy Zep) {o if we take & = +,

we always obtain
Ae™ " (Vo g, HpZ.o gy + AeFepg(V, p, Zs g) = 0. (5.72)
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We have in addition

701 e] < o (€729 4 82) = O (IW () 1,00 + 727"

N =

and <axzéﬁ, Z+,ﬁ> by Proposition 5.9.
Hence, gathering (5.69), (5.70), (5.71), and (5.72), we infer:

day

+6 ~ _
—L = sep(W. Zeg) + O (IW D10+ 7).

which proves Lemma 5.14. m]
Step 3: Exponential control of ||W,,|| ;15,2
Let us introduce the functional

Fw (1) = (HgW(1), W(1)). (5.73)
(We recall that Hp is defined in (5.67).)

Lemma 5.15 (Control of Fw ). There exists C > 0 such that for to sufficiently large, we have for
all n such that S, > to, forallt € (¢, S,]:

1w (] < C (IWOI 1,0 + 797+, g 0)]).
Proof. We have

Fw (l) = <I:Iﬁ(U— Rﬁ),U - Rﬁ) - 2A€_eﬁz<l‘~1’3Y+"3,W>

- ~ _ 5.74
= <Hﬁ(U - R'g), U - Rﬁ) - 2Ae_e/5’ta/+"3. ( )
Notice that we have used I:Iﬁﬁ,/g = Z+,,3 and <I7+,'3, Z+"3> = 0.

Now let us focus on the quadratic term (I:IB( U - ﬁﬁ), U - Rﬁ). This term rewrites

(Hg(U - Rp),U - Rg) = /R {e3+ (0x81)* + &7 — £ (Op)e] +2Be2dyer } (1,x) dx,
where 1 and &, are defined as follows:
e1(t,x) =u(t,x) - Qp(t,x —x(t)) and &(t,x) := Ou(t,x) — 0;Qp(t,x — x(t)).
In a compact manner, we can write:
g1 :=u-— Q}; and &) := O:u +,86xQ~ﬁ

since 0;,Qp(t,x) = —B0xQpa(t,x).
We observe that

/R{(&Qﬁ(nx—X(t)))2+(0"xQﬁ(t,x—X(t)))2+(Qﬁ(t,x—X(f)))z} dx
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- /R ((0,05(1.00) + (9x05 (1)) + (Qp (1.0} dx

and

/6xQﬁ(t,x - x(1))0;0p(t,x — x(1)) dx = /6xQﬁ(t, x)0;Qp(t,x) dx.
R R

Considering that u,, and Qg are solutions of (NLKG), the energy and the momentum of these
solutions as defined in introduction are conserved. Thus, there exists C,, € R such that

<I:Iﬁ(U — Rﬁ), U - Iélg>(t)
=Cp + 2/ {F(M(I,X)) - F(Q,B(t’x)) - %f,(éﬁ(t’x))gl(t’x)2} dx
R
- 2/R@,u(t,x) (—B0x0p(t,x)) dx — 2/R@xu(t,x)8xQ~ﬁ(t,x) dx — 2/Ru(t,x)Q~B(t,x) dx
-28 / Oru(t,x)0xQp(t,x —x(t)) dx — 2ﬂ/8xu(t, x)0;0p(t,x — x(t)) dx.
R R

Now, we notice that

/6xu(t,x)(9xQ~ﬁ(t,x) dx = —/u(l,x)é)%Qﬁ(t,x) dx
R R

and 5
axQB(tex) = axQB(tyx —x(1)).
Thus

<Hﬁ(U - R~ﬁ), U - §ﬁ>(l)
=Cp+ 2/1& {F(M) ~F(Qp) - f(Op)e1 — %f/(QB)S%} (t,x) dx (5.75)
+2/u(t,x) ((1 — B)820(t,x) — Op(1,x) +f(Qﬁ(t,x))) dx.
R

The last integral is zero by the equation satisfied by Qg. By means of Taylor inequality, we claim

i {F(a(r,x» — F(@p(1,)) - £(Op(t.x)en (1) - %f’(Qﬁu,x))el(r,x)Z} dx
=O(||U—I§B(t)||fqle2) (5.76)
-0 (||W(t)||§qle2 + 6_365’) .
Hence, collecting (5.74), (5.75), and (5.76), we have:

T (1) = Co+ O (W31, + €7 + ¥ ey p(0)]).

On the other hand, we immediately have |Fw (1)| < C||W(t)||12qle2. Since W(S,) = 0 and

@+ 5(Sy) = 0, we deduce that |C,| < Ce™35n < Ce™3¢! for all t € [t},, Sp]. O
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Corollary 5.16. There exists C > 0 such that for tq sufficently large, we have for all n such that
Sn = to, forallt € (1, S,]:

|Fw ()] < C

3 - 2 -3
W3, +e" sup (W3, . +e eﬁf).
t'€(t,Sy]

Proof. From Lemma 5.14 we deduce that

d
— (e Flayp)| < C (e_ef”tllWH]quxL2 + e‘3eﬁt) .

Given that e=¢85» a4 5(S,) = 0, we deduce by integration of the preceding inequality that:

Vitel[t,S, |e_eﬁ’af+,,3(t)| <C

- 2 -3
e sup (WG ,0+ e ﬁ)
t'e[t,S,]

Now the corollary follows from the combination of this last result with Lemma 5.15. O

Lemma 5.17. There exists ¢ > 0 such that for ag > 0 sufficiently small and ty > 0 sufficiently
large, for all n such that S,, > to, for all t € [t,, Sp]:

d
th,ﬂ(l) —egay (1)

< ¢ min {( sup (ai’ﬁ([’) + a%’ﬁ([’)) + 3_26,813) ’aiﬁ(t) + a/%ﬁ(t) + e—em}
t'e[t,S,]

d
—a/_,ﬁ(t) + e'ga’_"g(l‘)

< ¢ min {( sup (af’ﬁ(t') + a/z,ﬁ(t')) + e‘zeﬁ’t) ’a’i,ﬁ(t) + a/iﬁ(t) +e sty

dt t'€(t,S,]
(5.77)
Proof. Due to Proposition 5.10, we have on the one hand
WIE, s < ~ T (1) + = (a2, + a2 5.78
I ||H'><L2—; W()+l7 aipta_g). (5.78)
On the other,
[Fw (D] < C W], +e " sup W71, + e‘3eﬁf) : (5.79)
t'e(t,Sn
Now, inserting (5.79) into (5.78), we obtain
2C _ 2 ’ /
WGz < e 425 sup (02 0") +a? 4(1") (5.80)

provided « is chosen small enough such that % supeqr 5,1 IWE ) pixr2 < z—ll (for all 7) and 19 is
chosen large enough such that Ee~¢% < %.
7]
Then, combining (5.80) and the estimates obtained in Lemma 5.14, we deduce:

da’i’ﬁ
dt

% epap| < C(IWI 1,0 + e
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<C

sup (a/iﬁ(t’) + a%’ﬁ(t')) + e_zgf”t) .
]

t'elt,S,

In order to avoid the supremum in front of the expression &> ,+a? , and hence to obtain the second

+’ﬁ _’B
way of estimating %ai, B F ega: g which is described by Lemma 5.17, we can rewrite (5.79) more

simply as follows

|Fw ()| < C (||W||§qle2 +oept +e‘3eﬁf) .

Then the analog of (5.80) takes the following form:

W12, < Ce™" + (2 p(1) + 2 (1)

the last arguments remain unchanged. However note that, in this case, the obtained estimates are
at the cost of a worse exponential term. O

Proposition 5.32. There exists C > 0 such that for all ag > O sufficiently small, for all ty sufficiently
large, for all n such that S,, > to, for all t € [t,, S,], the following inequalities hold:

la— g (1) + |y p(1)] < Ce " (5.81)

and \
”W(t)”[_llez < Ce_ieﬁz. (582)

Proof. Let us start with the system (5.77) obtained in Lemma 5.17. We have in particular

d

— —epa
dt +vﬁ ﬁ +’ﬁ

<c (aiﬁ(z) ra (1) + e—eﬁf)
(5.83)
<c (a/iﬁ(t) ra (1) + e—eﬁf) .

d N
—a_ g +epa-
di P T BB

Taking some inspiration in [10, paragraph 4.4.2], we will first show the existence of M > 0 such
that for all 7o large enough, for all ¢ € [z}, S, ],

o p (0] < M (a2 5(0) + 79" (5.84)

In order to prove (5.84), let us consider, for some positive constants M and M, the function
h:t— a,p(t) - Mcx%ﬁ(t) — Me 5"

and show that it is always negative on [£%, S, ], provided M and M are well chosen.
We compute
h(r) = a/frﬁ(t) - 2M0/_,B(t)a_"g(t) + Mege ',

By (5.83), we obtain

h' > ega,p—c (a/fﬁ +a? 5+ e‘eﬁ’)

T,

-2M (—eﬁaz’ﬁ +cla_ gl (“i,ﬁ +a? 5+ e‘eﬁt)) + Mege ™",
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Replacing a4 g by its expression in terms of &, @’ ., and e~ and using that

B’
(h + Mcy%’ﬁ + Me_eﬁ’)z <2h*+ 4Mza"_¥’/3 +4M> e8!
lead to the following estimate of /’:
W > egh—2c(1+2M|a_g|) h?
+ (eﬁM —c—2Mcla_ | — 4M*ce™ " — 8MA7lzc|a_ﬁ|e_ef”t) e B!

taly (3M€ﬁ —c=2Mcla-p| —4cM?a’ 5 - 8M3c|a_,ﬁ|a3ﬁ) ,

Now we choose M := é and M := %€ so that the expressions

e
3Meg —c —2Mcl|a_g| - 4cM2a/3’ﬁ — 8M30|0/_,ﬁ|a%”8

and
egM —c —2Mcla_ g| - AMPce P! — 8MA7lzc|a_,B|e_e”’

are positive for aq sufficiently small and #y large enough. Thus for such values of ag and ¢y, there
exists cpr > O such that for all 7 € [, S, ],

W (t) > egh(t) — carh(1)*.

At this stage, we can deduce that for all 7 in £}, S,,], 2(7) < 0. Assume for the sake of contradiction
that there exists 7, € [f},, S, ] such that i(7}) > 0. Then, we can define

T :=sup{t € [7,,, Sn], h(t) > 0}.

We necessarily have 4(T) = 0. Indeed, #(T) < 0 is excluded by continuity of 4 in T (on the left
side) and by definition of the supremum; if #(T) > 0, then T < S, (since h(S,) = —Me s5)
which leads once more to a contradiction, using the continuity of / in T (on the right side) and the
definition of T as a supremum. It follows that #’(T) > 0; thus / is non-decreasing in the neigh-
borhood of T and in particular, 4(¢) < Oon [T —n, T] for some n > 0. This again contradicts the
definition of 7'.

Hence, for all ¢ in [¢,,,S,], h(t) < 0. Given that —a, g satisfies the same differential system as
a4 g, we finally obtain (5.84).

Now, we have for all 7 € [z}, S,],

sup oy ()] < M( sup CYE,IB(I/") +e—35t).

telt,Sn] t'elt,Sy]

By using Lemma 5.17 and even if it means reducing a( and increasing #y, we obtain that for all
t e [t),Snl,

n°

t'elt,Sq]

’ ’ —_ e —
la” 4(1) + epa_p(1)| < c( sup @’ 4(') +e Zeﬁf) < £|a_,ﬁ(z)|+ce Zept,
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We claim that this implies the estimates in Proposition 5.32. The preceding inequality rewrites as
follows:

e
< %eeﬁ[ sup |a— g(t')| + Ce™ .

d
—(ela_p)(1)
dt p 7et,Sn]

For ¢ belonging to [f,,, S,], we obtain by integration on [¢, S,]:
eﬁ Sn .
ePa_g(t)] < Ce ™' + / e?* sup |a_p(t')| ds.
t

10 t'els,Sn]

Passing to the supremum and defining y(z) := e“f? SUpyepr.s,1 l@-p(1")] on [2;, S, ], this leads to

Sn
y(t) < Ce A" + i—g/ y(s) ds. (5.85)
t

Now, a standard Gronwall argument allows us to see that y(7) < Ce™f", which precisely provides
the expected estimate of the parameter a_ g in Proposition 5.32. Then, the similar estimate of the
parameter a, g follows from the integration of the inequality

|ai,ﬁ(t) —egay g(t)]| < Ce 2!
and finally (5.82) follows from (5.80) and (5.81).
For the reader’s convenience, let us write explicitly the Gronwall argument. The function () :=

et [3 y(s) dsis €' on [£}, S,] and for all £ € [1, S,],

e Sn 9e
W1 = et (—y(t) + %/ ¥(s) ds) > _Ce 0!

9e
by (5.85). Observing that ¥ (S,) = 0, it follows that (1) < C e~ Asa consequence,

Sn
/ y(s) ds < Ce !
t

and thus, by (5.85) again,
Yitelt, S, y(t) < Ce™ A",

Step 4: Improvement of the exponential decay rate

The goal of this paragraph is to optimize the exponential decay rate in the estimate of ||W||g1y;2.
We actually prove

Proposition 5.33. The following estimate holds for all t € [t),, Sp]:

W ()]l g1xrz < Ce 2.
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Proof. Let us consider this time the derivative of Fw (and not the functional F itself). From the
definition (5.73) and the symmetric property of I:Iﬁ for (-, -), we immediately obtain:

d - - -
D o) = 2 W.8,0) + /]R 0x0p1" (O d,

where w1 (resp. wy) is the first (resp. the second) component of W. Replacing 9, W by its expression
obtained in (5.66) and noticing that

B0y Id \o ~ - 5
( 2—1d+f(0p) po, | 8= IHB =20
we have:

(HgW, 9, W)
- 0 1d ~ 0 >
={(HgW, o W)+ (HgW, ~ ~ ~
< g ( oz —1d+f'(Qp) 0 ) > < g (f(u)—f(Qﬁ)—f’(Qﬁ)(M—Qﬁ))
+ <I‘~IﬁW, JZ+’/3> + EBAe_eﬁt<W, Z+’ﬁ> + X(I:IﬁW, 8x§13> + Ae‘eﬁ’x(W, I:IaxY+,ﬁ>.
Let us analyze each term appearing in the preceding decomposition. Since Flﬁ is self-adjoint,

we infer:
(HgW, 0xRg) = (W, HgdyRg) =0 (5.86)

and
(HgW,JZ, g) = —Ae™ P (W, 37, g) = —egAe™ P (W, Zy p). (5.87)

Moreover,
X2 ’
F\rw) - £(0p) - 1/(0p) (1 - Op)
We notice that (5.65) implies

)>‘ < CIW e (W12, 0+ €7297) . (5.88)

|Ae™ P (W, Hgd Yy )| < Ce P W (D) 151, 2+ Ce P IW (D)l giser2- (5.89)

Defining 7 := —92 + Id — f’(Qﬁ), it remains us to examine
~ 0 Id
(o 5 5 )

(0w e {5 5 )l 5 )

On the one hand, we observe that

and on the other

<( ﬁgx _[z)ax )W( —OT I(;l )W> :/R{‘ﬁ@xmm +BOxwi(=Tw1)} dx
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- p /R dowif'(Gg)w1

= —[g / aXQBf’,(Qﬁ)W% dx.
R
Gathering the above lines, we deduce

dFw
dt

3 -2 — 2
< C (W10 + €722 MWz + € IW 212

Using the estimate of ||W|| 51,2 obtained in Proposition 5.32, we infer:

d¥y —2e, —e
’d—tw < C (2 Wllggrzz + P W1 (5.90)

By integration of (5.90), we obtain for all ¢ € [¢*, S, ]:

Sn Sn
Fw (D] <C sup WD) lgi2 / 2T dr+C sup WD, / 7 dr
t t

T€(t,S,] T€(t,S,]
<C sup W@ llgixgze > +C sup [W()]] —ept,

2
Hx12¢
7€(t,Su] 7€[t,Sy]

5.91)

At this stage, using once again the coercivity property provided by Proposition 5.10 and the esti-

mates on @ g given in Proposition 5.32, and taking 7 large enough so that e ™4’ < % forall > ¢,
we have:

sup ”W(T)”fql)(Lz <C

7€(t,5,]

sup  ||W ()|l p1sp2e 28" + e~ 4t | .
7€[t,S,]

We now deduce the existence of C > 0 such that for all n, for all ¢ € [z}, S,],
WOl gr1xr2 < Ce™".
O

Now, Proposition 5.30 is obtained as a corollary of Proposition 5.33. The triangular inequality
implies
1Un(t) = Rp(t) = Ae™ P Yo (D)l 1> < IWn (Dl g1xr2 + Clx(0)]

and since x(S,,) = 0, the result follows from the integration of

k()] < C (||Wn(t)||Hle2 +e—zeﬁt) < Co-2est

5.5 Classification of the asymptotic soliton-like solutions

Let us consider a solution u of (NLKG), denote U = ( (9u

), and assume that
U

NU(t) — Rg(t)||gixz2 — 0, ast — +oo.

We want to show that U equals to U*, for some A € R. In this section again, we consider the
one-dimensional case.
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5.5.1 Modulation of U and coercivity property
Lemma 5.18. There existT € R, C > 0, and x : [T, +00) — R of class €' such that, denoting

Rp(t,x) = (GZQQB/Et(tij_—XJEt()t;)) and E :=U - Rpg,
we have ||E(2)||gixz2 = 0ast — +oo, x(t) = 0ast — +oo, and forallt > T,
(E(1),0xRp(1)) =0 (5.92)
and
()] < CHE@O | pixr2- (5.93)

Proof. Lemma 5.18 is proved similarly as Lemma 5.13. Defining

Qﬂ(tvx) = QB([,X —X(t)),

the equation satisfied by E reads:

0 Id -
C%E=( 2_ 1A )E+xaxRﬁ
P2 -Id+f (QB)O 0 590
¥ (f(u) — F(0p) - F'(Op) (u - Qm)'
O

Let us denote £1(t,x) = u(t,x) — Qp(t,x — x(t)) and &>(t,x) := Gu(t,x) — 0;0p(t,x — x(t))

t?
so that E(t,x) := e1(t.x) .
&2(1,x)
Then, introduce the functional ¥z defined as follows: for all t > T,

Fe(t) = ‘/R {s% +(0c81)% + e% - f’(QNﬁ)s% + 2ﬂ826x51} (t,x) dx. (5.95)
With analogous notations as that employed in the previous section, we denote
Zi"g(l‘, x) =Zy pg(t,x —x(1)).
Proposition 5.34. There exists u > 0 such that forallt > T

Fe(0) > plEDIZ, .~ % [(E0.Z-p0)* + (E(), Z, p(0)?]. (5.96)

Proof. We observe that Fg (1) = <I:I BE(1), E (t)> so that Proposition 5.34 follows from Proposition
5.10 and from (5.92). O

5.5.2 Exponential control of ||E(7)|| 12

We improve the control of ||E(t)||;7142, proceeding as in section 5.4.
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Control of the functional ¢
Proposition 5.35. We have
H!'xL?

Fe(t) = O (IE® ) - (5.97)

Proof. Let us take again the proof of Lemma 5.15 (replacing A in that proof by 0 here). We obtain
in the same way the existence of K € R such that

?’E(t)=K+2/

R

{F(M) — F(Qp) - f(Op)e1 - %f'(Qﬁ)b‘%} (t,x) dx

By Taylor inequality,

/R {F(u) ~F(Qp) - f(Op)er - %f’(éﬁ)si} (%) dx = O (IEOI 1) -

It follows that
Fi (1) = K+O (IED 1)

H'xL?

On the other hand, F£ (1) = O (||E(t) ||§1le2); thus K = 0 and Proposition 5.35 is proved. O

Control of the unstable directions

Let us denote
@z p(1) = (E(1), Ze p(1)) .

Lemma 5.19. We have

da_

da
- £ +eﬁa_,ﬁ‘ =0 (IEDI,2) -

— éepa.
dt BB

+

Proof. The proof follows the same lines as that of Lemma 5.14 (by taking A = 0). We compute

CL (. Ze ) + (B0 7o ) ~ 5 (E(1). 0,22 )
:<E( 3§—Id?rf’(Qﬁ) o )Z*"’>+O(”E”i"xu)
i (0Rp. Zup) + <E ( A ) zﬁ>
=(E. H3Z..p) + O (IEI}1,,2)
=+ epaep + O (IEI )
which precisely yields Lemma 5.19. o

Proposition 5.36. There exists C > 0 such that for t large enough,

la-p(t)| < Ce™ " and |y g(1)] < Ce %", (5.98)
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Proof. For t large enough, we obtain as a consequence of Lemma 5.34 and Proposition 5.35:

@I, < C (a2 p+a2,). (5.99)

Now, we deduce from Lemma 5.19 the following differential system, for some constant C > 0 and
for all 7 large enough:

da
d;ﬁ —egayp| < C (a/i’ﬂ + a%’ﬁ)
(5.100)
da_’ﬁ+ea <C(a/2 +a? )
dt BY=p| = +BTY-p)"
Then, the argument exposed in [10, paragraph 4.4.2] shows that
(0] < Ca? (1)
and allows us to conclude to (5.98). O
Proposition 5.37. There exists C > 0 such that for t large enough,
NE ()|l g1z < Ce P, (5.101)
Proof. This is an immediate consequence of (5.98) and (5.99). O
Identification of U with U4 for some A € R
Lemma 5.20. There exist A € R and C > 0 such that for t sufficiently large,
leP a_ g(t) — A| < Ce™ ", (5.102)
Proof. We have from (5.100):
d
‘E (e a_p(1))| < Ce . (5.103)

Thus the derivative of 1 — e“’a_ (1) is integrable in the neighborhood of +co. Hence, there
exists A € R such that e“#’a_ g(t) — A ast — +co. We finally obtain Lemma 5.20 by integration
of (5.103). ]

Lemma 5.21. There exists xo € R such that for t sufficiently large,
[x(2) = Xoo| < Ce™ A", (5.104)
Proof. As (5.102) was a consequence of (5.103), (5.104) is obtained by means of the estimate
()] < CNE@lg1xr2 < Ce™ .
m|

Now let V(¢,x) := U(t,x) — UA(t,x — xo) where A and x,, are defined in Lemma 5.20 and
Lemma 5.21 respectively.
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Lemma 5.22. There exists C > 0 such that for t large enough, |V (¢)||gixz2 < Ce .
Proof. Define VA(r) := UA(t) — Rp(t) — Ae 'Y, 5(t) and decompose V (t, x) as follows:
V(t,x) = E(t,x) + Rg(t,x) — Rg(t, X — xe0) — Ae™F"Y, 5(t, X — xo0) = VA(t,x — x0). (5.105)
Now, we have
Rp(t,%) = Rp(t,x — xo0) = (x(1) = Xe0)Ox Rp (1. % — X0) + O (|x(t) - xw|2) . (5.106)

Hence, Lemma 5.22 is obtained as a consequence of Proposition 5.37, Lemma 5.21, and the esti-
mate of |[VA(#)||g1xz2 given by (5.4), that is |[VA(1) || g1x2 = O (e7241). O

Let us decompose V(t, x) as follows:
V(1,x) = af s(0Y_ p(1,x = xeo) + @ 5 ()Y p (1, x — Xeo) + A(1)DxRp(1,X) + Vo (1, %), (5.107)

where czf’ﬁ(t) =(V(1), Zi p(t,- — X)), af‘ﬁ(t) =(V(1),Z_p(t,- — X)) and

A(t) = V(1) = af s (DY p(1,- = xeo) = @ 5 ()Y p(1,x — Xe), OxRp (1))

10xRpllgixr2
Then, we have
(VL(0), 0xRp (1)) = (VL(1), Zy p(1, - = Xoo)) = (VL(2), Z- (1, — X)) = 0.
Thus, by Proposition 5.10, there exists C > 0 such that
V(D210 < € (HgVL (1), Vi (D)) . (5.108)
We claim

Lemma 5.23. The following assertions hold:

1. (HgV(1),V(t)) = (HgV. (1), V. (1)) + ZQﬁﬁ(z‘)af"ﬁ(z).

2. L(HGV (1), V(1)) =0 (e_e‘*t||V(f)||12qle2)'

3.l g (0] < Ce™ B V()| grxp2 and | 5 (1)] < Ces! SV g2 de’

4. W) = O (e WV Ollgrsas + e [ V) gz '+ Vi) lliszz )

Proof. The first assertion in Lemma 5.23 is obtained by the decomposition of V in terms of V.
(5.107) and by means of the following properties (see Proposition 5.9):

(Zop,Yep)=0, (Zop,Ysp)=1, and Hg(dxRp) =0.

u MA
dUt = :

(%u) an (3tuA)

<H,;V(t),V(z)>:/R{(atv)%(axv)2+v2—f’(Q,;)v2+2ﬁa,vaxv} (t,x) dx.

Let us now prove assertion (2). Letv :=u — u?; recall that U = (

We observe that
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Using the fact that # and u* satisfy (NLKG), we obtain

CHV (), V()
=2 [ [0 = £u*) - 7' (@pv] v ds
R
_ _ A ” 2
26 [0 (100 = £6")) dv e [ 0,.0af" (@ s
= O (IVOy1.05) =26 [ 0 (o) + 00) v+ [ 9,0, (Qp* ds
= O (IVOy1.05) =26 [ 0 (v + 002 + ) v+ [ 8,0 ()"
= O IV 1z + € NV 1) -

By Lemma 5.22, assertion (2) is thus proved.
In order to prove (3) and (4), let us write

0 Id 0
M‘( 02 —1d+ f'(Qp) O )V+(f(u)_f(uA))' (5.109)

Then,

d
@l (1) =0V, Za p(t,- = Xeo)) +(V, 0 Zs g (1, - = Xeo))

dt
— 2 _ ’
:<v,( o ot (Qﬁ))zi,ﬁu,-—xm>>+0(e‘6ﬁ’||V<r>||H1xLz)

= ielgaiﬁ(t) +O (e PV ()|l gixr2)

Note that we have used that 0; Z, g(t, - — Xoo) = —B0xZ+ g(t, - — X). We then deduce, in a similar
way as for Proposition 5.36:

A —
laf 5 ()] < Ce™ PNV (D) || gixr2
because t > 72" ||V (t)|| 12 is integrable in +co and

—egt A —ept
et 0] < WOl 20

In addition we deduce

d
‘E (eeﬁ”a/f’ﬁ(t)) < CIVO)llgrxr2-

Arguing similarly as for a/f,ﬁ(t), we then obtain ’af’ﬁ(t)' < Ce ! fz+oo V() gixz2 dt’. This
is due to the fact that ¢ +— ||V (f)|| 12 is integrable in +co and the fact that, by (5.105), (5.106),
and (5.102),

o 5(1) = a_ g(1) = Ae™ P (Y, g (1, = Xoo), Z_ p(1,+ — Xeo)) + O(e7>F")
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— O(e—ZeBt),

which explains that e’ a? (1) — 0 ast — +oo.
It remains to prove (4). By definition of A(#) and the decomposition (5.107) of V,

1

I0xRgl2,1, 5
1 ’ ’
- (@) Yo p(t. = xeo) + (@ 5) Yy g (1, — o), OxRp
[ENIT

1

o
||axR,8||H|XL2
1
= W <8tV - af’ﬁatY_”B(t, .- xoo) - a’f’ﬁatY.hﬁ(t, .- xoo), axRﬁ>
X H'xL?2

1

+ T
||8XR,3||H1><L2

(1) OV — g0 Y_p(t,- —xe) — @ 48,Ys (1, — Xe0), axRﬁ>

<VJ_’ axtRB>

<VLa axtRﬁ>

since (Y. g, 0xRg) = 0 (we refer to Proposition 5.9). Hence,
B B

, 0 1d y
V(1) = <( 0 )v, axRﬁ> +O (P [Vl grr2) (V.. 0 Rp)

82 —1d+ f'(Qp)

1
e
”axRB”Hlez

e
”axRﬁ”HlXLZ

<,8afﬁ6xY_"3(t, C = Xeo) +,Ba/f‘ﬁ8xY+,ﬁ(t, C = Xeo)s 8XR5> .

B0y 1d

Now, using that 0yRg = JZg and 'J ,
R (a,%—mf(Qﬁ) B,

) = Hg, we have:

0 )
<( 82— 1d+ f(Qp) 0 )V’a"Rﬁ>

B B, 1d _(Ba. O
a1lrian o )2rm) {70 o, |v-om)

1
W <Baf’ﬁaxy_’ﬁ(t’ T xoo) - ﬁa_A’ﬂaxY+,ﬁ(t, - - xoo), axR,B>
HxL?

= (HgV, Zy) —

1
+ —(Vl,ﬂc’)zRﬁy
10xR11%,, g

Finally, let us notice that
(HgV, Zo) = (HgV., Zo) + O (aﬁ g+al B)
= (Vi HpZo) + O (e + ol )

-0 (afﬁ rats+ ||VL||Hle2) .
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Hence,
V(1) = O (P IV llpiar + ol + a2 gl + Vil sz

and assertion (4) indeed holds. O

It follows from (5.108) and (1), (2), and (3) in Lemma 5.23 that for ¢ large,

+00
VeOye <€ [ IV d
t
+00
+ C B V(D) | grirs / V() sz e’ (5.110)
t
Since

+00 +0oo
/ e BV (A1 p2 dt’ < 7" sup ||V(l')||HIxL2/ IV N pixr2 dt’s
t t

t'>t
we deduce that for 7 large,

_1 ’ 1 oo ’ ’
IVeOllgine < Ce™ 2 sup [V, ( / V() 12 dr) . (5.111)
t

t'>t

Lemma 5.24 (Estimate of |V (#)|| ;712 in terms offl+D<> WV () gixre dt’ and ||V () || g1xp2). We
have the existence of C > 0 such that for t sufficiently large:

+00
V@l < et [ IV ez ar
t
+00
+C(||VJ_(I)||H'><L2+‘/ VL@ xee dt’)- (5.112)
t
Proof. Using the decomposition (5.107) of V, we have:
VO lsxze < € (Ja g1+l g0 + AT+ Vel g1z

By Lemma 5.23 which gives estimates of |a/fﬁ(t)|, |af’ﬁ(t)|, and A’(¢) in terms of ||V (£)| 152
and ||V (#)||gixz2 , We obtain:

A1) = o(e—eﬁf/+ IV prp2 dt’+/+ V() 12 dt’). (5.113)
t t
Thus
+00
WV ()l gix2 < C (e_eﬁt”V(f)HHleZ + e_eﬁt/ V() I gis2 dt’ + HVL(t)”HlXLz)
- t
e / IV () gz d”

Hence, even if it means taking larger values of ¢, this finishes proving Lemma 5.24. O
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Lemma 5.25. We have

+00
/ V() sz di” < e sup V() | yyiers (5.114)
t

t'>t
Proof. From (5.111), it follows that

+00 , , , 1 +00 , ) 3 +00 o ) /

/ Vi) gixre dt’ < Clsu>I?||V(t )||12—11><L2 (/ V() gixre dt ) / e 2! gy

t ’> ¢ .
|

-1 ’ i oo ’ ’ :
< Ce ¥ sup V(O s ( / IV a2 dt) -
t'>t t
(5.115)
Gathering Lemma 5.24, (5.111), and (5.115), we obtain:

+00
V() iz < Cemt / V) lgradt’
t

+C

t'>t

1
-1 ’ 1 e ’ ’ 2
e sup V()2 ( / V&) rer2 dr) )
t

Now integrating the preceding inequality (which is obviously possible) leads to:

+00 +00 oo
/ IV gz di’ < € / V@) g1z de’. / r dy’
t ¢ .
1

, 1 +oo , , 2 +00 . , ,
cCsp VI, (/ WV s dt) [ crar
‘ t

t'>t

Or more simply

+00 +0oo
/ IV N rrixp2 di” < Ce_eﬁ[/ IV N prixp2 dt’
t t

1

_1 ’ 1 e ’ ’
+Ce I sup V()12 (/ IV () g1z dt)
t

t'>t
Even if it means considering larger values of 7, we obtain:
+00 . 1 +00 %
[ IV iz di” < 35 sup V(0 ( / IV a2 dr') :
which immediately implies the expected result. O
Now, let us show

Proposition 5.38. For ¢ sufficiently large, V(t) = 0.

Proof. Gathering Lemma 5.24 and Lemma 5.25, we infer that for ¢ large:

+00
VO a2 < C [sup VL)l prirz + / V() a1 dr').
t

t'>t
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From (5.111) and (5.115), we deduce

1

-1 ’ 1 e ’ ’ .
VO lirz < Ce 2 sup [V ( / V@) | 1cz2 dt
t'>t t
Now, it results from Lemma 5.25 again that

IVl pixrz < Ce™ P sup V()| gixp2-

t'>t
Thus we deduce that ||V ()| g1xz2 = O for large values of ¢. O
Finally let us observe below that xo, = 0 so that U = UA.
Proposition 5.39. There exists tg > 0 such that for all t > to, U(t) = UA(t).

Proof. On the one hand, we have |[UA(t, - — Xo0) — Rp(t,- — Xoo)|lgpixz2 < Ce™F". On the other
hand, we have |U(t) — Rg(?)||gixz2 — 0 ast — +oo. Since we have U(t) = UA(t, — Xoo), it
follows from the triangular inequality that

IRg(t) — Rg(t,  — Xco)l|g1xz2 — 0 ast — 4oo.
Hence x., = 0 by the following claim, which is a consequence of Taylor formula.
Claim 5.40. There exist hg > 0, €y > 0, and § > 0 such that

L. if |h| < ho, then 5h* < [|Q(- + h) = Q|13 < 46h*;

2. if |h| > ho, then ||Q(- + h) — Q|2,, > €.

H!

5.6 Appendix

5.6.1 Extension of the proofs to higher dimensions

The main parts of the proofs remain obviously unchanged. Essentially three notable adaptations
are to be made, passing from the one-dimensional case to higher dimensions.

In a first instance, one has to be careful about how establishing several estimates. Although all
estimates we have proved in the previous sections (in dimension 1) are identical for general d, the
way we establish them when d > 2 can be altered.

For example, we point out that it is no longer possible to use the Sobolev embedding H' < L*
when d > 2. Particularly, multi-solitons in dimension d > 2 do not necessarily take values in
L*(R?) and in order to estimate a quantity like

) = fle) = (@) (u—-¢)

(as for proving Claim 5.15), we would proceed as follows: by (H’1), we deduce that |f”'(r)| =
p(p — 1)|r|P~2, thus applying Taylor formula, we have for fixed time ¢ € R and position x € R¥,

|u — ¢ (1,x)

|f(u) = f(@) = f'(@)(u— )| (t,x) < 3

sup |f”(r)
rele(t,x),u(t,x)]
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< Clu = (1) (Il (00) + |l 2(1.)).

Now, for all ¢ € L*(R?) and for all z € H'(R¢), Holder inequality yields

< Cll 1z~ (/R () - o(0)]” dx)” (/R 2|P dx) "

Finally, replacing z by ¢(¢) and u(z) — ¢(¢), we obtain an estimate of

[ ittt = o1

[ v =)= @)= ds
in terms of ||u — ¢|| g1, [ull g1, and ||| 51 due to the Sobolev embedding H' (RY) —s L?(R%).

Secondly, in view of Proposition 5.9, one has to take into account, for alli = 1,..., N the d
directions which generate the kernel of the operator .73, when we practice modulation in dimension
d. For instance, in Lemma 5.5, we would define E as follows:

N N
E:=7Z- a; - VR,' - Z biY+,i,
i=1 i=1

with a;(f) € R? and b;(f) € Rsuchthatforalli=1,...,Nandforall j=1,...,d:
(E(1),0x,Ri(1)) =0 (5.116)
(E(1),Z-i(1)) =0. (5.117)

But each time this extension does not affect the sequel; in other words, the estimates we are sup-
posed to obtain afterwards and their proofs are the same.

A third change to be done concerns the way we define the different Lyapunov functionals which
are studied throughout the article. To deal with dimensions greater or equal than 2, we reduce the
problem to the case of a one-dimensional variable. For instance, let us explain how to generalize
Step 4 in subsection 5.2.2 to all dimensions. The subset

M ::U{feRdlf-(ﬁj—,&-):O}
i#]
of R4 is of zero Lebesgue measure. Hence, there exists £ € R4 such that for all i # J»

- (B = pi) # 0.

In particular £ # 0 and, even if it means considering %, we can assume that |£| = 1, so that
Vi=1,...,N, |€-Bi] < 1. Now, defining 8; := ¢ - B;, and even if it means changing the
permutation n, we have

—1<Byy <Byey <+ <Byawy < 1.

Then, the direction described by ¢ is to be favored: we consider the following cut-off functions:

1 B + Buxsn) Xip(k) + X (k+1)
N=ul|—|t-x- —¢. .
() =y (\/? ( X > 5
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At this stage, the definition of the functions ¢y in terms of the ¢ is kept unchanged and the corre-
sponding Lyapunov functional is to be written:

K
Fu (1) = /R (W @+ wd = Q)W+ 2By - Twiwa) o dx.
k=1

5.6.2 Proof of Corollary 5.1

The proof is an immediate adaptation of that of Proposition 4.12 in [10].
Let A > 0 and denote 14 := —%. In the sense of the H! x L%-norm, we have:

Ut + 14, + Bra) = Rp(t+ ta, -+ fa) + P NY, gt 414+ fra) +O (720"
= Rg(t) + Ae™ 'Y, 4(1) + O (e—szﬁf) .

Then, ||U'(t + ta, - + Bta) — Rg(t) || gixy2 e 0 so that there exist A € R and t9 = t9(A) € R
—+00

such that for all r > ¢, B
UA(t) = U (t + 14, -+ Bt4).

But on the other hand,
UA(1) = Rg(t) + Ae™'Y, 4(1) + O (e—zeﬁf) .
Hence,
(A - A)e 'Y, 5(1) = O (e‘kﬂf) :

which implies A = A. Consequently, UA(t) = U' (1 + t4, - + Bt a).
If A < 0, we have just to repeat the above argument with —A instead of A.

Lastly, let us identify U 0. Given that Rp is a solution of (NLKG) which satisfies (5.5), Theorem
5.2 provides the existence of A € R and of o € R such that for all t > to, U2 (¢) = Rg(1).
Since U satisfies (5.4), we deduce that

||Ae_eﬁtY+,ﬁ(t)||Hlez < Ce 2est,

Thus A = 0 and U° = Rp is defined for all € R.

5.6.3 A result of analytic theory of differential equations

Lemma 5.26. Lettg € R, A : [tg, +0) — R be a €' bounded function, and & : [ty, +0) — R*
be continuous and integrable.
If, for some p > 0,

Vixt, A1) +pA@)] < &@)sup |A()],

t'>t

then there exists ¢ > 0 such that

Vit>t, |A(t)] < ce™.
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Proof. Let us assume that

YVt >, | A" (1) + pA(t)| < &(2) sup |A(L)], (5.118)

t'>t

for some p > 0. Then for all # > £,

|[(e” A (1)] < &(t)e?” sup |A(t)].

t'>t
Let us consider ¢t > #y. For ¢’ > ¢, we obtain by integration
’ t’
leP" A(t) — e’ A(1)| < / E(s)e’® sup | A(u)| ds.
t uzs

This implies that, for ¢’ > ¢,
’ ’ t/
ePU|A(L)| < P |A(L)| + sup | A (u)|e”” / £(s) ds.
ux>t t

From the preceding line, we deduce that for all " > ¢,

+00

| A" < |A(t)| + sup | A(u)] &(s) ds. (5.119)

uzxt t

Now we consider #; > #( such that /z ]+£><> &(s) ds < % (which is indeed possible given that ft e £(s) ds —
0 as t — +00). By passing to the supremum on ¢’ in (5.119), we obtain for all ¢ > 1,

sup [A(1')] < 2| A(1)].

t'>t

Consequently, assumption (5.118) becomes
Vi, | A (1) + pA(r)| < 2£(2)|A(2)]. (5.120)

Let us define y(z) := eP"|A(¢)]. By integration of (5.120), we obtain

Vi>t, y(t) < y(t)) + /t 2&(s)y(s) ds. (5.121)

4]

By a standard Gronwall argument, we conclude to the existence of C > 0 such that for all # >
t1,y(t) < C, which implies the desired result. For the sake of completeness, let us explicit this
argument.

We define Y (1) := exp (— /tlt 2&(s) ds) ftlt 2£(s)y(s) ds for t > t;. The function Y is €' on
[t1,+c0) and for all ¢ > 14,

Y’(t)=2€(t)eXp(— / 26(s) ds) [ym— [ 26 ds]

1

< 29(1)E(r) exp (— / 2£(s) ds)
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by (5.121). Integrating the preceding inequality and observing that Y (¢;) = 0, we have

Y(1) S/ 2&(s)y(t1) exp (—/t 2&(u) du) ds.

1

We then infer

/ 2£(s)y(s) ds = exp (/ 2£(s) ds) Y(t) < 2y(t1)/ &(s) exp (/ 2&(u) du) ds.
! " ! ) (5.122)
Lastly, we denote v := ftrw £(s) ds; gathering (5.121) and (5.122), we obtain

Vixt, oyt <y(tn) +2y(t)e™ .

This achieves the proof of Lemma 5.26. O
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