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Introduction

(i) L’équation de Landau-Lifshitz-Gilbert

(i-a) Le modele dynamique du micromagnétisme

La plupart des données numériques sont stockées a 1’aide des matériaux ferromagnétiques, qui
par définition possedent une aimantation spontanée. Afin d’en donner une description, Pierre
Weiss a proposé en 1907 une théorie des domaines, qui consiste a considérer 1’aimant comme
un assemblage de petites régions uniformément aimantées. A I’intérieur de ces domaines (les
“domaines de Weiss”), les moments magnétiques sont tous alignés, la direction d’alignement
semblant ainsi discontinue aux frontieres, voir la figure 1. Cependant, il a été observé au début
des années 1930 par les physiciens Bloch et Heisenberg que la largeur de ces frontieres n’est
pas nulle. En considérant des échelles plus petites, on voit qu’en réalité 1’aimantation reste
continue d’un domaine a I’autre, voir figure 2. Si le matériau est soumis a un champ magnétique
extérieur H, les fontieres des parois bougent, de sorte que les domaines dont les moments
magnétiques M sont paralleles a H auront tendance a s’élargir. Les physiciens soviétiques Lev
Davidovich Landau (1908-1968) et Eugenii Myhailovich Lifshitz (1915-1985), dans leur effort
pour déterminer la distribution des moments magnétiques M a I’intérieur des parois, ont proposé
en 1935 I’équation suivante
dM

A
W :’YMX Heﬂ'— MSMX (MX Heﬂ‘) . (LL)

Ficure 1 — Exemple réaliste de domaines magnétiques adjacents, suggéré par L.D. Landau et
E.M. Lifshitz.
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FIGURE 2 — Zoom a I’intérieur d’une paroi de Bloch : I’aimantation passe brusquement d’un
alignement sur (0, 1,0) a un alignement sur (0, —1,0).

Dans (LL), le premier terme de droite décrit la précession du champ effectif H.g, autour duquel
tourne le moment magnétique. Ce terme peut €tre obtenu dans le cadre d’une théorie phéno-
ménologique générale, fondée sur 1I’observation que pour de faibles températures 1’amplitude
du moment magnétique est conservée. La théorie de Weiss prédit en effet qu’en dessous de la
température dite “de Curie” :

|M|:Ms ) (D)

ol “I’aimantation a saturation” My = M,(T') ne dépend que de la température. La présence
dans (LL) du double produit vectoriel dans le membre de droite est également proposée pour
des raisons phénoménologiques. D’une part, la constance de I’amplitude (1) impose que chaque
contribution a dM /dt soit orthogonale a M. D’autre part, le champ effectif est construit de sorte
qu’a I’équilibre, M et H.g sont alignés, ce qui rend nécessaire la présence d’un terme de vélocité
dirigé de M vers Hg. L.D. Landau et E.M. Lifshitz ont cependant souligné qu’en dehors du cas
ou sa valeur est tres faible, le parametre A dans (LLL) ne pouvait pas correspondre physiquement
a une “constante d’amortissement”, des valeurs croissantes de A ayant pour effet d’accélérer la
relaxation vers 1’état d’équilibre. De maniere générale, I’amortissement d’un systeéme physique
en mouvement macroscopique s’accompagne nécessairement d’un transfert d’énergie cinétique
et potentielle vers une énergie thermique (mouvement microscopique), et donc d’une perte de
vitesse.

Dans le cas présent du mouvement d’une chaine de spins, les détails concernant le phénomene
de dissipation sont cependant trop complexes pour €tre pris en compte explicitement dans
I’équation. Outre les pertes d’énergie liées aux courants de Foucault, les mécanismes par lesquels
se produit la dissipation s’expliquent par des degrés de liberté microscopiques du systeme avec
lequel M intéragit, par exemple au travers des défauts du réseau cristallin du matériau, ou encore
par ses vibrations. Cependant les mécanismes dominants ne semblent toujours pas encore avoir
été identifiés aujourdhui, voir par exemple a ce sujet [ ] ainsi que les références incluses.

Afin de remédier au probleme soulevé par L.D. Landau et E.M. Lifshitz, le physicien Thomas
L. Gilbert a proposé en 1955, a I’aide notamment du formalisme lagrangien, une autre fagcon
d’introduire I’amortissement dans le systeéme. L’ équation proposée par Gilbert [ ], qui est
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aujourd’hui la formulation admise d’un point de vue physique, s’écrit :

%:vaHeg—%sMx%. )
Le premier aspect commun a souligner, concernant les équations (LL) et (2), est que toute
solution préserve la contrainte (1) : il suffit pour s’en rendre compte de multiplier scalairement
ces équations par M, puis d’intégrer en temps. Dans 1’équation (2), la constante « est cette
fois un parametre d’amortissement, proportionnel a I’intensité de la dissipation du systeme.
Cette équation est généralement dénommée “forme de Gilbert”, faisant allusion au fait qu’il
s’agit en réalité de I’équation (LLL), mais avec des constantes physiques différentes. En effet,
en multipliant vectoriellement (2) a gauche par M, puis en réutilisant la relation obtenue ainsi
que 1’égalité |M| = M, on voit par un calcul immédiat que les équations (LL) et (2) sont
mathématiquement identiques. A redéfinition prés de la constante de précession, on retrouve
I’équation (LL), et la relation liant la dissipation a la constante de L.D. Landau et E.M. Lifshitz
s’écrit o

+

Entre temps, W.F. Brown avait introduit dans les années 1940 le micromagnétisme [ 1,
qui est une théorie des milieux continus consistant a décrire 1’aimantation d’un matériau ferro-
magnétique O C R? par un champ de vecteurs

A

w: 0 — R,

et ou les configurations admissibles au repos sont celles qui minimisent une énergie &£, ce qui de
maniere équivalente se traduit par 1I’alignement ponctuel de w sur un champ effectif continu H.g,
défini comme étant I’opposé du gradient de I’énergie.

Le passage du modele discret au modele continu peut étre dérivé heuristiquement de la
maniere suivante. Considérons un ensemble discret de spins M, , situés dans différents points
de I’espace z;, © = 1,2,...n, que I’on représente par une fonction d’aimantation continue
u et renormalisée de sorte que u(z;) = M;/M, pour tout i. Les équations du mouvement
s’expriment dM; /dt = yM; x H; — (\/Ms)M; x (M; x H;),i =1,...n, ot le champ effectif
H; doit a priori prendre en compte les effets générés par tous les spins. Dans une situation
simplifiée, I’intéraction dominante localement en z; est celle de M; avec ses voisins immédiats.
Une hypothese simple est de supposer que les spins, a la maniere d’une boussole qui s’aligne sur
le champ terrestre, s’alignent sur le champ magnétique que créent les particules voisines. Ainsi,
dans une structure de type cristalline, le vecteur M; aura tendance a s’aligner sur la moyenne
locale, obtenue sur I’ensemble des points z; & d€; ou €, j = 1,...d décrit un ensemble de
directions, et ¢ est la distance séparant deux voisins. Cela donne un champ effectif local sous
la forme Hex = J > o u(r; + 0€;) + u(x; — d€;), ot J est une constante d’échange qui
classiquement est proportionnelle a I’inverse du carré de 6. Posant pour simplifier J = §2,
et prenant toutes constantes égales A 1, nous obtenons que u X Heg = u X Au + O(52), Au
désignant ici le Laplacien de u sur chaque composante. L’ équation continue s’écrit donc

ou
ot
Dans le cas ou seule cette intéraction est prise en compte, le champ effectif H.g := Au est égal
au gradient de la fonctionnelle d’énergie d’échange E(u) := 1/2 [, |Vu|* dz. Une intégration

=yu X Au+u X (u X Au) . (LLG)

3



par parties montre en effet que I’on a Au = _ag_iu). Cette énergie pénalise les variations locales
de v : la minimiser revient a aligner localement u sur sa moyenne.

En toute généralité, I’équation donnée par L.D. Landau et E.M. Lifshitz incorpore dans H.g
d’autres champs, générés par des phénomenes physiques de nature différente, bien que reliés. La
théorie de W.F. Brown inclut ainsi plusieurs énergies. L’ énergie extérieure correspond au méme
phénomene que le précédent, mais a plus grande échelle. Sa minimisation aligne « sur un champ
extérieur donné, indépendant de u. L’énergie d’anisotropie facilite 1’alignement de w sur des
directions prescrites par la structure cristalline du matériau. Enfin, I’énergie démagnétisante est
un terme qui rend compte du fait que la configuration de u est soumise au champ magnétique
hq qu’elle produit elle-méme. Non local, il s’agit souvent du terme le plus difficile a traiter en
pratique, dans les applications numériques. La somme de toutes ces contributions & est appelée
“énergie libre” (ou énergie de Brown), et le champ effectif se définit a ’aide de la relation
Heg = —0&/0u. 1l n’existe pas, en général, de minimiseur commun a ces différents termes, et
on observe en général plusieurs configurations d’équilibre pour u, toutes solutions (locales) du
probléme de minimisation

min  E(u) . 4)
u: |ulpz=1
Suivant I’esprit de la littérature mathématique [ , , , ], nous traitons

dans ce manuscrit le cas d’un champ effectif dérivant de 1’énergie d’échange seulement. Les
résultats qualitatifs (existence, unicité, régularité, etc.) obtenus dans ce cas particulier peuvent
en général s’adapter a des énergies/champs plus généraux. Des exemples de tels traitements sont
par exemple effectués dans [ ], ou encore [ ]. A partir de maintenant, nous ferons
sytématiquement I’hypothese que £ = E = 1/2 [, [Vul]>.

(i-b) Un parallele important avec le flot des applications harmoniques.

Le probleme de minimisation (4) a des liens profonds avec la géométrie différentielle, et
notamment avec la notion d’application harmonique a valeurs dans une variété. Des problemes
variationnels de cette forme apparaissent naturellement aux géometres, I’exemple le plus parlant
étant le calcul des géodésiques d’une variété donnée ./, consistant a chercher un chemin
u : [0, 1] — 4 qui minimise la distance parcourue entre deux points. Ici, la contrainte que 1’on
voit apparaitre dans (4) s’exprime simplement comme 1’appartenance de chaque vecteur image
alavariété S = {X € R3 | X| = 1}.

Etant données deux variétés riemanniennes ./, .4 et une application u : .2 — .4, on peut
définir de maniere intrinseque I’intégrale

2
E(u) :/ MdVOL// . (5)
a2

Les applications harmoniques sont par définition des fonctions régulieres (au minimum de classe
C?) qui minimisent la forme quadratique (5), appelée intégrale de Dirichlet. Heuristiquement,
une telle application u représente une maniére optimale de “tendre” la variété de départ .# dans
celle de d’arrivée — dans cette métaphore . représenterait un objet idéalement élastique, voir
I’illustration figure 3.

Il est également possible de définir des applications faiblement harmoniques en minimisant
I’énergie de Dirichlet dans I'espace H'(.#; .4"), pendant de I’espace de Sobolev classique dans
un contexte riemannien. Un calcul simple permet de voir que toute application u : O — S?

4



FiGure 3 — Application harmonique a valeurs dans la sphere. La variété de départ est “tendue”
dans S2.

d’énergie finie, minimisante pour £/, est solution au sens des distributions de I’équation d’Euler-
Lagrange
Au +u|Vu* =0 dans O , (6)

Ici, la fonction |Vul* = 37, .(0;u’)? n’est autre que le multiplicateur de Lagrange associé a la
contrainte ponctuelle imposée sur u. Si 1’on munit les candidats » de conditions au bord, par
exemple en imposant que u|so = g, la méthode directe du calcul des variations montre qu’il
existe une application faiblement harmonique dés lors que H'(O;S?)N{u : ulso = g} n’est pas
vide. En multipliant vectoriellement a gauche par u 1’équation (6), puis en injectant la relation
dans (LLG), il est immédiat de voir que la fonction f(t,2) = u(z) est une solution stationnaire
pour (LLG).

En résumé, étant donnée une condition initiale uy d’énergie finie, il existe au moins une
configuration a I’équilibre pour I’énergie d’échange, valant ug|so au bord. En temps long, il est
donc raisonnable d’espérer que les solutions de (LLG) (si elles existent) se stabiliseront “autour
d’une application harmonique”, un point d’équilibre du syteme, minimiseur local de 1’énergie
d’échange.

Mentionnons également que 1’équation (6) apparait, lorsque dim O = 3, dans la théorie des
cristaux liquides [ ]. Ces cristaux sont constitués de particules orientées décrites par un
champ de vecteurs unitaires, et minimisant a 1’équilibre 1’énergie de Frank-Oseen.

Appliquant maintenant la formule du double produit vectoriel et utilisant le fait que les
applications 2 valeurs dans la sphere satisfont 0 = A(|u|?/2) = Au - u + |Vu|?, 'équation
(LLG) est, au moins formellement, équivalente & O;u = yu x Au + Au + u|Vu|?. Si le systeme
est “suramorti” (i.e. v = 0), on retrouve 1I’équation du flot des applications harmoniques a
valeurs dans S?, i.e.

O = Au+ u|Vul? . (HMF)

Il existe une abondante littérature sur les propriétés du flot de (HMF). Pour un exposé complet
sur le sujet, on peut entre autres consulter les références [ , ]. Les auteurs J. James
Eells, J.H. Sampson ont en 1964 donné le point de départ dans un article fondateur [ ]. Cette
équation apparait essentiellement pour une raison géométrique : étant donnée une application
¢ M — AN, on cherche a savoir s’il existe une application harmonique dans sa classe
d’homotopie. Plus informellement, on aimerait savoir s’il existe une déformation continue de
 vers une application harmonique. L’existence d’une telle déformation peut é&tre montrée par
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une technique de flot. Supposons I’existence d’une solution v a (HMF) globale en temps, de
condition initiale ¢, telle que la limite ¢ := lim; ., u(t, -) existe et que la convergence soit
“suffisamment forte” (typiquement dans un espace de fonctions continues sur O). Il peut étre
montré, en utilisant la formule fondamentale de 1’énergie, voir ci-dessous I’équation (7), qu’une
telle application v est nécessairement une solution sationnaire de (HMF), et donc une application
harmonique. Le flot ¢ — w(t, -) fournit ainsi la déformation désirée ¢ ~~ 1) .

(i-c) Du phénomene de dissipation a celui des fluctuations thermiques.

Du point de vue mathématique, toute solution (réguliere) de (LLG) doit vérifier la relation de
dissipation

E(t) — E(0) + /t PD(0)do =0 , (7)

ol Z(o) désigne la “tension” [, |0yu(c, x)|*dz. 1l suffit pour voir cela de multiplier scalaire-
ment I’équation par Au, et d’intégrer en espace, puis en temps. Bien que fondamental, le fait
que I’énergie décroisse au cours du temps n’est cependant pas étonnant, I’équation phénomé-
nologique proposée par L.D. Landau et E.M. Lifshitz ayant été construite, en partie, dans ce
but.

Comme déja mentionné plus haut, le phénomene d’amortissement trouve ses origines dans
des intéractions microscopiques entre le champ « et son environnement. Moyennés, les effets
dis a ces degrés de liberté microscopiques provoquent une perte d’énergie du systeme, une
dissipation. A mesure que 1’on augmente la température du matériau, un autre effet important de
ces intéractions microscopiques se fait ressentir. Il s’agit de fluctuations, pour lesquelles il est
désormais communément admis, dans la littérature physique, qu’elles sont I’effet d’intéractions
avec des particules : les phonons. Un cristal vibrant suivant un mode de fréquence v peut gagner
ou céder de I’énergie, dans une quantité qui soit un multiplie entier du quantum Av, ou i désigne
la constante de Planck. Dans le formalisme de la mécanique quantique, la dualité onde/corpuscule
veut que les “paquets d’énergie” échangés, qui proviennent d’objets ondulatoires (ici les modes
de vibration d’un cristal), correspondent également a des échanges de particules, les phonons.

La prise en compte des effets diis a 1’agitation thermique dans le micromagnétisme date de
1946 et des travaux de Louis Néel [ ]. Elle a ensuite été formalisée en 1963 par W.E. Brown
[ ], et a depuis été développée par d’autres auteurs, voir par exemple [ ]. Dans la
théorie du micromagnétisme, le moyen le plus commun pour prendre en compte ces intéractions
est d’introduire un champ Hyy,,,, que 1’on ajoute au champ effectif dans (LLG). Cela conduit a

considérer 1’équation de Landau-Lifshitz-Gilbert stochastique [ ]:
dM A
% = —’}/M X (Heff + chm) — VM X (M X (Heff + chm)) . (8)

A température ambiante, les phonons ont une “trés faible” durée de vie, en comparaison du
temps moyen de relaxation du systeme. Les forces générées par I’interaction de ces particules
avec u ont des temps de corrélation de I’ordre de 10~*2 sec. Dans le cadre d’une “particule
monodomaine” (i.e. un matériau constitué d’un seul domaine de Weiss, uniformément aimanté),
le temps de relaxation 1ié A une perturbation instantanée est de 1’ordre de 10~ %sec., ce qui
permet de considérer le spectre des forces d’agitation thermiques comme blanc, voir par exemple
la discussion sur le sujet dans [ ], ainsi que les références incluses.
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Cette propriété subsiste dans le cas d’un nombre fini de spins M, ... M,,, situation dans la-
quelle, d’apres les arguments développés dans [ 1, les différentes composantes H: ... H!
peuvent également étre considérées comme indépendantes. Mathématiquement parlant, cela

revient a considérer que le champ Hyy,,,, satisfait aux propriétés statistiques suivantes
E Hum(t) =0 , EH,.(t)- H, (s)=2D8;0(t —s) , 9)

ou ¢;; désigne le symbole de Kronecker, tandis que §(¢) est la mesure de Dirac. La lettre D
désigne ici une constante proportionnelle a la température du matériau via la relation [ ,
p- 801]:

A kT

L AZYMY
k étant la constante de Boltzmann, et ' le volume d’un monodomaine du matériau. De plus,
en raison du grand nombre d’intéractions entrant en jeu dans Hyy,,,, et puisqu’elles ont toutes
les mémes propriétés statistiques, il est communément admis que le processus ¢ — Hy, (1) est
Gaussien, ce qui peut se justifier mathématiquement par le Théoreme de la Limite Centrale.

(10)

(i-d) Influence des fluctuations pour LLG fini-dimensionnelle

Lorsque nous parlons de LLG “fini-dimensionnelle”, nous faisons référence a I’équation portant
sur un nombre fini de spins, c’est a dire au systeme d’équations différentielles stochatisques
engendré par (8), avec M = M;, H = H; et Hy,y,, = ghm, pour 1 <7 <n.

L’ ajout de bruit dans I’équation de Landau-Lishitz-Gilbert est un probleme mathématique
dont I’analyse a débuté dans la derniere décennie. Cette analyse présente un intérét industriel,
les matériaux ferromagnétiques €tant devenus d’usage courant. La nécessicité grandissante
d’optimiser le stockage magnétique de I’information constitue une des raisons principales de
I’intérét porté a I’analyse de (8). Les bits sont stockés dans les matériaux ferromagnétiques, au
moyen d’une orientation particuliere du moment magnétique. L’information contenue dans un
disque dur correspond a une configuration du champ M, on peut par exemple imaginer que le
vecteur M pointe vers le haut pour signifier “1”, et inversement vers le bas pour coder un “0”. 1l
faut s’assurer cependant que le vecteur M soit a 1I’équilibre, ce qui peut étre obtenu en exercant
artificiellement un champ extérieur, nécessitant un apport d’énergie.

Le modele déterministe atteint ses limites lorsque 1’on cherche a stocker ces bits dans des
espaces de plus en plus restreints. Cela est 1i€ au phénomene de “switching” : malheureusement,
en raison des fluctuations thermiques, 1’aimantation en un point peut s’inverser spontanément.
Pour provoquer un “switch”, les fluctuations doivent au préalable apporter une quantité mi-
nimale d’énergie a la configuration. Ce quantum A FE' est au mieux proportionnel au volume
de I’échantillon. On voit donc que plus I’espace occupé par I’échantillon est restreint, plus la
probabilité d’inversion spontannée est grande, ce qui pose un probleme pratique dans le stockage
de I'information. La compréhension de ce mécanisme, dont la non prise en compte dans (8)
constituerait une impasse, est donc cruciale pour I’amélioration des capacités de stockage.



(i-e) Analyse mathématique de la dimension infinie.

Il n’existe pas, a ce jour, de dérivation mathématique rigoureuse du modele stochastique continu.
L’hypothese cependant retenue dans la littérature sur le sujet [ , , ], par
analogie avec le cas d’'un nombre fini de spins, est que (i) les fluctuations thermiques doivent
étre incorporées dans (LLG) via I’ajout d’un terme Hyy,,,, au champ effectif ; (ii) ce terme est
un bruit blanc Gaussien en espace-temps. En pratique, les auteurs cités supposent néammoins
I’existence d’une corrélation spatiale pour Hyy,,, le cas du bruit blanc espace-temps rendant hors
de portée le traitement mathématique de I’équation.

Dans la suite ¢ désigne un bruit blanc espace-temps, a valeurs dans R3. Nous représentons
un matériau ferromagnétique par un domaine O de dimension deux ou trois. Apreés mise sans
dimension de 1’équation, nous sommes donc ramenés au probleme suivant, pour des constantes
v € {0, 1} et e données.

Trouver v = u(t, z), tel que I’on ait :

du=—ux (ux (Au+eC)) +~yux (Au+eC) , pourtout (t,z) dans Ry x O,

(1)

ou u vérifie les conditions au bord de type

Dirichlet : u(t,z) = uo(x), ou
pour tout (t,z) dans R, x 00,

Neumann homogenes : 2%(¢,z) =0 ,

(12)
avec pour donnée initiale :
u(0,z) = up(x) pour tout = dans O,
(13)
et u est supposée vérifier la contrainte locale sur sa magnitude :
u(t,r) €S* ={r e R*, |z|] =1}, pour tout (t,z) dans Ry x O .
(14)

Une force de type bruit blanc Gaussien est classiquement formalisée dans la littérature par la
dérivée faible d’un processus de Wiener cylindrique. Un tel processus est généralement donné
par une somme formelle

W(t)=> Bilt)ex (15)

keN

ou les coordonnées sur la base orthonormée {ey, k > 0} de I’espace L?(O) sont des mouvements
browniens réels [, indépendants entre eux. Il s’agit du point de vue adopté dans 1’ouvrage
[ ]. On peut vérifier que le processus ¢ := dW/dt définit une mesure aléatoire sur les
boréliens A de R, x O, telle que : (i) pour tout A, ((A) est une variable aléatoire gaussienne,
de variance égale a la mesure de Lebesgue de A (ii) si (A;) désigne une famille disjointe de
boréliens, alors les ((A;) correspondants forment une famille indépendante. Heuristiquement,
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Ficure 4 — Exemple de configuration sur le disque unité. En bleu : u, en violet : H.g = Auw.

on peut voir ((A) comme étant “la quantité de bruit contenue dans I’ensemble A”, le bruit
n’ayant, pour des raisons de régularité, pas de sens ponctuel.

En effet, le ratio (W (t + At) — W (t))/At diverge presque stirement a la limite At — 0. La
maniere correcte d’interpréter I’équation obtenue est de procédér par dualité, en définissant une
intégrale stochastique en temps, par rapport a la mesure aléatoire dW¥. Cela ne peut malheureu-
sement pas se faire de manicre canonique : afin de définir précisément ces intégrales, il nous
faut une “regle additionnelle” pour interpréter I’intégrale “ fot ®dW?”, ou de maniere équivalente,
le produit “® %”.

L’interprétation de Stranotovich consiste a passer par une discrétisation via des sommes
partielles du type Y .., P(tit1/2) (W (tix1)—W (t;)), o ’on évalue I’intégrand au milieu de
chaque intervalle de temps [t;, ;,1), puis a passer a la limite lorsque la taille de la discrétisation
en temps tend vers 0. Si I’on choisit, a la place, d’évaluer I’'intégrand par sa valeur a gauche de
chaque intervalle, on définit alors 1’intégrale d’Ito, préférée par les mathématiciens pour ses
abondantes propriétés en théorie des probabilités, notamment celle de définir une martingale.
A contrario, le calcul de Stratonovich est souvent préféré dans les applications physiques, car
les résulats obtenus coincident avec le passage formel a la limite 7 — 0, ou 7 désigne le
temps de corrélation des fluctuations du systeme. Ces deux interprétations ne coincident pas en
général lorsque I’intégrand implique 1’inconnue i.e. lorsque & = ®(u), voir par exemple [ ,
chap. 3].

Par ailleurs, I’intégrale d’Itd ne respecte pas la “reégle de la chaine” classique, a savoir que la
différentielle de F'(u) n’est pas égale en général a F”’(u)du, quelle que soit la régularité de la
fonctionnelle F'. En particulier, le fait qu’ici du soit en tout point orthogonal a u n’implique pas
pour autant que la magnitude locale soit préservée le long du flot : il est faux, au sens d’Itd, de
dire que “d(|u|?) = u - du”. En réalité, une interprétation Itd de (11) menerait 2 une magnitude
non constante, ce qui est proscrit, au regard du modele. L’intégrale de Stratonovich, au contraire,
nous assure que la contrainte (14) est préservée au cours du temps.

Les deux points de vue peuvent toutefois €tre réconciliés si I’on interpréte une intégrale de
Stratonovitch comme une intégrale d’It6 plus un terme additionnel de drift. On a en effet la
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relation (formelle)

1
/ dodWV = _/ Z@’(u)[@ek]ekdt—i—/ dAW | (16)
0,7] 2 o5 [0,7]

N J/

=F(u)

6 _ 9

ol “o” signifie que la reégle de Stratonovitch est utilisée, 1’intégrale de droite étant celle d’Itd,
et (ex) est comme dans (15). Pour LLG stochastique sous la forme (11), c’est I’intégrale de
Stratonovitch qui est choisie dans [ ]. En rajoutant le terme F'(u) dans le membre de
droite de (11), on peut vérifier formellement, en applicant la formule d’1t6, que la contrainte sur
la magnitude locale de wu est préservée.

Dans la littérature sur (11) (voir section suivante), on omet en général d’ajouter ¢ a Au
dans le terme dissipatif, la raison souvent évoquée étant que dans les applications physiques, le
parametre d’amortissement est tres faible devant la constante de précession 7. Un raisonnement
plus mathématique permet cependant de mieux justifier la validité de cette hypothese, puisqu’il
a été remarqué par plusieurs auteurs [ , , , | qu’en dimension finie
1.e. pour I’équation différentielle stochastique associée a un nombre fini de spins, les deux
formulations menaient a une seule et méme équation de Fokker-Planck sur la loi des solutions, a
redéfinition pres de la constante €. Cela justifie ainsi I’égalité en loi pour les solutions de ces deux
versions de SLLG a priori différentes. Il existe une raison géométrique simple expliquant cette
propriété. Considérons un mouvement brownien tridimensionnel 1 (¢). Partant d’'un méme point
By sur la sphere, les processus B, B’ solutions de dB = B x dW,dB" = —B' x (B’ x dW)
définissent tous deux un mouvement brownien sur S2. Le processus B correspond, dans un
voisinage de ¢ = 0, au méme mouvement que B’, mais tourné de 90° selon le vecteur By, voir
I'illustration fig. 5. Il en est de méme,  constante multiplicative prés, du processus B solution
de dB = B x dW — B x (B x dW). Nous donnons dans le chapitre | une justification formelle
de cette équivalence dans le cas de la dimension infinie. Cela nous permet de nous ramener au
cas d’une diffusion dépendant linéairement de I’inconnue u, et non de maniere quadratique.

(ii) Revue des différents résultats obtenus. Comparaison avec
le cas déterministe.

(ii-a) Formule de I’énergie, existence de solutions faibles

Afin de préserver la contrainte sur la magnitude locale, mais aussi dans I’esprit de la littérature
physique, I'interprétation choisie pour I’équation (11) est celle de Stratonovich. Le bruit dans
I’équation (11) étant sous forme multiplicative, la correction définie dans (16) n’est pas nulle
et vaut I, (u) = €Y, z(u x ¢e) X de, B désignant une base orthonormée de L*(O; R?). Le
formalisme développé dans la section précédente nous permet de nous ramener a 1’équation
stochastique en dimension infinie :

du = (Au+ u|Vul]® + yu x Au+ F.(u))dt + eu x dW . (SLLG)

out > 0 — u(t), est un processus a valeurs dans un espace fonctionnel de la variable d’espace.
Il s’agit de maniere équivalente d’une équation aux dérivées partielles stochastique, la différence
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gﬁ’ dB’ = B’ x (B' x dW)

FIGURE 5 — Simulation numérique de deux mouvements browniens sur la sphere, partant d’un
méme point By. Pour un domaine constitué d’un spin M, les lois de M et M solutions de
AN Jdt = AN % (H +C)) — M x (M x (H +C)), et dM /dt = M x (H +¢) — M x (M x H)
sont identiques a condition de redéfinir .

résidant seulement dans le point de vue utilisé. Nous suivons en effet la présentation effectuée
dans [ ], sachant que d’autres sont possibles, voir par exemple [ ].

L’analyse mathématique de (SLLG) a débuté tres récemment. Elle est encore balbutiante
aujourd’hui et peu de travaux existent sur le sujet, au contraire de 1’équation déterministe
(LLG) qui possede une littérature tres fournie, voir par exemple les références [ , ,

, , , , , , , ], ou plus spécifiquement concernant
I’analyse numérique : [ , , , , , ]. Dans le résultat suivant,
le domaine @ C RR? est soit borné, soit égal a I’espace entier.

Théoreme d’existence pour LLG ([ , 1. Pour I’équation (SLLG) avec conditions
au bord de type Neumann homogéne, il existe une solution u : R, x O — S?, au sens des
distributions, et telle que E(u(t)) < E(ug) pour tout t > 0.

La preuve de ce théoreme repose essentiellement sur une méthode de compacité impliquant
la formule (7). On a une estimation a priori dans I’espace des applications d’énergie finie pour
tout temps, d’ou découlent des propriétés de convergence pour des solutions approchées, soit par
des approximations de type “schéma numérique”, soit par des solutions de I’équation projetée
sur un espace fini-dimensionnel (méthode de Galerkin). Cette approche est celle utilisée par les
auteurs de ce théoreme. Elle permet d’obtenir des solutions “faibles”, vérifiant (LLG) au sens

des distributions. Dans [ ], on utilise de surcroit une méthode de pénalisation déja mise en
ceuvre par Y. Chen pour I’existence de solutions faibles pour (HMF) [ ], permettant de

“relacher” la contrainte |u|gs = 1.
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Dans le cas de LLG stochastique (SLLG), une formule de dissipation existe et s’écrit
formellement (voir le chapitre 2)

E(t) — E(0) + /t D(o)do = X (t) + Cot (17)

ou la constante Cy vaut +ooc si le processus de Wiener W est cylindrique, et cette fois la “tension”
2 (o) vaut [, |u(o,z) x Au(o, z)|*dz, c’est a dire formellement [, [Oyu(o, z) — u(o, z) x
W (o, z)|2dz”, au regard de Iéquation (SLLG). Le processus X est une martingale : de moyenne
nulle, il contient le terme de premier ordre lié aux fluctuations de 1’énergie induites par le bruit.
Sans hypothese supplémentaire, il vaut également +oo presque slirement, quel que soit ¢.

Nous voyons au travers de la formule (17), que I’existence méme d’une solution semble
étre compromise pour le cas du bruit blanc espace-temps, rendant impossible 1’application de la
formule de dissipation dans la quéte d’estimation a priori pour u. En dimension trois d’espace,
il semble donc illusoire, dans ce cas, de chercher a obtenir des solutions (méme dans un sens
“faible”), d’autant qu’il existe des exemples d’équations stochastiques “voisines” de (SLLG) qui
sont mal posées en dimension d’espace > 1, y compris lorsque le terme de bruit est de type
additif (ce qui serait un cas plus favorable), voir [ ]. Bien que ce ne soit pas le sujet de
la these, mentionnons toutefois que la théorie des structures de régularité ne s’applique pas a
(SLLG) en dimension trois, car I’hypothese de sous-criticallité locale n’est pas satisfaite [ ,
chap. 8]. Cette derniere n’est pas non plus vérifiée en dimension deux, ou I’équation correspond
au cas critique de la théorie, (SLLG) en 2D étant invariante par rescaling parabolique.

Le peu de littérature existant sur I’équation (SLLG) [ , , , ,

, ] traite le cas d’un bruit blanc en temps, mais régularisé en espace (a I’exception

de [ ] ol les auteurs discrétisent un bruit blanc a I’aide d’éléments finis). Cela se traduit,

pour des fonctions test o, 1) dans C*>°(O), par la propriété statistique E[(C(t), ¢)(((s), ¥)] =

§(t — 5){(Qwp, 1), ot ’opérateur de covariance Q est supposé a trace finie dans I’espace L*(O).

En décomposant ce dernier sous la forme () = ¢¢* il s’agit de remplacer WW par le processus de
Wiener

Wat) = Bult)ger . (18)

keN

ou cette fois ci la somme converge presque siirement dans L?(O). Dans ces conditions, en
supposant que nous avons également replacé F'(u) par la correction adéquate F,(u) (voir (16)),
la formule (17) fait sens, d&s lors que 1’opérateur ¢ : L?(O) — H'(O) est de classe Hilbert-
Schmidt, et nous pouvons raisonnablement espérer appliquer une méthode de compacité tirée
de la formule de dissipation, a la maniere de celles développées par A. Visintin, F. Alouges et
A. Soyeur dans la littérature déterministe (avec bien entendu une adaptation des arguments).

Le premier résultat notable pour 1’équation (SLLG) a été obtenu par Z. Brzezniak, B. Goldys,
et T. Jegaraj en 2012, et concerne I’existence de solutions martingales faibles. Il s’agit de
I’article Weak solutions of a stochastic Landau—Lifshitz—Gilbert equation : Applied Mathematics
Research eXpress, 2013(1) :1-33[ ]. Le terme de “solution martingale faible” est utilisé
en théorie des EDPS afin de distinguer la notion de solution faible au sens probabiliste du terme,
de la notion de solution faible au sens des distributions. Nous pouvons définir ces solutions de la

12



maniére suivante, pour un intervalle de temps fixé [0, T']. Définissons I’espace
X :=1° (0, T, H' ((’); R3)> N C([O, T); L? ((9; R?’))

ﬂ{v:[O,T] x O — R?, @U(t)dt<oo} , (19)

(0,7]
oll Z,(t) désigne a nouveau la “tension” [, [v(t, ) x Av(t,z)|*dz.

Définition 1. Etant donnée une condition initiale u, d’énergie finie, une solution martingale
faible de (SLLG), est une mesure de probabilité 1 sur I’espace de trajectoires X defini par (19)
telle que si I’on note (¢, &) € [0,7] x X — £(t) le processus canonique, alors

1) p-presque sirement : £(0) = ug, et £(¢, ) € S? pour presque tout ¢,  ;

2) le processus
M) =60 = §0) = [ (A6+EIVEF + € x A¢+ Fo(©) b

est une martingale de variation quadratique (2;)f = — fot ¢*(&(s) x (£(s) x ¢ f))ds, pour
toutt € [0, 7] et f dans L?(O;R?).

Notons qu’en raison de I'identité vectorielle | — v x (v X Av) +v X Avfz; = | — v X (v X
Av)25 4+ |v x Av[2; = 2|v X Av|2,, valable des que la contrainte sur la magnitude de v est
satisfaite, la condition de sommabilité sur la tension o — Z(0) indique que I’intégrale dans 2)
est convergente au sens de Bochner dans L2. Dans [ ], les auteurs montrent qu’il existe
une solution martingale faible de (SLLG) en 3D, pour toute condition initiale d’énergie finie, et
tout processus de Wiener Wy (¢, x) donné par un produit i (x) x W(t), ou W; est un mouvement
brownien réel et i est une fonction bornée (admettant des dérivées sommables). L hypothese
que le processus de Wiener ait la forme d’un tel produit peut cependant étre levée puisque
I’article ultérieur [ ] montre la convergence, toujours vers une solution martingale
faible, d’une discrétisation de (SLLG), ou Wy est supposé avoir la forme plus générale (18),
avec ¢ : L?(0) — H?*(O) Hilbert-Schmidt.

Le théoreme d’existence montré par Z. Brzezniak, B. Goldys et T. Jegraraj, ne fournit pas
d’information sur I’unicité, méme locale, des solutions. Il n’y a cependant pas d’unicité a espérer
en 3D, car un résultat obtenu par F. Alouges et A. Soyeur [ , Thm. 1.6] montre que 1’on
peut trouver une infinité de solutions faibles pour 1’équation déterministe (LLG), appartenant a
I’espace d’énergie qui est le pendant déterministe de X, voir (19). Il est donc peu probable, au
meilleur de notre connaissance, d’espérer obtenir un critere d’unicité “naturel” en dimension
trois, 2 moins que le bruit ait un effet inattendu sur ’unicité — voir par exemple a ce sujet
les travaux de G. Da Prato , A. Debussche et C. Odasso [ , ] sur I’équation de
Navier-Stokes stochastique.

(ii-b) Problémes liés a D’existence et I’unicité locales de solutions pour
(SLLG) (pour un domaine O de dimension quelconque).

Pour les équations aux dérivées partielles, la question de I'unicité souleve des problemes liés a
la régularité des solutions. Les différentes notions de solution (faible ou forte), lorsqu’elles ne
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coincident pas, peuvent entrainer un défaut d’unicité. L’exemple de 1’équation sationnaire liée
a (LLG) est instructif : nous avons vu que pour I’équation applications harmoniques a valeurs
dans la sphere (6), il existe plusieurs notions de solution. En dehors des notions de solution
classique et faible pour 0 = Au + u|Vu|? (définies dans la section (i-a)), il existe également des
applications dites faiblement stationnaires. Nous avons en fait la situation suivante :

{applications harmoniques}
C {applications faiblement stationnaires } (20)
C {applications faiblement harmoniques} .

avec généralement des inclusions strictes, voir par exemple [ ] pour les définitions. Dans
[ ], les auteurs considerent une application faiblement harmonique f qui n’est pas “faible-
ment stationnaire” et montrent qu’il existe une solution faible u de (LLG) partant a ¢ = 0 de
f, qui n’est pas constante en temps. Or, pour ¢ dans R, la famille d’applications u’, définie
comme

u'(s):=f , pour s <t , et u'(s) :=u(s—t) pour s >t ,

définit un continuum de solutions faibles pour (LLLLG), prouvant ainsi la non-unicité des solutions
faibles. Cette preuve est en fait adaptée d’un argument utilisé€ pour montrer le méme résulat sur
le flot des applications harmoniques [ ].

Comme déja mentionné plus haut, il existe un parallele intéressant entre les deux équations
équations (LLG) et (HMF), et on constate, dans la lignée de 1’exemple précédent, et au regard
de la littérature déterministe sur les deux sujets, que les résultats qui existent sur (HMF) peuvent
souvent se généraliser a LLG. C’est une méthodologie que nous avons adoptée dans cette these,
a savoir que nous avons en premier lieu étudié I’équation suramortie

du = (Au + u|Vul* + Fy(u))dt +u x dWy | (SHMF)

puis généralisé a (SLLG) les résultats obtenus pour (SHMF).

Outre les questions liées a I’unicité des solutions martingales faibles pour (SLLG), on peut
se demander s’il existe des solutions fortes locales au sens probabiliste, c’est a dire qu’ayant fixé
un processus de Wiener W, sur un espace de probabilité (€2, F,P), on voudrait savoir s’il existe
u satisfaisant dans L2 I’équation :

¢ t
u(t) —u(0) = /0 (Au+ u|Vul® + yu x Au+ Fy(u))ds +/0 ux dWy. (21)

au moins jusqu’a un certain temps d’arrét 7 > 0.
Dans le chapitre 1, nous montrons le résultat suivant pour le cas v = 0.

Théoreme I : Résultat principal du premier chapitre, existence et unicité locales pour SHMF
en dimension n > 2. — Supposons que la condition initiale v, appartient a l’espace de
Sobolev W'P(O) pour p > n, et qu’elle satisfait la contrainte (14). Il existe alors, pour tout
¢ : L?* — WP qui soit ~y-radonifiant, une unique solution locale pour (SHMF).

La preuve de ce résulat repose sur une méthode de point fixe avec troncature de la nonlinéarité
u|Vu|?, déja développée par exemple par A. De Bouard et A. Debussche dans [ , 1,
pour I’équation de Schrodinger stochastique. L’idée de départ est de définir une application
v +— u(v), donnant la solution de

du — Audt = (v|Vol* + Fy(v))dt + v x dW, , u(0) =uo ,
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lorsque v est une variable aléatoire supportée dans I’espace X := C([0,T]; W'?). A I’aide
des effets régularisants du semigroupe de la chaleur ¢ — €'®, on peut estimer les quantités du
type E||v||x, Elju(v) — u(v2)]|| x, permettant ainsi de trouver un point fixe pour 1’application
v — u(v), ce qui donne le résulat voulu. En raison du terme stochastique dans 1’équation, on
ne peut pas traiter directement I’équation d’origine : il faut d’abord se ramener a une équation
modifiée, dans laquelle la nonlinéarité est tronquée de sorte que pour /2 > 0 donné, la solution
u = up demeure dans une boule de X. On obtient ensuite des solutions de I’équation d’origine
par un argument de localisation.

Malheureusement, cette méthode ne semble pas fonctionner dans le cas de (SLLG). Nous en
expliquons ici brievement les raisons. Dans le cas déterministe, I’existence de solutions régulicres
(au moins continues par rapport a x) est une conséquence d’un théoreme di essentiellement
a une serie d’articles par H. Amann, voir [ , , ]. En substance, le résultat
d’H. Amann établit que toute équation de la forme

Owu+ A(t, z,u, Vu)u = f(u, Vu) (22)

ou {A(t),t > 0} est une famille d’opérateurs d’ordre deux, fortement elliptiques, et dépendant
de maniere Holdérienne de la variable ¢, admet des solutions continues des lors que les données
f et ug sont suffisamment régulieres. Par ailleurs, la solution est donnée par la formule de
“variation des constantes”

u(t) = U(t,0)ug +/0 Ult,s)f(u(s), Vu(s))ds, (23)

ot la famille d’opérateurs U(t,s), s < t est I’analogue du semigroupe e*~*)2 dans le cas
d’une famille d’opérateurs dépendant du temps. Tout comme le semigroupe de la chaleur, la
famille U (¢, s) a la propriété “agréable” de régulariser le second membre f et ce dans les mémes
échelles (typiquement un second membre dans L?([0,T] x O) entraine que la solution u est
dans L%([0, T]; H*(O))).

Un calcul immédiat montre que la condition d’ellipticité forte est satisfaite par la famille
d’opérateurs A, (t)u := —Au — v X Au, pour v fixé dans X, voir la définition (1.21) donnée
au chapitre 1. La preuve du résultat d’H. Amann se fait alors en deux temps. On travaille
d’abord sur le probleme linéaire associé a (22), en fixant une famille d’opérateurs non autonome
A,(t,z) == A(t,z,v, Vv) et en définissant les opérateurs d’évolution U, (¢, s). On établit ensuite
la formule de variation des constantes pour le probleme avec second membre f(u, Vu), utilisant
I’analogie avec I’équation de la chaleur. Afin de faire fonctionner I’argument de point fixe sur
I"application u +— u(v), on trouve dans un second temps des estimations sur la perturbation de
la famille d’opérateurs du type “||(Uy, (t,5) — Un, (¢, 8)) fllx < Cllor — val| x| fllx™.

La principale obstruction dans le cas stochastique, lorsque v # 0, est que I’intégrand dans
“fot U(t, s)v(s) x dW(s)” n’est pas adapté. 1l faut avoir recours a I’intégrale forward définie
au moyen du calcul de Malliavin. Pour ce type d’intégrale, il n’existe pas a notre connaissance,
d’estimations concluantes sur les quantités du type E||U,, (t, 5) — Uy, (w)(t, s))|| x» ce qui est
un obstacle a la méthode utilisée ci-dessus.

Signalons qu’il existe d’autres preuves de la solvabilité locale de (HMF) [ , ,
p. 122, resp. p. 134] ainsi que de (LLG) [ , Thm. 4.2.5 p. 154], mais ces méthodes ne
semblent pas s’appliquer, pour des raisons de régularité, au cas d’un second membre augmenté
d’un bruit blanc en temps.
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(ii-c) Problemes spécifiques liés a SLLG en 2D, présentation des cha-
pitres 2 et 4.

Les équations (SLLG) et (SHMF) sont connues pour présenter des caractéristiques singulieres
en dimension deux d’espace. On peut citer, a ce sujet, la présentation faite dans [ ] pour le
cas de (6)-(HMF).

Les propriétés algébriques de 1’équation LLG (déterministe ou non) nous assurent que la
formule (17) est vérifiée (ou son équivalent (7) pour I’équation non bruitée), par toute solution,
des lors que celle-ci ne présente pas de singularité. En plus de donner une estimation sur
I’énergie d’échange F/(u), I’estimation (17) nous donne une borne sur I’intégrale de la tension
fOT P(t)dt, qui n’est autre que fOT Jo | Pi-Aul?dz dt, ¢’est a dire la norme de la projection
othogonale dans R? du laplacien de u sur (Vect u)t. D’autre part, multipliant scalairement
1’équation (LLG) par u, nous obtenons formellement que 0 = Aw - u + |Vu|?. Ecrivant ensuite
que Au = P Au+u-Au, nous voyons qu’une estimation a priori pour les solutions de (SLLG)
dans I’espace L? ((9; H 2((’))) peut étre obtenue a condition d’avoir une borne sur la quantité

T
/ / \Vu|*de dt . (24)
0o Jo

En 2D, si O désigne une surface compacte sans bord, M. Struwe [ ], a montré 1’inégalité
d’interpolation suivante pour toute application u :

T
/ / |Vul*dydt < cy  sup (/ [Vu(t, Q)de)
0 @ (t,2)€[0,T1xO L2(Br(z))

T
/ (/ |V2u]2dx+r2/ \vu\2dx)dt, (25)
0 @ @

ol B,(x) désigne la boule {y € O : |z — y| < r}. La propriété essentielle observée par
M. Struwe, et découlant de (25), est qu’en 2D toute solution qui vérifie I’existence de r > 0, tel
que la quantité
)= s [ ulsg) Py 26)
(s,2)€[0,t]xO J B, (z)
soit plus petite qu'une donnée géométrique €;, est une solution classique pour (HMF). On a en
fait le théoreme suivant.

Théoréme de Struwe ([ 1). Pour toute donnée initiale d’énergie finie uy, il existe une
unique suite finie Ty < Ty < -+ < Tk avec T; € (0,00] pour tout 1 < i < K, ainsi qu’une
unique solution faible v : Ry x O — S? de (HMF), appartenant pour tout T > 0 a ’espace
d’énergie X = X défini par (19), vérifiant

1 u

.1 appartient a L*([T;—1, T]; H*(O)) pourtout 1 <i < K et T <T;;

2 w est solution classique de (HMF) sur [0,00) x O, a I’exception d’un nombre fini de
points singuliers (T}, z;;), (i,1) € [1, K] x [0, L;] out u vérifie la propriété de bubbling
lim supyg, 0 S, () |Vult, y)[Pdy = €1, pour tout L dans [0, L;].

(3
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Le résulat a ensuite été étendu a (LLG) en 2D | ], suivant essentiellement le méme
argument. Cela a notamment pour conséquence le fait que toute solution v d’énergie finie est une
solution globale en temps, vérifiant I’équation (HMF) au sens classique, a moins qu’en temps
fini la condition €(r, t) < €; ne soit violée pour toute valeur de r > 0. Par la suite, K-C. Chang
a montré un résultat similaire [ ], pour (HMF) en 2D avec 00 # ().

Pour I’équation stochastique (SLLG), nous avons montré dans le chapitre 2 le résultat suivant.
Ici les solutions sont comprises dans un sens probabiliste “fort”, i.e. nous avons construit des
solutions sur un espace de probabilité et pour un processus de Wiener W prescrits (2, F,P; W).
Lintervalle de temps [0, T'] est fixé, et nous traitons le cas du tore bidimensionnel O = T2,

Théoreme II : Résultat principal du second chapitre, existence et unicité en 2D de solutions
localement régulieres, globales en temps. — Pour toute donnée initiale uy d’énergie finie,
et tout ¢ : L*(O) — H'(O) Hilbert-Schmidt, il existe une unique suite de temps d’arréts
9L, ..., 07 ainsi qu’un unique processus u : Q — X progressivement mesurable (oi X est
encore défini comme en (19)), tels que

i) presque stirement 97 = T ; u est solution de (SLLG) sur chaque intervalle de temps
(99, 97F), pour 0 < j < J —1;

ii) sipour 0 < j < J — 1, la suite de temps d’arrét V7" tend presque siirement vers 97+ par
valeurs croissantes, alors la solution u appartient localement pour tout k > 0 a ’espace
XN L2979, 99%; H?(O)), presque stirement ;

iii) pour tout j, le temps V' est caractérisé par le fait que ¢(r,97') > €, quelle que soit la
valeur de v > 0.

Pour démontrer ce résultat, nous utilisons de maniere cruciale I’identité de 1’énergie (7),
couplée avec I'inégalité d’interpolation (25). Nous supposons cependant acquise I’existence
de solutions fortes locales pour (SLLG), presque siirement continues a valeurs dans I’espace
H?(T?), ce qui n’a malheureusement pas pu étre démontré pour le moment, en raison des
difficultés soulevées par une généralisation, au cas v # 0, du théoreme d’existence locale du
chapitre 1. Toutefois, si I’existence de telles solutions régulieres venait a étre contredite, le
résultat demeure dans le cas du flot stochastique des applications harmoniques en 2D.

La propriété (iii)) caractérise les temps d’explosions. A ’aide d’un calcul simple, on peut
voir que cette dernicre impose a la solution de perdre un “quantum” d’énergie valant un multiple
entier de €;. Ce type de singularité est dénommé, dans la littérature déterministe, phénomene
de “bubbling”, faisant allusion au fait qu’un ou plusieurs point(s) (¢, z) concentre une quantité
d’énergie non nulle. De maniére peu rigoureuse, on peut dire le point (97, x) a pour image par
I’application u I’ensemble de la sphere S?, voir I’illustration numérique fig. 6.
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Figure 6 — En 2D : Exemple de bubbling en ¢y = (0, 0), dans le cas ou O = D, le disque unité;
le champ u : R x D — S? est représenté par les fleches bleues. On a prolongé u apres le
bubbling en lui attribuant la valeur (0,0, —1) au centre du disque. A gauche : u avant le temps
d’explosion ¥’ ; a droite : prolongation de la solution apres ¥ (solution de Struwe).

Notre théoréme ne dit cependant rien sur 1’existence effective de solutions explosives en
temps fini, i.e. pour lesquelles il existe un temps d’arrét v} < oo tel que (iii)) soit observé. Dans le
cas déterministe, lorsque dim O = n > 3 et que la variété d’arrivée est la sphere S”, I’explosion
en temps fini du flot des applications harmoniques est un fait connu, démontré en 1989 par
J.M. Coron et J.M. Ghidaglia [ ]. La méthode utilisée par ces auteurs est d’injecter des
solutions a symétrie sphérique dans 1’équation (HMF), s’écrivant sous la forme

u(t,r) = (L sin h(t, |Z|); cos h(t, |£\)) , TeR" | (27)

|x‘Rn

puis d’écrire I’équation correspondante sur la fonction scalaire h = h(t,r). Celle-ci s’écrit :

—1 —1
Oh = 0, h + n o.h + n sin2h , pour t,r >0 . (28)
r

272

L’intérét principal d’une telle approche est de pouvoir énoncer un théoreme de comparaison
pour I’équation parabolique (28). On construit ensuite des sous solutions dont la dérivée explose
en temps fini t* au point (¢*,0) (la symétrie impose dans ce cas que 1’explosion ne peut avoir
lieu qu’au point x = Ogn), entrainant par comparaison 1’explosion de i également. La preuve
donnée repose cependant sur 1I’hypothése que I’application u soit a valeurs dans S pour n > 3.

On peut, en dimension deux d’espace, considérer des solutions sous la forme (27) dites
“équivariantes”, qui soient par conséquent a valeurs dans la sphére unité S?. Cet aspect propre
a la dimension deux, a permis de montrer 1’explosion de (HMF), plus tard en 1992, dans le
papier [ ]. Les auteurs de cette note considerent également des solutions sous la forme
(27), i.e. des solutions “équivariantes”, et utilisent également un théoréme de comparaison pour
I’équation (28), montrant qu’il existe des conditions initiales hy qui génerent une singularité
en temps fini. Dans un article antérieur [ ], il avait été remarqué que toute solution h de
(28) en 2D est nécessairement globale si la condition “sup,¢( 1) |ho(r)| < 7 est remplie. La
condition initiale, dans le cas déterministe, détermine si oui ou non la solution A explose en
temps fini.
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Dans le cadre du flot stochastique des applications harmoniques en 2D, nous avons montré
dans le chapitre 4 le résultat suivant. Ici W (¢) désigne un processus de Wiener régulier en espace,
tel que presque stirement, on ait W (¢, x) € R, et la valeur de W en (¢, z) ne dépend que de
(t,|z]). Nous considérons I’équation sur le disque unit¢ D = {z € R? : |z| < 1}.

Théoreme III : Résultat principal du chapitre quatre, explosion en temps fini pour SHMF
en 2D. — Considérons une condition initiale ug sous la forme équivariante (27), avec hy(1) =
ho(1) = 0, et telle que hy soit de classe C*(0, 1). Notons pour tout t > 0

ut(t,z) = (i cos h(t, |z[); — sin h(t, |x!)) : (29)

|72
et supposons que u soit solution de I’équation stochastique
du = (Au+ u|Vul® + Fy(u)) + w-dW(t, |z]) , w(0)=uq . (30)

avec données constantes au bord.
Quelle que soit ug comme ci-dessus, et quel que soit t* > 0, la probabilité pour que u
explose avant t* est positive, ¢’est a dire que P(sup,<,, |Vu[re = 00) > 0.

Ce résultat contraste avec le cas déterministe, ou seules certaines classes de données initiales
peuvent conduire au bubbling. Pour des raisons qui tiennent a la nécessité de préserver I’équi-
variance des solutions, nous ne pouvons pas considérer le flot stochastique des applications
harmoniques dans sa forme générale (SHMF). Néammoins, 1’explosion en temps fini pour
(SHMF) est observée numériquement au chapitre 6. On observera également au chapitre 6
que ce phénomene de bubbling est stable a u fixé pour des “petites  valeurs du paramétre
gyromagnétique . Si I’on choisit u tel que le flot de (HMF) provoque un bubbling sur w, alors
le bubbling avec P > 0 se produit non seulement pour (SHMF), mais également pour (SLLG),
dans la mesure ou le paramétre de précession -y est plus faible qu’une certaine constante 7.

Quoi qu’il en soit, un résultat théorique d’explosion pour (SLLG) en 2D parait hors de
portée, le probleme étant toujours ouvert lorsqu’il n’y a pas de bruit.

(ii-d) Explosion en temps fini et unicité des solutions en 2D.

Dans I’esprit de ce qui a été développé plus haut pour la dimension trois, voir (20), la “souplesse”
de la notion de solution faible permet de définir des exemples de non-unicité en 2D pour (1.17).
Cette observation a été faite indépendemment par Bertsch, Dal Passo, Van Der Hout [ ],
et P. Topping dans [ ]. Apres bubbling, une solution v de (HMF) peut étre prolongée
continfiment en temps dans 1’espace L?*(O) (voir fig. 6) il suffit pour voir cela d’utiliser la
construction de M. Struwe. La solution @ ainsi prolongée repart de la limite faible de (t) dans
H'Y(O) lorsque t — t*, avec perte d’énergie quantifiée ke, k > 1.

Lorsque le domaine spatial est le disque D, les auteurs du premier papier ont montré le
résultat suivant.

Théoréeme de non unicité des solutions faibles de HMF en 2D ([ 1. 1l existe une
donnée initiale uy d’énergie finie et valant k := (0,0, 1) au bord du disque D, telle que (HMF)
associée a u|pp = k, u(0) = uo, admet une inifinité de solutions (u") .
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Dans ce théoreme, toutes les solutions considérées sont équivariantes. La notation
u<+h

signifie ici que u et h sont liées via la relation (27), (dans les coordonnées sphériques 4 : [0, 1] —
R est en fait la colatitude de u).

Le point de départ de la preuve est de considérer une solution explosive en temps fini ¢, > 0
w:[0,t,) x [0,1] — S?, classique sur [0, t,), donnée par u <> h. Remarquons que la solution
faible obtenue par M. Struwe, que nous appellerons par la suite “solution de Struwe”, conserve
son caractere équivariant avant et apres 1’explosion en ¢ = .., au sens ou si I’on note « la solution
globale en temps donnée par le théoréme de M. Struwe, alors on a @ <> h, pour une certaine
h: R, x [0,1] — R. Il suffit pour voir cela de prolonger hlo,+.y par la valeur 7 en I’origine (les
autres points du disque ne présentent pas de singularité), et de voir que la solution redémarrant
de cette donnée est bien dans la “classe de Struwe”, d’ot le fait qu’elle soit égale a .

Si I’on définit le premier temps > t* tel que la fonction r € [0,1] — l~1(7', r) vérifie
I’existence d’une constante C' > 0 telle que

h(t,r) <m—Cr , pourtous ¢t >7 , et r dans [0,1]. (31)

Alors, pour tout 7 > 0, via une approximation de E(T, -) par une suite de données h,, astucieuse-
ment choisies, les auteurs montrent que 1’on peut définir une application A7 telle que u” <+ h"™ a
les propriétés suivantes :

(a) u” est solution faible de (HMF) et coincide avec @ sur [0, 7) ;

(b) I’énergie de u™ présente une discontinuité a droite au temps ¢ = 7, sous la forme du gain
instantané du quantum €, défini par M. Struwe, et précédemment perdu au temps £, : nous
avons la relation

1t1¢1n E@W(t)) = E(u(r)) +€ .
T

Comme pour le cas 3D et le résulat obtenu par F. Alouges et A. Soyeur pour (LLG), les auteurs
obtiennent un continuum de solutions (u”),~- en 2D, solutions faibles du méme probléme. La
propriété (b) montrent que ces applications présentent une seconde singularité, dénommée dans
la littérature “backward bubbling”.

Un célebre résulat de A. Freire [ ] montre que si I’on impose a une solution faible u de
(HMF) d’avoir une énergie décroissante au cours du temps, alors u est nécessairement égale a la
solution de Struwe. En d’autres termes ce résultat énonce que la condition

E(u(t)) < E(u(s)) , pourtout 0 <s<t<T | (32)
est un critere d’unicité pour les solutions faibles de (HMF). Ce résultat a été adapté pour (LLG)
dans la référence [ ] ou les auteurs fournissent cependant une preuve incorrecte, voir a
ce sujet larticle [ ] qui explique comment adapter correctement le résultat pour (LLG).

La décroissance de 1’énergie E le long du flot de (HMF) proscrit en particulier le phénomene
(b), induit par “backward bubbling”. P. Topping a construit des solutions faibles de (HMF) en
2D pour lesquelles on observe au en ¢* un phénomene de bubbling suivi instantanément d’un
backward bubbling. Une telle solution v ne peut étre égale a la solution de Struwe u, car cette
derniere doit perdre de 1’énergie pour étre prolongée, voir la figure 7. Cela parait contradictoire
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Jp |Vul?dz

Ficure 7 — Non unicité des solutions faibles en 2D. Tracé de 1’énergie le long du temps. En
pointillés : 1a solution de P. Topping.

avec le résultat de A. Freire, en effet I’énergie I, de la solution construite par P. Topping est
décroissante pour presque tout t, mais ce n’est qu’une appararence : la subtilité réside dans le
fait que la relation de décroissance (32) doit &tre vérifiée pour tout t > s, E(u(t)) signifiant
I’énergie de I’application donnée par la trace de u sur {t} x D.

Dans le cas de 1’équation bruitée (SLLG), nous avons cherché a savoir, dans le chapitre
3, s’il existait pour les solutions faibles en 2D, un critere d’unicité trajectorielle portant sur
la fonctionnelle d’énergie. Du fait des fortes fluctuations de la martingale X (¢) dans (17), la
fonctionnelle £ ne peut toutefois pas décroitre en temps presque siirement. Cependant, une étude
approfondie de la preuve donnée par A. Freire dans le cas déterministe nous a permis d’obtenir
le résultat suivant. Ici, nous notons toujours par Cj la constante liée a la corrélation spatiale du
bruit dans I’égalité (17). On rappelle que cette constante est finie des que ¢ : L?(0) — H'(O)
est Hilbert-Schmidt.

Théoreme 1V : Résultat principal du chapitre trois, critere d’unicité trajectorielle pour les
solutions de SLLG en 2D. — Soient deux solutions martingales faibles u; j = 1,2, de (SLLG),

définies sur un méme espace de probabilité, un méme intervalle de temps [0, T, et telles que
¢ : L*(O) — H'(O) soit Hilbert-Schmidt. On définit pour j = 1,2 la fonctionnelle d’énergie
renormalisée :

9,(t) = /(9 |V, (t, z)|*dr — Cot . (33)
Alors, Uidentité de sur-martingale
Ex[9(t)] < 9(s) presque siirement pourtout 0 < s <t <T et j=1,2, (34)
entraine que u; = Us.

Le théoreme se montre a I’aide de I’'inégalité de Wente. Cette inégalité entraine qu’en 2D, le
terme non linéaire u|Vu|* dans I’équation (SLLG) est 1égérement plus régulier que ce 2 quoi
I’on pourrait s’attendre. En effet, une analyse rapide donne que pour u dans I’espace d’énergie X
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et vérifiant la contrainte (14), la quantité u|Vu|? est un élément de I’espace de Lebesgue L'(O).
En dimension deux L' () n’est pas inclus dans H~1(O). 11 s’agit en effet du cas “limite dans
I'injection de Sobolev” en 2D : I’assertion “H} < L2°” est fausse, bien que H! < L? soit vrai
pour tout 1 < p < 0.

Afin d’obtenir un critere d’uncicité, nous voudrions voir a quelle condition la propriété
“w(t)|Vu(t)|? € L'(O)” peut étre améliorée pour

“u(t)|Vu(t)]? € HH(O)” (35)

localement en temps. Cette volonté que u|Vu|? soit un élément du dual de H} s’explique par
le fait que 1’équation de la chaleur 0, f — Af = ¢, avec une source g appartenant a cet espace,
localement en temps, est bien posée. Pour 1’équation sationnaire, le “coup de pouce” permettant
d’obtenir un supplément inattendu de régularité a été découvert par F. Hélein, et sa mise en
ceuvre a permis de prouver la régularité des applications faiblements harmoniques en dimension
deux dans un célebre article | 1.

Du fait de sa structure algébrique particuliere, le terme u|Vu|? peut cependant s’écrire
comme un produit a - Vu, ou @ est un terme en lien avec 1’énergie £. Si I’application u est
faiblement harmonique, alors a est un terme de divergence nulle. Pour ce genre de produit
a - Vu, I’'inégalité de Wente, qui est en quelque sorte le pendant du “Lemme div — rot” de
F. Murat et J.L.. Tartar [ , ] pour la dimension deux d’espace, nous dit qu’en réalité
ulVul|* € H .

Dans la démonstration du résultat de A. Freire, le point crucial est que I’hypothese (32)
engendre de la régularité a droite en temps pour 1’application t > 0 +— a(t). Si I’énergie
renormalisée ¢ est une sur-martingale, nous avons montré dans le chapitre 3 que cette propriété
de régularité a droite est préservée. Cela permet de montrer que pour des temps courts, localement
en temps, le processus a peut étre considéré comme un terme de divergence nulle plus un reste
tendant vers 0.

(ii-e) Discrétisation de SLLG.

Déja au niveau déterministe, la discrétisation de (LLG) pose le probleme crucial du respect de
la contrainte
|u(t,z)| =1 , pourtout (¢,z) e Ry x O .

Un “bon” schéma numérique pour (LLG) doit également étre compatible avec la structure de
Lyapunov (i.e. dissipative) du systeme. Dans la littérature déterministe, on distingue entre autres
deux approches (précisons que ce n’est pas exhaustif : pour un apercu global du sujet on pourra
consulter [ ]). Ici on considere une semi-discrétisation en temps

u’ =y, ut ~u(At),..., u" ~u(nAt),

Une possibilité est d’utiliser un algorithme de projection.

La méthode de projection est un algorithme en deux temps dans lequel on cherche d’abord,
pour chaque pas de temps n, une inconnue u! = u" + v"™, sans tenir compte de la contrainte
géométrique. La valeur intermédiaire u[ est ensuite projetée ponctuellement sur la sphere,
définissant ainsi " *!. On définit pour chaque v : © — R3, “I’espace tangent”

K(u) :={v e H(O;R?) ,u(z) - v(xr) = 0 pourtout x dans O} (36)
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dans lequel on énonce une formulation variationnelle a chaque pas de temps, afin de trouver
I’incrément intermédiaire v". L’avantage décisif d’une telle formulation réside dans le fait que
la non linéarité
u"|Vu'?

étant proportionnelle a «", disparait lorsque 1’on prend son produit avec des fonctions test dans
K (u™). Cela permet de se ramener, pour chaque pas de temps, a I’inversion d’un systeme linéaire,
ce qui est un gain considérable de temps de calcul, par rapport aux autres algorithmes existant
dans la littérature. Il est cependant nécessaire, au préalable, de comprendre les éventuels effets
induit par I’étape de renormalisation. La forme de (LLG) utilisée dans ce premier algorithme
est celle de Gilbert d;u — u X dyu = Au + u|Vul?. Pour un paramétre 6 € (1/2,1] donné, cela
donne I’algorithme suivant, pour lequel la convergence a été prouvée par F. Alouges et P. Jaisson
dans [ J:pourn=0,1,...,

[ Trouver v" € K (u") tel que pour tout ¢ € K(u") ,

/v”-gp—/u”xv"-goz—Q/V(u”+9Atv”)-ch.
o @) @)

Définir pour tout = dans O : u"“(m) _u (z) +0"(2)

= () 1 o) et itérer.

L’autre approche que nous détaillons ici est celle du “point milieu”, proposée par A. Prohl
et S. Bartels dans [ 1. Notant v"*'/2 := (1/2)(u"*' + u"), il s’agit de remplacer, dans
I’algorithme de projection ci dessus, les deux étapes de resolution puis projection par I’unique
étape suivante :

1 3
Trouver u"*" telle que pour tout ¢ : O — R?

/(unJrl _ un) L p _/ u® X (unJrl _ un) Lo = _2/(un+1/2 x Aun+1/2) L (37)
o o o

ou ici on utilise, a la place de la forme de Gilbert, I’équivalence formelle de (LLG) avec
I’équation Jyu + u X O;u = u X Aw. La contrainte sur la magnitude est ici respectée, comme on
peut le voir en condidérant ¢ := u"*'/2 dans (37), observant que I’on a I’identité (u"*' — u™) -
un+1/2 _ 1/2(|un+1|2 _ |un|2)

Les deux approches menent a des résultats concluants de convergence, dans les cas semi-
discrétisé en temps [ ], et totalement discrétisé [ , ]. Les preuves se basent sur
un pendant discret de la formule de dissipation (7).

L adaptation de ces résultats pose cependant des problemes pratiques pour I’équation sto-
chastique, liés notamment au défaut de régularité du terme de bruit. Rappelons que la “forme de
Gilbert” est 1’équation obtenue par multiplication vectorielle a gauche de (LLG) par (idgs —ux).
Une telle multiplication donne formellement dans le cas stochastique I’équation

du —u x du = 2(Au+ u|Vul* + Gy(u))dt + (id —ux)u x dWy |

ou I’on note G4(u) := 1/2(id —ux)F4(u). Dans [ ], les auteurs prouvent la conver-
gence d’une version stochastique de I’algorithme de point milieu donné par A. Prohl et S. Bartels,
et la limite est une solution martingale faible. Ce schéma consiste essentiellemment a ajouter
un terme (u"*Y2 x AW™ | ) 12 dans le probleme variationnel (37). Notons qu’il n’y a pas
de terme de type ‘“correction d’It6” dans 1’algorithme, car le choix du point milieu permet de

23



retrouver, a la limite d’un pas de discrétisation At — 0, 'intégrale de Stratonovich. Rappelons
que I’équation est a I’origine formulée dans cette convention. Signalons qu’un autre exemple
de discrétisation d’une équation de Stratonovitch a également été traité dans [ ], ou est
également utilisé un schéma de type “point milieu” mais semi-discret en temps.

Dans le chapitre 5 nous avons adapté 1’algorithme de projection au cas de (SLLG), ce qui a
donné lieu a la publication d’un article [ ]. Notons que I’article [ ] propose déja
une adaptation de cet algorithme, mais en ayant recours a une technique ne fonctionnant que
pour un bruit monodimensionnel. Pour 6 € (1/2,1], T > 0, At = T'/N, et notant toujours K (u)
I’espace tangent (36), ainsi que G, = (id —ux ) F}, I’algorithme s’énonce comme suit.
ALGORITHME DE PROJECTION POUR SLLG. — Pour tout n = 0,1,..., N — 1, notant u"? =
(1 —=80)u™+ 6™,

[ trouver v"(w,-) € K,, tel que pour tout ¢ € K(u") :
(V" —u" x V", ) = —2AHVE Vo) + (G(u), o) + ((id —ux)u" x AW™ @) ;

projeter ponctuellement la fonction u" + v" sur la sphére via

n n
w,T) = W {w,2) + V" (w, ) , et réitérer jusqu’a ce que n = N — 1.

n+1 —
( lur(w, x) + v™(w, ) |rs

u

Si I’on considere en plus du temps, une discrétisation en espace sous forme d’éléments finis,
alors 1’étape de projection sur la sphere s’écrit au moyen de 1’opérateur d’interpolation nodale

Ih .
ntl._ T _ut 38
v h(\u”+v”\R3) (38)
Il a été montré dans [ ], que la condition :
/ Vi - Vip; <0, (39)
D

ou les 1; désignent les fonctions de base de la triangulation, entraine que le procédé de renorma-
lisation est dissipatif au sens :

flm (o)

|0 (2) |rs
pour tout élément fini ¢, dés que |p|gs est plus grand que 1 en les noeuds. Un tel résultat relie
les propriétés d’un maillage a une propriété analytique. Il est prouvé que la condition (39) est
satisfaite dans les deux cas suivants :

2
dx < / IVo(z)dr | (40)
R3x2 D

- en 2D, dans le cas d’une triangulation de Delaunay ;
- en 3D, lorsque tous les angles diedres des tétraedres sont inférieurs a 7 /2,

voir par exemple les références incluses dans [ ].
Cette relation permet, au niveau discret, de récupérer une formule de dissipation du type de
(17). Nous avons obtenu les résultats suivants aux chapitres 5 et 6.
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Théoreme V : Résultats principaux des des chapitres cing et six, convergence de ’algorithme
de projection. — Définissons la solution approchée, pourt € [0,T]

un(t,-) :=u" pourntel que t € [nAt,(n+ 1)At) .

Alors la loi L(uy) converge, lorsque N — o0 et a sous-suite prés, vers une solution martingale
faible de (SLLG).

Il en est de méme si on considére une discrétisation uy, ;, en temps et en espace, a l’aide
d’éléments finis de type P, obtenus par une triangulation respectant (39). L’algorithme considéré
est alors le méme que le précédent, en prenant soin toutefois de remplacer le produit scalaire L>
par une version discrétisée (, )y,.

Nous complétons notre étude, dans le chapitre 6, par des exemples numériques. Nous
utilisons le logiciel gratuit Freefem++, pour lequel toute dimension 1 < d < 3 d’espace
peut étre traitée. Néammoins nous nous focalisons ici sur la dimension deux. Nous observons
numériquement 1’explosion des solutions en dimension deux, au sens “bubbling” dans le cas de
(SLLG).

Pour les applications numériques, nous utilisons notamment une approximation y" € V}, des
incréments Gaussiens AW™ tirée de [ ], pour le bruit blanc espace temps :

n,t

X" (z) = Z il W )1/},(x) , avec ™" suiteii.d. ~ N(0,idgs) .

; dans la i 2d
yidusla v o (Wi(y))?dy

Le bruit régularisé en espace peut etre incoroporé dans 1’algorithme de discrétisation espace
temps via le remplacement x" < (—Aj)~'x", Ay, étant le Laplacien discrétisé sur V},. Cela
n’est pas beaucoup plus coliteux en temps de calcul, car le Laplacien doit de toute fagon €tre
inversé pour donner la solution v™.
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General notation

Basic notation. For an unknown u = (u', u? u?) : O — R? the symbol“Au means Laplace

operator on each coordinate, namely Au = Y77 (9;;u', 0;;u*, dj;u*), whereas Vu denotes the
gradient, namely Vuj; = d;u’ for (i, j) € [1,3] x [1,7n]. The notation [Vul[? or [Vu[32.; means
> (0;u)?. We will denote by a - b, where a,b € E the standard scalar product in Euclidean
spaces. The symbol x denotes the cross product, namely if u, v € R3,

U XUV = (’LL2U3 — U3V2, U3V — U1V3, U1V — u2vl) .

For a given filtered probability space (Q, F, (]-"t) P), and a random variable X, the notation
E[X] means the expectation of X, namely E[X] = [, X ), whereas Ez, [X], or E[-| F,]
means the conditional expectation with respect to Fs. Recall that given a Hilbert space I, a
stochastic basis

m = (Qa‘/__-a ]P)v (JT_-t)tE[O,T]a W) ) (01)

means a probability space (€2, F,P) together with a filtration (F;)¢cjo,r] and a (F), H-valued
Wiener process .

Functional spaces and norms. If O C R", n € N, standard Lebesgue spaces of p-summable
classes of functions from O into a Banach space X will be denoted as L?(O; X)) or in abbreviate
form LP X, if O refers without ambiguity to the values taken by the space variable x. If X is a
finite dimensional space, we shall repeatedly use the abbreviation L? instead of L? X . Similarly,
when T' > 0 refers to a bound for the time variable ¢, L?(]0, 7']; X') can be abbreviate L. X, or
L. if X is finite dimensional.

The space of continuous functions over a domain D C R™ with values in some Banach space
X will be denoted C(D; X). If the domain is a time interval [0, 7'] where 7" > 0, we shall use the
abbreviation Cr X, instead of C([0, T']; X') In a similar way, if o« € (0, 1), then C*(/; X) or C3X
if I = [0, T] will denote the space of a-Holder maps from [ into X . Classical Sobolev spaces
of X-valued functions will be denoted by W*?(D; X), o« € R, or H*(D; X ) when p = 2, (see
e.g. [ ]). To be more explicit, in the whole manuscript we adopt the convention that when
D =[0,T], and X denotes a functional space for the variable z, then

| fllwer(ory:x) : (//OT]Q |ft_s|1+ale dt)p , (0.2)

for each measurable f : [0,7] — X, a € (0,1), and g € [1,00). As above, if there is no
ambiguity, we will abbreviate these spaces by W" X, WP, HE etc.
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We use simple bars | - | x for norms of functions of the space variable, and double bars || - ||z
for space-time functions. For instance if f : O — R, | f|2 means ([, f(z)*dz)"/?, whereas for

9:[0,7] x O = R, |9l 12 2 means ([, 11,0 9(t. x)*dt d:z:)l/2

If E is finite dimensional, the inner product in the space L*(O; E) will be denoted by (-, ) 2,
namely

Vg IADE),  (f.g)z = /D f(2) - g(a)dz

and where there is no ambiguity, we simply denote by (f , ¢) this quantity. The brackets will
be also used for the dual pairing between a Banach space X and its dual X', and we will
precise the pair by the notation (, ) x/ x. To avoid any ambiguity, we never use these brackets
for finite-dimensional scalar product, for which the notation a - b is systematically used.

Notation on operators. Throughout the manuscript, if X, Y denotes Banach spaces, Z(X,Y)
is the space of all continuous linear operators from X into Y, endowed with the standard operator
norm. If X =Y, we will abbreviate .Z (X, X) by .Z(X).

If H, K denote Hilbert spaces, H being separable, we denote by try g (or simply tr when
H = K = L?) the trace of operators from H into K, namely

rd=> (Pee)x , € L(HK) . (0.3)

eeB

where B denotes an orthonormal basis of H. The notation LLy(H; K) is used for the space of
Hilbert-Schmidt operators from H into K, i.e. operators ¢ € .Z(H, K) such that

|E 1.1y = trax 09" < oo (0.4)

In abbreviate form, when H = Li and K = HJ, s € R, itis denoted by ]Lg’s. The particular
case of L(L2; L2) = LY is denoted by L.

We will also denote by R(H, X) the space of ~-radonifying operators from a separable
Hilbert space H into a Banach space X, namely the space of elements ¢ € .Z(H, X), such that
for some orthonormal basis (e )xen of H :

|¢|%%(H,X) ::/ Z% )dex

keN
where (7% )reny denotes an i.i.d. sequence of real-valued normal gaussian r.v. on some probability
space (€2, F,P). We recall that this definition does not depend on the particular choice of the
sequence (ey) — see [ 1-[ ] and references therein.

2

P(dw) < oo 0.5)

X

Constants. The symbols ¢, ¢/, ¢”, etc. will designate absolute constants unless we explicitly
mention the dependence with respect to peculiar elements ¢, 1) by ¢(¢), (¢, V) etc.

Abbreviation. The initials “ONB” mean ‘“orthonormal basis”.
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CHAPTER 1.

Local solvability

The first chapter is devoted to the question of local existence and uniqueness
of solutions of SLLG. We begin by describing the different possible ways of
introducing a Gaussian noise in the equation, and we recall the underlying func-
tional framework. We present the different ansatz of the equation studied in the
manuscript and we then define a precise notion of mild solution in the case when
there is no gyromagnetic term u X Auw, i.e. in the “overdamped” case. For that
specific version of (SLLG), we interpret the equation as a fixed point problem in
some functional space L9(€2; X7), where (2 is a probability space on which the
noise is defined, and the choice of X7 is motivated by the nonlinear term u|Vu|%.
After a few reminders on stochastic convolutions and the so-called “maximal
inequality”, we precise how the noise term must be regularized in space through
its correlation operator. For a truncated equation, where the nonlinear term
is modified, existence and uniqueness of solutions are obtained by using the
regularizing effects of the associated linear equation, We then show how to
eliminate the truncation, obtaining finally the solutions of our equation, up to a
maximal time 7 > 0.
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1 Introduction

(1.a) Preliminaries

Let O C R” be a bounded domain, where n € N, and let €2 be the sample set. In the context
given previously, solving SLLG means finding © = u(w, ¢, z) such that

u(w, t,r) €SP ={X € R?, |X|ps =1}, V(w,t,z) € QxR xO ae. (1.1
and fulfilling

o = —u X <u>< (Au+§)>+ux (Au+¢) , for(w,t,2) eQXRy x O,

Bu = Bug(x) for (w,t,x) € QA x Ry x 00 |
U|p=o = up(x) , for (w,z) e A x O ,

(1.2)
where ( = ((w, ¢, x) denotes the noisy perturbations of the effective field, and B denotes either
Neumann or trace operator. As already mentioned in the preceding chapter, the term ¢ should
ideally refer to a Gaussian space-time white noise (see the review article [ ] and references
therein). It should be uncorrelated in space in the sense:

E[C(t,z)¢(t',2")] = §(x — 2")o(t — 1) | (1.3)

where 0 means the Dirac distribution, and the equality holds in the sense of distributions.
However, due to the lack of regularity of the space time white noise, equation (1.2) is not
expected to possess a well defined solution in this case, and we regularize the noise in space,
letting

E[C(t,2)¢(t, )] = c(z,2")o(t —t') (1.4)

where the correlation map c(z, 2'), (z, 2") € Ox O is defined by a kernel-type formula ¢(z, z) =
Jo k(x, 2)k(z, 2")dz with some k € L*(O x O;R). Denoting by “"” the time derivative, one
has classically (see [ ]) the formal relation

((t,x) = W/@(t7 x),

where ¢t — W,(t),t > 0, is some L*(O;R?)-valued Wiener process, with a certain correlation
operator Q = ¢¢* : L2 — L2 of trace class, or equivalently, ¢ is a Hilbert-Schmidt class
operator from L2 into itself — see (0.4). If (B3¢)ren, stands for a sequence of real valued and
independent brownian motions, and if (e;)zey is an orthonormal basis of L?(O, R?), a Wiener
process W is formally given by the formula:

Wo(t) =Y Bu(t)der , t>0

keN

see [ , chap. 4].
Define for each X € S? the linear map o((X) by:

0o(X) =X x((=Xx(), VCeR?, (1.5)
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so that (1.2) formally rewrites:

Ou = Au~+ u|Vul? + u x Au+ og(u)W, , in QxR x O |
Bu = Buyg , in Q xR, x 00 |, (1.6)

U’tZOZUO, in QxQO .

As long as we have not specified the choice of the stochastic integral, (1.6) may have different
meanings [ ]. For the reasons mentioned in the previous chapter (see also [ 1), in order
to satisfy the geometrical constraint (1.1), the product og(u(t, z)){(t, z) must be understood in
the Stratonovich sense o (u(t, x)) o ((t, x).

(1.b) Note on the infinite dimensional diffusion term.

Let B be a Brownian Motion in R3, and X a process on R? with | X(|rs = 1. Denote by P+(X})

the orthogonal projection on (Vect X;))* in R?, and by “o” the Stratonovitch product. Then, a
Brownian motion on the manifold S? is classically modelized by the SDE

dX = P*(X)odB , (1.7)
see e.g. the book [ ]. It was noticed in [ ] that the alternative SDE
dX =X x odB (1.8)

where X denotes cross product, also generates a Brownian Motion in the sphere, in the sense
that for any o € C?(S?), the map v(t, ) = E[p(X;)], where t > 0 and we set Xy = = € S?,
solves the initial value problem

1
ow(t,z) = §ASZU(t, r), t>0, rcS§*,
v(0,2) = p(z) , re§,

where Ag: is the Laplace-Beltrami operator. We note that the SDE (1.8) has the advantage of
being linear, whereas (1.7) is quadratic.

It is now tempting to solve LLG in the form (1.6) but considering the cross product with
u(t, x), instead of the linear map o (u(t, x)), see (1.5). By analogy with the finite dimensional
case, we can guess that this should not cause any change in the law of a solution u. Define for
X € S? the linear map o (X) by:

a(X)=Xx(, YeR?. (1.9)

Disregarding the drift terms, which are equal in both formulations, we focus on the infinite
dimensional Stratonovith equations:

dz? = o;(Z(t,x))odWy , (t,z) ER,. x O | (L10)

2(0) =¢ € L*(0;8%) ’
for j = 0,1, 2, 27 being the unknown, where we define in addition:

0o(X) = PH(X)¢ , VY(X,0)eS*xR? . (1.11)
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Apart from the matter of solvability, the question is to know whether associated solutions
29, 21, 2% have equal laws. If ¢ is continuous and bounded on L2, and if for j = 0, 1,2, 27(+, £),
denotes a solution of (1.10), then the Kolmogorov equation on v’ (,£) = E[p(27 (¢, £))] formally

writes:

o — %tr[Dggvj(t,f)aj(§)¢¢*0j(§)*] for t>0 and £ € I2(0:S?) |
v(0,6) = 9(¢€) . for € € IX(0;S?) .

(1.12)

Considering the case of space-time white noise, namely when the correlation operator is the
identity id : Lg — Li, we observe that, at a formal level, the three choices (1.5)-(1.9)-(1.11)
lead to the same diffusion operator <7 on % = C}(L*(O;RR?)). Indeed, observe that for any
unit vector X € R3:

—X x (X x+)=PHX) ,

where as above ( € R3 — P+(X)( denotes the projection map on Ty S?. By the additional fact
that (X x)* = =X x, X € R3, we have

o1(€)(01(8))" = PH(§) = PHEP(&)"

almost everywhere for z € O provided £(z) € S? . Hence v°, v! solve the same Kolmogorov
equation.

The situation is similar for 7 = 0, noticing first that oy = 0, + 02. Moreover, denoting by
“™ the adjoint in . (R?), there holds the identity X x ' (P+(X)) = —P*(X) *(X x), for any
X € S?, Therefore, taking any £ € L?*(O;S?), we have

0000(&)" = 01(§)o1(§)" + 02(£)02(§)" , ae.on O .

Whence, denoting .27 (&) the abstract operator 1/2tr[D, - 1(01)*], then we see that v° solves

Op® = 2.7 (€)w, so that replacing oy by 0(/+/2 in the equation fulfilled by 2° gives the same
Kolmogorov equation as that of 27 for j = 0,1. This justifies the assumption made in the
literature (see e.g the presentation made in [ ]) that one can consider the following
stochastic Landau-Lifshitz-Gilbert equation instead of (1.6):

du = (Au + u|Vu|* + u x Au)dt +u x odWy . (1.13)

Remark 1.1. Tt is intuitively clear that the three noise terms corresponding to o; with 0 <7 < 2,
namely

(ult,z) x -+ Pyy) © <W1(t,x),W2(t,x),W;;(t,x)) ,
resp. u(t, ) X o (Wl(t, z), Walt, z), Wg(t,x)> ,
resp. P © (Wilt @), Walt, o), Wa(t,2))
are “‘degenerate”, in the sense that
kergs (0i(u(t, z))) # {0} ,

their range being the two dimensional tangent space T, nS* = (Vect{u(t, z) })*. The presence
of three coordinates in W therefore appears to be redundant, and one may ask if there is a “more
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intrinsic” way of incorporating noise in (1.6), i.e. involing only two coordinates Wi, Wa. In
particular, for any X € S?, we are looking for a linear map o3(X) € .Z(R?; R?) that would
give the same generator as that of (1.5)-(1.9)-(1.9) when considering the SPDE (1.10).

If we work in spherical coordinates u(t,z) = (sin ¢(t, x) cos 0(t, x), sin p(t, ) sin (¢, x),
cos ¢(t,x)), and if (€,(t,z) = u(t,x), €y(t, z),€,(t, z)) denotes the classical mobile frame
associated to u(t, x), it can be formally checked that then equation (1.10) with W := (W, W5)
and

g@(t7 JZ)

oa(ult 2) o W= Wilt,w) o 00

+ Wa(t,x) o E,(t, x) | (1.14)

leads to a similar Kolmogorov equation (for a detailed calculus in finite dimension, we refer the
reader to [ 1). This confirms the intuition that the term u(¢, x) x oW (t, z) is essentially
two dimensional.

(1.c) Ito/Stratonovitch correction term, and main ansatz of the equation

In order to work with a non-anticipative integral, we change (1.13) to its Itd form. Using the
formal relation between the Stratonovich and 1t6 differentials, a corresponding formulation of
(1.13) is obtained by adding a correction term to the drift of (1.2). In this sense if ® denotes the
map u — o(u)(¢-), the noise term can be rewritten as follows (see e.g. [ , ,

D:
1
u x odWy =u x dW, + 5 Z[‘I)'(u) (P(u)e)ledt

eeB3

1 (0% (0%

:uxdW¢+§ Z (u x gef) X ¢ej* dt.
ae{1,2,3}
IeN

where here we have again denoted by “o d” the Stratonovich differential, and by “d” the It6
differential, and 3% means an adapted basis €] := (g;,0,0), e := (0,£;,0), €} := (0,0,5),. ..
etc., (£;);>0 being an ONB of L?(O;R). The term

Fy(u) = % > (ux gef) x gep (1.15)

ae{1,2,3}
leN

is what we may call in the sequel “the 1t6 correction”. Note that this defines an element
of L'(O;R?) as soon as ¢ is Hilbert-Schmidt from L?*(O;R?) into itself, which will be a a
systematic assumption in the sequel of the manuscript.

Let (B )ken denote a sequence of independent real-valued standard Brownian motion, let
¢ : L*(O;R3) — L?(O;R?) an Hilbert-Schmidt linear operator, and denote by (e )zeny an ONB
of L?*(O;R?). The considerations above lead us to the following It formulation, which is the
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main ansatz treated in the manuscript:

((du = (Au—|—7u X Au+u|Vu|2+F¢(u)>dt+u XxdWy, , in QxR"x0O ,
with boundary conditions:

Bu(t) = Buy in O xRY x 900 ,

\ uli=o = uo , in Qx 0O ,
(SLLG)
where u must satisfy the local constraint on the magnitude

|u(w,t,z)|gs =1 , for dP®dt ® dx ae. (w,t,x) € A x[0,T] xO , (C)

and here we use the following notations:

7€ {01}
Wolw,t) =) Bulw,D)ger . (1.16)

B = Neumann or trace operator ,

(1.d) Results

In the sequel we denote by n the dimension of the domain O, and, in order to simplify the
presentation, we assume that n > 2. For technical reasons that are developed above, we are
only able to give the local existence and uniqueness in the overdamped case v = 0, i.e. for the
stochastic Flow of Harmonic Maps:

du = (Au + u|Vul> + Fy(u))dt +ux dWy , on QxR, x O ,
Bu = Bug | on QxR xO | (1.17)
u(0) = uq , on 2x0O |

where the initial data wu is compatible with (C).

Theorem 1.1 (Local solvability in the overdamped case). Let B denote either Neumann or
Dirichlet operator. Let Wy be a ¢¢*- Wiener process on the space L*(O;R?), and take p €
(n,00). Assume that ¢ is y-radonifying from L? onto Wml_n/p’p(D, R3) Nker B. Then, for every
uy € WP such that (C) holds, there exists a unique local mild solution to (1.17) which is
supported locally in the spaces CtWYP for T > 0, in the sense that there exists a stopping time
7 = 7(ug), such that a.s. u(w) € C([0,7); Wr?), and for 0 < t < 7:

u(t) = S(t)u0+/0 S(t—s) (u|Vul* + Fy(u)) (s) ds—i—/o S(t—s)u(s) x dWy(s) , (1.18)

where S(-) is the Heat Semigroup ¢, and {T < oo} C {limsup,;, |u(w,t,-)|,1» = 00}
Moreover u satisfies (C) up to .
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Furthermore, if more regularity is assumed on the data, namely uy € WEPP and Q€
R(L2; W5P N ker B N ker B?) for a certain 3 with 2 < (3 < 4, then there exists a positive
stopping time 7°(ug) < 7, such that the solution u obtained above is supported, locally up to
78 (up), in the spaces CxW 5.

Remark 1.2. The constraint (C) on uq plays actually no crucial role in the proof of the existence
and uniqueness part in Theorem 1.1. If the local constraint is not assumed for the initial data,
then the result above stays true, except that instead of being with values in S?, the solution u(t, -)
will satisfy |u(w, ¢, x)|rs = |ug(z)|rs a.e. , see the last part of the proof below.

Idea of the proof. The basic idea of this proof is rather simple. We interpret equation (1.17)
as an Itd evolution equation in the Banach space L%, p > n, and we associate to any adapted
process v € L2(€2;C([0, T); WP) the unique solution u(v) of the linear evolution equation

i — Au=v|Vo]? + Fy(v) +v x Wy, 0<t<T, u(0)=up . (1.19)

Then, we try to find a fixed point for the map v — u(v), which gives a solution to our problem.
Formally, the solution of (1.22) is given by the “variation of constants” formula:

u(t) u0+/St—s ()| Vo(s)]2) + Fu(ol ds+/St—s ) dW,(s) |
as.for 0 <t<T . (1.20)

The reason why this method works is twofold:

e the choice of the space W !? with p > n gives enough regularity to control the terms due
to the nonlinarity u|Vu|?, since on the one hand W} < L°°, and the convolution with

S(t) = €' maps continuously L”? onto wlhe.

e the stochastic integrals [ ®dIV, are well defined objects in L? spaces, which are UMD
and type 2 for p > 2. For instance, if ¢ : Q2 x [0,7] — LP? is a predictible v-radonifying
operator-valued process, then the stochastic convolution

Z%(t) = /0 St — $)0(s)dW,(s)

is a.s. L?-valued, and we can find bounds for the quantity E[supy.,, |Z¢(T)|I2/V%,p] :
expressed in terms of the norm of the stochastic process v, see section 2.

Unfortunately, this method fails when dealing with the case v = 1, where the higher order
term contains a nonlinearity. This equation can however be treated, in the deterministic case,
where the local existence and uniqueness have been obtained by H. Amann in a series of papers

[ , ]. The author gives local solutions for a general class of equations of the form
ou
En + A(t, z,u(t, z), Vu(t,z))u = F(t,x,u, Vu)
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with A(t,z,u, Vu) = 37 5a05(t, 2, u(t, ), Vu(t, 2))0,0, each map a, g being £ (R?)-
valued. This class is defined by the fact that the family A(-) fulfills the strong parabolicity
property, namely

{Z > aﬁtxutx))gagﬁms}m CY(EN ERMNOXCA\0, (1.21)

r,s=1 a,f5=1

which is satisfied by the family associated to (SLLG) i.e. u — A(u)u = Au + u x Au.
The method presented here for (1.17) could be generalized as follows: associate to any v :
[0, 7] x O — R? the unique solution u(v) of the Itd equation

i+ Ayt 2)u = v(Vo)2 4+ Fy(v) + o x Wy, s <t <T, u(0)=ug , (1.22)

and try to find a fixed point for the map v — u(v). Formally, the solution of (1.22) is given by
[ , I:

u(t) = Uv(t,O)uo—i—/O Uv(t,S)(b(U(S>>+F¢(U(S)))d8+/0 Uy, (t, s)v(s) x dWy(s) , (1.23)

where for0 < s <t <T,and f € L?, the term U,(t, s) f denotes the value taken at time ¢ by
the solution X of:

0X

E%—Av(t,x)X:O in [s,7]x0O , X(s)=1f.
However, we the fixed point is done in a functional space for the variables w, ¢, x, and if v
denotes a predictible process, giving a correct sense to (1.23) is not obvious. Indeed, for each
fixed to > 0, the processes w, s — Uy () (to, s) are not adapted in general, so that the sense of

the anticipative integral
t
‘ / U, (t, s)u x dWy " |
0

is not clear. Note that we can still define the Skorohod integral, which is an extension of the 1t6
integral for anticipating integrands, but in that case the map obtained is no longer a solution of
(1.22),see e.g. [ ]. It is however possible to obtain a solution using the notion of forward
integral, see [ ] and references therein, but this notion requires heavier hypotheses on u. In
addition, estimates of the type

Eflu(vr) = u(v2)||* < Effor —wo|*

seem untreated in the existing literature when the underlying operator U depends on the element
v.

2 Preliminaries

We now focus on the linear stochastic equation in the space LP(O;R?), p € [2, 00):

%_Au— (W,t)dW¢7 in QXR+XO,

ot

Bu = Buy on Q x R, x 90 , (1.24)
u(0,-) =up , in Qx O,
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where we assume that w, t — ®(w, t) is a predictible, operator-valued process. When p = 2, in
the case where each ®(w, t) : L2 — L2 is of Hilbert-Schmidt class and satisfies

T
|91z =E [ [0, dt < oc
0
then solutions of (1.24) are classically given by the formula
t
Z2(t) = / S(t — s)®(s)dWy(s) , t€[0,T] . (1.25)
0

In case S is analytic, we have with full probability (see [ , thm. 6.10 & thm. 6.12]):
Z% € (0, T); L2) N L*(0, T; HY)

whose norm is bounded, in expectation, by ||®||7 ;2. These optimal regularity results, obtained
by Da Prato and Zabczyck in [ ], were later generalized in a Banach instead of Hilbert
space framework, using the formalism of ~y-radonifying operators, see (0.5). For instance, the
following proposition is a consequence of Theorem 3.2 in [ ].

Proposition 1.1 (Maximal inequality). Let p > 2. Assume that we are given real numbers q > 1

and v > 0 with

2
-<vV.

q
Then for any measurable adapted process ® : Q x [0, T] — R(L2; W*?) with

T 3
<A |(I)(t)‘?%(L§,W;’*P) dt) ] < 0 R

the process Z* — see (1.25) — is well defined and possesses a modification in LA (Q;

C([0,T]; WEr)). Moreover
T 3
([ 100Ruzmen) | |

E

E < C(v,q)E

YA
sup |27 (1]
t€[0,77] ‘ ) Wa'

for some constant C(v, q) > 0, independent of .

To deal with the loss of regularity due to the product in the term “u x W¢”, we need the
following.

Lemma 1.1. Fix numbers v > 0,0 < 0 < 1, andp > n. Letv € W' and ¢ €

R(L%; W;%) The operator f — v x ¢f is well defined as an element of £ (L?; W¥P), and
belongs to R(L?; WYP). Moreover there exists a constant ¢ > () independent of v, such that:

v X ¢ - ’R(L%;Wﬁ’p) < C’U|W;+@»P|¢‘R(L%;W:,%) . (1.26)
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Proof. Let 6 € (0,1). For v = 0, if B% is any ONB of L?(O;R?), we have for any v €
Wor(O; R3):

2
v X ¢’?%(L§;Lp = ‘ Z Ye(W)v X ge

eeB? Le
where (7e)ceps is an i.i.d. sequence of real Gaussian random variables. Holder inequality then
yields forall g € [1,00),and e € B*: [vx ¢e|rp < |v|La|d| pea.ray, Where 1/qg+1/¢" = 1/p. By
the classical Sobolev embedding WP —s Li"/"~%) the particular choice of ¢ = np/(n — 6p)
yields

[v % Blauzian) < lolyoslél, g,

Assume now that v € W2 and ¢ € R(L2; Wa"™"). With the same notations as above,
there holds:

- 2\ 2
[v % Al prawzn < (’” X Olre.n +E‘ > (@AW x ¢e) Lp>
echB3 ”

n

0

(!U|2 9p|d>!2 2L + 3|Av|? ep]E‘ Z Ye(@ qbe

ecB3

N

3Vl 0, 3 1 @V0e] 5 + 3100 E| 3 (@)A0e )
eeB3 eeBs

< C/’U|W12+97P‘¢|

Y

Rz, )
which yields the desired bound.
The case v € [0, 2] is obtained by interpolation, and higher orders work similarly. |

We now give a basic result that justifies the choice of the functional space W with p > n
is the following.

Lemma 1.2 (Hypercontractivity property of S). Consider 1 < q < p < oo. Let S(t) : L2 — L2,
t > 0, denote the Heat Semigroup. For all t > 0, S(t) has a continuous extension from L into
WP, and there exists K > 0, independent of t > 0, such that the following estimate holds:

K
1S g2 wrry < TP (1.27)
Proof. The proof can be found in [ ], where a more precise statement is made on the value

of the constant K. We indicate the proof for the sake of completeness. Set v = (n/2)(1/q —
1/p) € (0,1). Recall that the operator (A, W2P) is sectorial and therefore generates an analytic
semigroup S such that |AS(t)| ¢y < co/t, for some constant ¢y > 0 independent of £ > 0
(seee.g. [ , thm. 5.2]). By Gagliardo-Nirenberg inequality we have

1Slez < SO 2aS Wl
< (ISl +150uln) 1Sl

ol S
<o (M 4150l ) I8t

and the inequality follows, observing that [S()| »(z) < 1. [ |
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3 Proof of Theorem 1.1

The proof follows essentially the same approach as that of [ ]. Fix p > n, and consider
up € WA?, and ¢ € R(L2; Wa "/PP N ker B). We apply Picard’s fixed point Theorem on the
complete space L4(Q2; CrW,?), for T' depending on the maximal size of |v(t)];1.», and ¢ > 1
depending on p,n. Since the noise term cannot be estimated pathwise, we cannot operate a
fixed point in L*(Q; Bg), where By, is some ball in CzW}?. This naturally leads us to truncate
the nonlinearities by the use of a cut-off function § : Rt — [0, 1], which has the following
properties:

0cC20,2), Oz)=1,forall0<z<1 . (1.28)

For R > 0, and x € R", we denote fr(x) = 0(%). We first consider the case of a modified ver-
sion of (1.17) where the nonlinear term has been truncated, and prove existence and uniqueness
for this equation. We therefore consider the fixed point problem u(t) = ¥ (u) , where for a
fixed R > 0, we define the map ¢ on L?(Q; CxW!P) by the formula:

V() = S(t)ug —I—/O S(t—s) |:(9R("U<t)‘W;,p)U(S)‘V'U(S)P] ds

+/0 S(t— S)[F¢(v(s))]ds+/0 St —s)[v(s) x dWy(s)] , t€[0,T] . (1.29)

Note that we can without difficulty replace 1 by a random element ug € L?(2; W 1) which
is Fy-measurable.

Treatment of the truncated equation. We are first looking for a fixed point of the map
Y = pftuoTi9 § e we solve in the mild sense the following Itd equation:

du — Audt = (Or(|ulyyr0)ulVul* + Fy(u))dt +u x dW, (ER)

with u|i—g = ug. We show that provided T is sufficiently small, depending on R and g, then
Tt defines a contraction in L7 (Q2; CrWLP).

Claim 1.1. For ¢ > 2p/(p — n), ¥ maps LI(Q; CrWLP) onto itself.

Claim 1.2. For ¢ > 2p/(p — n), if T.(ug, R) > 0 is chosen sufficiently small, then the map
YR LU CoWEP) — LU CrW P

1s a contraction.

Proof of Claim 1.2. We begin our proof by the following remark: if v € L?(Q; CyW?), then
for t € [0, 71, on the event {supg,<; [v(s)|y1» < R}, we have:

t
K
< v|Vol?
W _/ (t—s)2"306 eIVl

/0 S(t — s)v(s)|Vu(s)|*ds

K
< / ol Vol
—5)2ta (1.30)
K
S/ p)l n U|W1P|VU|LP
3)§+7
<c R:”T%’%



where we have used respectively Lemma 1.2, and the Sobolev embedding W1? < L2, valid
since p > n.
We now denote by b(v) = v|Vo|?, and for j = 1,2, g ;(s) := Or(|v;(s)|). We write:
[(v1) = () |yre =[S % (Or1b(v1) — Or2bR(V2))|yyar + [S* (Fy(v1) — Fy(v2))] 10
1S 0 (0 x ) = (12 x )y
=1+11+1I1,

where *, resp. ¢ denotes the convolution, resp. stochastic convolution. Define for j = 1, 2:
ti =inf {t € [0,T], |v;(t)ly2» > 2R} |

with the convention that tf = T if the set is empty, and assume without loss of generality that
tht <+l Writing [0, T = [0, 5] U [t5, t5] U [tl¥, T, we have

1
I< / 0r1(5) — Ora(s)||S(t — s)b(v1)|pyreds
0
t

+ /0 Ora2(s)|S(t — 5)[b(v1) — b(v2)]|yy10ds

ty
+/R Or2(8)[S(t — 8)b(va)|yyreds
tl
= Il + ]2 + ]3 .
Using 0|z ®) < ¢/R, and (1.30), the first term gives:
tR

{ [b(v1)| /2
I < /0 (Or1(s) — Or2) (t — 5)1/2+n/ (@) o

C
< EH’Ul — U2||CTW$7PT1/2—n/(2p)R3 a.s.

Writing b(vy) — b(v2) = (v1 — v2)|Vur|* + va(|Vur |2 — |[Vg]?), by the same steps as that
of (1.30), we have:
12 < CT1/2in/(2p)R2”U1 — ’U2HCTW§’p a.s. ,

and, since 0r1(s) = 0 for s € [l t¥], then
t5
[3 = /R (9372 — 93,1)|S(t — 8)b(U2)|Wzl,pd8
tl

< ¢(Q)R*TYV* ) ||y — Vol pre @S

Using (1.15), the hypotheses on ¢, and denoting by 3% an orthonormal basis of L2 the second
term is estimated by

1
[Fo(vr) = Fy(va)l e < 5 > (1 = v) X ) X el o
et (1.31)

< c|vl - Uzngo|¢ﬁ;:(L§;L£) )

40



Therefore,
I1< P63 o 01— vallepie as.

Now, since p > n, fix aconstant 0 < 6 < 1 such that p = n/6. Using sucessively Proposition
1.1 with v =1 — 0, and then Lemma 1.1, we obtain:

e

" :
< c(g)E (/ (01 — v2) ¥ ¢|§2(L§;W§’p)dt) ]
0

E sup)/ (t = $)(vr — v2)

t€[0,T]

N
| I |

T
AL R A —
0 z T

provided ¢ > 2/v. Thus, we have the bound:
111 < ¢TEE [lon = vl o] 16182 00

Summing these inequalities, we obtain

E [Hm — U2”ZTW$”’] . (1.32)

Claim 1.2 is now proved, since if we take

1
T . -4 -3
T S 5 min {C <Ra |¢|R<L2,W;_n/p’p>) ! , C <R7 |¢|R(L2’Wml—n/1>,p)) ‘1} 5
then the map v is a contraction in L4($2; CxW1P). |

Claim 1.1 follows immediately by the same arguments as that of Claim 2, using Lemma 1.2,
Lemma 1.1, and Proposition 1.1. Hence, for 7' < T,(R), 1® is a strict contraction, and Picard’s
Theorem ensures the existence of a unique fixed point ur € C7W P, which is a mild solution of
(ER).

Eliminating the cut-off. For m € N, denote by u,, the unique solution of (~) with R = m
given by the previous paragraph. We define:

=inf{t € [0,T] , |um|y1o >m} . (1.33)

Claim 1.3. The sequence (7,,,) is non-decreasing and ,,1(t) = u,,(t) for t € [0, 7, A Tyni1]
a.s.

Proof. Fixm € N, t € [0, 7|, where we define 7 = 7,,, A 7, 1. Write:
t t
i (6) = n(0) = [ S0 5)(btmn) = )+ [ S0 5)(Folutmer) = Foluon)ds
0 0

t
+/ S(t— 8) (U1 — Um) X AWy .
0
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For j = m, m + 1, define the map y; as the solution of the linear equation:
dy; — Ay;dt = Fy(y;)dt +y; x dWy | t € [r,T] ,
yi (1) = uy(7)

where the existence and uniqueness of y; follow by standard arguments for linear SPDES. Then,
extend the solutions u; on the whole interval [0, T'] by defining for j = m,m + 1:

{uj(t) ift € [0,7]

() = yi(t)ift € [r,T] .

By definition of ,,, t,,+1 on [0, 7] we have for ¢t € [0, T:
tAT
o (6) = () = [ S~ 5)(0n) — W)
0
t
b [ (= ) (Fulinss) = Faln))ds
0

t
-3/5@—g@mH—amxdw¢
0
—X+Y+Z.

Using the same arguments as that of (1.30):

X Nl epppre < mPe(p)T> O |y i1 — il 5 S,

Y llepar < C<p>T1/27n/(2p)|¢‘§2(L§;Lg)Hamﬂ = Umllgpre 5 as.,

and
g ~ ~
E (1212, 110 < cl@T416] gz apinsomE [[Tmer = nll?, ]

provided ¢ > 1/v.
We finally obtain the estimate

~ ~ ~ q g4_49an ~ ~
E (s — Gl 1] < iela) ma{ T2 T4 0l o B [T = @l 0]

and this proves that @,,,1 — U,, = 0 on [0,T] provided T is small enough. The conclusion
follows by a reiteration procedure, which proves Claim 1.3. |

We define now the stopping time

"= lim 7, ,
m—0o0

and the uniqueness part shows that we can define without ambiguity « [0, 7*] with
u(t) =up(t)ifImeN, t <7, |,

without ambiguity. Finally, (u, 7*) is a mild local solution of (1.17). This finishes the proof of
the existence and uniqueness in C7W 1P,
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Further regularity. To simplify the presentation, we show the result for 5 = 3. Other values
work by interpolation.

Consider ug € W3 and ¢ € R(L?; W3P). If ¢ > 2p/(p—n), we define u € L(; C([0,T)); Wy ™)
as the process obtained by the argument above. We then apply (—A) to

u(®) :S(t)u0+/0t5(t—5)u|Vu]2d3+/OtS(t—s)F¢(u)ds+/0tuxde) Ctefo,r)

and take the norm in WP, Straightforward computations show that for u € W32,
A(u|Vulzsxn) = Au|Vulzsxe + 2 "(Vu)VuVu + u(VAU) - (Vu) + u|V2ulzsxnxn

so that using Sobolev embeddings, we obtain: |A(u|Vul?)| 2 < c|u|f’/‘/3,p. Besides, there holds
a.s. fort < 7: ’

AFE ey < € (18] ggagparien ) [uOlyzs -

The bound on the drift part of u(¢) follows now the same steps as that of (1.30): we have
S % b(w) () |yysr + S * Fy(u)(t)]yyze < c(p, |¢|R(L%;W§’P))t1/2_n/(2p)

sup (Ju(s)f s + [u(s)lyr ) (134)

s€[0,t]

a.s. fort < 7.
Lastly, using again Proposition 1.1 yields:

E[ sup ‘(—A) /019“ S(t—s)u x dWy(s)

0<t<T

q :|
W;?P

T q/2
( | 1) ¢>|;(L3;W;n/p,p)ds) ]

q
< c(0)19l grai-rinm TV [ll], 0]

<E

for every stopping time ¥ < 7.

Gathering these inequalities, we see by a standard generalization of Gronwall’s Lemma that
there exists a positive stopping time 7 < 7 such that w, t — u(t A 7(w)) belongs pathwise to
CTWQ? P,

The pointwise constraint. We adapt the proof of the deterministic case given in [ ]. We
treat the more general case v = 1, assuming that we are given a local solution of SLLG that is
supported locally in C WV }P.

Remark 1.3. Note that formally
du = (—u x (u X Au) +u X Au) dt +u x odWy

whence in some sense u | du and d(|u|*) = 0. However the fact that any solution u €
L(Q; CrW L) satisfies (C) is not completely obvious, because the identity

Au+ulVul* = —u x (u x Au) | (1.35)
which ensures the orthogonality of the right hand side with respect to u, comes precisely from

lul> = 1.
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Define the functional
1
V) = HiuP <17, | for u e L(ORY)
and notice that for h, k € L?(O;R?) we have

Dip(u) - h=(u-h, |u]* 1)
D*p(u) - (hyk) = (h-k, [ul —=1) +2(u-h, u-k) .

Consider now, up to the stopping time 7 > 0, a regular solution u of

du= (Au+ |Vul* +u x Au+ Fy(u)) dt +u x dWy |

with: either u = wuy on {0} x OU[0,7) x 00 |,
" | either w=1wup on {0} x O and 2 =0 on U[0,7) x JO .

By “regular” we mean that u is supported in C([0, 7); W??), with p > n.

One the one hand, [ (u - (u x dWy), |u|*> — 1) = 0 as. for every ¢ € [0,7), whereas
on the other hand the terms [} (u - Fyy(u), [u|?> — 1)dt and — 3, s [3{{¢e - ¢, |u> — 1) +
2((u - ¢e), (u - ¢e))}dt are equal for each ONB B2 of L?(O;R?). Noticing furthermore that
A(lul?/2) = 2, 1t6 Formula now yields:

Y(u(t)) —P(ug) = / (u- (Au+ u]Vu|2 +ux Au), |ul® — 1)dt

/ / ( W + (lul® - 1)|W|2> (Juf? = 1)dz dt .

Integrating by parts, there holds for a.e. t € [0, 7):

A(luf =1) 1 ul? — 1) 2de w/on - ullul? = 1da
=2l = v = 5 [ 190 = DFde+ [ ou/on-uul = 1)a

and the boundary term equals 0, no matter if we choose Dirichlet or Neumann homogeneous
boundary conditions. This implies finally ¢)(u(t)) < supyep g |Vu(s)|re fo s)ds for every
t < 7, which ensures by Gronwall’s Lemma, and the Sobolev embedding VV2 P le ° that
Y(u) =0on|0,7).

By an argument of density, the assumption that v € C([0, 7); W?2?) can be removed. Indeed,
take any u(0) € WP fufilling the local constraint. There exists a sequence u,,(0) — wuq for
the W topology, with ug,, € W?? for each n. and the corresponding solutions u,, satisfy (C)
locally in time. But the energy inequality is fulfilled for each n— see the Appendix of Chapter 2
below — so that E|Vu,(t A /) ‘%i < ¢, with a constant independent of n and the stopping time
7' < 7, provided each solution u,, is associated to a covariance operator ¢ € Ly(L2; H!). We
can now assume the convergence, up to a subsequence, of u,(t A 7') — u(t A 7') weakly in
L*(2 x O), and a.e., so that |u|*> = 1 a.e. Theorem 1.1 is now proved. |
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CHAPTER 2.

Global solutions with finite energy

In this chapter, we give a new result on the global well-posedness of (SLLG) on
the two dimensional torus, for a space of trajectories that satisfy a rather “natural”
energy inequality. This generalizes a result of M. Struwe for the deterministic
heat flow of harmonic maps from surfaces M with OM = &. Notice that the
result has been adapted for the deterministic (LLG) in dimension two by B. Guo
and M-C. Hong, and also for the boundary value problem by Chang K-C.

Using a compactness method that relies on the energy inequality, the proof gives
essentially a unique possible limit point. A general argument first developed
by I. Gyongy and N. Krylov implies that the solution obtained is strong in the
probabilistic sense. This is somehow related to a famous result of T. Yamada and
S. Watanabe giving the existence of strong solution by the fact that existence in
law and pathwise uniqueness hold. As a consequence of our result, we show, as
in the deterministic case, that singularities can occur in the form of a “bubbling
phenomena” only, meaning that the energy density “concentrates” at some finite
set of points (¢;, ;). We explain then how the solution can restart from a singular-
ity, loosing a “quantum” of energy ke; > 0,k > 1, and we show that the solution
obtained by this method is global in time.
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1 Introduction

(1.a) Motivations

The Landau-Lifshitz-Gilbert equation and the harmonic map flow have specific aspects in two
dimensional spatial domains, the main reason being that the “natural energy space” namely
H'(O) is “almost” a functional space on which the Cauchy problem is well-posed (see also
the discussion made in the book [ ] for the stationary problem). In that direction, we saw
in chapter 1 that for p > 2 = dim O, then the stochastic harmonic map flow is well-posed for
functions with p-summable derivatives and under some conditions on ¢, the squareroot of the
spatial correlation operator of the noise.

Consider the following version of (SLLG), where the space domain is the two-dimensional
torus T?:

{du:(Au—l—u]Vu|2+uxAu+F¢(u))dt+u><dW¢ , on Qx[0,7] x T? o

U|t:0:’LLO , on QXTQ s

with the same notations as before, see (1.15)-(1.16). For the case of space-time white noise,
namely when ¢ = id; 2, then the very notion of solution for (2.1) seems unclear, despite the fact
that recent theoretical work has been made to treat such equations in [ ]. Although we shall
not use these results in this manuscript, it is worth to be mentioned that here the assumption
of local subcriticallity — which is necessary to apply the theory of regularity structures — is
not fulfilled. Indeed, the equation (2.1) has the somehow remarkable property that it remains
invariant as we operate the parabolic rescaling

t
6/\ : (t7x) = <§7 X) ) (22)

for A > 0. For a Gaussian space-time white noise ( in a two-dimensional domain of space, if
A > 0,if (7,y) are the new variables (55, £), and if v = w0 6} ', then the equation
Ou = Agu 4+ u|Vaul* +u x Agu+u x ¢,

reads
v =2+ 0|Vl +vx Av+oxny,

where 1) := \2Cof; ! remains a Gaussian space-time white noise, due to self-similarity properties
of { in two-dimensional space domains.
On the other hand, the time increments of the functional

E(t) = L IVu(t, z)*dx | (2.3)
2 Jr2

which is the “natural energy” associated to (2.1), contain a term which becomes infinite as the
correlation approaches the delta function—see (2.A.2). The numerical experiments of Chapter 6
seem to confirm that £/ does not remain uniformly bounded as the size of the space discretization
tends to 0. For these reasons, we are led to consider a more regular noise in space, namely with
a correlation operator Q = ¢¢* of trace class, at least from L? into H!. We saw in Chapter
1 that in the overdamped case, i.e. for the stochastic harmonic map flow, the equation is well
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posed on the torus, under the assumptions that (i) ug belongs to W1? for some p > 2; (ii) the
operator ¢ : L2 — WP is v radonifying. However, at a formal level, the increments of the
energy remain bounded if:

1. up € H:N{u:u(z) €S? ae.};
2. ¢ € Lo(L2; HY).

With these weaken assumptions, it turns out that strong solutions, in a sense precised below,
exist globally. This is the main result of that chapter.

Several authors have noticed (see e.g. [ ]) the existing parallel between the Landau-
Lifshitz-Gilbert equation, and the so-called Harmonic Maps Flow, namely
ou
— —Au=ulVul* , teR
gr ~Au=ulVul teR, (2.4)
U|t:0 = up ,

which is obtained by neglecting gyromagnetic effects and taking into account the exchange
energy only. This equation was first studied by J. Eells Jr. and J.H. Sampson in their seminal
paper [ ]. Their aim was to construct a harmonic map between two manifolds v : M — N,
lying in the homotopy class of a given map wuy. By using the heat flow (2.4) they managed to
find such u, but under the restriction that the sectional curvature of N is nonpositive. Later,
M. Struwe improved their result, showing in particular the following result of existence and
uniqueness.

Theorem 2.1 ([ ). Let N be a manifold, and M be a Riemannian surface without boundary.
For any initial value uy € H'(M, N), there exists a unique solution u of (2.4) on M x [0, c0)
which belongs locally to the spaces

VTz{u:(o,T}xM—uv,

T
esssup [ |Vu(t,z)]*dM +/ / |V2ul? + [Qu|*dM dt < oo} . (2.5
o Jum

0<t<T JM

The solution is regular with the exception of at most finitely many points (t;,x;), 1 <1 < L,
characterized by the condition

limsup/ |Vu(t,z)|?dM > ¢ , ¥r € (0,19 ,
B(Z‘l,’/‘)

t—t,
for a certain parameter ¢; = e1(M).

Later the boundary value problem for (2.4) was treated by K-C. Chang [ ], and led to
similar conclusions on the caracterization of the blow-up. A similar theorem has been shown
in [ ], concerning this time the (deterministic) LLG equation, essentially by applying the
same reasoning as that of M. Struwe.

In this work we construct global solutions of (2.1), using the machinery of Stochastic
Integration of Hilbert space valued processes (see e.g. [ ]). Adapting the arguments used
in [ ] is not obvious, and we are led to use new ones, e.g. to control energy locally, see
Proposition 2.3.
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Additional Notation. We will repeatedly use the abbreviation
B(x)={y €T |y—a|<r},

Whenever x € T2, r > 0, and f : T2 — R (or R?), we denote by

1

e = ([ ) wPdy)

If ¢ is a linear operator on L2(O; R), we shall denote by
I;® ¢ (2.6)

the operator acting on L?(QO; R?) by the formula:

I3 @ ¢(f1, fo, f3) = (D.f1, O f2, Df3). (2.7)

When 0 < 73 < 75 < T denote two stopping times, define

leoc([TlvTZ);Hagc) = {f : [7_177—2) - Hgv Ele T T2, / . |f(8)|%{%d8 <00, vk Z 1}
[r1,¢¥]
1 2.8)

(1.b) Notion of solution and main Theorem

A

In this chapter, we fix a Stochastic basis I = (2, F, P, (F;), W), see (0.1), and we assume that
W is a (F;) cylindrical Wiener process formally given, when B2 denotes an ONB of L?(T?; R3)
and (3.).cp a family of independent real standard brownian motions, by the relation

W(t) = Z ﬁe(t)e ) (29)

ecB3

As in Chapter 1, when ¢ : L2 — L2 is a Hilbert-Schmidt operator, W, denotes the ¢¢*-Wiener
process
Wy = oW | (2.10)

which is an abbreviation for ) ___ s 8.(t)¢e . We consider the following notion of a local solution
for (2.1).

Definition 2.1. Assume that a stochastic basis *¥ is given, 7y, 7, are stopping times, and u; €
L*(Q; H!). Given a progressively measurable process u : Q x [0,7] — H., we say that
(u, 71, 72), or simply (u, 75) if 71 = 0, is a local strong solution of (2.1) on |1y, T5), with initial
data u; if the following conditions are fulfilled:

(1) m <1,P—as.

(i) the process u has paths in C([71, 75); Hy) and [ [ux Au+Au+ulVul® + Fy(u)| 2dt <
oo, P —a.s.;
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(iii) P —as.,fort € [1,7):
t t
u(t) —up = / (u x Au+ Au+ u|Vul? + Fy(u))dt +/ ux dWy |
T1 T1
in the sense of Bochner, respectively It0 integral in L2;

(iv) for P ® dt @ dx a.e. (w,t,x) with 7y (w) <t < T»(w), there holds

|u(w, t,z)|gs =1 . (2.11)

Our main result reads as follows.

Theorem 2.2. Let Wy be as in (2.9)-(2.10), with ¢ = [3®$ € Lgl, see (2.6). Forall T > 0, and
ug € HY(T*R3)N{v: v(z) € S? a.e. }, there exists a solutionu € L*(Qx[0,T]; H'(T?; R3))
to (2.1) which is global in the following sense: there exists an increasing sequence of stopping
times 9° = 0 < 9 < 92 < -+ < 9@ such that

P =T)=1,

and for each j € [0, J — 1], (ulps gi+1), 97, 971) is a local strong solution of (2.1) (in the sense
of Definition 2.1), with the initial data U’ at time 19/, uniquely determined, when 1 < j < J, by

u(Gr) = U7, weakly in H'(T*R®) | dP — a.s.

for all sequence of stopping times (, T 9.
Moreover, for all j > 1, we have with full probability:

ulpgs gi+ny € C (07,97 Hy) N Ly ([0, 07T, HZ)
see definition (2.8), and the stopping times ¥’ are characterized by
P (wg € N*, (G, x) € 7,971 x T2, |vu(§,€)|§2(31/k(x)) > 61> =1,

where €, > 0 is a parameter that does not depend on ug, ¢, T.
Besides, uniqueness holds in the following sense: if (v, o) denotes a local strong solution
with v(0) = u(0), such that for all € > 0,

dP —a.s., 3¢ >0, sup ‘VU(t)|%2(BR($)) <e,
(t,x)€[0,¢) x T2

then u|[070) = .

Outline of the proof. Consider an initial data uy € H: N {v: v(z) € S%a.e. }, together with
a correlation ¢ € ]L,g’1 for the Wiener process W,. Our strategy is to approximate the couple
(ug, @) by a sequence of “more regular ones”, namely (v, (0), ¢,) € H? x ]Lg’Q, and to derive
some uniform estimates on the corresponding strong solutions (v,,, 7,,), where 7,, denotes the
maximal existence time in H2.

To establish energy estimates on the associated sequence v,, of solutions, we follow the
deterministic tools used by Struwe for the harmonic maps flow, together with probabilistic
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techniques. It was shown in [ ] that uniform bounds in the space V7 — see (2.5) — can be
obtained, provided the H ; norm does not ‘“‘concentrate too much”, i.e. under the condition that

inf sup V(e =0 - 2.12)
>0 (t,x)e[o,T]qu’ ( >’L2(Br( ))

The main differences with the deterministic case can be summarized as follows.

e Since the existence time of v,, depends on w € € it is natural to define stopping times
Cn,x(w) corresponding to the case when a certain threshold of energy over a ball By (z)
is attained by v,,. This will permit to fix a common interval [0, 7| of existence for the
“stopped” solutions u,, ;(¢) defined below.

e Compactness methods for SPDEs obtained by uniform bounds in spaces LP(£)) give in
general the convergence of the laws £(v,,), which is not easy to handle. Since we need to
take the limit in the equation satisfied by v,,, we will first argue on the so-called Skorohod
space to have better convergence properties.

The first part (2.a) is devoted to the “Main estimates” which are essentially obtained as
consequences of the energy formula (2.A.2) and Remark 2.2. The second step is the so-called
“tightness argument”, which is summarized in the part (2.b). It basically describes a way to
circumvent the fact that energy bounds imply convergence in law only. This is a technical tool

which is also used in Chapter 5, as well as in [ , ]. Once this work is done, we
show that the limit obtained is “essentially unique”, implying, by a basic result observed by
I. Gyongy and N. Krylov (see also [ ] for a celebrated result in the same flavour), that

the equation on v,, passes to the limit n — oo. This gives a local solution u to our problem. To
show that u necessarily reaches the time 7" > 0 “after a finite number of bubbling(s)”, we use
the fact that any concentration of energy at a point (g, 7o) is accompanied with a constant loss
of energy €; > 0, so that roughly speaking, it cannot happen too rapidly (unless the energy £
would become negative).

We recall now a particular case of Biirkholder-Davies-Gundy inequality that will be used
below.

Proposition 2.1 (BDG). Let W denote a ¢¢*-Wiener process in L2, where ¢ € Lg’l. Let
E:Qx[0,T] = Lo(HL L2), Z : Q x [0,T] — H} be two progressively measurable processes,
such that

F([ eor 2t <o) =1

Then, the process defined for t € [0, T by

has a continuous modification, and

E | sup X(¢)

te[0,7

T
< GyE UO (€0)*Z(s)[]2ds | ds

where the constant Cy does not depend on the individual elements 7, &.
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Proof. Notice that the quadratic variation process of X writes
t
L X >= / |(§(s)¢)*Z(s)|igds , t€10,T] . (2.13)
0 :

Applying Theorems 3.15 and 4.27 in [ ] to the Hilbert space H = L2, the conclusion
follows. |

Remark 2.1. In order to prove Theorem 2.2, we need to consider, for each n > 0, a sequence
of mild solutions v, to (2.1) associated with an H?2-valued Wiener process, and with support
in the space C([0,T]; H?), see (A4) below. Although the existence of such a sequence is a
consequence of Theorem 1.1 in the overdamped case v = 0 (with slight modifications), we still
ignore if such solutions exist for the case of SLLG. We however admit the local existence of
these solutions. If it turns out that this statement is false, Theorem 2.2 still holds true for the
stochastic flow of harmonic maps on T2, with obvious changes in the statement.

2 Proof of Theorem 2.2

(2.a) Main estimates

We consider a sequence of ¢,,¢" Wiener processes in L2 formally defined by
W, := ¢,V , namely Z Be(-)pne
ecB?

for B3> ONB of L2, where ¢,, € Ly(L?; H?). Then, we make the following assumptions:

Yn>0, v,€C([0,7,);H?) as. , and v, fulfills (2.11); (A1)
. 1

0a(0) = o in H} . S|Vu,l7 < cBy = Sluofis . (A2)

¢n — ¢ in Lo(L2; HY) . (A3)

The processes (v,,7,) are local strong solutions for the
equation (E,): (Ad)
dvn, = (Av, + v, X Avy, + 0,| Vo |? + Fy, (v,))dt + v, x dW, .

Moreover, in order to simplify the presentation, we shall only consider “isotropic correlations”,
namely such that there exist ¢,,, ¢ : L*(T?* R) — L*(T? R), with
on=5®6, , 6=L8¢, (AS)

see notation (2.6).
Let €; > 0, and define the following stopping times for n € N: (, o = 0 and for & > 1,

Cn,k = inf {0 S t < Tn N\ T, SU’HPQ |an(t)|%2(31/k(x)) Z 61} . (214)
re

For now, we do not fix the parameter €;, although in the proof of the next proposition, we shall
see that it has an “optimal” value that only depends on geometrical quantities through inequality
(2.21). In particular, it is independent of 7', n, k, and the sample w € ).
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Proposition 2.2. Denote by u, i, k € N, the “stopped” process:

2.15)

(t) Un<t) lf 0 S t S Cn,k )
Up, = 2
ok e =)Dy (Con) i G <t<T .

(i) Foralln € N, t € [0,T]:

Vune(t)]7: |Vuni(0)[72 G )
g L ot [T (o) x Bun(5)s] = VG ELG ]

2 2
(2.16)
(ii) Forall p € [1,00), n € N:
E { sup |Vun,k(t)|i’§] <c(p, By, T, 0) , (2.17)
0<t<T z
T p
E [(/ |un,k X Aun,kl%%dt) :| < C(pa E07Ta ¢) ) (218)
0

where c(p, Eo, T, ¢) > 0 does not depend onn € N, neither on k € N.

(iii) There exists a sufficiently small ¢, > 0 in the definition (2.14) of (,, 1, such that for any
keN,neN andp € [l,00):

T P
E (/ ’Aun,k‘%%dt> < C(kapa E07T7 ¢) ) (219)
0

- p-

B ([ 1Vulisat) | < cthonBato), 2.20)
L \Jo 1

where the constant c(k, p, Ey, T, ¢) > 0 does not depend onn € N.

Remark 2.2. In the next paragraphs we shall use the following inequality whose proof can be
found in [ ]: for any T > 0, there exists a constant ¢y > 0, such that for all v € CrH. 3, for
allr > 0:

T T T
/ |vv|i%dt S Co Sup} , ’vv(t”%z(Br(x)) (/ |V2U|%%dt + 7"_2/ |VU|%%dt> .
0 xT 0 0

(t,x)€lo,T
2.21)
Therefore, the definition (2.15) implies
T T T
/ |Vun,k]4Lgdt < 6161(/ |Aun7k|%gdt + k2/ |Vun,k|2L§dt) : (2.22)
0 0 0

for all k,n € N, where ¢; = ¢y x ¢, ¢ = ¢(T?) being chosen so that [VZul?, < c|Aul3,,
Vu € H2.

Proof of Proposition 2.2.
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Proof of (i) — First note that v,, and u,, 5, coincide on [0, (,, x|, therefore by (A1)-(A4), (wp i, Co k)
is a also strong solution of the problem (F,,), and its trajectories belong a.s. to C7H?Z, we have
the energy formula (2.A.2), namely

1 1 t
5 Vni(t)fz = 5| Vunr(0)[3; + / e % Dt affads = HVult, + Xar(t) , (2.23)
0

a.s. forall t € [0, (, ) where X,, ; denotes the martingale fg(Vun,k, Upx X VdW,). Estimate
(2.16) now follows by taking the expectation.

Proof of (ii) — Notice that in (2.23) the martingale term writes

Xoult) = / (Z(s)., E(s)AW,) |

where the processes Z(s) := Vu,x(s) and £(s) = u,(s) x V- satisfy the hypotheses of
Proposition 2.1, so that

T
E [sup;co.r) Xnk] < Co / |5 div (tn g X Vg i) [72ds . (2.24)
0

Since for each n, ¢, : L2 — H! is a Hilbert Schmidt operator, then it is also continuous, and
we have the diagram:

Ry ; CRRNG 5
! ! v 2.25
28 gt & g2 22

each arrow meaning that the map is continuous. Therefore, using (2.24) with (2.11) gives

T
E [supseoz) Xni] < c(6n)E / Vit ) 2ads (2.26)
0

By (A3), and the classical inequality |T'| »(m.x) < |T|L, (1K) We have
|(pn — @)™ 0 diVL(f(L%;L%) — 0,

so that the constant ¢(¢,,) in (2.26) is uniform in n and depends on |¢|Lg,1 only.

Taking the power p € [1,00) in (2.23), the supremum in time, the expectation, and using
(2.26), we obtain the bound:

t
E | sup ’V“"k(s)‘ipg} < c(Eo,p,\qbng,l,T)/ E [ sup \Vumk(a)&% ds , te[0,T] .
0

0<s<t 0<o<s

And (2.17) is obtained by applying Gronwall Lemma to the map ¢ — E[supg<,, |Vu(s)[*].
The bound (2.18) follows, using again (2.23), (2.26), and (2.17).

Proof of (iii) — Notice that by (A1), we have pointwisely:

|un,k X Aun,ths = | — Unk X (Un,k X Aumk)hgs
= 1Py, ()l

= |Aun,k + un7k‘vun,k’2‘R3 )
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where for @ € S?, P;. denotes the pointwise orthogonal projection on (Vect{ﬂ’})L in R3.
Hence, for t € [0, (,, ;] we have as.

t t
/ i X Aty 425 = / (P (i), Pus (At )i
0 0 ’ ™
t
:/ (At oy Aty g + Ui |V, 1] *)ds
0

so that expanding this term in (2.23) gives a.s. for ¢ € [0, (,, ]:

1 1 t
§|Vun,k(t)|2Lg - §|Vun,k(0)|%g+/ | Aty k|72 ds — X k(1) =tV 0T,
0
t
S / <_Aun,k7 un,k’vun,k‘2>d5
0

1 [t 1 [t
< —/ | Ay, - un7k|%2d8 + —/ |Vun,k|i4ds )
2 J, 2T, :

Applying then inequality (2.22) to f(f |V, k|74ds, and using (2.11), we obtain the bound:

1 t 2 161 ! 2 2 ! 2
5/ By s < 2 /|Aun,k|L2ds+k / Vit 42 ds
0 0 0

1 1
+ 51V r(O)lzz = 5 Vuns(®)lzz + Xan() + Vo[, , (227)

a.s. for t € [0, ¢, x]. Taking the power p € [1, c0) and the expectation in (2.27), we obtain the
uniform bound on E| OC"”“ | Au,, k|3, dt], provided € is chosen to be sufficiently small, namely
< cl’l, see (2.22).

Bounds on the time interval [(,, x, T]. Observe that we have the classical inequality
|V f|?
|Ae’t(A)2f\%g < |—1’L32” , for t>0, and f € H, ,

2

(the proof is identical as that of (4.44), for the sectorial operator A defined in Chap. 4). Therefore,
by the definition (2.15) we have

T T | Vu(Cor)?
E/ m%ﬂm;ﬁgE/ l—LJﬂﬁﬁ,
Cn,k ‘ Cn,k (t - Cn,k)

N|=

which is bounded by a constant ¢(Ey, T', ¢), using part (ii).
Lastly, we obtain the uniform bound (2.20) by applying again (2.22), (2.17) and (2.19). R

(2.b) Consequences of Proposition 2.2

By a direct application of Proposition 2.2, we have the following
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Corollary 2.1. Define forn € N:

U := (Unk)keN -
Then, for any pair of extractions (n;, my)ien , and every 3 € (0,1/2), the family of laws
L (v, W), (s Winy)) 5 LEN

2

is tight in the space (erN (L2HINCrL2) x CgLi)

Remark on notation. When a pair of extractions (n;, m;)cy is fixed, we shall denote by:

¢ =, » G} = P, and |
Flj::F{ for j=1,2 .

(2.28)

Corollary 2.2. There exists a probability space (', F', '), carrying processes, 3 = (z])ren,

3= (le;k)keN, l €N, j=1,2, taking values in ||, .y CrL2 N L3 H,, and L2-Wiener processes
W7 (resp. W, ) with covariance gbg qbf " (resp. ¢¢*) such that:

(a) foreachl € N: L ((wy,, Wy,), (ny, Wi,)) = £ (31, W7'), (57, W)
(b) forj =1,2, P —a.s.

zl]k — 2} in LAH!NCpL?, Vk €N,

[=o0 (2.29)

W} — W}, inCJL? .

l—00

(c) For j =1,2, k,l € N, we define as in (2.14):

n{’k = inf {O <t<T, sup |Vzik(t)\%2(31/k(x)) > 61} : (2.30)

zeT?

Then, a.s. for t € [0, Hllk] ,

t t
() — 21,(0) - / (Afy 4+ VAL + F ()t = / W @31

in the sense of Bochner; resp. Ito integral in L>.

(d) uniformlyint € [0,T], forj=1,2,
t

[ At < awis) = [t < awics)

l—00 0

strongly L2, in probability .

(e) The processes (zi, ﬁi) , 7 = 1,2, are local solutions of (2.1) on P', up to the stopping

times
J _ : 712
K;, = essinf {t >0, ]Vzk|L2(Bl/k(x)) > 61} ) (2.32)
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Proof of Corollary 2.1. The proof is rather similar than that of [ , Lemma 4.2]. It uses the
previous a priori estimates, together with the following well-known compactness Lemma (see
[ , Theorem 2.1]): Note that it will be also needed in Chapter 5, for the proof of Proposition
5.2.

Lemma 2.1. If By C B C B; are Banach spaces, such that By, B, are reflexive, and the
embedding of By in B is compact, and if (5, p,q) € (0,1) x (1,00) x (1, 00) with p > 1 then

L1(0,T; By) N WH?(0,T; By) — L%0,T; B) , (2.33)
C(0,T; By) N WP2(0,T; By) — C(0,T; B) , (2.34)

and the embeddings are compact.

Applying Proposition 2.2, we have for all [ € N, and all £ € N:

T
E[ sup |Vunl,k|%gds] < c(Ep, T, ¢)E/ | Aty g|72ds < c(k, Eo, T, ¢) (2.35)
x 0 x

0<t<T

with constants that do not depend on [, and the same estimates holds with m; instead of n;. To
obtain compactness, we need however additional uniform estimates in some Sobolev space
Wﬁ’p(O, T; By), where B; can be any reflexive Banach space containing L2, and Bp > 1.

As in the proof of Lemma 4.1 in [ ], we can write, using the equation on v,,:

t
Uny ke (t) - unl,k(o) = / (um,k X Aunl,k + Aum,k + Unl,k|vunl,k|2) ds
0
t t
4 / Fy, (tinyi)ds + / i X AW (5)
0 0

= J(t) + TR (t) + T (D)

foralll € N, a.s. for ¢ € [0, Cnl,k)- By (A1), this equation holds in the sense of Bochner, and Itd
integrals in L2. Besides, (2.11) implies that

t
/ [ty i X Aty g + Ay, g + unl,k|Vunlﬁk|2|%%ds
0
t
= / |[Uny & X AUy o — Uy e X (Uny ke X Aunl’k)\%gds
0

t
2
= 2/ |un17k X Aum,k‘lL%d‘s
0 .

so that the bound
B[ 207:22)) < e(lor, T) (2.36)

is obtained as a consequence of inequality (2.18).
Moreover, by (1.15), (2.11) and (A3), we obtain

E[H‘]l?,kHIQ/VLQ(O,T;L%)] < (|9, T) (2.37)

independently of /.
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Lastly, using Lemma 2.1 from [ ], for any 5 € (0, %), o0 > p > 2 there exists a constant
depending only on (3, p, |¢|L,, T such that:

B[l byo o2y < €82, 1., T) (2.38)

The tightness follows from standard arguments, using the same inequalities for m;. It suffices
to apply (2.34)to By = H', B = B, = L*,(2.33) withq =2, By = H?, B= H}, B, = L2, so
that the embedding

C([0,T); Hy) N WPP([0, T); L2) N L*([0,T]; H2) — L*([0,T); H,)

is compact. The tightness is now a consequence of estimates (2.35)-(2.36)-(2.37)-(2.38), together
with Tychonov Theorem, Markov inequality, and Prokhorov Theorem. However, we refer the
reader to Chapter 5, Proposition 5.2 for a more detailed proof of the same type of statement. W

Sketch of the proof of Corollary 2.2. The proof is standard. We however summarize the main
ideas. All the following arguments are directly adapted from [ ], where a more detailed
discussion is made.

(a)-(b). These properties are a consequence of Skorohod embedding Theorem (see [ D,
Corollary 2.1 and classical properties of Wiener processes.
Statements (c) and (d) are consequences of the following identities

E [(M},,(t) — M{,(5)) (Wi li0,5))] =0, (2.39)

B[ ((M(0).0) ~ (M{(5).8) ~ [ (el x éla s, x ofb)ds) o (W o) =0 . 240)

for any a,b € L?, where Mljk(t) = zik(t) — zik(O) — fg((id —l—zikx)Azik + zlj7k|Vzlj7k,|2 +
F} (zlj .))ds. These relations are due to the equality of the laws. Moreover we can take the limits
in (2.39) and (2.40) to obtain that the processes M (t) = z](t) — 21.(0) — fg((id +2lx) Az +
21|V 21 |? 4+ Fy(2]))ds, for j = 1,2 satisfy identities of the type above with ¢, resp. W, instead
of gzﬁj , resp. ;. Indeed thanks to Proposition 2.2, all the terms are uniformly integrable in

w € € and converge IP-a.s. By the representation theorem for square integrable martingales, we
can always enlarge %, so that each )/, f & 18 a stochastic integral with respect to some Wiener

process TW,. However the use of a classical regularization procedure (see [ ]) shows that
these processes are actual stochastic integrals with respect to the Wiener processes W, W,
[ € N, of ¥’. The statement (e) follows. |

(2.c) Skorohod space and the use of Gyongy-Krylov Lemma

To obtain the convergence of the full sequence (u") towards a strong probabilistic solution (i.e.
in the original space (2, F, P, (F;), W)), we make use of the following lemma, whose proof is
immediate, but which turns out to have deep implications. It was first used by I. Gyéngy and
N. Krylov in [ ].

Lemma 2.2. Let (Z,,),>0 denote a sequence of random elements in a Polish space E equipped
with its Borel o-algebra. Then the following properties are equivalent:
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(i) the sequence (Z,)n>o converges in probability to a random variable Z;

(ii) for every pair of extractions my,n;, | € N, there exists a subsequence of L (Z,,, Zn, )ien
which converges weakly to a law supported on the diagonal {(x,y) € E X E, = = y}.

In order to apply Lemma 2.2, we show the following.
Proposition 2.3. Define I{ik by (2.30).
(i) Forall k € N, with full probability: 2} = 2.

(ii) Provided k € N is sufficiently large, then for any limit point k;, of the sequence {Iillk A
Kik, | € N} for the convergence in probability, we have

P'(ky >0)=1.
Remark 2.3. Using the equality of the laws, the processes zlj w Lk € N, j = 1,2, verify

immediate counterparts of estimates of Proposition 2.2. Combining the uniform estimates on
moments of fOT |V |7, dt with Corollary 2.2 gives

2y — ] strongly in L*(Q' x [0, T; Hy) . (2.41)

Proof of Proposition 2.3.

Proof of (i) — We first prove that there exists ky € N such that for all [, ¥ € N with k£ > kg, then
P'(k;, > 0) = 1. Fix [, k € N. We observe that:

P/(lihk > 0) =1- ]P)/(lil’k = 0)

—1— lim P(ky < 1/N) . (2.42)
N—oo

To show that P'(k;, < 1/N) — 0as N — oo, we use the following covering argument:
there exists a constant ¢(T?) > 0, such that for all £ € N*, there exists a finite set of points
{Py, Py, ..., Py} C T? with the properties:

Vo € Tza Jdi € H17Nk]]7 Bl/k(‘r) - B3//€(R) )
24 7.2 (2.43)

Nk S C(T )k y
see Figure 2.1. Now, for each k& € N*, and each P;, consider 1 = 13/ € C3°(By/i(F;)) with

0<n<1, sup  |Vn(z)| < ak (2.44)
TE€By/k(F;)

for some ¢; > 0 independent of 7, k. To lighten the notations, denote by
covi = {n ="n3/m;, 1 <0< Ny}

where the functions 73, ; are as above, so that in particular # covy = N} is finite. Using the
bound on the local dissipation, namely (2.A.6), we have for all 7 € covy:

(InV2 ()17 — V2L (0)]72) < Vi) (2.45)

DN | —
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/home/antoine/THESE/manuscrit/images/coveringArg3.png

Figure 2.1 — There exists a prescribed set of points {P;, 1 < i < Ny}, such that every ball of
radius 1/k (in red) lies at least in one ball Bs ;. ( P, ).

where we denote for ¢ € [0, T7:
VO i= il + ek [ [Velfads + [ Ve, nef x VawiGs)) . a0
0 ' 0

making the slight abuse of notation [nV¢! |2, = >°__s [ 1(2)?|Vée(2)|2.dx. By strong
convergence of z/,(0) towards z;(0) in H;, and Supp(n) € Bs(F;) for some i € [1, N;], we
may find a sufficiently large ky € N* such that

Vk > ko , max 38V 2, (0)2, < e1/2 , uniformlyin [€ N | and j=1,2 . (2.47)
SiSNg ’ v

Moreover, Proposition 2.1 applied on the martingale part fg (anlj’k, nz{; . X VAW (s)) of Vi
gives, similarly to the proof of Proposition 2.2,

nVéi2,

E
N

~ .
sup Vl"k(t) < —i—cle]E/ |Vzl]7k(s)|%%ds
0

0<t<1/N

1

~ .
+ellohg® [T VA @48
0
By (2.45), (2.47), and (2.48), we see that
(Ve B = e} < {2v > 2}
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so that using on the other hand, (2.43), and Markov inequality, we obtain

P/(/{Lk S 1/N) = ]P)/ ( sup sup |v2ik|%2(31/k(w)) 2 61)
t€[0,1/N] z€T?2

<P U sup |773/k,inlj,k(t)|%% > 6
1<ien, |O<t<1/N '

< Z IP’( sup V/,.(t) > %) (2.49)

nEcovi t€[0,1/N]
| Vel Ly
< gn; (Tz + C1k2]E/O |Vzlj’k(s)|%%ds
covy

+C(|¢|L2‘1)E/O |77V227,k(5)|%gd5> :

By Remark 2.3, we see that the right hand side of (2.49) converges to 0 as N — oo, and that the
convergence holds uniformly in/ € Nand j = 1, 2.

Lastly, when £ > 0, denote by «;, any limit point, in the sense of convergence in probability,
of the sequence {x;, ! € N}. Using the triangle inequality, write

1 1
/ikSN C S|k — |k — ki SN ;
1 2 1
P’ (HZ < N) <P (lfl,k < N) + P (|f<&l,k — Ki| > N)

The conclusion follows by |k — K} K 0 as | — oo (up to extraction), and the uniform
convergence of IP'(k;, < 1/N)as N — oo.

Proof of (ii) - Fixl € N, k € N, and set y,, = 2/;, — ). There holds a.s. for t € [0, x},, A k7],
in differential notation:

so that:

dyl,lc = (Ayl,k + ZZQ,k X Ayl,k + Yk X Azl{k
+ Fll(zllk) - Fl2(2l2,k> + ?Jl7k|vzzl,k|2 + zl2k(|vzllk|2 - |V212,k’2)>dt
oy X AW+ 2y x d(W) = W)
Applying Itd formula to the process 1|y, x(t)|22, ¢ € [0, 7], and writing for ¢ € [0, T':
App(t) = |V211,k(t)|%g + |V212,k(t)|%g (2.50)
Yir(t) = 1{ogt§nl{kmgk}|yl,k(t)|%g ; .

a similar calculus as that of the proof of uniqueness in [ ] (the calculus being identical
as that of the computations done in chapter 3 below, in the proof of Theorem 3.3, but in case
Ry, = 0 and y;4(0) = 0) gives the inequality:
t
YL}C(ZS) < Yz,k(O) -+ ﬂ,k -+ Co/ AUC(S)YE,k(S)dS , a.S. for t € [O,T] , 2.51)
0
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where ¢y > 0 denotes a universal constant, and we put all the martingale plus correction terms in

t T
Tia= s | [ st dovt =W+ [t B G — R
0 0

te[0,T
T 1 . .
+]/ éDz(]yl,k]%%/Q)-d<</ Y X AW} +/ 2 x AW =W2) > | . (252)
0 0 0

Note that ¥; ;(0) — 0 as [ — oo, and it is a tedious, but easy proof to show that E[7} ;] — 0
as | — oo (we refer the reader to the appendix). For A > 0, we write 7,; = inf{0 < ¢t <
T, Ajx(t) > Ay '}, Applying pathwise Gronwall Lemma in (2.51), we see that for ¢ € [0, 77,

Li<r 3 Yir () < (Yir(0) + T )

Therefore, integrating |y, x(¢)|7, over t € [0,T] = [0,75,] U [72;, T, and taking the expectation
gives:

T
E / Yi(t)dt
0

IA

T
T(Yir(0) + E[T,)) X + E / V()L oy (1)t
0

< T(Yis(0) + E[T )
1/2

+E K /0 ' Y,,k(t)th)} v ( /0 p (Aup(t) > \) dt) ,

by Cauchy-Schwarz inequality, and thus by |Y; ;| < 2 a.e., and Markov inequality, we obtain:

T T 1/2
E / Yir()dt < T(Yi(0) + E[T,])eXT + 4T/2 ( / P’(Al,k@)w)dt)
0 0

ATV ([T 2

Now, since Y, (0) + T, — 0 as ! — oo, fix € > 0 and use the uniform estimates on
E[fOT V2] |74ds], 5 = 1,2 — see Remark 2.3 — to choose A > 0, depending only on Ej, [¢|ro.1
and k£ € N such that

4T1/2 T 1/2
N (E/ Az,k(s)d8> <e¢/2 forall [eN .
0

Then, choose [ sufficiently large so that T'(Y;x(0) + Tjx)e* < €/2. This shows that lim;
E fOT Y x(t)dt = 0, and Fatou Lemma implies that
lyi(t)|r2 = 0 as. for ¢ € [0, k), AKp] |
Lastly, one can write
k()22 = Ljoce<nt a2 Hyw (B2 + 1 ez <o<rylyes()]rz 5 as.
Taking the limit as [ — oo, and using Y;; = 0 gives for any possible limit point x}, of r}, A K7,

‘yk(t)’L?E = 1{nz<t§T}‘yk<t)’Lg , a.s.

= lyr(K7)| L2
—0
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On the other hand, using (2.49), we have

P'(k; > 0) = lim P'(k; >

N—00 =00 J=12 €
NECOVE

4 Vor|? N
> lim lim 1 — max — Z <%+01k21€/0 \Vzlj,k(s)\%%ds

~ .
+el(60)E | |an;,k<s>|igds)
0

=1,

since the convergence as [ — oo holds uniformly in N > 1. Therefore we can iterate the
argument above over the whole interval [0, T'], which completes the proof of Proposition 2.3. W

A

By Lemma 2.2 we can now return to our initial stochastic basis i.e. P = (2, F, (F;), W) on
which we have now limits w;, in probability for the processes u,, . The following result shows
that the convergence obtained is actually better than expected.

Corollary 2.3 (Existence of a strong solution). Let k € N.

(i) There exists kg € N such that for each k > ko, the sequence {(, 1 ,n € N} defined in
(2.14) converges in probability to a stopping time (. Moreover

P(C>0)=1, Vk>ky . (2.53)

(ii) As n — oo, the processes uy,, converges in L*(Q;CrH} N L% H?) to a local strong
solution (uy, ;) of (2.1), in the sense of Definition 2.1.

Proof of Corollary 2.3. The previous proposition shows in particular that £(u,,, 1t,,,) tends to
a law that is supported on the diagonal of E' = [], _(CrL2 N L7.H,). By Lemma 2.2, there
exists a random variable u = (u;) € E such that u,, = (u, ) converges in probability to u i.e.
foralle > 0,k € N,

T
lim P ( sup |ug(t) — uni(t)]72 +/ (Vuy, — YV, 1|7 2ds > e) =0 . (2.54)
n—reo te[0,T] “ 0 v

Proof of (i) — Since the couples (G, k, Gmy k) and (k] £7;,) share the same law — see the def-
initions (2.14) and (2.30) — another application of Lemma 2.2 to the sequence {7,} =
{(Cuk)ken, n > 0}, implies the existence, for all & > 0, of the unique limit (;, of (, x as
n — 0o, and the convergence holds in probability. The fact that P((;, > 0) = 1 for k large
enough follows by Proposition 2.3, and £ (G, ks Gmyk) = LK K7 g)-

Proof of (ii).a-Convergence in L*(Q2; Cr L2 N L3.H}). Uniform estimates of Proposition 2.2-(ii),
together with (2.54) imply by a standard argument that the convergence holds in the spaces
LP(Q;CrL2 N L2.H)), for all p € [1,00). Using again the same regularization procedure as that
of [ ], observe that a.s.

tACk tACk
uk(t) — uk(O) = / (Auk + up X Aug + F¢(uk) + uk|Vuk\2) +/ U X dW¢ ,
0 0
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for t € [0, T], in the sense of Bochner, resp. 1t0 integrals in L2. By the equality of the laws, the
first integral above is well-defined and (2.11) is fulfilled for uy, since for j = 1, 2,

T T
P (/ 2% x Azi|padt < o0 | / ||zi|§3—1|%dt:0):1
0 0

The stochastic integral fot PR, X dW, is also well defined since ¢ € Ly

Proof of (ii).b—Convergence in L?(2; CrH! N LA H?). Fix k € N, and denote 8, = u, 1, — Up.
We have a.s. on [0, (x A (jy):

@B = (A X Adyp+ b X At
o Bt ) = Fylug) + 0 kT2 + un(|Vn sl = V) )t
+ g X AW} + uy X d(W,, — Wy) .
Adapting the energy inequality (2.A.2) for %|V5n,k|%2 (the proof involves similar computations
based on It6 formula), integrating by parts, and using ab < a?/2+0?/2, gives a.s. fort € [0, (1)

1 1 !
3IV8uk(O: = 51V0slO; + [ 185,42sds
0

t
S Rn,k +/ <A5n,k: ) 6n,k’vun,k|2
0
—|—ukV(un,k + uk) . V5n,k + 6n,k X Auk> ds (255)

where we put the martingale plus correctional terms in

t 1 . .
Roy = sup] | / 5D?(|v5mk|§%/2) cd < / S X AW, — / up X d(Wy, — W) >, |
0 0 0

tel0,T

t
+ sup ’ / (V8 O X VAW, + (V8 kg x Vd(W, — W))‘
] 0

telo, T
T
0

Taking the supremum in (2.55), the expectation, and using ab < a? /2 + b2 /2, we obtain

<n,k
E| sup [Vouu(s)2s + / |AG, 425
0

OSSSCR,]C

N | —

Cn,k
< |V5n7k(0)|%§ + E[Rn,k] + E/ |5n,k X Auk@%dt
0

cn,k
+CIE/ (yan,kywnmii+\V(un,k+uk)|§3\v5n,kyii)dt. (2.57)
0

We refer the reader to Appendix A for the proof that E[R, x] — 0, as n — oo. Fort €
[0, T] denote by f,(t) := E[Ljgc, (t) (|05 ¥ Ay |75 (t) + 1001 Vin k272 () + [V (wn +

up)|4|Vé,k|24(t))] . We recall that by Vitali convergence Theorem, to obtain fOT fa(t)dt — 0,
it suffices to check the two conditions
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1. {f.} is uniformly integrable;
2. fu(t) = Oforaa.te0,T].

Integrability of ¢ — E[|Vu,x(¢)[14] and t — E[|u, X Auy, (t)|3,]dt, uniformly with respect
ton € N, is obtained in Proposition 2.2. The fact that f,,(¢) — follows by 6,,, = 0 dP® dt®@dz
a.e. (up to extraction). This proves Corollary 2.3. [ |

(2.d) Uniqueness and global well-posedness

By the definition (2.14), we have
Gk < Cujoy1 » dP — as. (2.58)

for each k,n € N, and thus denoting by ¢, := lim,,_, (, %, recalling that v,, is the sequence
defined in (A1)-(A2), using then the equality w, k|0.c, ,] = Un.k+1[0,¢,,] WE see that for each k
the following equality holds a.s. :

uk(t) if t& [O, Ck)

n—00 0 otherwise.

lim Lo ) (¢)va(t) = {

In particular, ug|jo¢,] = Ukt1l[o,c,)» S0 that when ¢ € [0,7], the following notation is not
ambiguous
t) if te 0 f kE>1
at) = ug(t) i . € [0,{) for some k > (2.59)
0 otherwise,
and defines a local strong solution on each [0, (x|, £ > 0.
We define now the stopping time:
W =sup G (2.60)
keN
By the previous results (, 19) solves locally (2.1) with the pathwise regularity:
a(w) € C([0,0); H)Y N L2 ([0,9); H?) , for dP —aew € Q | (2.61)

see (2.8).

Remark 2.4 (Uniqueness). Let r > 0, and assume that we are given a local solution (v, o) to
(2.1), such that: v(0) = u(0), and

dP —as., Vt€[0,0), sup |V“<t>|i2(13r(x)) > € .
z€T?2

Then, using a standard regularization procedure, one can see that v satisfies all the estimates of
Proposition 2.2, with ! instead of k, and (v, o) instead of (uy, k., (., ). Moreover, adapting the
proof of Proposition 2.3, there holds:

vljo.oncd = trlponc
provided k > ko and r < rg, depending on «(0) only, and by iteration we obtain that:

'&’[O,a) =0 , dP — a.s.
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Lemma 2.3. (i) the sequence {Uy := ur((x), k > 0} has a unique weak limit U in
L3 HY).

(ii) the random set

is finite, dP— a.s. , and if L denotes its cardinal, then a.s.

VU2, < lim |Vu(s)[2: — Le; .
s—9L ®

(iti) For m € N*, define a measurable process u : ) X [0, T] — H}, and a stopping time 9™

recursively by (u(-)|jo.1), ') = (@,) the solution defined by (2.59) and dP—a.s. :
[ w(¥™) = weak limggm u™ () in L*(Q; HY) | and
Pl = g

where (4, 19) is the strong solution starting

ufpgm gminy (- — 9") = a(-) Sfrom u(9™) at t =0, obtained

through Corollary 2.3.
) (2.62)

Then,

P >0, ¥ =T)=1. (2.63)

Proof.

Proof of (i) — Let (Uy)ren = (ur(Ck))ren- The existence of an actual random variable U sup-
ported in H! such that, up to a subsequence, U, — U weakly in L?(§2; H!), is a consequence of
the Banach Alaoglu Theorem, together with the energy estimate (i) of Proposition 2.2.

To show that this limit is unique, write for k, p € N:

E | sup |ugsp(t) —uk(t)lilgl =E

sup  |ugip(t) — Uk(t)‘?_[zl]
te[0,T

tG[Ck,Cker]

Chtp
<cE /
Ck

AUk+p + Uk+p X AUk+p

2

T

k| Vursp[* + Fy(upy))|  dt

<k+p 9
by B [ eyt

Ck

Using the bounds of Proposition 2.2, together with limsup,_, . |Ce+i — (x| = 0, a.s. , (this
holds by growth and boundedness of {(;}), we obtain that (uy)xen is @ Cauchy sequence in
L3(Q2;CrHY). This implies that the process @ defined in (2.59) is supported in CrH !, In
particular, the limit U is unique and equal to u ().
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Proof of (ii) — The fact that # Sing(U) is finite follows by additiveness of the energy. More
precisely if 9! < T, take an arbitrary ¢ > 0. For k € N, there exists X; € T? such that
Vg (Ce) 72 B, (X)) = €1 — € Using semicontinuity of the L? norm, we obtain

90 < il Ul

. 9 (2.64)
< liminf [VU[720p2) — €1 + € .
k—o0

The loss of energy at t = 9! is at least equal to the optimal geometrical parameter ¢; > 0, which
does not depend on the individual elements u, T'. This shows the finiteness of Sing(u(9')).

Proof of (iii) — The fact that one can reiterate the procedure follows by U = u'(9') € L*(Q; H}):
one can always approximate U by a sequence U, € L?*(f2; H?). These are not deterministic
elements as u(0), v, (0), but note that there is no difficuty to adapt the argument above, using for
instance the conditional expectation with respect to the o-algebra Fy:, instead of [E.

We now turn to the proof of (2.63). Use the notations (2.62), and denote by

¥ =a.s.-limd™ € [0,7] .

mM— 00

Define the N U {oo}-valued discrete process
N,, = # {x e T?, hgoiﬂf |Vu(9™ — €)|%2(B1/k(93)) > 0} , as. for meN . (2.65)

By (2.64), if N, denotes lim,,, ,, N,,, € NU {oc}, then

P(YmeN, 9" <T)<P(VL€EN, Ny > L)
< lim P(Ny > L)

T Looo (2.66)
. E[No]

S lim ——— .
L—oo L

By (2.64), and Proposition 2.2 we see that
E[Vu(d)'[7, < Jim [Vu(C)? = e1B[N)]
< E[Vu(0)[7z + c(d)EW] — e E[N1]
and a straightforward induction implies
E[Vu(@™)[* < [Vu(0)]*c(¢)T — e1E[N,] |

which gives the bound
E[N,n] < (e0) 7 ([Vu(0)]? + e()T) (2.67)

The conclusion now follows from (2.66) and (2.67): we have P(Vm € N, 9™ < T') = 0, and
thusP(3m e N, v" =T) =1.
This finishes the proof the Lemma, and Theorem 2.2. [ ]
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A Appendix

(1) The energy formulae

Let (u, 7) be a local solution of (SLLG) on some (regular) domain O C R%, d € N*. Assume
that v has trajectories in C7 H2, and that TV is a ¢¢*-Wiener process in L%(D;R?) such that

¢p=130¢ , with
¢ € Lo(L*(O;R); H'(O;R))
see (2.6). Assume that u verifies
(a) either constant in time Dirichlet boundary conditions u|s0 = v € H3/?(00);
(b) either homogeneous Neumann boundary conditions du/dn = 0;
(c) either periodic boundary conditions (in case O is a square).
Denote 1
E(t,w) = 5/@]Vu(w,t,x)]]§3xgdx , (W) e QA x[0,7(w)) . (2.A.1)
Let B denote an ONB of L?(O; R).
Increments of the Dirichlet Energy. Almost surely, fort < 7(w):
E(t) — BE(0) + /Ot ux Aulffyds =t |Voeli, + /0t<Vu,u x dVW) . (2.A2)
ceB

Proof. Fora,b € H'(O,R3), u € H?, the first two differentials of F in H! are

DE(u)-a= /OVu(x) -Va(z)dz

= —(Au,a) + Vu(o) - 7i(o)a(o)do
)

D?*E(u) - (a,b) = / Va(x) - Vb(z)dx .

L (@]

Note that in the three cases (a)-(b)-(c), DE(u) - a = (—Awu, a). These are bounded maps on
trajectories t — u(t,w),t € [0,7(w)), for a.e. w € 2, and therefore, a slight modified version
of [ , Thm. 4.32, p. 106] (but the proof is identical) gives the relation for ¢ < 7:

E(t)— E0) = /0t<—Au, Au+u x Au+ Fy(u)) + /0t<Vu, V(u x dWy))

1 t
+§/0 Z‘V(UX¢€)|L%7 a.s. ,

eeB3

where B2 is the natural adapted basis of L?(O;R?)

e% = (€1,0,0), ef = (0,£1,0), e:f =(0,0,e1), e% = (€9,0,0), eg = (0,e9,0) ...
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Due to orthogonality, immediate computations imply:

t t
/ (Vu,V(ux dWy)) = / (Vu,u x dVW) .
0 0
Disregarding the time variable for clarity, we now expand

} 0
\Y% <¢5 u? )
—u?

2

<
VRS
-2
[©)
|
:»_AO o
w
N~
™~ [\]
[ V]

N CPTOIES

ech3 ceB

L2

T T

l\'.)lr—t

/ 3 {200,050 + (2 + (PP

+2(¢e(2))*((95u")? + (95u*)” + (95u°)) (2)

S

+ 2(pe())(9;0¢(z)) (utdut + udu® + usﬁju?’)(x)}dx
=Y [Vodeli: +1(¢e)Vuli

ceB

(2.A.3)
where for the last equality we used the pointwise constraint on the magnitude (C), in both forms
S (v)?=1and Vu - u = 0.

On the other hand, going back to the definition of Fi,(u) — see (1.15) — we have:

(Vu, V(Fy () =5 37 (Vu, V((u x ge) x 60)

ecB3
3
:_Z{Z<Vu (Vu x gef') x ¢ey)
leN a=1

(T, (1 x Voer) x oef) + (Vu, (ux ¢ef) x Voep) ) }
= S (2(de)Vulty + 4V, u(Vae)(6e)

eeB
== (@) Vulz;
eeB
(2.A4)
where we have used again the pointwise constraint (C) through the properties
3 ‘
Z‘ (u'(w,t,2))> =1, and Vu-u(w,t,z) =0 , forae. (w,t,z),
=1 (2.A.5)

qug(ﬁx @) xd=—2|0%s , Vi eR® , with B =ONBof R® .
a
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Summing all these contributions, we obtain
t
E(t)— E0) = / (—Au, Au + u|Vul? + u x Au)ds
0

+tZ|V¢€|L2—|—/<VU,udeW) yas. for0<t<r .

eeB

Since for v € H2, by (C), and by skew-symmetry of u(t, z) x
t t
/ (Au, Au + u|Vul* +u x Au)ds = / (Au, —u X (u x Au) +u x Au)ds
0 0

—/t lu X Au|%%ds ,
0
which gives the formula (2.A.2). |
Local dissipation. Let ) € C5°(O;R), r > 0, and z € O, such that:
(1) Supp(n) C B,(xo) (i.e. the ball of radius r centered at x) ;
(2) sup,eo |0/ ()] < c/r.
Then:

Vu®)2,  [nVu(t)[. - ' '
[ u2( iz In u2( )L ét\nvd)\fﬁ% \Vu\%%der/ (nVu,nu x VdW,) , (2.A.6)
0 0

where we denote

|77V¢|L2 Z/ |V¢€ V|Eadz .

ceB

Proof. Similarly to the proof of (2.A.2), Ité Formula writes for (1/2)|nVul|3,:

u(t)? Vu L2 t
\WQ(ﬂl n 2( ) _/0 ((n Vu, V(Fy(u Z [V (u x d)e)!Lz)

6633

= /t<n2Vu,V(u X Au—u X (ux Au)))ds

t
+/ (*Vu, V(u x dWy)) a.s

0

Moreover, the same computations as that of the proof of (2.A.2) lead to the identity
¢
/ (*Vu, V(Fy(u Z InV (u x ¢e)|L2 ds
0

8683
/ (Z / )2V oe( )|R2dx) ds . (2.A7)

eEB
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Indeed, notice that the computations in (2.A.3)-(2.A.4) remain identical when replacing (-, -) by
(n-,m+). Therefore, we obtain a.s.

nVu®)2  mVu(0)[7, bos
A / [nVI2 ,ds
0

= /0t<772Vu, V(ux Au—u x (ux Au)))ds + /0t<n2Vu,V(u x dWy))

¢ t
= / (— (2nVnVu + n*Au,u x Au —u x (u X Au)>>d8 +/ (*Vu,u x VdWy)
0 0
t
= / (— 2(nVnVu,u x Au—u x (u x Au)) — (n*u x Au,u x Au>)ds
0
t
—I—/ (*Vu,u x VdW,)
0

t t
< / (— Inu x Auls + [nu x Aul7, + %]Vu|2L2>ds —|—/ (*Vu,u x VdWy) |
where we have used respectively (2.A.7), Au + u|Vu|* = —u x (u x Au), the skew symmetry
of u x - and ab < a®/2 + b?/2. This proves (2.A.6). [ ]
(2) Some technical proofs

Claim 2.1. With the notations of the proof of Proposition 2.3, define for n € N?:

t T
Tia= s | [ o ot = win| + [ Bl GL) — FEGR)a
0 0

t€[0,T

T 1 . .
+ }A §D2<‘yl,k|ig/2) cd K /0 Yk X dI/Vl1 _|_/0 le,k % d(VVll . VVZQ) >, ‘ . (2AS8)

Then, forall k € N, E[T} ;] — 0 as [ — oc.

Proof. Since it does not play any role in this proof, we ommit the index & for more clarity. We
write E[1}] = I + II + 111, and treat each term separately. First,

t
I=E sup | [ {usF x V! - W)
0

te[0,T
' /
<B[( [ st x (0} - oD - oty (-t) x ujar) ]

1/2 * 1/2
< B [yl 521068 = 67) (0} = 67)"ll 5
< l(91 — oD)lugoBllulzzrel 0 asi— oo ,

where we have used respectively Proposition 2.1, (2.11), and |¢} — ¢7| #(12,12) < c|d] — &7 |,
Secondly:

T
1= E/O > ((yl, (2 x dje) x dje) — (yi, (2 x die) x die)

eeB3

+ g % drel2s + |22 % (¢F — ¢?)6I%g)dt :
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Since |2| e is bounded, and | ¢, — |1, 12,11y — 0, using H — Lj we obtain for each j = 1,2,

D (e x dle) x dle = > () x de) x ge in L .

ecB3 ecB3

and so // — 0. The second term is treated by the same argument.
The term /71 is handled in the same way, expanding the quadratic variation as

E\/ 3Dt/ d < [ awy + /zlxd(Wl WE) > |

<2E (/ >y x ¢le|L2dt—|—/ > |z x ¢$)e|§%dt> —0. |
eeB? eeBB?
Claim 2.2. With the notations defined in the proof of Corollary 2.3, Define for n, k € N:
t 1 . .
R, = sup \/ 5D?(|v5n,,c|§%/2) -d <</ St X AW, —/ up X d(Wy, — W) >, |
0

te[0,7) 0 0

t
+ sup ‘ / (V001 0o X VAW, + (Vo g X V(Wi — W))‘

te[0,7
T
0

Forallk e N, R, — 0 asn — oo.

Proof. We again ommit the index &£ € N. Proposition 2.1 gives

t

I=E sup ‘ / (V6,8 X VAW, + (Vi u x Vd(W,, — W))‘
t€[0,T]

1/2

T
< (]E / (V60 60 X Vbt V(=) % V(Sn>dt>
0

1/2

+ (E /0 6 1 X V(b — )b — )"V (—u) X V6n>dt>
=L+ .

By [0, |rs < 2 we have:

1/2

T
I <2 (E/ ]V(Snﬁ%\V(bn@(L%)dt) :
0

and I; — 0 since 6, — 01in L*(Q x [0, T]; ;) and [V, | < c(|¢];0.). Similarly:

T 1/2
L<2(2 [ 1VEIV0 - Ound) 0.,
0
because of ¢,, — ¢ in ]Lg’l.
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Using Holder inequality, we obtain for the second term:

T
17 < JE/ Voulis S (IV6,]1s16ef2s + [oulz [ Vel 2 el s
0

eeB?
+ 2|VU|L§‘¢TL€ - ¢€’L4z|¢n€ + ¢6‘Lg

+ 2l | V(dn — d)el|rz|dne + ¢€!Lg)dt

and IT — 0 follows by E||V (un — u)[ 214 = 0, [0 — @lpon — 0, and H, — L;.
Lastly,

T
s 2]E/ (1Y x Bu)a + [V x by — Ge)f3 )t |
0

and /11 — 0 by the same justifications as that of /1.
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CHAPTER 3.

A uniqueness criterion in dimension two

For the Harmonic Map Flow in dimension 2, there is a famous result by A. Freire
that there exists a unique energy decreasing weak solution. For the stochastic
perturbation, there is no hope for solutions of the equation to be energy decreasing.
We however adapt Freire’s criteria of uniqueness. Indeed, we prove that under the
assumption that the energy functional satisfies a supermartingale-type property,
which turns out to be the stochastic counterpart of assuming that the energy
descreases, then pathwise uniqueness holds.

73



1 Motivations

Let O denote a bounded (regular) surface. For T > 0, ug € H'(O;R?), we are concerned with
giving a criteria of uniqueness for solutions of the boundary value problem:

du — Audt = (yu x Au+u|Vul> + Fy(u)) +ux dWy , onQx[0,T] x O ,
u|ao = U0|8(’) s on {2 X [07T] s (31)
u(0) = ug on () .

where we keep the notations (2.10)-(1.15), v € {0,1},and ug € H. N{v : |v(z)| =1 ae. }is
given. When W, = 0, a weak solution for LLG can be defined as a map v € H'([0,7] x O)
fulfilling:

(i) Vu e L>([0,T]; L?); dyu € L*([0,T] x O); Julgs = 1 ae.;

(i) forall g € C°((0,T) x O):

7/ 8tu-g0dxdt+/ (u X Owu)-pdrdt = Z (u x Oju)-0;pdxdt ; (3.2)
[0,71xO [0,T]xO

i=1,2

(iii) ulfoyx0 = U0, u|jo,71x00 = Uo|oo in the sense of traces;

(iv) forallt € [0,77,

Vu(t, )|, 1 ¢ Vuo|?,
AR Y- [ ot s < Vol
Struwe’s Theorem (Thm. 2.1) and others in related papers (see [ , , ]) prove
in particular that weak solutions exist globally time, for v = 0 or 1. Their existence is also
proved in dimensions higher than 2, see e.g. [ Jfory=0,[ , ] for v = 1. For
dim O > 3, examples of nonuniqueness are given in [ , ],fory=0and 1.
In dimension two, nonuniqueness has remained an open problem until M. Bertsh, R. Dal
Passo, R. Van der Hout [ ], and independently P. Topping [ ], finally found some

way of constructing examples for v = 0. The main reason for the difficulty to find two different
weak solutions for
O — Au = u|Vul* , u(0) =up ,

is that for each t > 0, roughly speaking, the nonlinearity u(t, -)|Vu(t, -)|* “almost belongs to
H_ ', and the Laplace equation with a right hand side in H_! is well-posed in H'. On the
other hand, we have the following uniqueness result.

Theorem 3.1 ([ 1). Set v = 0. Let O be a smooth surface with possibly empty boundary.
Ifuy,us € HY([0,T] x O) satisfy (i)-(ii)-(iii), and if moreover the following criterion is fulfilled
forj=12:

(iv')  |Vu;(t)[3, < |Vu;(s)|3, forevery s < t,

where Vu(t) denotes the trace of Vu onto {t} x O, then u; = us.
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Figure 3.1 — Evolution of the energy, with noise (left), and without (right). The common initial
data is displayed above. We use the discretization detailed in Chapter 6. The increments of the
noise are regularized in space so that W (¢, ) € H ; , a.s. as the size of the triangles hy;, — 0.

When v = 1, weak solutions for the deterministic problem are not expected to be unique,
but the problem still remains open. However, the result of A. Freire stays true, see [ ]. We
mention however that the authors give an incorrect proof, since they seem to use the “density
of C>([0,T] x O) into L>([0,T];C*(O))”, which is false. In [ ] the author gives a
counterexample to this density statement, but explains how the uniqueness result for LLG can
be correctly obtained.

Set now v = 1, and consider the stochastic case, with a correlation ¢¢* such that ¢ =
IL®¢ € Lo(L2; HL), see (2.6). We recall the energy formula for solutions u supported in
C([0,7); H?) for some stopping time 7 > 0: if ¢ € [0,7), then

Vu(t)|? t Vugl?
—| (2)L”2” +/ |u><Au|%%dsZ | 2|L”2€
0

+HVRE, + X, , as., (3.3)

where (X;) is some (local) martingale (see (2.A.2)). At this stage, when considering noise in
(3.2), we see that given a trajectory w € (2, the energy t — FE(w,t) has no actual reason to
decrease, see Figure 3.1. Due to the additional drift term |[V¢|?_, this may not be true even if
we only consider the mean value E|Vu(t)|3, instead of the pathwise energy. Therefore one may
doubt on the fact that Theorem 3.1 can be azdapted in this setting.
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Nevertheless, provided every term makes sense in (3.3), one sees that the Dirichlet energy
minus some linear growth c(¢)t is actually a supermartingale. If we denote by ¢ : Q2 x [0, T
this quantity, namely

Vu(t, )3, .
G(t) := % — |V’ , for t €[0,T] , (3.4)

then the following supermartingale-type property
t
B [4(8)] — 9(s) = —Er. / ux AufZyds | 0<s<t<T (3.5)
0

is, roughly speaking, an analogue of

‘Vf(t,”%z ‘vf<57>’%2 1 t
st - = =5 [ oo e (.6
for a classical solution f of the deterministic problem, see e.g. [ , Prop. 2.3]. It is therefore

natural to ask whether, requiring the property Ex, [¢ ()] —%(s) < O instead of E(t)— E(s) <0,
0 < s <t <T,we canrecover pathwise uniqueness of the solutions of (3.1). It turns out that
the answer is positive.

2 Statement of the result

We now give a notion of weak solution for (3.1) which will be also used in Chapter 5. Since
the word “weak” may lead to some confusions, we rather employ the terminology “martingale
solution” used e.g. in [ ]. This means that we are looking for solutions to the associated
martingale problem. In the sequel we assume that the Wiener process W, is such that every
term in (3.3) makes sense, namely we have

¢ € Ly(L*(O;R); H'(O:R)) (3.7)

and ¢ = I3 ® ¢, see (2.6).

Remark 3.1 (On the weak sense of “u x Au”). As noticed by Chen in [ ], one can interpret
the term u x Aw in the weak form div(u x Vu), namely if u € H}, then by u x Au we mean

L.4/3 , such that the identity

<(u X Au), ¢>W{1"4/3,W§’4 = Z <8jU, u X @«p)Lg )

§=1,2

an element of W,

holds true for every ¢ € W4 with p|so = 0.

Definition 3.1 (Martingale solution). Given 7" > 0, a martingale solution on [0, 7] of (5.1) is
given by a stochastic basis P = (2, F,P; (F;)ecpo,r), W) , where W has covariance ¢¢*, and
u: ) x [0,T] — H!, aprogressively measurable process satisfies the following assumptions:

(1) forP — ae. weQ,

u(w, ) € C([0,T); L2), and |u(w,t,z)| =1 forae. (t,z) €[0,T] x O; (3.8

76



2) E [ess SUDye(0.7 ]Vu(t)]%g + fOT lu Au|igdt] < 00}

(3) w satisfies (5.1) in the sense
t
ult) = o + / (Au(s) 4 u(s)|[Va(s) 2+ u(s) x Auls) + F¢(u)(s)>ds
0
t
—|—/ u(s) x dW(s), vte€[0,T], P —as.,
0

where the first integral is the Bochner integral, and the second is the It6 integral, in the
space L2 .

This notion of a solution is motivated by the following result obtained by Z. Brzezniak,
B. Goldys and T. Jegaraj, for the associated Neumann problem in three dimensions:
du— Audt = (u x Au+u|Vul> + Fy(u)) +ux dWy , in Qx[0,T] x O ,
ou

— =0, on Q2 x[0,T] x 90 , (3.9)
on
u(0) = up in Qx0O .

Theorem 3.2 (| 1. Let O be a bounded, three dimensional domain. Let T > 0, uy €

HY(O;R®) with |u(z)| = 1, dv—a.e. and 92 = 0. Consider a one-dimensional noise
oW (t, ) = Wi(t)h(z) |

where h € Wh>(O;R?), and W1 is a real valued Wiener process.
There exists a martingale solution (3, u) to (3.9), in the sense of Definition 3.1.

The proof relies on Faedo-Galerkin approximations, for which the authors give uniform
estimates based on a finite dimensional analogue of (3.3). However, no result on uniqueness as
that of Theorem 3.1 is expected, since nonuniqueness for deterministic solutions is a known fact
when dim O = 3, see Section 1.

We recall the notion of pathwise uniqueness, see e.g. [ ].

Definition 3.2 (Pathwise Uniqueness). We say that pathwise uniqueness holds for (3.1) if,
whenever (u, W) and (u/, W') are two solutions of (3.1) defined on a same probability space,
then vy = wy and W = W' implies u = u'.

To avoid unuseful complications, we choose to work on the unit disk D = {z € R?, |z| <
1}, but the result stays true in the Riemannian framework given in Theorem 3.1. We therefore
consider the equation (3.1) with O = D.

Theorem 3.3 (Conditional pathwise uniqueness). Let (2, F, P, (F;), W) be a stochastic basis
with right continuous filtration, and T" > 0. Let u;, j = 1,2 denote solutions of (3.1) on
Q x [0,T] x D, in the sense given in definition 3.1, with an associated ¢ € Ly(L2; H}) of the
form I3 ® gz; see (2.6). Assume moreover that for j = 1,2, u; verifies the criterion that the
renormalized energy functional ¢; given by

1 ~
G+ (w,1) € x [0,T] — S |Vu(w, )]} — [VOIL,t
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is a supermartingale with respect to (F;), where Vu(w, t) denotes the trace of the map Vu(w)
onto {t} x O, and we recall that [N @[} means Y _ 5|V oe|7, for an ONB B of L*(D;R).
Then we have

P(Ul :UQ) =1.

Synthethically speaking, pathwise uniqueness holds conditionnally to the fact that ¢ is a
supermatingale.

Remark 3.2. In Chapter 2, we have shown that when the spatial domain is the two-dimensional
torus T?, there exist a stochastic process v on {2, a nondecreasing sequence of stopping times
99 =0 < 992, ..., 9%, such that P—a.s.

JJeN, ¥/ =T (3.10)
with for all j € [0, — 1],

U|[191,19j+1) eC ([ﬁj,ﬁjJrl);Hl) and

xT

vlpiwivy € L, (97,077 HE) G1D
and v is a solution of (3.1). Moreover there holds
V(9 9141y € Line (97,97, Wt) | (3.12)
indeed, it suffices to apply the following Gagliardo-Nirenberg type inequality: (see for instance
[ 1): there exists ¢ > 0 such that for all f € H},
|f|2Lg <clflmlflez - (3.13)

We believe however that the assumption O = T? could be relaxed, using e.g. the arguments
presented in [ ] for the deterministic Dirichlet boundary value problem, when u(0)|s0 €
H3?(00;R?) . Adapting the proof of Theorem 2.2 when JO # () would certainly lead to similar
conclusions. Therefore, we admit the existence of a solution v to (3.1), satisfying (3.10)-(3.11).
However, the proof we give here remains true when D is replaced by T? .

3 Proof of Theorem 3.3

Let 7' > 0, and denote by u;, 7 = 1, 2 two solutions of (3.1), starting from the same initial data
u(0) € H}, and with the same boundary condition u(0)|5o . Assume without loss of generality
that u, is the strong solution given by Remark 3.2. Set w = u; — us, denote by b(u;) the
nonlinearity u;|Vu,;|? and note that w satisfies for (w,t,2) € Q x [0,7] x D:

dw = (Aw + b(uy) — b(uz) + w x Auy + Fy(w) + ug X Aw)dt +w x dW,
w(t, )op =0, (3.14)
w(0,-) =0 .
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Observing that (w, Fy(w)) = —1/2% " ps(w X de, w x ¢e) —see (1.15) — then It6 formula on
1/2|wl|?, gives us formally

|w|%% 1 2
d| =) = (wdw)+ 3 > |w x gel3, dt

eeB?
= (w, Aw + w x Auy + Fy(w) + uz X Aw + b(uy) — b(uz)) dt
+ (w,w x dWy) — (w, Fy(w)) dt

(= IVw|Zs + (w, uz x Aw) + (w,b(ur) — b(ug))) dt

(- \Vw]%% — (Vw,uy x Vw) — (w, Vus - Vw)
+ (w,b(u1) — b(uz))) dt , as. ,

with B2 ONB of L2, and Vus - Vw denotes the R*-valued map (3, _, 2 Ol - Opw')1<i<3 -
Note that no noise appears since it is pointwise orthogonal to the gradient of |w|? 2 with respect
to w, and the term (Vw, uy X Vw) vanishes by skew-symmetry. Notice that this formula can
be rlgorously derived by a standard regularization procedure. Writing now b(u;) — b(us) =
w|Vuy |* +ua(Vuy + Vug) - Vw, using respectively Holder Inequality and the Young Inequality
ab < a? 4 (1/4)b?, we have the following formal computations:

t t
]::/(w,b(ul)—b(u2)>ds§/ (w24 [V 24 + [l 03[V + Vsl [Vl z2) ds
0 0 . . .
<o [[(Vuly+Vusllufids + 5 [ [Volds |
0 0
so that (3.13) applied to f = w, and again Young inequality yields
t 1 t
I'< 02/ (V|74 + |VU2|%3)|VIU|L3|@U|LgdS+ = |V7~U|igd5
o : 4 z

t 1
SCg/ (|Vu1|L4+|Vu2|L4)|w|L2ds—|— / |VUJ|L2dS .

On the other hand, we have similarly
t t
II:= / —(w, Vug - Vw)ds < / \wpa |Vug| s |Vw|2ds
0 0
t 1 t
< 04/ |w|%%|Vu2\%%ds + Z/ |Vw|%%ds ,
0 0
and using again (3.13) with f = w, and Young Inequality, gives:
t 1 t
IT < 05/ |w|L§|Vw|L§|VU2|%4ds+—/ |Vw|%%ds
0

! 1
gcﬁ/ w2 Vug|fads + = /]Vw\des.
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We obtain therefore the following relation
1 t
§|w(t)|%% < c/ (IVurlts + [Vua|pa)|w(s)|Fzds , forae. (w,t) € Qx[0,T], (3.15)
0

so that using Gronwall Lemma gives a.s.

Ul’[o,f] = U2\[0,r] )

provided 7 is a stopping time such that the map |Vu |7, +|Vui |7, belongs pathwise to L' (0, 7)
— note also that in this case all the computations above make sense.
By Remark 3.2, there exists a stopping time 7, € (0,7, such that

a.s., usljon) € L*([ro, mu); Wo*) .
In the sequel, our aim is to show the following Lemma, whose statement implies Theorem 3.3.
Lemma 3.1. There exists a stopping time T € (0, T] such that ui|j-; € L*(0,7; W}*).

Proof that Lemma 3.1 implies Theorem 3.3. If the Lemma holds true, then by (3.15) we have
P —as.: Uﬂ[o,r] = uz\[oj] and by reiteration of the argument, we see that u; and u, coincide
on [0,9') — recall that uy, € L2 _(0,9%; H?), see the definition 2.8. The value at time 9" is

loc

now imposed by (3.8), so that Theorem 3.3 follows by induction on each [¢/,97T1), j €
[1,J—1]. |

Remark 3.3. In the following, we can therefore assume without loss of generality that 7" is a
stopping time such that:
T <9, (3.16)

for in the case T > 1, the argument above shows how to reiterate the procedure.

Additional Notation. In the sequel, we denote by V+ the “orthogonal gradient of a map f €
H'(D;R), namely the vector field

Vi = (0af.~0uf) (3.17)
whereas div™ denotes its formal adjoint, i.e. for every F = (F!, F?) ¢ H'(D;R?),

diviF = —0,F' + 0, F? . (3.18)

4 Proof of Lemma 3.1

(4.a) Idea of the proof

In two dimensions, we are in the critical situation where

H! — [P

Vpe[l,00) ,

and yet the assertion “H! < L°°” is false, implying in particular that L! is not a subspace of
H_'. For the reason explained in Section 1, in order to prove Lemma 3.1, we aim to show that
the difference of the solutions w = w; — us satisfies locally a heat equation in which the right
hand side belongs at each time to H_ ! and not L only. Recall Wente’s inequality.

80



Theorem 3.4 ([ D. For o, 3 € H'(D;R), let ¢ be solution of
Ap={a,B}tonD |,
80‘8]1) =0 P

where {«, B} denotes the Poisson bracket 9,0053 — 0,0, 3. Then p € C(D;R) N H'(D; R),
and
[Plrge + [Veolrz < c[Valrz| V|2 (3.19)

for a constant independent of .

Let u denote a weak solution in the sense given by Definition 3.1. Since u(t) is supported
in H! N L for ae. t € [0,T], we know a priori that u(t)|Vu(t)|* belongs to L!. Using
|u(w, t,x)|gs =1 a.e. , and Helein’s “trick” [ ], we can write for i = 1,2, 3:

u'|Vu|* = Z(ui(‘?kuj — u Opu") Opui?

=3 @ g (3.20)

If we assume moreover that u is stationary and harmonic, namely if Au + u|Vu|? = 0, then the
fact that a.e. u(z) oc Au(x) implies div(u x Vu) = 0, which means exactly

diva =0 .

Hence, by Helmholtz decomposition Theorem (Thm. 3.5 below) there exists 5 € H'(D;R)
such that @ = V3, and the identity (3.20) implies that the term u|Vu|? is the Poisson bracket
given by V13 - Vu, that is {3, u} . Theorem 3.4 now applies, so that

u|lVul®* € H ' .

In the present situation, the map a(t) associated with u(t) has however nonzero divergence.
To prove Theorem 3.3, we write a as a sum of two terms, one of them being an orthogonal
gradient, whose divergence is zero. The other part is treated in (4.c).

(4.b) Use of Helmholtz decomposition

The following theorem can be found in [ ], as a consequence of Prop. 1 p. 215, and Prop. 3
p- 222.

Theorem 3.5 (Helmholtz). If D denotes the unit disk of R?, then we have the following orthog-
onal decomposition:

L*(D;R?*) = VH'(D,R) @ (V*H(D;R) N {u € H(D;R?), u-n=0 on dD}),

see the notation (3.17), i.e. for all a € L*(D;R?), there exist « € H'(D;R) and 3 € H'(D;R)
with V5 -n = 0 a.e. on 00, such that:

a* =VaoF +VIiph V1<k <2,
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and the corresponding projections are continuous in the sense that there exists a universal
constant C' > 0, not depending on a such that

ol + |Blay < Clalzz -
Fix 1 <1i,7 < 3. Applying Theorem 3.5, we write for each ¢ € [0, T':
a"l(t) = Vo (t) + V37 (1)
where « is defined by (3.20) with u = w; . Taking the divergence, we obtain
div(a™) = vl Au] — ul Aul | (3.21)

implying ||div(a’7)|| 2 12 < ¢llur X Aus| 2 12 - On the other hand since div(a’7) = div(Va™),
by Calderon-Zygmund inequality together with the estimate

a2 < | Vuy | peers (3.22)

we have for an absolute constant
IValzg < cllur X Augllpzz , P—as., (3.23)
and the right hand side is finite, see Definition 3.1-(2). Using again the Helmholtz decomposition,

but for the strong solution uy , we write us|Vus|? = ay - Vuy, where ay = Vay + V43, , and
also denote by a; = a, a; = «, 51 = . This gives us the following equation on w

(dw — Awdt = <f+u1 xAul—ugxAu2+F¢(w)+vlﬁl~vw)dt+wxdm ,
on Qx[0,7]xD ,

w(t,-) =0, on Q) x JdD ,
(w(©0,)=0, inQxD,
(3.24)
where we define on 2 x [0, 7] x D, the map:
f = VOél -Vw + Vl(ﬁl — ﬁz) . VUQ + V(Oél — Oég) : VUQ . (325)

We proceed as in [ ], by showing the following
Claim 3.1. With probability one,

(i) f defined by (3.25), belongs to L4TL?0/3;

(i) u; X Auy — uy X Auy belongs to LA 14,

(iii) Fy(w) belongs to LW, 4.
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(4.c) Proof of Claim 3.1 : bounds on the gradient part

First, observe that as a consequence of inequality (3.12), we have forall f € L2 H! N LLL2:

T 1/4
lsgas < ([ 111 26
< Il e
We shall use in this paragraph the following notation
Er = esssup(|Vui (t)[72 + [Vua(t)[72) - (3.27)

0<t<T

Proof of (i). Using respectively Holder inequality, HwH%%o 12 < 2E7 and then (3.26), we obtain:

IV Veolly s < Vel Vel

1/2 1/2 1 2
< | Vaull s IVaill . By

so that by (3.23) and (3.22),

1/2 1/2 1 2
L/2LQ||V 1||L/2L2 /
1/2 3/4

L2 L2

Vo - Vw||L%Li/3 < cllur X Auq|
< C||U1 X AU1||
Using again Holder inequality, the continuity of the map a — (3, L2 — H]}, (3.22) and

(3.26):
V(B — f2) - V| g o < eIV (B1 = Bo)ll e 2 [ Vua| 4. 14

1/2 1/2 1/2
Pzl 1 Va3

< ck}
L2312

SCET ||U2HL2TH5 )

which is finite a.s. since we assumed 7" < ', see Remark 3.3.
Similarly, we have by Holder inequality:

IV(en = az) - V| g pays < [[V(n = ao)l| g ra |V 1 1
< By *1V | s 11

which finishes the proof of part (i), since by Remark 3.2 and 7' < 9, we have uy € LLW 4,
P—as.

Proof of (ii). Using Remark 3.1, we can write for ¢ = 1, 2
ug X Au, = div(a,) .
Therefore by the decomposition a, = Vo, + V1 3,, we have:
[ur X Auy — uy X Augl| g 1 = [|div(V(en — @)l gy
< (D)o — aalf g 4

< D)V (e — ) s
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whence using (3.26) we obtain

1/2 1/2
lur X Aug — ug X AU2HL4TW5L4 < CZQ:LQ ‘|vaq,‘LéH%||VQQ‘|L{;,OL%

1/2 1/4

which proves part (ii) of the claim.

Proof of (iii). By (1.15), there holds:

T T 2
[ Rtz < [ ool (Zwe@%) & |

ecBB3

which, by the embedding [, — L, and |w(w, ¢, %)|rs < 2a.e., is bounded by T'|¢|; 0.1 . This
proves (iii). [ |

(4.d) Decomposition of “V~+3; - Vw”.

The following lemma is essential. Its deterministic counterpart (with a similar statement, but
under the assumption that the energy is nonincreasing) is a key ingredient to show Theorem
3.1, Although no proof is explicitly given in [ ], a justification was made later in [ ].
It arises, when W, = 0, as a consequence of the criterion (iv’), but we show here that for
the stochastic equation, the assumption that ¢; is a supermartingale suffices to show similar
conclusions. To lighten the notations, in this subsection we denote by a = a1, o« = oy, § = 1,
and ¥ = 9.

Lemma 3.2. Assume that the process 4 defined in (3.4) is a supermatingale. Given ¢ > 0,
there exists a stopping time 0 < 7(¢) < T and 3. € L*H], ! € C>*([0,T] x D) such that:

Blios) = Be+ B and  ||Bellpems <€ .

Proof. Fix 1 < 4,5 < 3. Write the Helmholtz decomposition at time ¢ > 0, and with the
notation (3.18), notice that:

divh (VB4 (1)) = div*(a™ (1))

4 , 4 ' (3.28)
— 2(6lu3 (t)agul(t) - a1ul(t)02uj (t)) )

The lemma follows from the following
Claim 3.2. With full probability, ¢ € [0, T] — |Vu(t)|3, is right continuous.

If claim 2 is true, we see that V- 3(t) — V+3(s) in Wl ast — s+, and thus also in L2 by
the embedding W11 < L2 . Therefore V(3 is also right continuous in L2, and the conclusion
of the lemma follows by density of C; in CrH 1.

Proof of Claim 3.2. Lets € [0,T]. Define for p,n € N,

1
n+1

Ulp,n) — {w €O T e [s,s+ } () —D(s)| > L} |

p+1
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We have the equality

{weQ: t—u(t) € H, isnotright continuous at s} = U ﬂ U(p,n) .

peNneN

Now, reasoning by contradiction, assume that there exists p € N such that 2, = N, en!(p, n)
has positive probability. The use of the Optional Sampling Theorem (see e.g. [ , Chap. I
§6], implies

Er[9(t,) —%(s)] <0 as. (3.29)

Moreover, classical facts on supermartingales imply that % (s) = a.s.-lim, 0 ¥(t,) exists.
Note that by the right continuity assumption on (F;), the set €2, is F, measurable. On the one’s
hand, there holds

~ ~

Ex[(#(s) = 9(s))1o,] = E[E£[(¥(s) — ¥ (5))1q,]]

< E[lg, liminf Ex [%(1,) - 4(s)] (3.30)
<0, by(3.29).

On the other hand, since P(u € CrL2) = 1, Vu(t,) converges a.s. towards Vu(s) in H, !, and
by Vu(s) € L2 ,a.s., we have

as. , Vu(t,) — Vu(s) weaklyin L2 . (3.31)

Using the lower semicontinuity of the map P — |P|?,, L2 — R with respect to the weak

topology, we have ¥(s) < 9(s) = lim%(t,) a.s., and therefore since on ,, we have
|9 (t,) —9(s)| > 1/(p+ 1) forall n > 0, it follows that

1o, (éé(s) - fﬁ(S)) = 1q,[9(s) — 9(s)| > p]lipl

’

which together with (3.30) and P(€2,,) > 0, leads to a contradiction. [ |

(4.¢) Step 4 : Parabolic estimates and conclusion by Wente’s Theorem

Consider the deterministic linear parabolic equation

atSO_A(p:f(t>$) ) in(O,T)XD )
oz, ) =0, on 0D | (3.32)
©(+,0) =0, inD |,

for a given f, and a stochastic version with multiplicative noise:

dZ — AZdt =v(t,z) xdW, , inQx(0,7)xD ,
Z(x,-) =0, on ) x dD |, (3.33)
Z(,0)=0 , nQxD

where v : Q x [0,7] — H}(D;R?) is a predictible process. We have the following result of
regularity for (3.32)-(3.33).
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Proposition 3.1 (Parabolic estimates). (i) If the right hand side f belongs to L2 H_ ', then
there exists a unique solution % f of (3.33) in the Hilbert space H := {¥ € LAH} 0,V €
L2 H_ '} where (3.32) is understood in the sense of distributions. Moreover the map

U :L3H P — H
is a bounded isomorphism.

(ii) Similarly, if f belongs to the Banach space L3W * then there exists a unique ¥ [ in the
space B := {U € LAWM  0,U € LIW 14} | solving (3.32) in the sense of distributions,
and the map

VLW — B,

is a bounded isomorphism.
(iii) Assume that the predictible process v fulfills
veL®(Qx[0,7] xD). (3.34)

If the ¢¢*-Wiener process W is such that ¢ € R(L%; L), then there exists a unique
solution Z of (3.33) supported in L2 H; (D;R3), in the sense that for all ( € H'(D;R?),
with probability one, we have

(Z(t),C)r2 :/0 <Z(3)aAC>H;,HzldS+/O (v(s) xdWy(s),()r2 , forall t€[0,T] .

(3.35)
Moreover, Z is given by the It6 integral
Z(t) = /t S(t—s)v(s) xdWy , te[0,T], (3.36)
0
which is well defined in the space L2, and we have:
EHZHL4 it <00 (3.37)

For the reader’s convenience, we recall a particular case of the Burkholder-Davies-Gundy
inequality, whose general statement and proof can be seen in [ , Thm. 2.4] (see also [ ]
and references therein).

Assume that p, ¢ € [2,00). There exists a constant ¢; = cl(T p, ) > 0, such that for every
predictable process ¢ : Q x [0,7] — R(L?; L?) with E[( [, |(t) 1/2] < 0o, there

R(L% iL%) )
holds the inequality

T q/2
(/0 |€(S)O¢|QR(L%;L£)d8> ] . (3.38)

(i) and (ii). The proof of (i) can be found in [ ]. The case of a right hand side f in the
Banach space L% LY is treated in [ ], where the continuity of f — ¢, LPLI — LPW>9 is
shown, provided 1 < ¢,p < oo. The case where the right hand side belongs to LPW_ 1 is
obtained by considering (—A)~/2f instead of f .

B s | [ e

te[0,7

q
S ClE
L3

Proof of Proposition 3.1.
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Proof of (iii). Denote by Z = [/ S(- — s)u(s) x dWy(s). The fact that Z is a well defined
process with values in L2 follows from the bound

T T t
IE/ \Z(t)]%%dtgc(S)]E/ / o(s) x - P.dsdt .
0 0 0

the assumption that v € L™, , ¢ € R(L?; L), and R(L?;L%) C L,. Following [ ,
Thm. 5.4] (where the assumi)iions are stronger but the proof is identical), in order to prove
that Z satisfies (3.35), it suffices to show that E fOT |Z(t) %I% dt < oo, which, by the embedding
Liwt*t — L2 H], will follow from (3.37).
Recall the basic inequality:
LK | pepeawisy < 1| gpawiny | Klr@ains)  forall (L, K) € L(LY W) x R(LE; Ly)

(3.39)
see e.g. [ , Lem. 2.1]. Therefore, we can write, using successively (3.38), (3.39):
T t 4
4
E||Z(t)||L%W;,4 < C/O E‘V/O St —s)v(s) x dW, Lgdt
T ¢ 2
< c’/o E (/0 IVS(t —s)v(s) X ¢- |?%(L§;L§)ds> dt (3.40)

T t )
0 0

By hypercontractivity of the heat semigroup (see Lemma 1.2), for a constant ¢y > 0 depending
on S only, we have

C
|S(t)|$(L‘;;W;’4) < tl% , for t >0,

so that (3.40) implies together with v € L7, ., that

w,t,x

T t 1 2
ENZO gz < [ ([ 2 oBasands) i
N 0 0 S

T 1 2
:C|¢’§%(L§;L§)/O <g*1[07t]> dt .

Using the continuity of the so-called Hilbert transform f — (£ x f) from L?([0, T']) into itself,
seee.g. [ , Chap. II], we see that right hand side of (3.41) is finite, despite of the singular
integral. This proves (3.37), and (iii). [ |

(3.41)

End of the proof of Lemma 3.1. Choose €, 7 > 0 as in Lemma 3.2, so that
IV U ||z <€ . (3.42)
We then set for convenience:

fe = <f + VB Vw + Fy(w) +uy x Aug — ug X Au2>

: (3.43)

[0,7]
so that by Claim 3.1 and the continuous embedding Ly < W14 the map f. actually defines
an element of LAV 14,
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Considering the right hand side in (3.24) as given maps, equation (3.24) can be formally
rewritten
w— (0 = ANV B - Vw) =0, - A) e+ Z (3.44)

where (0, — A)_l is understood with zero boundary value, and Z is the solution of (3.33),
associated with v(t) = wuy(t) — us(t) . Note that v and ¢ fulfill the hypotheses of Proposition
3.1-(iii), since [Ju; — u|zee, < 2and ¢ € L' C R(L2; L1), and therefore Z is given by the
formula (3.36). h

Theorem 3.4 now implies that the Poisson bracket V3 - V® belongs to L2H ', so that
using the notation of Proposition 3.1-(1), the parabolic estimate writes

1% (V4 Be - V)|l 2y < e[ V4 Be - V| oy forall ¥ e L2H, . (3.45)

Denoting by T.¥ := % V+j3. - V¥, using successively Wente’s inequality (see (3.19)) and
(3.42), we obtain
1T 2y < eV Bellpeorz V| 2
< c(T)ell ¥l 2mz

with a constant depending on 7" > ( but not on 7 (observe that the norm [|% || o (12104, 71> 1)) 18
nondecreasing with t). Therefore, we may take € < ¢(T")~! so that

1Tl gy <1 - (3.46)
The equation (3.44) rewrites in the form
U—TV=%f+ Z|jon (3.47)

where, using Proposition 3.1-(i), (3.43) and Claim 3.1, we see that the term % f. is well defined
as an element of H since L3W,_ 1 is continuously embedded in L2H ! . We can also assume
without restriction, using the part (iii), that Z|j ,; € L2H, .

By (3.46), the Neumann Series ), _(7.)" converges in .Z(L2H}) towards (id — T,)~*,
and we obtain the uniqueness of Wy solving (3.44), in the space L2H . Since moreover u; and
uy belong to L2 H! , we obtain that necessarily

‘IJO = (Ul — U2)|[0,7—] . (348)
Consider again (3.44) in the form
-V (VB -VO) =V f.+ 7 .

where we have taken the notation of Proposition 3.1-(ii). Using the parabolic estimate (ii), and
the continuous embedding W; AR Li , there comes

17 (V*6e - VO sy < cl| V=B - VO iy, 14 (3.49)

< C”VLBE'V(I)HLiLiB ) .

which, using Holder Inequality, is bounded by ¢(T')||V* || e 2 || V®|| 1414 and thus we have
”ﬁ"f(L$W§’4) <d(T)e ,
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where 7. denotes the linear operator T,® := V13, - V®. Assuming that ¢ < ¢/(T'), we obtain
by the same argument as above the existence (and uniqueness) of ®( solving (3.47), in the space
LiWtt . Since LiW* C L2H) , the uniqueness of Wy implies

Dy = Uy

= ul‘[O,T] - uQ‘[O,T] )

which shows in particular that us|j,; € L2W,*. This finishes the proof of Lemma 3.1, and
Theorem 3.3. |
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CHAPTER 4.

Finite time singularity of the stochastic harmonic map
flow

Struwe’s construction [ ] gives a necessary condition under which blow-up
phenomena occurs for the harmonic map flow in two dimensions, and says nothing
on the existence of such maps. Since an explicit construction has been given
by K-C. Chang, W.Y. Ding and R. Ye in [ ], it is known however that
certain classes of solutions blow-up in finite time. The main argument used in this
article is a comparison principle, together with a class of self-similar, blowing-
up subsolutions. To construct such subsolutions, it is crucial to satisfy some
symmetry assumption, in order to reduce the equation to a scalar problem, so
that comparison principles can apply. The particular symmetry that was used in
[ ] is the so-called “equivariance” assumption.

When considering (SLLG) in dimension 2, it is not known however, how to prove
the existence of blowing-up solutions, although there is numerical evidence that
the result above remains true in that case (see Chapter 6 and references therein).
The existence of such solutions is still an open problem in the deterministic case.
Considering a stochastic version of the overdamped case, where some assumptions
are made on the noise in order to preserve equivariance, we show in the present
chapter that blowing-up solutions exist for the “stochastic heat flow”. In addition,
we show that the set of initial data leading possibly to the bubblings (namely the
“pre-blow-up set”) is reachable from any equivariant map u,, implying that every
equivariant initial data generates blow with positive probability.

The method to show the existence of a preblow-up set can be described (loosely)
as follows. We first show, by means of a comparison principle for a perturbed
equation, that given a trajectory of the related Ornstein-Uhlenbeck process Z,
there exists an initial data ug(z) that generates blow-up in finite time. Using
then a topological argument, it is possible to show that there exist initial data
generating blow-up for a “sufficiently large number of trajectories 2, which gives
a pre-blow-up set (we “reverse the quantifiers®).
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1 Introduction and main result

(1.a) Motivations

Consider the stochastic harmonic map flow from the unit disk D = {x € R? |z|gz < 1} into
the sphere S?, namely:

du = (Au+ u|Vul?)dt + o(u) o dW in QxR xD
u(t)|ap = uolop on Qx[0,7] xJD , “4.1)
u(z,0) = up(x) in QxD

where for X € S?, o(X) is a priori defined as the linear map X x -, W = (Wy, Wy, W3) is a
given Wiener process in L?(ID; R3), and unless otherwise stated, the boundary value is the fixed
vertical unit vector, i.e. on 0D,

uolop = k == (0,0,1) . (4.2)

Blow-up phenomena for equation (4.1) with ¢ = 0 is a well-known fact. In the case of
equivariant initial data, i.e. maps that have the following form for x € D:

wle) = ( 2 s el scosha(la)) @3)

|z

where hy € C'([0,1]) with ho(0) = a € R and ho(1) = B € R, it was shown, that the
corresponding solution u(t, x) of (4.1) with W = 0 writes also

ult,z) = (ﬁ sin h(t, |z]); cos h(, |x])> , (4.4)
x

with h satisfying an equation of the form:

oh 1 sin 2h n

i Oprh + ;&h — 52 for (t,r) € R™ x (0,1) ,

h(t,0)=a , h(t,1)=8 ,  for t € R | (4.5)

h(0,7) = ho(r) , for r € (0,1) .
and the solution u is global provided ]h0|c([0,1]) < m-—see| ]. Note that the number [
is the angle formed by (E, uplap), so that in case (4.2) we have § = 0. In [ ], the
authors give explicit maps hy which generates blow-up in the sense (4.6) but for the case where
h(t,1) = 8 > m. In [ ] the authors show that similar conclusions hold in the case

where o« = § = 0 i.e. when u|gp = k and the degree of the application u is equal to zero. In this
case the existence of actual / leading to (4.6) is obtained through slight modifications of the
proof given in [ ], their important result being longer how (4.6) leads to nonuniqueness
of weak solutions. Note that for solutions of the form (4.4), one can always assume that the
value at the origin is o = 0. With this assumption, every regular equivariant map must satisfy
(0,)?™h(t,0) = 0, for all m € N - see [ ]. Summarizing the results above, we have
the following theorem, for the case (4.2).
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Figure 4.1 — “Equivariant noise”, represented in red.

Theorem 4.1 ( , D). Assume o = 0. There exist hy € C*([0, 1]) with ho(0) =
ho(1) = 0, such that every solution u € C*(D; S?) of the form (4.4) with hy > hg a.e. , blows-up
in finite time in the sense that

}LH/]I_' |VU,(t, ‘)|L<>O(ID);R2><3) =00 , (46)

for some T' = T'(ug) > 0.

As mentioned in Chapter 1, there are several ways of modifying the linear map o (u(t, z)) €
Z(R3?), so that the Kolmogorov equation associated to (4.1) remains (formally) invariant,
replacing for instance o (u(t, x)) = u(t, ) x -, by

gg(t, 37)

os(u(t,x)) o W= Wl(t’x) © Sin o(t, z)

+ W2(t7 I’) © ézp(ta ZL’) 3

where (€,, €y, €,,) denotes the standard mobile frame associated to the spherical coordinates of
u(t, z), see Rem. 1.1. Under the equivariant setting, we have p = 1, and the colatitude ¢ (t, )
equals A(t, |x|). There is no hope however to preserve equivariance along the flow if W # 0,
for in that case there would be a part of du “acting in the direction (Vect{Z, E})L”. To garantee
the symmetry of u, we replace 1471 by 0, and also assume that W := W, is radial, see Figure 4.1.
This leads to the linear map o = o, defined as

aa(u) o W (t, |z]) = W(t,|a]) 0 &, (ult, |z]))

= W(t,|z|) o (é—‘ cos h(t,|z]); —sin h(t, |x|)) .
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A formal application of the Itd formula leads to the following equation with additive noise

1 in 2
dh — (&Th 4o - 22 2h>dt +dW , in (tr) e RY x (0,1) |

T T
h(t,0) = h(t,1) =0 , for t € R" | (4.8)
h(0,7) = ho(r) , on r € (0,1) .

This is a stochastic partial differential equation of the parabolic type, whose unknown is real
valued, and which is related to the so-called perturbed equation:

2z —sin 2
: SI; 2(U+Z> , in (t,7) e RT x (0,1) ,
r

v(t,0) =v(t,1) =0, for t e RY | (4.9)
v(0,7) = ho(r) , on r € (0,1) .

1
OV = Opp¥ + — 0,0 +
T

where z = z(t,r) can be any trajectory in the support of the solution of the stochastic linear
equation dZ = (0,,Z + 0,7 r — Z/r*)dt +dW , Z|,—o = 0, Z(-,0) = Z(-,1) = 0, see Remark
4.3 below.

The proof of Theorem 4.1 relies mainly on a comparison result for the parabolic equation
(4.5), and in this work we shall employ a similar method. Several authors have studied com-
parison theorems for SPDE’s (see for instance [ ]) but here the additiveness of the noise
allows to appeal to deterministic theory only. A few changes in the proof of the first comparison
principle for (4.5), given e.g. in [ ], gives the

Comparison principle for (4.9). Fix r; > 0, and denote J' = [0,7]. Let x > 0, z(t,7),
(t,r) € [0, k] x J, measurable map with z(-, 7 = 0) = 0, and such that there exists k = k(z) > 0,
and regular maps f,g : [0,x] x J' — R with f(-,r = 0) = g(-,r = 0) = 0, fulfilling:

. 2z —sin 2
ouf <o f4 Ol 22msmAivE)
r 2r
and on [0,k] x J" |
0,9 27 —sin2
r 2r
f<g, on {t=0} x J'U[0,k] x {r} .

Then
f<g, on [0,k xJ .

A more precise statement of this and a proof are given in Appendix A.

Additional Notation. In the sequel we denote by J the compact interval [0, 1]. For 1 < p < oo,
the notation L?, will be used to designate the Banach space of real valued measurable maps
r+— f(r), r € J,such that

1 :
| flLe(grdr) == </0 |f(r)\prdr) <00 .

The special case H = L?,, defines a Hilbert space for the inner product

f,ge H—(f,q) :/0 f(r)g(r)rdr .
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Norms in the Hilbert spaces V3 (see the definition (4.11)), when 8 € R, will be denoted by
| - |. For the sake of clarity, norms in spaces CrVj; will be denoted by || - |73, i.e. ||2]|7s =
supg<i<r |2(t)]5-

In the whole chapter, we consider a filtered probability space (2, F, P, (F;):>0) satisfying
the usual conditions, together with an adapted H-valued Wiener process regularized in space,
that is:

Wo(t) =) Bult)der (4.10)
keN
where (5 )ren stands for a sequence of real independent brownian motions in time, (e )ren iS
an ONB of H, and ¢ : H — H is a linear operator.

(1.b) Local existence and uniqueness

We first need to introduce some functional spaces. Let A be the self-adjoint operator on H given,
for ¢ in

D(A) = {feH . OnfeH, (a;f —%) e H, f(0)=f(1) :o} , 4.11)
by
Ap = 0. + (87 — %2) Q. 4.12)

This operator has eigenpairs {(ex, A\x), k > 1} with (e;,) forming an ONB of H, while the values
Ar are negative and assymptotically quadratic in k& — see Remark 4.5 below for a justification.
Therefore, we can define, when 3 € R, the fractional power (—A)?/2 through

(—A)ﬁ/Qh = Z(—)\k)ﬁ/2<h, 6k>6k R

keN

forevery h € Vs := {h e H, Zk2ﬂ<h,ek>2 < oo} . (4.13)
keN

The domains V; endowed with the norm |h|z := |(—A)?/2h|y are separable Hilbert spaces,
and thus by the classical theory of SPDE’s [ ], the process t,w — W, (¢, w) introduced
in (4.10) has continuous paths in the space V3, with full probability, provided ¢ : H — V3 is
Hilbert-Schmidt.

Now, given 3 > 0 and hy € Vj3 equation (4.8) can be written as an infinite dimensional SDE
in the space Vj:

dh = (Ah + b(h))dt + dWy , for t € RT | 4.14)
h(0) = ho , '
where d denotes It differential, whereas the term b(h) denotes the nonlinearity
2h(r) — sin 2h
b(h)(r) = 2N = sn2h(r) - g oy (4.15)

212

As we will see in the proof of Proposition 4.1 below, the term b(h) has finite norm in H, provided
h € V3, for sufficiently large 3 > 0.
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Proposition 4.1 (Existence, uniqueness and regularity of strong solutions). Let 4 > > 4/3,
and take ¢ € Ly(H,Vy). Then, for hy € Vj, there exist a stopping time 7°(hy), and a unique h
with paths in C([0,7°); Vi), a.s. , mild solution of (4.14) in the sense that

t t
h(t) = S(t)ho +/ S(t—s)(b(h)(s))ds +/ S(t — s)dWy(s) , for t €[0,7°) , as. |
0 0
(4.16)
S(-) being the semigroup e*. The stopping time 7° is maximal in the sense given in (4.18).
Moreover, the regularity propagates in the sense that if hy € Vs, and if ¢ € Lo(H, V), with
4> B>2ift? < oo, setting B. = (3 — B/2) A (2 — B/4), then a.s. 7° = 7%, In particular:

lim sup |h(?)
t—>7’ﬁ(h0)

B*IOO.

Remark 4.1. If f € H, using the polar coordinates on the disk, define a map ' € L?(ID; R?) by
the expression F'(x) = (f(r)cosf, f(r)sinf), where x = (rcosf,rsinf), r € J, 0 € [0, 2x].
Then |f|; = ¢[F|;2pge), and if f € V5, then F'is in the domain of the Laplace operator
with homogeneous Dirichlet boundary data on 0D, and AF' = (Af(r)cos 8, Af(r)sinf) . The
reader may also check that if we plugg the ansatz [ in the expression V2F, there holds

1 1 2
/ |V2F|*dx = 27r/ (O )2 rdr + 47r/ <8Tf — 12) rdr .
D 0 0 r r

By a classical inequality, this justifies that the norms

o 1
Ol 4 (%= ) Al W= 47l

are in fact equivalent on V5.

Remark 4.2. Forp € [1,00),8 € R, f € V3, if f < 1 and if

2
1<p<p=—
the classical Sobolev Embedding Theorem in dimension 2 (see [ 1) implies that | F| (D) <
C’F‘Wéag(m) ~ ‘(—A)E/QF’LQ(]D)). Thus, using the notations of Remark 4.1, since |F|i»my =

(27)% |f] 1v, »and |(=A)P2F| 2y = |f|g, it is straightforward that we have the continuous
embedding:’

Vﬂ — Lfdr .
Similarly if 8 > 1, then V3 < C(J;R). In addition, by the formula |[VF|* = (9, f)* + f?/r?,
for any /3 > 2, there exists a constant ¢z > 0 such that for all f € Vj, |(9Tf\L03 <cglfls

(1.c) Statement of the main result

Our main result states as follows.
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Theorem 4.2. Let ¢ € Lo(H, V) with B > 2, and assume that Wy is a ¢p¢* - Wiener process.
For any hy € Vj, there exist a maximal local mild solution (h,7°(hg)) of (4.8), which has paths
in C([0,7°(ho)); V3), a.s. Moreover, if ker¢* = {0}, then any solution blows up before a given
time t, > 0 with non zero probability, namely for any hy € V3 and t, > 0, we have:

P (T’B(ho) < t*) >0
Moreover, if we set 5. = (3 — 3/2) A (2 — B/4), one has a.s. on the event {T(hy) < t.}:

lim sup |h(?)
t—>T5(h0)

B*IOO.

Outline of the proof. The proof of Theorem 4.2 is given in the next section. It is based on the
existence of a “pre-blow-up set” ) in the state space of the process ¢, w — h(w,t). In section 2,
we give the proof of Theorem 4.2, given Claim 4.1, and two technical lemmas. This proposition
basically states that there exists an open set of initial data h( such that the associated solutions
blow up in finite time, with positive probability. In section 3 we prove Claim 4.1, the main
ingredient being Lemma 4.3, together with a topological argument. The proof of Lemma 4.3
relies on the comparison of the solution & with a certain class of subsolutions ) given in Lemma
4.4. Section 4 is devoted to the proof of the local existence of a solution, namely Proposition 4.1.
The proof relies on a classical fixed point argument. Appendix A is devoted to the proof of the
comparison principle, whereas in Appendix B we prove the two technical lemmas of Section 2.

2 Proof of Theorem 4.2

The main argument in the proof of Theorem 4.2 is Claim 4.1, whose proof will be given in
section 3.

Remark 4.3. Since the noise here is additive, solutions depend continuously — see Lemma 4.1
below — on the so-called Ornstein-Uhlenbeck process:

t
Z(t,w):/ S(t—s5)dWyu(s) , t>0, weQ . (4.17)
0

It will be then convenient, when z € C([0, 00); V), to write

<hz(h0), Tz(h0)> : (4.18)

in order to designate the mild solution of (4.14) on {Z = 2z}, starting at hg, together with its
maximal time of existence (in some space Vj3), namely

_hz(ho) =v+z,

where the map v = v(¢,7) solves in the mild sense:
(4.19)

0w = Av +b(v+ z) on [0,7,(ho)) X J ,
L U|t:0 = hg ,

with the understanding that the map ¢ — h.(ho, t) cannot be extended continuously after 7, (ko)
i.e. |h.(ho,t)|v, becomes arbitrarily large as t — 7. (ho).
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Claim 4.1. Let 5 > 2, and ¢ € LLy(H, V). Then, for any ¢, > 0, there exist two subsets 3 of
Ci, Vs, and ) of Vj, with nonempty interiors, such that for all (z, hy) € 3 x 9,

We need to complete this statement with two other lemmas, whose proof are postponed to
Appendix B.

Lemma 4.1 (Continuous dependence). Let T > 0, Z € CrVjp, and ho € Vi such that hg(fzo, )
exists on [0, T). There exist open neighbourhoods V of Z in CrVz and W of ho in Vi such that:
forall (z,hg) € V X W , asolution h,(hy,-) of (4.16) exists on [0, T and is unique in CrVy .
Moreover, using the notation defined in (4.18), the mapping

(Z, ho) EVXWrH— hz(ho, ')|[O,T} € CTVﬁ s
s continuous.

Lemma 4.2 (controlability). Take 3 > 0, T1 > 0 and hy,h1w € Vs. There exists a control
21 € Cp, Vg with 21(0) = 0, such that: h, (h, -) exists on [0, T1], and

Rz (ho, Th) = Dy

Proof of Theorem 4.2. 1t is sufficient to show the result with 2¢, instead of ¢,.. Let ¢, > 0, and
take 3, $) as in Claim 4.1. Since it is nonempty, we may consider an element /; in the interior
of . By Lemma 4.2, there exists z; € C(0,%,;Vj) such that h., (ho,-) exists on [0, ¢,] and
h,(ho,ts) = hy. Using in addition Lemma 4.1, we see that there exists a neighbourhood V); of
21 in C(0, t,; V), such that
VzeV:, hy(ho,ts) €9 .

Since ker ¢* = {0}, then ¢ has dense range in V3 and the process Z(t) = fot S(t— s)dWy(s),
t > 0, is non degenerate. Therefore,

Po Z|h,0) >0, (4.20)
and similarly

Po Z|gy.4(3) > 0. 4.21)

The result now follows by the fact that h fulfills the Markov property. More precisely, we
define the extended state space Vj; = V3 U { A} where the terminal state A is an isolated point,
and extend the stochastic flow % (ho,t) as a family of processes with values in V3, where the
value A is reached for ¢ > 77(hg). By standard arguments (see e.g. [ ] and references
therein), one can show that the processes obtained (which are still denoted by h(hy, -)) are
Markov. Denoting by F; the operator acting on bounded borelian maps ¢ : V3 — R, by the
relation Pyp(hg) = E[p(h(hg,t))], and by P(ho,t;T") := Py (hg), where T is borelian, and
using the fact that on A := {7(ho) > t.} we have 7(hg) = t. + 7(h(ho, t)), then there holds
the relation:

P (A N {T(ho) < Qt*}) = / (Pt*]l{.,-(t*y.)gt*}) (hl)P (ho,t*; dhl)
Vs

This implies in particular P (7(ho) < 2t.) > [ (Po1r(t.,)<t.y) (ha)P (ho,t.; dhy), whence
P(7(ho) <2t.) > [ Po Z|[B’1t*} (3) P (ho, t«; dhy), which is positive by (4.20) and (4.21). This
proves Theorem 4.2. |
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1.5
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Figure 4.2 — Plots of 1, x2 on J.

3 Proof of Claim 4.1

The first step is to show that given 5 > 2, and a fixed z € Cy, V3 with 2(0) = 0, there exists
amap x € V3 (depending on z) such that for every hy lying over Y, the associated solution
h,(hg, -) blows up before ¢,. That will be stated in Lemma 4.3.

In the sequel, the following notation will we used for ¢ > 0, and r € J:

— 3 5
Xe(T) :=2cr — 30;’ +cr 422)
=cr(1—rH)(2-71%) .
see Fig. 4.2. The choice of this map is motivated to avoid matters of regularity in the spaces
Vs, B > 0. More precisely, on J \ {0}: A?x.(r) = 48cr, r € J \ {0}, which belongs to
Vi /o—. for any € > 0 (this fact is left to the reader). Furthermore, we also have x.(0J) = 0, and
Ax.(0J) = 0, which ensures that the maps x. belong to V4, for all e > 0 and ¢ > 0. Note
that properly speaking, we do not consider maps but equivalence classes of maps. Nevertheless,
since in the sequel 5 > 1, we restrict our attention to maps that have a continuous version (see
Remark 4.2), we will say that an inequality iy < hy is true for kg, hy € Vj as soon as it is true
almost everywhere.

Lemma 4.3 (Main Lemma). Let 3 > 2, and fix t, > 0. There exists 1 > 0, such that for all
z € Cor, Vg with ||z|ly,, 5 <7, there exists a parabola x.. = x.(z) belonging to the family (4.22),
and satisfying the property that: if hy € Vg with hg > X., then

Tf(ho) S t* .
Moreover, the pre-blow-up set ) = {ho € V3, ho > x.}, has nonempty interior in Vj.
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The main ingredient of the proof of Lemma 4.3 is the use of the comparison principle for
the perturbed equation (4.9) with a certain class of subsolutions. The following lemma gives an
explicit family of maps {1, x, ., } satisfying the differential inequality 0,1 < Ay + b(v) + 2),
up to a certain time ¢ .

Lemma 4.4. When )\, €, > 0 are real numbers, define A\ = A5, : t € [0,T),) — A(t) as the
solution of the ODE :

1—e
>‘0

(1=)d (4.23)

N==06), 0<t<Ty, :=sup{s>0,A(t) >0} =

Assume that there exists xog € Vs, z € C([0,T),]; V) with z(0) = 0, and t = t,(zo,2) > 0,
such that the process
2(t) = S(t)wo + (1), 1€ [0,T,]

takes nonnegative values on [0,t A Ty,| x J', where J' is any compact subinterval of J, and S
is the semigroup associated with A, see (4.12).

Ifwe fix 0 < € < 1, then there exist [i = Ji(e), 6 = 0(¢), such that for all j1,6 > 0, with
p>fand § <8, forall \g > 0, and X\ = A5, as in (4.23), the map given by

)2 — 2 2 _ 242
(r,t) = arccos <W> + arccos (m) + S(t)zo(r)

satisfies the differential inequality

Oy < A+ b(Y + 2) for (t,r) in [0,t4 ATy, x J . (4.24)
Proof of Lemma 4.4. Let(0 < e < 1. Asin [ 1, we set for (A, 7) € R x J":
A2 g2 2 _ 242
(1) := arccos ()\2——1-;2) , 0. ,(r) := arccos (ﬁ) : (4.25)

Recall that for any fixed triplet A > 0,¢e > 0, 1 > 0, the maps ¢, , 0., satisty for r € J' (see
[ D:

Apy(r) = 2 2%(2; 204(7) (4.26)
(14 €)?sin 26, ,(r) — 20.,,(r)

A, (r) = 5 4.27)

Now, since 6. ,(r) — 0 as  — o0, it is possible to choose a parameter fi(¢), such that for all
relJ,

1
1+e€
We take 1 > fi, and denote abusively 0 = 0. ,(-), ¢ = ¢a)(+), and Szg =t € R — S(t)x.
Moreover, let z € C;, Vj being such that x = Sz + 2 takes nonnegative values on [0,t,] x J'.
Fort € [0,Ty,), r € J', define:

o8 O, (1) >

(4.28)

Y(t,r) = paw)(r) +0(r) + S()zo(r)
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On the one side, using (4.26), (4.27), with classical trigonometric formulae, there comes
pointwise for (¢,7) € [0,¢,] x J":

AW) + b+ 2) = A(p+ 0 + Sxzo) + b + 0 + 2)

=—2sin 0 cos(2p+0)

= (2r)2[(1 4+ ¢)? sin2§ +sin2¢p — sin2(p + )

=2cosfsinf

+ 2z +sin2(p + 6) —sin2(p + 0 + z)] + ASzg

(2r)~2 [2(1 + €)?sin @ cos § — 2sin 6 cos(2p + 0) + Fgoﬂ(x)} + ASz
(2r) 2 [2 sin@((l +€) — cos(2p + 8)) + Fsoﬁ(xﬂ + ASz,
(2r)*[2esin @ + F,p(x)] + ASxg |

AVARAY,

where at the last line we used (4.28) to minorate cos @ sin 6 by (1 + €)' sin #, and we defined
the family of maps

Foo(x) =2z — (sin2(p+60+z) —sin2(p+60)), z€R,
for ¢, 0 € R. Now, regardless of the values taken by the parameters 6, ¢, the map Fi, » vanishes
at the origin, and has nonnegative derivative on R,. We deduce that since the map z takes

nonnegative values on [0, ¢, | x J’, then so is F, y(=). Moreover, simple computations show that

forr € J':
20(t)r

O(t,r) = N2+ 2 + AS(t)xo(r) ,
and for (¢,7) € [0,t4] x .J',
esin 6
A+ by + 2)(t,r) > = + AS(t)xo(r)
2epre!
— —/LZ e + AS(t)xzo(r)
2epre!
> A .
> 290 4 ASWm()

Thus, if for every (¢,7) in [0,t,] x J',

2epre? S 20\ (t)°r
w41l T2 42

then (4.24) holds. Setting s = r/A(¢), it is however sufficient to verify that:

2—e e
sup

< , 4.29
ser 1+~ o(p2+1) ( )

which is true if § > § for a certain 0 = (e, j1), where fi > 0 is fixed by (4.28). This proves the
lemma. ]
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Remark 4.4. Asin [ ], observe that the subsolution v = 1. ,, », .z, constructed above
blows up at the time ¢ = T}, where

T\, = N (4.30)
G S '

Indeed, since wy € V3 with 3 > 2, then |0,S(t)xo| e is bounded for ¢ € [0, Ty,) (see Remark
4.2), and:
O (t, ) lr=0 = Orp(r,t) lr=0 + 0:0(r)|r=0 + 0rS(t)x0(r)]r=0
2
= m + @S(t)xo(()) — 00 as t — T>\0 .

Let (h, 77) = (hz(ho, ), 75 (ho)) denote a strong solution of (4.14), where g € Vj, and Z is as
in (4.17). Take xg, z,t, as in Lemma 4.4, and assume that 7, (hg) > T),. If one can show that
the subsolution f = ¢ satisfies f < gon {0} x J'U[0,t,] x dJ', where ¢ = h — z, then by
the comparison principle for (4.9), f < gon [0,t, AT),) x J'. Since the maps f, g vanish at
the origin regardless of the time variable, it follows that:

0, £(£,0) < d,g(t,0), Vt € [0,ts ATh,).

In particular if we assume that 73, < ¢, then |0,h| e, — oo ast — Ty, which by Remark 4.2
implies blow-up also in the sense lim sup, 7, |h(t)|p = oo.

We can now turn to the proof of the main lemma.

Proof of Lemma 4.3. For our purpose, it is sufficient to assume that hy € V3, with 5 € (2,4].
By Proposition 4.1 we know that the solution % of (4.14) has a.s. continuous paths in V3. Take
z € Cot, Vi, xg € Vg, and define for t < 2t,: x(t) = S(t)xo + 2(¢). In this proof we denote by
J' the compact interval [0, 1/2].

Step 1: nonnegativeness of x up to a positive time. Assume that on J’, zo > 1, where x is the
parabola defined by (4.22). We show that if the perturbation z is not too large in Cy;, V3, then the
map z defined above stays nonnegative for almost every r € J'. We claim that there exists a
constant 1 > 0, independent of x, > X, such that for all y € V3,

|:U0—y|5§2n = y|J/ 20 . (431)
Indeed, since 8 > 2, then there exists cg > 0, such that for all y € Vj, (see Remark 4.2),

\57«370 - 5ry’L°°

rdr

n < cglro —yls -

Choose 1 = ¢/(2cs), where c is such that x;(r) — ¢r > 0 for r € J' (note that ¢ and so 7
do not depend on zy € Vj), so that |y — xo|s < 1 will imply [0,y — 9,wo[r < c/2. We
conclude by the Mean Value Theorem, observing first that both maps equal zero at the origin: if
|0 — ylz <, then Vr € J', y(r) > xo(r) — cr > x1(r) — cr and thus y(r) > 0, which proves
the claim.

Furthermore, for a fixed zy € V3 with xy > X1, since S is a strongly continuous semigroup,
there exist a time ¢, () such that

forall t € [0,t4(x0)] , |S(t)xo —xolp <7 ,
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and thus for 0 < t < t,(zg), z € B(0,n), if v = S(-)x¢ + z is defined as above, there holds

|2(t) = wols < [S()xo = ols +[2(1)]s
<2n.

We have to get rid of the dependence of ¢ (x() with respect to z,. But if zy € V3 with g > x;
on J, apply the linear comparison principle (see Rem. 4.6) on the whole interval J to f = S(-)x1,
g = S(-)xg, T = 2t, (note that we have f < gon {0} x JU[0, 2¢,] x 9.J). Then we immediately
have ¢, (z9) > t4(x1). Now define t; = ¢, (x1). We have proved that there exists n > 0
such that for all ¢ € [0,¢, A 2t,], for all zg € V3 with zp > x; on J, for all z € Cy, Vj with
2]l 5 < m, then z(t) > 0 on J', where x = S(-)zo + 2.

Step 2. Construction of a pre-blow-up set for a fixed z. Consider xo € V3 with g > x; on J. It
is sufficient to prove the proposition with ¢, A ¢, instead of ¢,, thus we can assume in the sequel
that

ty=1t, .
By the previous step, for any z € Cy, Vi, x(t)|,» > 0 fort € [0,t;]. Fix z € Cy, Vs with
12]l5¢, 5 < m. In order to lighten the notations we denote by 7 = 78, and h = h,. Take any
0 <e<1,and fix g > ji(€), § < 5(€), A = Aesn, — See (4.23)-(4.25)-(4.28)-(4.29) — where

Ao > 0 is chosen so that
A

T\, = <t
Tl —e) T T
so that we know by Lemma 4.4 that the map 1) := ¢, \,,, defined as

)2 — 2 2 _ 242
Wo(t, ) = arccos (%) + arccos (W) + S(t)xo(r)

for (t,r) €10, Ty,) x J , (4.32)
with A(-) = A(Ag)(+) as in (4.23), satisfies
8t¢0 < A¢0 + b(wo + Z) on [O7T>\0) )

with a blow-up at ¢t = T),. We aim to compare solutions h(hg), hg € V3, with subsolutions of
the ansatz (4.32), and conclude by Remark 4.4 that blow-up of h happens before ¢, . For that
purpose, it remains to ensure that

Yo<h—zon X:={t=0} xJU0,t;] xdJ . (4.33)

If for instance hyg is such that for all ¢ € [0,¢,],

h(ho, tyr = %) — z(t; r= %) > SUD(, \ye J/ xR, <gp>\(r) +0(r) + S(t)xg(r)> ,

then h(hg, t;r = 1/2) — z(t;r = 1/2) lies over all possible value v , ., (t, 1/2), with ¢ as in
(4.32), regardless of the values taken by the parameter \y > 0 and by 0 < ¢ < . In particular,
this will imply the bound needed on [0,¢,] x 9J'. Moreover, note that 7 is an upper bound for
the family of maps (¢ (+))a>o (see the illustration in figure 4.3). This motivates the following
definition: set

V=74 |Oeplre, + Sup |S(t)xolLes, (4.34)
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and define

1 1
ts(ho) = inf {o <t < 1(ho), h(ho,t;r - 5) <yt z(t;r _ 5)} , (4.35)

whith the understanding that 5 (ho) = 7(ho) if the set is empty.

O L L L L
0 0.2 0.4 0.6 0.8 1

Figure 4.3 — Plots of v, ¢, for Ay = 0.1, 0.01

Note that v is well-defined. Indeed for any u = Xuie, € V3, by Remark 4.2, since 5 > 1, the
mapping ¢ — [S(t)u|z= = |Zkuke*t(xk)26k|,;:3r, t > 0, is bounded — see Section 4.
We claim now that there exists an integer k = k(z) > 1 such that for all hy € V3, if hg > x4,
then
T(ho) <ty . (4.36)

Indeed, let hg € Vi with ho|s > 10| q1=0y .- and assume that 7(hg) > ¢,.. Note that in particular
the assertion

1
“ h(ho,-,r: 5) >~ on [0,t] ",

is false, otherwise by comparison with vy plus Remark 4.4, we would have blow-up for h(hy)
before ¢,. So we have tx(ho) < t;.

Now, choose any \; > 0 with Ty, = A\;"/(6(1 — €)) < tx(ho), and define 11 1= ¥ 5, g
by the formula (4.32) with \; instead of \g. Since the map ), is Lipshitz, we can always find
k > 1 such that

Xkl = i lg=oyxar

where x;, is as in (4.22). Consider any h; € V3 with h; > x; on J. One has the following
alternative :

(i) eitherts(hy) > ts(ho).

0 1 T tz(fh) "
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In this case, we have:
T)q < tz(hl) < T(hl) , and hl > Xk > ’le on {t = 0} x J' U [O,T)\l] X (9,]/, (437)

and the comparison principle for (4.9) can be applied on the thick part of the above line
segment, in particular with k = T),, and f = 1) and g = h(h;) — 2. By Remark 4.4 we
obtain that h blows-up before T}, whence Ty, = 7(hy) < t,.

(i) Either tz(hl) < tz(ho)

T, ts(o) ty
0 i) 1 —y

In this case, apply the comparison principle for (4.9) on the whole interval J with kK =
T(ho) A7(hy), f = h(ho) — z,and g = h(hy) — z, so that in particular:

on [0,7(he) A7(h1)), there holds f<., %) §g<~, %) .

Therefore, in this case one has necessarily 7(h;) = tx(hy), otherwise we would have

g(t, %) << f(t, %) for t € [tn(hy), ts(ho) A T(h1)]

leading to a contradiction. Moreover, one has ¢5(h;) < t,, and thus 7(hy) < t,.

We see that in both cases (4.36) is true, and the claim implies that
H:={h €Vs, hi>xne)}
defines a pre-blow-up set for the individual element z.

Step 3. Nonemptiness of §). It suffices to show the result when k£ = 1, namely that the set ) =
{h1 € V3, hy > x1} has nonempty interior for the topology of Vj.

Set hg = x2 € 9, so that hy € $. By Remark 4.2, since 5 > 2, there exists a sufficiently
small radius R > 0 such that if hy € V3 with |hy — ho|g, then |0,hy — 8”h0‘L$§}T < 1/2.
By the Mean Value Theorem, since hg and h; vanish for r € {0,1}, for all » € [0,1/2]:
|hi(r) — ho(r)| < (1/2)r < r(1 — r), and the same inequality holds when r € [1/2,1]. Thus
forallr € J:

|ha(r) — ho| < r(l—7) .

The reader may also check that
vreld xi(r)=r(1—r)2—-7)>r(l-71).

Thus, for all h; belonging to an open ball centered at hy = x», and for all r € J: hy(r) >
X2(r) —er(1—r) > x1(r), which means that h; € $). This finishes the proof of Lemma4.3. W
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We now turn to the proof of Claim 4.1.

Proof of Claim 4.1. Let4 > [ > 2. Let 7 > 0 taken as in Lemma 4.3. So far, we have shown
in Lemma 4.3 that given a trajectory z in the ball B C Cy+ V3, centered at zero and of radius 7,
there exist an integer k(z), such that for all hy € Vi, hg > Xx(2), then 75(hg) < t.. To conclude
we need some globalization technique to reverse the quantifiers. Define

Su(t.) ={z€B, VYhy €V with hg > x on J, 77(ho) <t.}.

We claim that (¢, ) is a closed subset of B. Indeed, by definition: if z € B\ Fx(t.), there exists

ho € Vg with hg > xj on J and 7,(hg) > t.. Let 2" € B — z in B, as n — oo. Let € > 0 such

that h,(ho, -) is defined on [0, ¢, + €]. By Lemma 4.1, h,x(hg, -) will be defined up to ¢, + e,

provided n is large enough. And thus (Fx(.))¢ is an open set of B, which proves the claim.
By Lemma 4.3, if z € B, then there exists k such that z € Fy(t.), thus

B=J3) -

Hence, by Baire’s Theorem, there exists at least one k£* such that §x«(t.) has non-empty
interior. Thus we can set 3 = §«(t.). If we define = {ho € V3, ho > xx-}, then for all
(z,hg) € 3 x $, there holds 7, (hg) < t.. This proves the proposition. [ |

4 Proof of Proposition 4.1

(4.a) An interpolation Lemma.

In order to obtain estimates on the nonlinear term b(h) = (2h — sin2h)/(2r?), we use the
following Lemma, which is based on expansion of elements of [ in terms of the so-called
Fourier-Bessel series — see [ , chap. 18].

Lemma 4.5. Let > 0.

(i) Foranyp € [1,00|, take 2/p — 1/2 < v < 2/p + 1, and define the operator T : D(T') C
Vs = Lig, by Tf = /r" for f € D(T) ={p € Vs, |p/r"|;p < oo} Then, T can
be extended to a continuous linear operator T : Vg — LP, , as soonas f > 1+v —2/p.
(ii) If p > 4, then the derivation 0, : D(0,) C V3 — L?,,

Vs, [0rplrr, < oo}, can be extended to a continuous linear operator 0, : Vg — L
provided > 2 — %.

where D(0,) = {¢ €

p
rdr’

Remark 4.5. The eigenvectors of (A, D(A)) — see (4.11)-(4.12) — derive from the so called
Bessel functions of the first kind. Recall that the order one Bessel function of the first kind,
which is generally denoted by J;(y), y € R™, is determined by the ODE:

d.J, d.Jy
de—y2+yd—y+(y2—1)J1:O, foryz(),

J1(0)=0 .
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The zeros of .J; form a countable subset (z);>1 of R?*, and it is a well known fact that, if we
arrange them in ascending order (we will do this assumption in the sequel), then the x;’s are
asymptotically linear in £ € N*. For £ € N*, the mappings
1
ep = \r—=> ———-—J(xpr) , reJ) | (4.38)
o= (7 T e < 7 )

define a family (e )ren+ Of eigenvectors of A, with associated eigenvalues —(z)?, k € N*.
It forms an orthonormal basis of H. It follows that A generates an analytical semigroup

t— S(t) = e, t >0, on the hilbert space H (see e.g. [ 1). This provides also a precise
definition of the fractional powers of — A, through
(A2 f = (ax)*(f, ex)er , for fin Vj (4.39)
keN

the series being convergent in H, see (4.13).

Proof of Lemma 4.5.

Proof of (i). Letp € [1,00). Using the orthonormal basis defined in (4.38), for k£ > 1, and setting
¢ := |Ji(z1+)| ;7 » one has by definition

= (e (o) ( I Mydy) .

yrr
where we have done the change of variable y = x;r. Then, using the well known properties
concerning Bessel functions, see [ , chap. 7], there exist constants ¢, ¢’ > 0 such that

Ji(y) < ey, ¥y e J and |Ji(y)| < cy2, Yy e [l,00),

together with the fact that z;, is asymptotically linearin £ > 1 ([ , p- 503-510]), we easily
obtain that for v > 0,
Tk T p 1 T
/0 —;(f) ydy < ' ( /0 uP P dy + /1 y 2_p”+1dy) : (4.40)

If p, v satisfy the sufficient condition 2/p—1/2 < v < 2/p+1 , then each term in the right hand
side of (4.40) is finite as k — oo. Using moreover the asymptotics (ci)? = |Ji(24-)| 5> = O(k)
(this fact is left to the reader), we have

|T_1uek‘ip :O(kl+21l74/p) _

rdr

Take 5 > 14+v—2/p. Using now triangle and Cauchy-Schwarz inequalities on the Fourier-Bessel
series of f € Vj, there holds the relation

T fluz, <Y 1fellTexlr,

rdr
k>1

<Uf1s (D) Texl?s )

k>1

(4.41)

and thus we have a continuous extension 7" : V3 — L?, . The proof when p = co uses similar
arguments, and is left to the reader.
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Proof of (ii). The proof of the second assertion is rather similar, using the fact that |0,.e| r, =

cxg|Ji(wg)| 2 . together with the derivative identity [ , p- 17-19]
J
Ji(y) = Joly) — 1?§y) ;o y=0, (4.42)

which defines an element of L”

+q near the origin, for any p > 1. There exists a constant ¢ > 0
such that

T 1/p
Oreely, < 2 ([ ()~ A/ wrudy)
1

As for Jy, there exists ¢ > 0, such that: .J, < ¢/y~'/2, the other term .J; /y being smaller at
infinity. Then, the integral in the right hand side is bounded, regardless of k£ € N*, provided
p > 4. We conclude by the inequality (4.41) with T replaced by 0, observing thatif 5 > 2—2/p,
then 37, (4)"2k3~%/? is summable. [ ]

We are now able to prove the proposition.

(4.b) Proof when § € (4/3, 2]

Consider parameters B > 0,T > 0 that will be fixed later. Take hy € V3. As in (4.17), for
w € Q, set Z(w,t) fo (t — s)dWy(s). It is standard that since ¢ € LLy(H, V), the process
Z is a random Varlable supported in the space CrVj — see [ ]. Therefore we can take
z € CrVjs, and argue pathwise, considering the translated equation (4.19) with unknown v. If a
solution v exists up to 7 = 7(z) > 0, it is standard that h := v + z gives a solution of (4.14) on

{Z|OT = Z|OT]}

For each z € CyVjp, we aim to find a fixed point v for the map F defined as

LT, ()(t) = S(t)ho + /OtS(t —s)b(v(s) + 2(s))ds , for t €[0,T] . (4.43)

We show that if 7, > 0 is sufficiently small, depending only on ||z||1s and |hg|, then the
mapping F;F,*ho is a contraction of a certain ball of Cy, V3. It relies mainly on the three following
properties:

[(—A)2S(t)|2(vy) < ct™? , forall t>0 andall y€R (4.44)
and when4/3 < < 2,

b(v)|g < ¢lol} , forall veVj, (4.45)
b(u) — b(v)| g < "Ju—v|a(Jul + |v]3) forall u,ve Vs, (4.46)

with constants depending on v, S and A only.
The property (4.44) comes from |(—A)"/2h|% = 3=, (zx) 2P+ e 2@ (h, e})? together
with

sup 227e 2 < (y/t)Fe .
x>0
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On the other hand, denoting by F' : © — x — sin2x/2, = € R, and using the inequality
|F(x)| < c|z|?, x € R, for a certain ¢ > 0, we have by an application of Lemma 4.5-(i) with
v=2/3,p=6:

F(v)

r2

v 3
}b(v)‘H: ‘ ‘ch{mhgdr
3
</ }v} 5
as soon as 3 > 4/3.
The third property is shown similarly, using the fact that

|[F(z) = Fy)l < clz —yl(2® + 97
for all x,y € R, and Holder’s inequality:

() = b0l < el | (5)” + () )

u—7v u 2 v 2
<C| 2 ‘LG (‘ 2 ‘LG } 2 ‘LG ) ’
T/g rdr T/g rdr T/g rdr

where we have used Holder inequality. An application of Lemma 4.5-(i) with the same parame-
ters as above leads to (4.46).

Now, fix 4/3 < < 2, and consider any z € CrVj, and hg € V. If v € CrVj, taking the
Vs-norm in (4.43) and using (4.44) and (4.45) gives:

Tz o (0)ll75 < Thols + T =72([[ullg s + [l2]17,) - (4.47)

Then, still using the expression (4.43), for u,v € CyVj, take the norm of I', 5, (u) — ', 4, (v).
By (4.44) and (4.46), one has:

1Tz 0 () = Do (V)75 < T2 ([[0]175 + 202117 0) 1w = vl - (4.48)

Take R > |ho|s. With these inequalities, it is clear that there exists 7% = Ti(|ho|s, ||2]|7.5, R) <
T, such that the application I', j,, maps the ball of radius R into itself, and is a contraction. Since
the space Cr, V3 is complete, by Picard Theorem there exists a unique fixed point v which gives
a mild solution to (4.19), up to ¢t = T,,. The maximal solution is obtained by reiteration of the
argument.

(4.c) Proof when 5 € (2,4]

Consider 2 < 8 < 4. Take hy € V3 and assume that ¢ € L%%. By the same argument as above,
we can fix Z = z, where z is any map of Cr, V3, and argue pathwise. Denote by (h, 7772), the
maximal solution obtained by the method above, which therefore belongs to C([0, 7772); V).
We aim to find an a priori bound for i € CrV;_5 in the space CrVj that guarantees its existence
during a positive time. Write for 0 < t < 7772

t
h(t) = S(t)ho —|—/ (—A)B=D25(t — ) [(—A)fl*('B*Q)/Q(—Ab(h))(s)} ds+ z(t) . (4.49)
0
and still using (4.44), the following inequality holds
t
()]s < 15(#)hols + / (t = )" 22| Ab(R)) ()| rds + =(t)
0
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provided all quantities in the right hand side are finite. Therefore, there remains to evaluate the
term |Ab(v)| . Using the expression A = 0,, + & — -4, then easy computations lead to the
formula

1 — cos2h
Mm::—{ﬁ—mh
1 —cos2h 2h — sin 2h
———O0h—=(3/2)——F—
s 3=
+28122h((9rh)2+32h_im2h —41_0582h8rh |
r r r

where, due to compensations, each line of the right hand side must be treated separately. Then,
using the triangle inequality, we write for h € Vj, |Ab(h)|g < I+ 11+ 111, and deal with each
term. To avoid a profusion of constants ¢, from now until the end of the proof, we shall use the
notation 73 (h) < Ty(h) if two terms involving h € Vj are comparable up to a multiplicative
constant that does not depend on h.

In the sequel, we fix an arbitrary ¢ > 0. Using the bound |G(x)| < c|z]?, = € R, where
G :x € R~ 1— cos(2x), Remark 4.1, and Lemma 4.5-(i) in the case v = 1, p = o0, the first
term is majorized as follows:

h
I 5 |;|%;33T|arrh|H

S |hlylhla
whereas for the second term we have:
h? (3 h h 1 — cos2h — 2h? 2h — sin2h — (4/3)h3
TS ’ rz){H_'_‘ r3 8rh—(3/2) A |H
= Ih + IIQ .

Then, using Lemma 4.5-(i) with v = 1, p = 0o, and Remark 4.1, one has

h 2 a'rh
I < — ﬁ|H
S |hfsiclnla -
Moreover, using that for z € R,
11— cos2x —22%| < ex' , and |27 —sin2x — (4/3)2° < c|x]® |

for an absolute constant ¢ > 0, using Holder’s inequality, and applying Lemma 4.5-(i) with
(v,p) = (3/4,40/3), and -(ii) with p = 5, (resp. -(i) with (v,p) = (4/5, 10)), the following
bound is obtained:

[IQ<‘ 38h}H+| 4‘H

40/3}8 h’L5

5
5l + |77l
~ 1p3/41L, 4 p4/5 110
< [l
~ 8/5+e€
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The bound on /717 is obtained in a similar way. we write that /11 < II[; + 1115, with

— o ) )
11T, = ’W(@WHB% Sln27ff4 (4/3)n* 1 Cosfgh ah|H
h
~ ’77/3&30 ’8 h}Lidr + |7~4/5 |Li2, ’ 3/4 ’L40/3‘6 h|L5
SJ ’h|8/5+e ’

The main term //1; has to be handled cautiously, since it involves typical compensations due to
the expression of the domain D(A) — see Remark 4.1. One has

h h
]fflz‘ﬁ(arh)Q r__2 6h‘H
h ) 2 T
:‘—&h Och Ry (O ]
r r r2 r2 \r? r ) lu
h o.h h h
S ‘ﬂngr v 2y (larh‘f???zr + ‘;‘L?‘c’zr>
S [Rlal il

by Remark 4.1, and Lemma 4.5-(i) with (v, p) = (1, 00).
Now, going back to (4.49), we have for all t € [0, 7772):

t
()]s < elhols + . / (t = 5)P2QUh(s))ds + [12].5-2 , (4.50)
0

where, gathering all the terms above, we set: Q(h) = |h|3 Jsre T |h|3, |h|2, for an arbitrary
€ > 0, and a constant ¢, > 0.
Such a differential inequality proves the existence in V3, at least for a positive time.

Propagation of regularity. Writing h, = (h,ex), if h € Vj, an application of Holder’s
inequality with (p,p’) = (3/2, 3) gives us, for an arbitrary ¢ > 0:

_ 4/3 2/3
Bf3ye =) ()5 ()3 ()% (i) < |h|3/—ﬁ/2+3e/2’h| o
k>1

Similarly, applying Holder’s inequality with (p,p’) = (5/4,5):

_ . 8/5 2/5
B spe = S () (02022 803 2803 (205 < PSS, IR

k>1

Thus, setting 3, = (3 — 3/2) A (2 — 5/4), we see that Q < |h|}_|h|s + |R|3, |h]. All terms in
the right hand side of (4.50) are linear in |h|z. Applying Gronwall’s Lemma, we see that |h|s
must be finite up to 77+, which ends the proof of Proposition 4.1. H

A Appendix: the comparison principle

Using a similar argument than that of Remark 4.1, one can show that

Vlz{feH, %eH, @feH}
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Moreover, if J' C J denotes any compact interval, if f € V5, and g € V; with zero trace on 0.J,
one has the integration by parts formula:

(~Af.gh = @rF0rg)s+ (L9)

r’r
where we have used the notation
(f,9)y=Apfpg), f, g€ H . (4.A.1)

The comparison principle states as follows.

Proposition 4.2 (Comparison principle). Fix a bound ry € J, and denote by J' the subinterval
[0,71]. Let § > 1. Let k > 0 and z € C,;V with z(0) = 0. Using the notation (4.A.1), assume
that we are given two maps f, g € C*([0, ); V), such that

(i) for all nonnegative ¢ € C.Vy such that ((t,r) = 0 for (t,r) € {0} x J'U[0,x) x &,
we have:

/0 (Ocf, C)yrdt < /O (—@rf, 0:C)r — <;7 ;>J/ + (b(f + Z)>C>J/> dt , (4.A2)

and

/(; <atgaC>J/dt > /0‘ (_<arg>ar<>J’ - <g> %>J’ + <b(g + Z)7<>J’) dt ) (4A3)

(ii) On {t =0} x J'U[0,k) x 0.J', there holds | < g.

Then,
V(t,r) € [0,k) x J ae , f(t,r) <g(t,r) .

Proof. Take 0 < T < k. Lett +— ((t,-) € C([0,T) x [0,7,]) be a non negative map such that
¢(t,r) vanishes for (t,7) € ¥r. Using (4.A.2) and (4.A.3):
t t
[ cas = gnuds <~ |00 - g)ris
0 0
t . o .
+/ <C: sin2(g + z) —sin 2(f + z)> s . (4A)
0 I

2r2

Denote by [z],, = € R the positive part of x and observe that we have for ¢ € [0,77:
Hf — gle |34 = 2([f — 9]+, 0:(f — g)) . Therefore, using (4.A.4) with the test map ¢ (¢, -) :=
[f — g]+(t,-) (the reader may check that it satisfies all the conditions required above), gives us
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fort € [0, T7:
S = a0l = [ olr =gl as
< / Of — 612),0.(f — 9) s
+/O <[f o, sin2(g + z) — sin2(f+z)>J,d8

212
[ (= ). 01 = ) s @AS)
+/0 <[f o, sin2(g + z)Q;QSin 2(f + 2) >J,ds
! sin2(g+ z) —sin2(f + 2)
= /O <[f — 22 >J/d8 ’

where we have used the fact that the weak derivative of  — [z],, = € R is the map = —
Ir, (z), x € R, and the nonpositiveness of the first term in the right hand side of (4.A.5).

Now, since 8 > 1, and T' < k, observe by Remark 4.2 that the maps f, g, z are uniformly
continuous in ¢,7 € [0,7] x J. Recall that Vs = D((—A)*/?) where D(—A) contains Ho-
mogeneous Dirichlet data (see (4.11)). Hence, by the fact that 5 > 1/2, they all vanish on
[0, 7] x {r = 0}. Using that for ¢ > 0 small enough,

sin/([—¢, ) € R, \ {0} .
then there exist a constant 7 = 7(7") > 0 such that for every (¢,r) € [0,T] x [0,7],
[f = gl+(sin2(g + z) —sin2(f +z)) <0 .

Finally we write for all ¢ € [0, T:

I - gl < / / sin2g+2) =sm2AfH2) e s

2r2

1 t 1
+ ﬁ/ / (sin2(g + z) — sin2(f + z))rdrds
™ Jo Jr

c t
<& [ —alfyds
0
and thus: .
1 = slefio0) < 5 [ NF = alealodds . for € 0.7 4A6)

The conclusion follows, applying Gronwall’s Lemma: on every subinterval [0, 7] C [0, k), one
has f < g,ie. f < gon|[0,k). [ |

Remark 4.6. If we are given 8 > 1, k > 0, and two maps f, g € C*([0, x); V) with £(0,-) <
g(0,-) on J, satisfying moreover the linear inequations for all ¢ as above:

[asmis- [ (oro0,+(L2) Ja,
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and

/Oﬁ<atg, Q) ot > — /0 ((arg,aroy + (%, ;>J,) dt .

Then, taking back the previous proof and replacing b by zero gives us the same conclusion.
Indeed, in this case, we have instead of (4.A.5):

=gty < [ (159 25L) as

and the end of the proof is similar.

B Appendix: some technical proofs

(4.B.1) Proof of Lemmata 4.1

The proof of Lemma 4.1 is directly adapted from other backgrounds — see for instance, in the
context of the nonlinear Schrodinger equation, the references [ , ]. We still prove
the result for the sake of completeness. In the sequel, for R, T > 0, we denote by B% (resp. BTY)
the ball of radius 12 of center 0 in CrVj (resp. V3).

Proof of Lemma 4.1. We prove the result when 2 > 5 > 4/3. The reader may check that the
case 4 > [ > 2 works the same way. If (z, hg) € CrVj x V3, on the time interval [0, 7 (ho)),
we define v(z, hg, -) = h.(hg, ) — z. For our purpose, it is sufficient to show the continuity of v.
Recall that for (7', z, hy) we denote by I'7, 5, the map given for u € CrVj by

Lrne(w)(t) = S(t)ho + /Otb(u(s) + 2(s))ds , t€[0,T] . (4.B.1)

Continuity of the unique fixed point. Take any Z € C([0, 00); V), ho € Vs, and take
R > |ho|3. We saw in section 4 that there exist constants ¢, ¢ > 0 such that if

\holg + TP (R3 + 8|1Z]1%.5) < R, and dTP12(R? + 412175 <1, (4.B.2)

then the map 'z, 5, is a contraction of the ball BZ. Take T\ = T%(R, |ho|s, ||z||7,5) satisfying
(4.B.2). It is immediate that inequalities (4.B.2) hold with any (hy, z), provided it lies in some
neighbourhood ¥V x W of (l~10, Z). Moreover, for such (hg, ), using (4.B.1) and (4.45) (see
section 4), we have

[0(2, ho) — v(Z, ho)lI..8 < |ho — hols

+ TP + ||z + 213, ) (I0(, ho)

— U(g, ilo)

.5+ |z —Z

T*7B> )

and since ¢TI *(R? + ||z + 2[},5) < ¢TI (R? 4 2max(|z|lr..6 + |23, 5) < 1, the
T*7/8+ ’ho_hfﬂ

inequality above implies the convergence of v(z, hg) to v(Z, hg) as ||z — 2
0.

T*7ﬁ _>
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Continuity of the flow. Keeping the same notations, let 7, = T%.(R, |ho|s, ||Z||,5) such that
(4.B.2) holds. Define N = |T'/7,]. We shall prove the result by induction. For each k €
{1,..., N} denote by (H,) the sentence: “there exists &, > 0, such that if (z, ho) € B x B,
then: 7.(ho) > kT,, and the map (z, ho) € B3 x B% — v(z, ho, kT.) is continuous.”

Proof of (Hy). The case k = 1 follows by the previous paragraph.

Proof that (Hy,) = (Hg41) . Let k > 1, assume (Hy), and chose 0,41 = 0 A ming<;<x d;, where
§ > 01is such that |v(z, ho, kT.)|s < R for (2, hg) € B% x B%. By the case k = 1, this proves

that for such z, ho, then v(z, hy, -) is defined up to (k + 1)7*, and by uniqueness of the solution,
using the notation y(t) = z(t + kTx) — S(t)z(kT.),t € [0, T.], we have:

v(z, ho, (k+ 1)T.) = v(y, v(z, ho, KT%), T%) .

Still by the case k = 1, this expression defines a continuous map relatively to (z, hg) € ]B%?“ x Bo%.
This proves (Hy1)-
In particular, the case (Hy) is true, which implies the proposition. ]

(4.B.2) Proof of Lemma 4.2

The proof it very similar from that of [ ], although simpler since in our context the
semigroup S has better regularizing effects — recall that S' is analytical, see Rem.4.5. For
t € [0,T1], we set

=7

~ t
h(t) : ho + Tlhl :

We define the maps

mw;:(mo—me-4t@mQ)+mﬁx@)@,
Z(t) : = /OtS(t— s)%ds :

We see in particular that the regularity of ¢ — u(t) is at least C'([0, 71]; Vs_2). Due to their
definition, the maps h, u satisfy the forced equation

dh . - du
| = 1 T .
_ h+mm+dt7 or t € [0,T1]

Moreover Z satisfies the heat type equation

dz _ du
%—AZ‘F% 5
20)=0 .

By classical theory of parabolic equations, we have at least Z € Cr, V. Moreover, the map
v := h — Zz satisfies the translated equation (4.19) with z = Zz. The conclusion of the lemma
follows, since by uniqueness: i = h;z(hg, -)|[o,r,], Where here . denotes the functional defined in
(4.18). [ |

115



116



CHAPTER 5.

A new Semi Discrete Scheme for Stochastic LLG

This chapter is based on a common work with Alouges, F. and De Bouard, A.
published in the review Stochastic Partial Differential Equations: Analysis and
Computations, see [ 1.

For a given ferromagnetic domain, noise due to thermal fluctuations can induce
phase transition between different equilibrium states. This has been the main topic
of several papers during the last decade see e.g. [ , ], where the
authors call for a treatment of nonuniform magnetization. The present work arises
then from the growing necessity to develop numerical methods for the infinite
dimensional stochastic LLG.

We propose a new convergent time semi-discrete scheme for (SLLG) when the
domain O has dimension 2 or 3. The main idea is to extend the projection
algorithm of [ ] in the stochastic case. As in the deterministic case, our
scheme has the advantage that despite that (SLLG) contains a nonlinear term, it is
only linearly implicit at each time step. Indeed, the algorithm used here iterates a
variational formulation defined on the “tangent space” of u" ~ u(nAt), namely
the linear subspace of H!, composed with vector fields pointwisely orthogonal
to u". This method permits to make the nonlinearity vanish, when tested against
these specific maps. Besides, it involves a projection step, garanteeing that the
local constraint on the magnitude is automatically satisfied for a solution of the
algorithm.

To prove the convergence, we use here a martingale approach. The starting point
is to use the variational formulation (5.8) to derive some energy estimates for the
approximate process u(*t). We proceed by applying compactness results as that
of [ ], and passing to the limit on a discrete equation. Taking advantage of
the projection step, we show that it permits to recover the additional drift that is
along the solution. Finally, we obtain the convergence up to a subsequence, of
u(A?) towards a weak martingale solution for SLLG.
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1 Introduction

Developing numerical schemes for the simulation of LLG plays a prominent role in the modeling
of ferromagnetic materials. We refer the reader to [ , , ] for an overview
of the literature on the subject. However, reliable schemes for the simulation of (SLLG)
remain very few. Probably the first scheme for which convergence can be proved is given in
[ ] and is based on a Crank-Nicolson-type time-marching evolution which relies on
a nonlinear iteration solved by a fixed point method. On the other hand, there has been in
the past recent years an intensive development of a new class of numerical methods for LLG,
based on a linear iteration, and for which unconditional convergence and stability can be shown
[ , , , ]. Our purpose in this chapter is to extend the ideas developed
there. We aim to generalize the scheme in order to take into account the stochastic term in the
following Landau-Lifshitz-Gilbert equation

du = (Au+u|Vu]® + u x Au+ Fy(u))dt +ux dW, , in QxRT x O,

ou_y on QxRY x 90 , (5.1)
on
Ujg=0 = Up , in QxQO ,

where the n-dimensional domain O, for n = 2, 3, is bounded, and we still use the notations
defined in (2.10), (1.15).

An important caracteristic of the algorithm is that it contains a projection step, garanteeing
that the local constraint on the magnitude is satisfied exactly. Note that this approach has already
been used in | ] where a fully discrete scheme for (5.1) but with a one-dimensional noise
is studied. The method used in that paper is based on the so-called Doss-Sussmann technique
[ , ], which, thanks to a geometric transformation, allows to replace the stochastic
PDE by an equivalent PDE with random coefficients. However, it is well known that this
method only works with a one dimensional noise, and cannot be generalized to our setting.
Instead, in the present paper, we apply the projection scheme directly on the original stochastic
equation. This allows us to consider a more general noise, but requires a specific treatment of
the corresponding term. We think that the methodology that we develop can be generalized
to a stochastic differential or partial differential equations with a geometrical constraint. It
is definitely different from — though related to — the approach of [ ] (see Remark 5.1
below).

We only consider a time semi-discrete approximation of (5.1) for which we show the
unconditional convergence when the time step tends to 0. Proving the convergence of the fully
discrete approximation, using e.g. a finite element method in space, does not cause any major
difficulty — see Theorem 6.2 of Chapter 6 below.

Additional Notation. Throughout this chapter, we assume that 7" > 0 is a given constant and
(Q, F, P, (Fo)ieon (Wt>t€[O,T]) is a stochastic basis, see (0.1).

For a given N € N*, the notation At will always refer to %, and for0 < n < N —1,
AW™ is defined as the n*® increment of the Wiener process, namely W ((n + 1)At) — W (nAt).
Therefore, ATV™ is a gaussian random variable on L2 with covariance operator (At)¢¢*. For
lighter computations, we will denote in the sequel

oi(z) = [pe](z) (5.2)
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and we also abbreviate the inner product (, )2 as (, ).
The pointwise orthogonal projection on u(t, x,w), resp. on (u(t, z,w))*, in the euclidean
space R? will be noted

Pu(t,:c,w) y o TeSPp. Fytaw)l (53)
or simply P, resp. P,1.
2 Main result
Unlike the approach used in [ ], we use the so-called Gilbert Form (GF) of (5.1), that

is, the equation formally obtained by applying (id —u x ) to (5.1), namely:
du—ux du = [2(Au+u|Vul?) + (id —ux)Fy(u)]dt + (id —ux)(u x dW),  (5.4)

where the notation “u X du” means Itd integral in the sense of semimartingales. Equivalence
between (5.1) and (5.4) is not clearly stated in the literature and we therefore establish it in
Remark 5.2.

This particular form allows us to overcome the difficulty of solving a nonlinear system at
each step of the algorithm. Let us brievely describe why. Consider a uniform discretization
intime 0, At,...,nAt,..., NAt = T, and fix some “level of implicitness” § € (0,1). Given
a time step n € [0, N — 1] and u™ ~ u(nAt), an approximation v" of Atdu/dt(nAt) can be
found simply by solving a linear system of the form

(V™ —u™ x V™)

AL = 200" 4 (id —u" %) (Fy(u™) +u™ x AW™) |

where we denote @"*? = (1 — §)u"™ + 6v". Indeed, following the same idea as that of the
deterministic case (see the references of the previous section), one may seek the unknown
v™ in the subspace of H! whose elements are pointwise orthogonal to u™(x), so that the
nonlinear term u"|Vu™|* vanishes when tested against functions that also satisfy this constraint.
Roughly speaking, the test functions in the following formulation (5.8) "only see" the part
of u™1 — u™ which is orthogonal to u". We then pointwisely project u™ + v™ on S? by
setting u"(z) = (u"(x) + v"(z))/|u"(z) + v™(x)|rs, so that the local constraint on the
magnitude is automatically satisfied. Apart from the effects related to the renormalization step,
it seems intuitively clear that any limit point u of the cadlag process defined by uy (t) = u” for
t € [nAt, (n + 1)At) should satisfy in some sense an (Itd) equation of the form:

ou .
ikl X AU A+ Pyt (Au + F¢(u)> +ux Wy .

Heuristically speaking, there are two main reasons why the terms u|Vu|* and P, ,) Fs(u) are
actually recovered:

e because the limit satisfies |ulgs = 1, the term u|Vu|? is implicitly contained in the
algorithm: it appears using specific test functions of the form u x (u X ¢), see the proof
of Proposition 5.6 ;

e since for each n € [1, N] we have " L v", then |[u" 4+ v"[2; = 1+ [v"[3;. The
renormalization step is then asymptotically equivalent to define the value u™ ! «+ (u™ +
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v™)(1 — (1/2)|v"™|3s) which, according to the observation that the first order term in v"
is AW™, approximately equals u™ + v™ — (1/2)u"|AW™|2,. It turns out that the sum
> nen—1 —(1/2)u"|AW™[? of the additional terms that are due to the renormalization

step approximates in some sense the integral fOT Pyn(2)Fy(u™)dt, see Proposition 5.7.

We give now a rigorous description of the scheme. Fix a parameter

0 e <%, 1, (5.5)

and assume that the operator ¢ : L2 — H? satisfies

\¢|12Lg,2 = 1ol < o0 (5.6)

i€N
Our algorithm reads as follows, for a given N > 0:

ALGORITHM 5.1 : ProJEcTION ALGORITHM. — Fix
u' =y € H:N{uec L2, u(z) €S?* ae v O}, (5.7)

and for any n € {0, ..., N — 1}, suppose that the random variable u"(w, -) € H} is known. Let
v"(w, +) be the unique solution in the space

Win(w) = {0 € H!, Vo € 0, Y(2) Lu"(w,2)},
of the variational problem: Yo € Wy ,(w) ,

(" —u" x 0" @) + 20At(Vu", V)
= “2AHVu", V) + At((id —u" <) Fy(u"), ¢)
+((d—u"x) (@ x AWM, o) (5.8)

Then, we set, for all (w,x) € Q@ x O,

0, 7) = u(w, z) + v"(w, x) . (5.9)

n+1
( lu(w, z) + v (w, x) |gs

u

Note that the formulation (5.8) is a #-scheme applied to the variational formulation of
equation (5.4) (see [ ]). One has u™ € H! a.s., forany n € {0,..., N} and (u")o<n<n is
adapted to the filtration (F%;)o<, <y defined by

FY = o{W(kAt),0< k <n}. (5.10)

Indeed, it is not difficult to prove that under the above assumptions, problem (5.8) admits a
unique solution v"(w, ) € Wy ,(w) (see [ ] for a proof in the deterministic case). The
noise and correction terms do not alter the hypotheses of the Lax-Milgram theorem. Moreover,
this solution depends continuously in H; on the two arguments (u" , AW™), for the H} x L2
topology. It implies in particular that the law of v" on H} only depends on the law of (u™ , AW™)
on H! x 2.
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Remark 5.1. As mentioned before, the approach here is different from the one in [ 1,
where the approximation of solutions of some Stratonovich stochastic differential equation

dX = F(X,)dt + o(X)odW , X, e M , t>0

with values in a manifold M, is considered. Indeed, in [ ], the scheme consists in using
the explicit Euler scheme (which approximates the Itd equation dX = F(X;)dt + o(X;)dW)
on one time step, and then projecting the solution on the manifold. Here, we do not approximate
the Itd equation, since part of the Itd correction, namely P, . F,(u), is put in the increment. We
will see that the projection on the manifold (the sphere here) brings the remaining part P, F;,.

The notion of martingale solutions we use here is that of Definition 3.1. It is similar to the
one used in [ , ]. Our main result is given by the following theorem, and says
that, up to a subsequence, the discrete solution u of the algorithm (PA) converges in law to a
martingale solution of equation (5.1).

Theorem 5.1 (Convergence of the algorithm). For every N € N*, we define the progressively
measurable H}-valued process uy by:

un(t) :=u" if t € [nAt,(n+1)At) , ne{0,...,N—1} .

In the sense given by Definition 3.1, there exists a martingale solution of (5.1) (Q, F,P,
(F)eero,r, We)eepo,m)s ﬂ) , and a sequence (uy)yen+ of random processes defined on ), with
the same law as uy, so that up to a subsequence, the following convergence holds:

uy — 4, in L*(Qx[0,T] x O;R?).

Outline of the Proof. We proceed in several steps. In Section 3, we use (5.8) with appropriate
test functions to establish uniform estimates for several processes related to (u")o<,<n. We first
obtain a uniform bound on the Dirichlet energy of u which is a discrete counterpart of taking
the expectation in the Energy Formula (2.A.2), for a continuous solution. Section 4 is devoted to
the proof of the tightness of the sequence (uy) on the space L*([0, 7] x O;R?). After a change
of probability space, we can assume that there exists an almost sure limit u of (uy ), that is

uy —> u as.in L*([0,T] x O;R?).

Then, setting
un(t) = uo + Fn(t) + X (1), (5.11)

where (X y(nAt))o<n<n-_1 defines an L2-valued discrete parameter martingale, with respect
to the filtration (F7,)o<n,<n—1 (see (5.10)), and Fy(t) is, for each IV, a deterministic function
of u Nl[[],t]’ we use (5.8) and the previous energy estimates to identify F)y(t) and its limit up
to a subsequence. In section 5, we show that, still up to a subsequence, Xy(¢) converges
to a limit X (¢) which is a square-integrable continuous martingale with an explicit quadratic
variation. Then, the martingale representation theorem implies the existence of a new filtered
probability space for which the limit of the martingale part is a stochastic integral with respect
to a Wiener process W with covariance operator ¢¢*. Finally we use the limit of (5.11) and
this latter stochastic integral in order to identify the equation satisfied by wu(¢). The explicit
form of the limit F'(¢) of Fi(t) as N — oo is the Bochner integral of the L2-valued process
t" = Au(t') + u)|Vu))? + u(t’) x Au(t') + Fy(u)(t') on the time interval [0, ¢], which
allows us to conclude.
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Remark 5.2. Note that if u is a solution of (5.1), then we can rewrite the stochastic integral of
the predictable process s — (s)x with respect to the semimartingale u as

/Otu(s) « dii(s) = /Otu(s) «d (/Osl(a)da) + /Otu(s) «d (/Osu@) « dW(a))

where [ is given by Vs € [0, T7:
I(s) = Au(s) + u(s)|Va(s)]* + a(s) x Au(s) + Fy(a)(s).

It then follows from classical properties of stochastic integrals with respect to semimartingales
(seee.g. [ ]) that

/0 (id —i(s) x )dii(s) /0 (id —(s) x)1(s)ds + /O (id —(s) x )dW (o),

and since for almost all w, ¢, z, |u(w, t, )| = 1, @ is also a solution to (5.4). Thus (5.1) and (5.4)
are in fact equivalent.

3 Energy estimates

Fix N > 0, and set u” = wg. Let (u™)g<n<n and (v")o<,<n be given by the algorithm (PA). In
all what follows, we write
A" ="t x AW, (5.12)

This term corresponds to the noise term which is added at each step of the algorithm. Thanks to
the Gaussiannity of AW™, the fact that |u" | ree < 1, and the Sobolev embeddings, we have the

following obvious, but useful estimates: for all n € {0,..., N},

E[|A"]7;] < Atlof, . (5.13)
and

E[|A"[1s] < c(At)[8]fs. - (5.14)

Proposition 5.1. There exists a constant ¢(T, uy, |¢|Lg,2) > 0, independent of N € N* and
0<n<N —1, such that:

max E [\vungg] < o(T,up. [9l02) (5.15)
N-1
EY " — A7y < (T, uo, |@lpo2)At (5.16)
n=0
N-1
EY [v"[7s < (T, uo, ¢lyo2) (5.17)
n=0
N-1
EY |[Vo"[7s < (T, ug, [¢]02) - (5.18)
n=0
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The proof of Proposition 5.1 uses the following remark, together with the estimate of Lemma
5.1 below, whose proof is postponed to the end of section 3.

Remark 5.3. The renormalization stage decreases the Dirichlet energy. Indeed, it was shown in
[ ] that for any map ¢ € H., such that a.e. in O, |1)(z)| > 1, one has

V(hﬁ)

Lemma 5.1. Forall e with 0 < € < 20 — 1, there exists ¢ = c(e, |¢|Lg,2, T) > 0 such that for all
N eN,andn=20,..., N —1:

d < /|v NP da . (5.19)

1—
E(vu 2] + U E ot A2, + (20 -1 - OB[Vor)
< (14 cAOE[|Vu"[72] + cAt . (5.20)
We now prove Proposition 5.1 with the help of Lemma 5.1.

Proof of Proposition 5.1. In the sequel, we fix e € (0,260 — 1). We first prove (5.15). We deduce
from (5.20) that foralln =0,..., N — 1

E[|[Vu"7:] < (14 cAOE[|[Vu"[Z:] + cAt.

We then apply the discrete Gronwall lemma. There exists ¢ = c(|¢|Lg,z ,T) > 0 such that for all
n=0,...,N
E[|Vu"[7:] < (1 +E[[Vuolz2])
and (5.15) is proved.
We now turn to the proof of (5.16)-(5.18). We note that (5.20) implies in particular

1—
E(vu 2]~ B [[varz,] + DR - a2y)

+ (20 —1— G)EUVU"EE] < cAtIEUVu"\%%] + cAt.

Summing these inequalities forn = 0... N — 1, and using (5.15), we obtain

(1—e) N-1 N-1
N n n n
E [|vu i] _E ['V“%a} + g n:oEUU —AR] 4+ (20— 1—¢) ;E Vo [2,]
N-1 N-1
< Z cAtEUVu"]QL%} + > cAt
n=0 n=0
< C(|¢’]Lg’27T7 UO) :
This implies that:
N-1

2]+ (20-1—- 0 Y E[[Vr2]

_c(|7:z5]Lg,2,T,u0) EIVu™ 2| +E [V’
< (|hge, T, w)

Thus, (5.16) and (5.18) follow. Finally, we may deduce (5.17) from (5.16) and (5.13). This ends
the proof of Proposition 5.1. ]

I
o
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We now turn to the proof of the lemma.

Proof of Lemma 5.1. Let) < n < N — 1. Since, by definition of the variational problem (5.8),
u™(z) - v"(z) = 0, almost everywhere, and almost surely, it follows that for a.e. z € O, a.s.

u () + 0" ()| = V1 + [ (@)]? =1,

and by Remark 5.3, one has a.s.
|vun+1|%2 :/ V(U +v )
©Jo ™ + v
§/ |Vu" + Vo' 2dx .
o

2

Then, by expanding the right hand side of this inequality:
Va7l < |[Vut|7s 4+ 2(Vu", Vor) + Vo' |1z . (5.21)
To find an expression of 2<Vu”, Vv”>, we use (5.8) with the test function
pi=v"—A" € Wy,
Then, observing that we have pointwise for a.e. x € O
(V" —u" xu") (" = A") — (id —u"x) (u" x AW™) - (v — A")
= ((id —u"x) (v — A™)) - (v — A")
= |Un - An‘%&?”
one has

2(Vu", Vo) = —i\v" - A”|%E — 29[Vv"|%3 +20(Vu", VA"

At
+2(Vu", VA") + {(id —u"x ) Fy(u"), 0" — A™), (5.22)

which, using (5.21) and taking the expectation yields to

E[|Vum2,] + éE[w — 4] + (20~ DE[|Ve ]

< E[|Vu'[7z] + 20E[(Vo", VA™)] + 2E[(Vu", VA")]
+E[((id —u"x)Fy(u™),v" — A™)], (5.23)

all terms on the left hand side being non negative, due to 6 € (%, 1].
Now, since u™ and AW™ are independent, and E[AWW™] = 0, we have
E [(Vu",VA")] =0. (5.24)

Moreover, by (5.12) and the Sobolev embedding H? < L,
E [|VA”|%?E] <2 (]E|Vu”\%%E [IAW"2.] +E [|VAW”\%%D
' (5.25)
S CAt|¢|ig,2 (E [|Vu”|%g} + ].)
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Therefore
E [(Vo", VA")] < %E [|W”|i%} |¢|L02( [Wunﬁg} +1). (5.26)
Similarly, one has
E[((id —u") x Fy(u"),v" — A™)] < —|¢|L02 o [ - A" (527)
Using (5.24), (5.26) and (5.27) in (5.23) gives

— €

At

E[[Vu 2] + ——E[jv" — A"2,] + (20 — 1 — )E [\wnyig}

cH At

< B[V a] + D00 (B [[Vr2y] + 1) + ool 5:28)

Since 6 < 1, this proves the lemma. [ ]

Fix N € N*. Let
" 1
w
NTUAL
In the following, we will also denote by vy, wy, the piecewise constant processes (indexed

by the time interval[0, 7']), whose values on [nAt, (n 4+ 1)At) are (respectively) v™, w". The
previous energy estimates can now be written in the form:

— (" —A") forn=0,...,N—1. (5.29)

esssup E [|VuN( )|L2] < (T, uo, |lp02) (5.30)
t€[0,T]
T
E/ lwy (t, )|L2dt < (T, up, |¢|]L0 2), (5.31)
0
T
IE/ o (t, )22t < efT, g, [Bl,02) At (5.32)
0
and
T
/ Vot ) 2adt < (T, u, [0l 0) At (533)

Note in addition that, since |ux(t,z)| = 1 fora.e. (w,t,z) € Q x [0,T] x O, one has

T
E / fun(t, ) 2ot < o(T) (5.34)
0

4 Tightness

The aim of this section is to show that the sequence (uy)yen+ is tight. Applying then the
classical Prokhorov and Skorohod theorems (see for instance [ 1), we first get the relative
compactness of the sequence of laws, and secondly we can assume the almost sure convergence
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to a certain limit u, up to a change of probability space. In the sequel, we use the following
notations: for all ¢ € [0,77], we set

Xy(t):= > A" = Y u'xAW", (5.35)
0<(n+1)At<t 0<(n+1)At<t
and
X" = Xy(nAt) = Y uF x AW (5.36)
0<k<n—1

The process ¢ — X (t) is the martingale part of the semi-martingale uy. It is a martingale
with respect to a natural piecewise constant filtration, and corresponds to the noise induced
fluctuations of the process ¢ — uny(t). In order to get an almost sure convergence for the
martingale part Xy, we consider the triplet (uy, Xn, W)yen+, and show that it forms a tight
sequence on a suitable space. This classical technique is used essentially to retrieve the noise
term in this new probability space. This has the drawback that the new Wiener process depends
on the integer N € N*.

Proposition 5.2. The sequence
(un, Xn, W) nen

is tight in the space
L*([0,T); L2) x L*([0,T); L) x C(0,T; L2) .
Recall that by Lemma 2.1, the embedding
L*(0,T; By) N H*(0,T; B) — L*(0,T; B)

is compact, for o > 0, as soon as By is compactly embedded in B (where B and B, denote
two reflexive Banach spaces). We aim to apply this with B = L2, and By = H_. Therefore, in
order to deduce the tightness, we need uniform H*(0,T’; L?) estimates on uy and Xy for some
a > 0. These estimates are stated in the following proposition.

Proposition 5.3. For any a € (0, 3), there exists a constant ¢ = c(]¢|Lg,z, T, «) such that
E [l 0] <o (5.37)

E [I1Xn o) <o (538)

Proof of Proposition 5.3. We have to evaluate the following quantities for o € (0, 3):

// E[Jun(t) — un(s)|7,] dtds,
0,772

|t_3|1+20c

and

// E[|Xn(#) = Xn(s)[3;] dt ds .
0,772

‘t _ S’1+2a
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Notice that these integrals measure the regularity in time of the two processes ¢ — uy(t) and
t — Xn(t). Since X is the martingale part in the decomposition of the semi-martingale u,
one expects uy to be at least as regular as X y. In the sequel, we take ¢, s € [0, 7], and assume
without loss of generality that ¢ > s. Thus, we first evaluate the following quantity:

i} . (5.39)

T

E|[Xn() - Xn(s)lz| =E[| > 47

s<(n+1)At<t

Observe that for n # m, the random variables AW, AW™ are independent, with zero mean.
Using also the fact that ©" is independent of AWPF* for 1 <n < k < N — 1, Fubini’s theorem,
and the identity a - (b X ¢) = a x b - ¢, for a,b, c € R3, one has for m > n,

E[(A", A™)] = /O E [(u"(x) x AW™(2)) - (" (z) x AW™(2))] de

/OE [((u"(z) x AW™(2)) x u™(xz))] - E[AW™(z)] d (5.40)
0.

Developing the sum (5.39) and using (5.13), one has

EXy(t) — Xn(s)2a] =E 3. A" +2E Y (474"

s<(n+1)At<t s<(n+1)At<t
s<(m+1)At<t
n<m
=E > A
s<(n+1)At<t
2
S C’(b‘]LQ( Z At) °
s<(n+1)At<t

t—
We observe that the number of terms in the sum above is bounded by A—: + 1, and deduce that
forall0 < s <t < T,

E|IXn (1) = Xn(s)l3s| < clof?, (It — 5|+ A¢). (5.41)

Now, remark that (5.41) implies the uniform estimate of the H* norm. Indeed, since X is
a piecewise constant function, the integrand E[| Xy (¢, ) — Xy (s, ) Lg} vanishes for (¢,s) €
[nAt, (n + 1)At)?, for 0 < n < N — 1. Using moreover (5.41), there exists a constant
¢ = ¢(|¢|L,, T) such that

E[|X X )
// [[Xn(t) — ; 12v( )IZ2] i ds
0,772 |t — s[tt2e
dt ds (DAL p(mDAL g g
At e
//(mz |t — 5|2 e Z /n / |t — s[tt2e

0<m,n<N-1
[n—m|>1

=A+B.
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Since the set
U AL (n+ DA X [mAL, (m + 1) At]

0<n,m<N-1
|[n—m|>2

is contained in
{(ta S) € [OvT]Qa |t - S| > At} )

we remark that

(DAL (mADAL A dt ds cAtdt ds
B < Z / / | ‘1+2a // ’ ‘1+2a '
0<m,n<N-1

1
In—m|= |t s|>At

Finally, we get

E[lXn(t) — Xn(s)|%
// [1Xn(?) : 12v( )I72] s
(0,72 |t — s[tt2e

dt ds (kDAL p(+2)AL gy g
o ff %t / A

The first term of the right hand side of (5.42) is bounded because v € (0, %) Then, it is easy

to show that
(n+1)At  p(n+2)At dt d
/ / = O(Ar), (5.43)
(nan)ae [t — s[tH2

and (5.38) is proved.
We now turn to (5.37). Note that since we have already estimated X, it remains only to
consider uy — X . Using the definition of uy and Xy together with (5.9), we write:

(un(t) = Xn (1)) — (un(s) — Xn(s))
= Z (u"+1 —u" — A”)

s<(n+1)At<t
Un—f-An un+vn un+An
- Y (e Y ()
S<(Tl+1)At§t |u +A | S<(Tl+1)At§t |u +U | |U +A |

Then, taking the Lfc norm, and the expectation, we get

Eflun(t) — Xn(t) — (un(s) = Xn(s))I72]

s<(n+1)At<t
u™ + " u™ + A"
|y

| \;} . (5.44)
s<(n+1)At<t

For the first term in the right hand side of (5.44), observe that for any u, V' € R3 stV Lu
and |u| = 1, one has:

+V 1
|Z+V\ —u—V’ < VIF[VP-1< VP (5.45)

128



Using Cauchy-Schwarz inequality, and (5.45) on each term of the sum (recall that A™ | u", see
(5.12)), one has:

un+An 2
B T~ A
Z lum + An| " L2
s<(n+1)At<t
t—s u” + A" 2
< 1) B{| g " 4]
- (At * Z jun + An| B L2
s<(n+1)At<t
1/t—s 4
< = S
- 4( At +1> Z EHA Lg]
s<(n+1)At<t
Then we have by (5.14):
EH > A | } < e|@ly00, T)(|t — s| + At)? (5.46)
|u”—i—A”| 2l = ]Lg,l, . .

s<(n+1)At<t

Similarly, for the second term in (5.46), we use the fact that the map = — ﬁ, is 1-Lipschitz
x
for |z| > 1, together with Cauchy-Schwarz inequality and (5.16). Then
u 4+ v u 4+ A" |2 t—s 2
e - = (o el T
Z t|u”—i—v"| lum + An| 12l = \ At * Z v L2

s<(n+1)At< s<(n+1)At<t
< e(|glaa, T)(It — 5| + Av).

(5.47)
Using (5.46) and (5.47) in (5.44), together with (5.38), we conclude that there exists a

constant ¢ = c(|¢|Lg,2, T'), independent of NV € N*, such that

E ||un(t, ) — un(s, )&3 <c(|t—s|+ At).

We have proved the same inequality as for the process Xy (see (5.41)), thus the conclusion
follows in the same way as before. |

We now turn to the proof of Proposition 5.2.

Proof of Proposition 5.2. Notice that by (5.34) and (5.30), (uy)nyen- is bounded in L?*(2 x
[0, T]; HY). A similar bound holds for the process Xy, writing

E (I X132 0,r0) ZE[Nz_:lp(nﬁgAt]
N—lnz0 9
_ k
- AtEHkSZnA LJ
N-1 9
-> At(E[k; ‘A’“’L%} + ZE[OS;§n<A’“,Al)D .

As before, the second term vanishes (see (5.40)), while using (5.13), the first term is bounded by

C(|¢’L27T)'
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Similarly, for k # [, we have E[(V A* VA")] = 0. Moreover, by (5.25), we get

N-1
E[VXyli;] = D At E[[VA'
n=0

k<n
N-1

S d¢4igzj£:zﬁtj£:zﬁt
n=0 k<n

< ¢(|glypa.T)

Therefore, there exists a constant ¢ = c(|¢|Lg,z ,T) > 0 such that

E[|XN|2L2(O,T;H;)} sc.

The tightness of the sequence (uy, X, W) is now obtained in a classical way. Let R > 0,
and fix « € (0, %) We consider the space

E:=L*0,T;L2) x L*(0,T;L%)) x C([0,T]; L),

endowed with the product norm. By lemma 2.1, and a standard Ascoli compactness theorem,
the space

F:=L*0,T;H}) x L*(0,T; H,) x C([0,T); H,)
NH*(0,T;L2) x H*(0,T; L2) x C*([0,T7; L2)

is compactly embedded in £. Using Markov inequality, one has

P((uy. Xx, W) ¢ Br(0. R))

1
<75 (E [luvlormm | +E [lunlogom] +E [1Xnl20zm]

+ E |1X0 ooz | +E [IW oy ) -
(5.48)
Then, using the bounds (5.37), and (5.38), (5.6), the classical properties of a p¢*-Wiener process
and also (5.15), the right hand side of (5.48) tends to 0 as R — oo uniformly in N € N*. Since
the sets Br(0, R) are precompacts in F, the sequence (uy, Xn, W)yen- is tight in F, and the
proposition is proved. n

A simple application of Prokhorov and Skorohod theorem leads to the following corollary:

Corollary 5.1. There exists a new probability space (Q, F,P) , a sequence of random variables
on this space (tiy, Xn, Wn)nen- taking its values in the space L*(0,T; L) x L?(0,T;L?) x
C(0,T; L?), with the same laws, for each N € N*, as (un, Xy, W), and a triplet (4, X, W) of
rv.in L*(0,T; L) x L*(0,T; L?) x C(0,T; L%), so that up to a subsequence,

Uy — 4 a.s.in LQ([O,T];Li),
N—o0

Xy — X as. in LQ([O,T};Li),

N—oo

Wy — W as.in C(O,T; Li)

N—oo
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Since uy, Xy are piecewise constant processes, the same is also true for their counterparts
in the new probability space ). Emphasizing on their dependence with respect to N € N*, we
define the following discrete parameter processes for 0 < n < N:

u% = uy(nAt) € L2,
X7 o= Xn(nAt) € L2,

and also

AWR = Wx((n + 1)At) — Wy (nAt),
A% = @l x AWE

and v, as the unique solution of (5.8) associated to the data (u} , AWR),ie. forall0 <n <
N —1,andall p € Wy,

(U — uy X Uy, ) + 20At(VUy, Vo)
= —2At(Valy, Vi) + ((id —uly x) (ay x AWY), @)

+ At((id —ay %) Fg(u"), p), (5.49)
where Wy ,,(w) := {¢) € H}, Vz € O, ¢(z) L @%(w,z)}. These random variables have the
same laws as their counterparts in €2 that is (respectively) u", X", AWy and A" := u™ x AWY.
We already noticed that v}, depends continuously on the couple (u?% , AW} ) through (5.49),
and thus the law of v}, is the same as the law of v™. It also follows that we have the identity

e W TR
N 7 |5n =n
|y + VY|

a.s. (5.50)

We still need to define the following processes on : Vt € [0, T,
On(t) =0y , if t € [nAt, (n+ 1)At), (5.51)

and
o — A%
Remark 5.4. By (5.30) and a classical compactness argument, we may assume that up a subse-
quence the following convergence holds
Viy — Va weaklyin L*(Q x [0,7] x O; R*>). (5.53)

N—oo

S Convergence of the martingale part

In section 4 we proved that the process X converges almost surely in L2([0, T xO; R3) to X.
Here we show that X' defines a square integrable continuous martingale with values in L2. We
define the filtration (F).c(0,7] as

Fo=0{W(s),s<t}. (5.54)



Proposition 5.4. The process t € [0,T] — X(t,w) € L? is a square integrable continuous
martingale with respect to the filtration (F;), with quadratic variation characterized by the
following relation holding for all a,b € L?:

<<<X>>ta,b>:/0t(ﬂ><(qba),ﬂ><(¢b)>ds.

The proof needs an additional martingale-type uniform estimate on X .

Proposition 5.5. For all g € N, there exists a constant ¢ = ¢(|¢|L,, T, q) > 0 independent of
N € N*, such that

0<n<N

E [ max \X}\‘,@%} <c.

To prove proposition 5.5, we state a discrete version of the Burkholder-Davis-Gundy in-
equality with values in a Hilbert space. The following result is a particular case of Proposition 2
of [ ], and we therefore omit the proof.

Lemma 5.2. For a given discrete parameter martingale (M™)o<,<n with values in a Hilbert
space H, for any q € N*, there exist c = c(q) > 0 such that the following inequality holds:

N-1
n|2q < [( n+l _ n2>q:|
JE[OISI%VW H} < cE ZO\M M)

Remark 5.5. Since for all N € N*, the laws of X and Xy are equal, note that for all t € [0, 7],
and almost surely,

Xy(t)= >k xAWR. (5.55)

0<(n+1)At<t

It is easily seen, using (5.49) and (5.50) that (a% )o<n<n is adapted to
FY = o {Wn(kAt);k € Nk <n}, (5.56)

and the process X% defines a martingale with respect to this filtration. In particular, we have the
following identity: for all 0 < n < n’ < N, and any bounded continuous function ¢ on (Li)"

E[(X}f,’ — X0)o(Wy(At), ... ,VVN(nAt))] ~0. (5.57)
The reader may also check that for any n, n’, ¢ as above, and for all a,b € L2,
E[ (X5, a)(X¥,b) - (X5, a) (X5 b)

— 3 Au(ak x (ga), @ x (¢b)>)¢(v‘vN(At),...,WN(nm))] —0. (5.58)

n<k<n’/—1

Equation (5.58) gives us the quadratic variation of (X% )o<,<n.
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Proof of Proposition 5.5. Assume that N € N* is given. We apply Lemma 5.2 to the discrete
parameter martingale (X}(‘])O << Which takes values in the Hilbert space H = L2. By (5.55),
and Holder’s inequality, one has

N-1 N-1
Ve e a —n Trn |2 4
B[( 30 1% = X3l ) | = B[ (3 Ik < aWR[,) |
n=0 n=0
N-1
< No-L E[m?v X AW i‘g]
n=0
It is known (see for instance [ ], corollary 2.17 ) that since AV_V]& is a gaussian random

variable with covariance At¢¢*, there exists a constant ¢(|¢|r,, ¢) > 0 (independent of n and
N) such that:

UAWN| ] < c(|9lL,, @) AL?. (5.59)
Therefore, recalling that |u% | = 1 a.e., one has
N-1 .
E[( D155 - Xal) | < N(el(dl, ) A1) N < (16, Toq)
n=0
This proves proposition 5.5. ]

We now turn to the proof of Proposition 5.4.

Proof of Proposition 5.4.

X is a martingale. We use the identities (5.57) and (5.58). We have to show that for any bounded
continuous function ¢ defined on the space (L)X, any a,b € L2 the following relations hold
foralmostall 0 < s <t <T,all K e N",andt; < ...tg < s:

E[(X(t) — X(s)e(W(t1),...,W(tk))] =0. (5.60)
and
E[((X(1), a)(X(8),8) - (X(s), a}(X(s),b)
/ (a(o) ), (o) x (¢b)>d0)¢(v‘v(t1), . ,W(tK))} —0. (5.61)
First, observe that as a consequence of Proposition 5.5, and Egorov’s Theorem,
Xy P X in L*(Q x [0,T] x O;R?). (5.62)

Hence, up to a subsequence, one has for almost all ¢, s € [0, 77,
Xn(t) — Xn(s) = X(t)— X(s), in L*(Q x O;R%).
— 00

Forall0 < k < K, if [ J denotes the floor of L& x, then L%J_ At tends to t;, as N — oo. Taki_ng
into account the almost sure continuity of the limit process 1, and the fact that the process Iy
converges almost surely to W in C([0,T]; L?) as N tends to oo, one has

(W (L] A0 - Wy (1] A1) =2 W), W(Ex)) in (13)%

N—oo
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The application ¢ being continuous, we conclude that

E [(Xn(t) = Xn(s))e (Wy (| 5] At) - Wi (|F] At))]
— E[(Xx(t) ~ Xn(s)e(W(t), - W(tx)]

N—oo

On the other hand, by (5.57)
B [(X0(0) = Tno)e (W (1] 80) - W (1] a0)] 0.
and (5.60) is proved.
If a,b € L*([0,T] x O;R3), then (5.58) implies that:

B[ (X (8), @) (Xn(0).) — (Xx(s), a) (Xn(s), b)

- Y Anay x a%x(qﬁb»)

s<(n+1)At<t

Moreover, the term

converges to

in L(Q), while the term

> Away x (ga), ap x (¢h))

s<(n+1)At<t

tends to .
/ (u(o) x ga, u(o) x ¢bydo |

in L*(Q). This proves (5.61). It remains to prove that X has continuous trajectories.

Proof of the continuity. We prove that the limit X satisfies the assumptions of Kolmogorov’s test
(seee.g. [ ], theorem 3.3). More precisely, we show that for any ¢ € N*, there exists ¢, > 0,
such that for almost every (¢, s) € [0, T]?,

E[1X(t) - X(s) i‘I] < |t —s]t. (5.63)

LetT >t¢>s>0, andn,n €N, the unique integers such that ¢ € [n'At, (n’ + 1)At) and
s € [nAt, (n + 1)At[. One has [t — n’At| < At and |s — nAt| < At. We consider the discrete
parameter martingale which starts at nAt, and whose increments are the same as (X ]’i,) k(o

More precisely, let (M]l\/)()glgn/_n be the discrete parameter process defined by

n+l
]\7[}\[:)_(]’\‘,”—)_(]@: Z[l’f\,, for 0<I<n —n.
k=n+1
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The process (]\_4 Jl\,)oglgn/_n defines a martingale for the discrete filtration (]F(Hn) AL)0<I<n! —n
(see (5.10)). Using similar arguments as for the proof of Proposition 5.5, and in particular
Lemma 5.2,

E [IXn(t) - Xn(s)7] <E Lomagg_n |M}V\i‘{4

-----

<c Z E[|A% i‘é](n’ —n)r!
k=n-+1 ’

< C(‘¢’IL27 Q)(n/At - nAt)q
< c(|]Ly, ([t — 5| + AL)?.

Then, (5.63) follows from (5.62) and Fatou’s Lemma. Thus, X defines a continuous martingale
with respect to (]:—t)te[o,T] (see (5.54)). As we saw in the proof of Proposition 5.2 the processes
Xy, for N € N* are square-integrable, uniformly in N, thus the almost sure limit X is square-
integrable. This proves Proposition 5.4. |

We are now ready to apply the continuous martingale representation theorem for Hilbert
space-valued Wiener processes. We have shown that the limit process X satisfies its hypotheses.
The quadratic variation of X is given, for any a,b € L2, by:

(€ X >0 a,b) = /0 ((s) x (6a), a(s) x (6b))ds, t€[0,T] .

There exists an enlarged filtered probability space B = (Q,F,{F},P), with Q C Q, and a
L2-valued Wiener process W defined on 3, with covariance operator ¢¢*, such that X, @ can
be extended to random variables on this space, and

t
X(t,o) :/ (s, o) x dW (s, @) , forall t €[0,T] , dP — a.s. (5.64)
0

6 Identification of the limit

In this section, the purpose is to find a relation between X and the limit %. Noticing that
>o<menac<e (AN — @) = an(t) — uo, and by definition of @}, in (5.52), one may write
Xn(t) as:

Xy(t)=ay(t)—ug— Y Atwy— > (ap —ay - oy) (5.65)

0<(n+1)At<t 0<(n+1)At<t
forany t € [0, 7.
Proposition 5.6. Up to a subsequence:

oy W weakly in L*(Q x [0,T] x O;R?),
—00

with

W= A+ u(Vu)? 4+ x At + Pyi [Fy(a)] .
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Corollary 5.2. Up to a subsequence, for any t € [0,T1], Z At Wy, converges weakly
0<(n+1)At<t

in L2(Q x [0,T] x O;R?) to

u[<AW@+ﬂ®NVM$P+ﬂ®)XAM®+Fme0da

Proof of Proposition 5.6. Thanks to (5.31), the equality of the laws of wy and wy, and Alaoglu
theorem, we can assume that up to a subsequence, wy converges weakly to a limit w in
L2(Q2x [0, T] x O; R?). Because of the strong convergence of iy to @ in L2(2 x [0, T] x O; R?),
one has also:

(id —ayx)wy — (id—ux)w weaklyin L*(Q x [0,T] x O;R?). (5.66)

N—o0
We shall first identify the limit of (id —uy X )wy

Step 1: proof that a.s. (id —ux)w(t,z) L u(t,z). By definition of wy, almost surely, and for
almost every (t,z) € [0,T] x O, one has wy(w, t, ) - Uy(w, t, x) = 0. Thus for any R-valued
test function p € L>(2 x [0,T] x O), one has

T
0 @)

On the other hand, by weak convergence of wy and strong convergence of uy ,

T
/ / Wy - uy)pdrdt — IE/ /(w-u)gpdwdt.
N—o00 o)

Thus, u(w, t,x) - w(w,t,z) = 0, for almost all (w, ¢, x), and (id —ux)w L u.

Step 2: identification of the limit for specific test functions. We use the definition of wy (5.52),
and (5.8). Take B
® e C([0,T); L% W) ,

and consider a test function of the form
u(w,t,r) x ®lw, t,z), we,tel0,T],z€0. (5.67)

We approximate this test function by the sequence of piecewise constant functions (uy X ®y),
where we set forall N € N*, all 0 <n < N — 1, and for ¢t € [nAt, (n + 1)At),

Oy (w,t,x) = Py (w, z) := P(w,nAt, ).

On the one hand, using the strong convergence of %y to @ in L2(Q2 x [0, T] x O;R?), and (5.30)
we have:

iy X @y — @ x ® strongly in L*(Q x [0,T] x O;R?), (5.68)
N—o0
V(uy x ®y) is bounded in L*(Q x [0,7] x O; R***) uniformly in N, (5.69)
and for any k € {1,2, 3},
Uy X Oy, PN —> 4 x 0, ® stronglyin L*(Q x [0,7T] x O;R?). (5.70)

136



On the other hand, almost surely, (uy x ®y) € W N.n» and is therefore a suitflble test function
in the variational formulation (5.49). Using then (5.52) and the definition of A%, and summing
overn € {0,..., N — 1}, one obtains:

T T
E/ <(1d —fLNX)lz}N, Uy X (I)N>dt = —QQE/ <V@N, V(ﬂN X (I)N)>dt
0 OT
— 2E/ <V7jLN, V(ﬂN X (I)N)>dt
0

T
+]E/ <(1d —ENX)Fd,(’L_LN), uy X (I)N>dt.
° (5.71)

The first term in the right hand side above converges to zero, because of (5.32), and (5.69).
For the second term, we observe that since for all k = 1,2, 3,

Oy, Uy + (Op, uR X DY) =0,
then
T T
QE/ <VI_I/N, V(ﬂN X (I)N)>dt = 2E/ < Z amkﬁN,ﬂN X 8xk<I>N>dt
0 0 k=123

By (5.70), and the weak convergence of Vi to Vi in L?(2 x [0,T] x O;R3) (see Remark
5.4), this tends to 2E [[7 32, 5 (95, @, @ x 9, ®)dt as N — oo.

Eventually, it easily follows from assumption (5.6), the Sobolev embedding H? C L°°, and
the boundedness of the sequence (iiy )y in L>(Q x [0, T] x O;R?) and (5.68) that the third
term of the right hand side of (5.71) converges to

E/OT(ld —ax)Fy(a ZE/ {(id —ax)((@ x ¢;) x ¢;) , @ x PYdt .

ieN

Identifying all the limits in the right hand side of (5.71), we get:
T T
E/ ((id —ax)w,u x ®)dt = —2E/ (Vu,V(ax ®))dt
0 0
T
+]E/ <(id —ux)Fy(u), u x <I>>dt. (5.72)
0
By a density argument, (5.72) remains true for any ® € L2(Q2 x [0, T]; H}).
Step 3: identification of the limit for any test function. We are going to use (5.72) with
¢ :=uxZz,

where = € L2(Q x [0, T]; W) and thus ® € L*(Q x [0, T]; H?). First, observe that for any
unit vector V' € S?, one has
Vx(Vx:)=—=P., (5.73)

where P,,. denotes the orthogonal projection on V*, hence from Step 1,

((id —ux)w) - x (u x E) = —((id —ux)w) - =. (5.74)
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Moreover, for any 1 < k < 3, since @ - Oy = 0, one has

(0p, 0 X @) - O, (U X Z) = (O,

Using (5.74) and (5.75) in (5.72) with ® := % X =, we obtain:

T T T
—IE/ ((id —ﬂx)w,5>dt:2E/ <Va,VE>dt—2E/ ((Vu)*u, Z)dt
0 0 0

1 T
— 5IE:/ ( Py (id —ux ) Fy(a), E)dt,
0

from which we deduce that
(id —ax ) = 2(Au + (Vir)2i) + Py [(id —ax)F¢(a)} ,
in L2(Q x [0,T] x O; R?).
Step 4: end of the proof. Note thatif V' - u = 0, then
(id —ax)~'V = %(id +ux)V,

whence
W = A+ u(Va)? +u x At + Py [Fy(a)] ,

and Proposition 5.6 is proved.

(5.75)

(5.76)

Proof of Corollary 5.2. It is an immediate consequence of Proposition 5.6, and the fact that

t
E/ (wy(s),P)ds convergesto 0 as N — oo |
[ At

for any ® € L?(Q x O;R?), by (5.31).
Proposition 5.7. For almost every t € [0,T],

> (- - )

0<(n+1)At<t

converges strongly in L' (€2 x O; R®) to the part of the Ité correction which is along u, namely

/0 P [Fy(w) ds
Corollary 5.3. For almost every t € [0,T],
X(t) =a(t) —ug — /Ot (Au+ a(Va)* 4+ a x Au+ Fy(u))ds,
and u € C([0,T]; L?).
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Proof of Proposition 5.7. We setforeach(0 <n < N — 1:
n —n+1 —n —n 1 AN |21

It suffices to prove the following two facts:

> Ry —0 (5.79)
N—o0
0< (n+1)At<t
strongly in L}(Q x O;R3), and
_ t
> lay x AWRPuy — — | Pa[Fs(u)]ds, (5.80)
N—oo 0

0<(n+1)At<t

strongly in L%(Q x O;R?).

Proof of (5.79). We decompose R into four terms:

R + OR Lz
R = N TN gn gt DA Pt =T+ I+ 1T+ TV

with

n 1 11 an |2 . an 1 o 1
I:= uN< TARE 1+ 3|AR| ) , AI=uy (\/1+|vm2 \/1+A§‘v2> ’
g (o = O} — — ——
111 := Un ( ,—1+\A7](]\2 1) y and IV = Un <\/1+|”Kr|2 \/1+|AX/|2> )

and treat each of them separately.
Convergence of I: Using

‘ﬁ —(1—- %$2)| < cx?, forall v € R,
we get
E Y | 1 AP <5E Y 1A
0<(n+1)At<t 1+ |A7V|2 2 Le 2 0<(n+1)At<t ’
Sl D A,
0< (n41)At<t

which tends to zero as /V tends to infinity.
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Convergence of //: we have by Cauchy-Schwarz inequality and a Holder-type inequality:

E D

an( 1 _ 1 )
N\VIHTRE (/1A 2

Il
0<(n+1)At<t ’
<ScE Y |- AP,
0<(n+1)At<t
SCE Y [oR AR [0k - AR
0<(n+1)At<t
C _
< ——=FE |o — A% |3,
2V AL 0<(n+1)At<t
cV At -
+ E Y |0k + A%

0< (n+1)At<t

We then use (5.13), (5.16) and (5.17) to conclude that /] tends to 0 as /V tends to infinity.
Convergence of /11: Working as above, one has

E Y |-

\/ 1+ AR |2
0< (n+1)At<t

e Y mi) e —E( X k).

0<(n+1)At<t 2VAL 0<(n+1)At<t

Then, using again (5.17), and (5.14), the above quantity tends to 0 as N — oo.
Convergence of IV': Cauchy-Schwarz inequality implies:

)
1 1

a2 )2 o 3

< (E E |UN|%%> <E E 0§ — ANl%%) :

0<(n+1)At<t 0<(n+1)At<t

Ll

x

—=n 1 1
E“UN(\/va N \/1+|f%|2)

Using (5.16) and (5.17), we conclude that IV tends to 0 as N — oo. Finally (5.79) is proved.

Proof of (5.80). Foreach N € N*, and 0 < n < N — 1, observe that if we denote by E[[F7]
the conditional expectation with respect to '}, (see (5.56)), we have

E |y x AWRP|Fy] = At |ay x ¢ (5.81)
€N
We set
_ t
> ayluy x AWR|? —/ > alu x ¢ifPds =T +11,
0<(n+1)At<t 0 jeN
where B
1= % ay(lay x AWEE =Y Jay x 6t
0<(n+1)At<t i€N
and

IT= Y ) ayluy x ¢i*At — /tzfayu x ¢;|%ds .
0

0<(n+1)At<t ieN ieN
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Developing the square of the L2 norm of I, we get a sum over two indices k& < n, which after
taking the expectation contains the terms:

B[ (s < AWEE = S Jak x oif2At) , b (jah x AWEE = 3 Jak x 6:A0)| .
€N i€N
When k < n, this is equal to
E|(anElay x AWEE = [y < i AtFR] , ki (juky x AWE? =3 Jah x 6i2A0))]
€N 1EN

Thus, using (5.81), these terms vanish. It follows, using again (5.81), that

—n n —n 2
B = > E[llw x AWHE = lak < At
0<(n+1)At<t i€N
= Z / |y x AWR|* — Z @ x ¢]?) At) >dx} :
<(n+1)At<t

Both terms on the right hand side are bounded by ¢(T") |¢|ﬁo,1At (see (5.14)), hence tend to zero

as NV tends to infinity.
For 11, we write

2 Lozt 2
> S alaoxoPar= [T avluy x ofds,
0<(n+1)At<t i€N 0 ieN
and note that ffLJAt > ien Un|un X ¢;]2ds tends to zero in L*(2 x O; R?). Moreover, we have
At

/ ZUN’UN X o ds—/ Zu\ux@ st‘B] <c\(b|]LozE/ [ty — t[z2 ds |

ieN

which tends to 0 as N — oco. We conclude that

Z ZUN|UN x i At e / Zu|u x ¢;|*ds

0<(n+1)At<t ieN ieN

strongly in L*(Q; L2). Eventually, (5.80) follows from
t t
/ > alu x ¢if*ds = —/ Py |> (1 x i) x )| ds
0 jeN 0

_ _/Ot P, [p;)(a)] ds .

|
Proof of Corollary 5.3. We recall that we have for almost every ¢ € [0, 7] and for all N € N*

Xy(t)=an(t)—ug— Y Atwy > (@ -y - )

0<(n+1)At<t 0<(n+1)At<t
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and that, up to the extraction of a subsequence,
iy — @ strongly in L*(Q x [0,7T] x O;R?),
and thus without loss of generality, we can assume that for almost any ¢ € [0, T,
uy(t) — a(t) L*(Q x O;R?).
Then, by Corollary 5.2 and Proposition 5.7,
- DL Ay - Y (@ -ay -

0<(n+1)At<t 0<(n+1)At<t

converges weakly in L2(Q x O; R?) to
t t
- / (Au+ w(Va)* + a x At + Pyo [Fy(u)]) ds — / Py [Fy(u)]ds .
0 0

The continuity of @ follows from (5.77), the continuity of X (Proposition 5.4), and the fact that
w € L'(0,T; L?) a.s. (see Proposition 5.6). [ ]

End of the proof of Theorem 5.1. The conclusion follows by (5.77), together with (5.64): there
exists a martingale solution (2, P, Ficjo.77, W, @) of (5.1),i.e. forany t € [0, T,

u(t) :u0+/0t (Au+ a(Va)* + a x Au+ Fy(u)) ds+/0ta x dW(s). |
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CHAPTER 6.

Numernical Studies

In this chapter, we numerically investigate the influence of the noise on LLG.
We implement the new numerical scheme proposed in Chapter 5, and we show
how to use it together with a finite element discretization in space. After giving
a brief proof of the counterpart of the main theorem of Chapter 5, namely the
convergence of the discretization of SLLG in space and time towards a martingale
solution, we evidence pathwise blow-up behaviour with jumps of the energy
functional, and we show smooth evolution of the expectation.

143



1 The numerical Method

(1.a) Preliminaries

In this chapter we describe our numerical method related to (SLLG) with a precession parameter
~v > 0, and dimensionless temperature ¢ > (. namely

du = (yu x Au+ eFy(u) + Au+ u|Vul*)dt + eu x dW,

in Q x Rt x D, u(0) = ug (plus boundary conditions which will be precised in the examples
below). We focus especially on a two-dimensional domain which may be the unit disk D =
{z € R?, |z|ge < 1}, or the torus T?. Recall that the scheme proposed in Chapter 5 is only
semi-discrete in time, therefore a space discretization is needed. We choose finite element
approximation, which is well suited for numerical investigation on muldimensional domains
and was already studied for deterministic LLG, see e.g. [ , , , ].

Let (75)n>0 denote a regular family of conformal triangulations of the domain D C R?
parametrized by the space step h > 0. For h > 0 we denote by L = L(h) > 1 the number of
vertices, by I the indices [[1, L], and by (z;);c; the vertices of Tj,. The standard basis of the
so-called P, discretization, is denoted by (););cr, namely the functions (1);) are continuous and
affine on each triangle, and satisfy v;(z;) = ¢, ;, the Kronecker symbol, for all ¢, j € I. We
denote by V}, the finite element space:

Vi, = {u = Zuiwi, such that u; € R® foreach i € I} , (6.1)
il
and if u;, € V},, then we define the so-called “tangent space” (see [ D:

K(uh)—{v—Zviwi, Viel, ui-vi—()} ) (6.2)

icl
We also denote by Z;, the standard interpolation operator, namely:

T, : C(D;R?) — V,,

U — Zielu(:c )

(6.3)

We denote by (, ), the bilinear form
(0, ¥ ::/zh (0(z) - (@) dz , forall p,1 € C(O:RY) . 6.4)
O

Assume that we are given a stochastic basis P = (Q, F,F, P, W), where W is a cylindrical
process formally defined as

)= Bewtle , (wt)eQx0,T], (6.5)
ecB3

where {3.} is an i.i.d. sequence of independent R3-valued Brownian motions, and B is an ONB
of L?*(D; R?). As in the preceeding chapters, we consider the ¢¢* Wiener process W, defined
by applying formally the operator ¢ to W, namely W, := > __ps Becbe.
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(1.b) Approximations of white and space-regular noises

Fix T' > 0, take an integer N €> 1, and define the time step k& := T'/N. Foreachn € [0, N —1],
we denote by

A

AW™ = W((n+ 1)k) — W(nk) ~ N(0, kidepzs)) - (6.6)

and AW} := ¢AW. Since for the numerical applications we cannot work directly with these

“real increments”, we shall define first some approximations y" ~ AW™ and "~ AWZ in Vj,
and then use it for the variational formulations (6.16)-(6.17) below.

Approximation 1 (white noise). We approximate the increments A" by x™ which for each
0 <n < N — 1is the element of V), defined by:

Xn(x) — Z @(V?ﬂ ,YSJ’ ,ygb,l)
iel [ Jp(Wi(2))%dz

where {”y;” :0<n<N-1,1<i<L,1<j<3}denotes an i.i.d. family of real random
variables with law A/(0, 1) (see also [ ] for an approximation of this form).

Yi(x) , for x in D | 6.7)

Now, recall that for g € H~* (D; R), the boundary value problem

{—Af+f:g, inD | 68

f‘t=0:07 OHID),

admits a unique solution f = ¢g, such that ¢ : H ! — H' is bounded. Furthermore, it is a
classical fact that if B denotes the orthonormal basis of L2 associated to the eigenvectors of
—A + I (with the same boundary conditions as above), then

Z ‘¢6’§{% <0,

eeB

which means that ¢ is Hilbert-Schmidt from L2 onto H!}. Therefore, if W denotes a cylindrical
Wiener process, the process formally defined as ' = ng is H}-valued, and it guarantees the
boundedness of the energy functional for the corresponding solution u, see Chapter 2.

For the problem (6.8), an approximation of f = ¢g in V}, is given by finding the unique
solution f, = ¢ng € Vj of

(Vo Vi + (fro o = (9, a3 > Y€ Vi (6.9)
The Lax-Milgram Lemma also applies, and therefore
b HYD;R) =V, (6.10)

is correctly defined by (6.9), bounded from H~!(D; R) into H'(ID; R), uniformly in h > 0.

Approximation 2. (regular noise in space) For n = 0,1,..., N, an approximation " of the
increments AW} = Wy((n + 1)k) — Wy(nk), will be computed as follows.

(1) First define approximations x" of A" as in (6.7).
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(2) Then, “regularize” x" by defining the element £" of V}, as:
£ = onX" (6.11)

foreach0<n <N -—1.

Remark 6.1. For Approximation 2, recall that if V}, consists of the continuous piecewise poly-
nomials of degree < 1 with respect to 7, then we have the standard error estimate for all
g € H'(D;R3) (seee.g. [ D:

(@ — @)glrz < Chldgluy = Chlglp (6.12)

where the constant is independent of g. Hence, for all n € [1, N — 1], we have

1€" = oX" 2 < ChIX"|u—

so that by (6.7) we have E[|¢" — qﬁx"[%%] < C(x™)kh. Notice however that in dimension two,

the “real increments” AW™ belong to H 1=¢ for all € > 0, but not to H . 1. 50 that the constant
C'(x") diverges as h — 0.

(1.c) Practical implementation of Algorithm 5.1

In what follows, we define the operators ¢ and ¢, as in the previous subsection. For these
operators, there exist gzﬁh and gzﬁ acting on scalar functions, such that ¢ f = (gzﬁ f1, gb fa, gb f3), and
Onf = (Onf1, nfa, dnfs). forall f = (f1, fo, f5) in L*(D;R?).

We begin this paragraph by two important remarks on the practical implementation of
Algorithms 6.1-6.2 below.

Remark 6.2. The term (id —u"x ) F(u") has vanished in the algorithms below: there is no It6
correction. Itis due to the fact that when the regularizing operator ¢ is chosen “isotropic”’, namely
there exists ¢ : L2 — L2 Hilbert-Schmidt, such that ¢f = (¢f1, dfa, &fs), Vf € L2(D;R3),
then for any orthonormal basis BB of Li, and forall z € D, a.e. :

Fy(u)(x) = = (¢e(x)) u(z) . (6.13)

eeB

This comes from the vector identity Y _._5(@ x @) x @ = —24, for all @ € R?, and B ONB of R,
Therefore in the semi-discrete case — note that in particular (idgs —u" x)Fy(u") = Fy(u") — the
term ((idgs —u"x)F,(u™), )2 vanishes when tested against a function ¢ of the tangent space
K (u"). In the “completely discrete” case, it is reasonable to approximate, for u, = Y . u;¢; €
V}, the term F;(uy,) by the finite sum

R (an > (Gnei)a) x (duwn)a) i 2
Fn(un) = 5 > T T n(a) s == (Snthi) (@) uith,

iel,aeB iel
(6.14)

which also vanishes when tested against elements of K (u").
However, if one aim to use more general spatial correlation, e.g. considering different
regularilies for different directions, then F;(u) may have a part which is orthogonal to u(t, x)
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for each (¢, x) € Ry x D. In the semi-discrete case, the variational formulation of the Algorithm
5.1 of Chapter 5 writes forall 0 <n < N — 1:

(" —u" X v, Q)2 + 20AH(VV", V)2
= “2AHVU", V) 1z + AH{(id —u"x ) Fs(u™)*, ) 12
+ ((d —u"x)u" x AWS, o)z, Vo € K(u") .

where here we have just replaced the term Fy(u") by its pointwise projection F(u™) :=
PyFy(u).

In the completely discrete case below, this corresponds to adding the term ((id —uy, s x)
Fy(upr)*, @) in the variational formulation (6.17), where Fj-(uy ) denotes the element
obtained by applying the pointwise orthogonal projection on Vect{uy, . }* to the second term of

(6.14). As mentioned in Chapter 5, due to the renormalization step, the term of the Itd correction
that is along u, namely (F,(u) - u)u, is recovered at the limit At — 0.

Remark 6.3. Since our variational formulation comes from the so-called Gilbert Form, namely
du —u x du = (Au+ u|Vul> + Fy(u))dt + (idgs —ux)u x dWy |
a correct transcription of Algorithm 5.1 should be given at each time step 1 <n < N — 1 by:

Find v" € K(u") , such thatforall p € K(u"):
(V" —u™ x V" Q) + 20k(VO", V), = =2k(Vu", V), + ((id —u”x)(u“ X X"), On

In Algorithm 6.1 below, we have instead replaced the term ((id —u"x)(u™ x x™), ¢) by the
simpler one (u" x x", ¢), which, roughly speaking, rather leads to approximate the equation
du = (Au + u|Vul? + u x Au)dt + (idgs —ux )~ (u x odW), namely the equation obtained
by formal multiplication of du — u X du = 2(Au + u|Vu|?)dt + u x odW by (id —ux)~".
However, the vectorial identity (id —u™ x -)~' = 1(idgs +u™ “(u™) 4+ u" x ), and Chapter 1 -
Section (1.b) justifies that both equations

du = (Au + u|Vul® +u x Au)dt + (idgs —ux) " (u x odW)
du = (Au + u|Vul® +u x Au)dt +u x odW

lead formally to identical Kolmogorov equations for their respective laws.

ALGORITHM 6.1 : SPACE-TIME WHITE NoiSE. — Take 0 € (%, 1. Take a final time T' > 0, an integer
N > 0, and define the time step k = T /N > 0. Set n = 0. Start with an initial data

u0:Zug¢i€Vhﬂ{u:Zui¢i, u; € R3, |ugl?s = 1, WEI}. (6.15)

icl el
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Then, for P-a.e. w € §2:
[ find v" = Zv?z/zl € K(uyp) such that:
iel
(0" —u™ X", @)n + 20K(V0", V) = =2k(Vu™, Vo), + (u" X X" )i
forall ¢ € K(u") .

n n
u; +v;

il [ul + 0 |gs

Seta.s.inVj, : u"! = Z

| Reiterate untiln = N.
(6.16)

For the case of a regular noise, namely when W is a ¢¢*-Wiener process in L2, with ¢
defined by (6.8) we need a supplementary step.

ALGORITHM 6.2 : REGULAR NOISE IN SPACE. — Compute Algorithm 6.1, replacing (6.16) by the
following.

[Find " €V, , v" € K(u") ,
(V" V= 6mn , forall peVy, , and

(V" —u™ x ", @) + 20k(VU™, V),
= —2k(Vu", Vo) + (u" x £, )y , forall ¢ € K(u") .

. ul + v
Seta.s. inVy, : u" = g ——t ) .
. n n
i€l |ul' + vl|gs

| Reiterate untiln = N.
(6.17)

Our aim is now to state an adaptation of Theorem 5.1. We however need some uniformity
assumption on the shape of the triangles to ensure that the renormalization step is compatible
with the energy estimates of Chapter 5. For a given triangulation 7, we make the analytical
assumption on the basis elements (1);):

/V¢i~ij <0, forall (i,j)€I?, i#j . (6.18)
D

We have the following result [ , ].

Theorem 6.1. For meshes that satisfy the property (6.18) for the P, approximation, we have the
following finite elements counterpart of inequality (5.19): if v =) . v; € Vj, is such that

VZEI, ‘Ui’]}giizl,

Notice that the condition (6.18) is fulfilled in the two important cases:

then
2

d:c§/]Vv(:c)|2da: : (6.19)
R3x2 D
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(i) in dimension two, when the triangulation is of Delaunay type;
(ii) in dimension three, when all dihedral angles of the tetraedra are smaller than 7 /2.
We refer to [ ] and references therein for a discussion on this topic.

Theorem 6.2 (Convergence of Algorithm 6.1). Assume that the P, approximation satisfies (6.18),
and define u", the sequence solving Algorithm (6.2) with £" := AW for each0 <n < N — 1.
Let uy, , be the progressively measurable Vi,-valued process:

upk(t) :=u" if t € [nk,(n+ 1)k) , forsome n€{0,...,N —1} .

where (u") is obtained by Algorithm 6.2 with {" defined as W4((n + 1)k) — Wy(nk) for each
n € [0, N — 1]. Then, up to a subsequence,

Upp — 4, in L*(Qx[0,7] x D;R?).
" h,k—0

Proof. The proof of Theorem 6.2 follows then the same steps as that of Theorem 5.1: using the
peculiar test function

pi=v"=u" xx" ,

we obtain the uniform estimates:

T
esssup E [|Vuh,k(t,-)|%g] <C,E [/ |1Uh7k(t,')|%grdt:| <C,
2 ; 2

te[0,7
T T
E U |Uh,k(t,-)|§§dt] <Ck ,E [/ \Vvh,k(t,-)ﬁ%dt] <Ck
0 0

where vy, , 1= v", and wy,j, == (V" — u™ x x") on [nk, (n + 1)k), with a constant C' depending
on ¢, T, u°, 6, but not on h, k > 0. The first bound on the Dirichlet energy is a consequence of
the assumption (6.18), using then the same proof as that of Lemma 5.1.

By the same compactness arguments as that of Chap. 5 - sec. 4, we obtain the convergence
L (upx) — Z(u) up to an extraction.

Setfort € [0,T], Xnk(t) = > o<(ninypes Zn(u" x £"). Then, the identities:

E[(Xh,k(t) — Xna(8)) o (Wy(k), .. W¢(nk))] —0, (6.20)

E | ({Xnk(8), @)z (Xnn(8), bhaz — (Xna(5), @) 12 (X (5), b) 2
— Y kb x (dna) , X (¢hb)>L%>gp(W¢(k),...,W¢(nl<:))] —0, (621)

n<l<n’—1

for n,n' with s € [nk, (n + 1)k), t € [k, (n’ + 1)k), a,b € L2, and o bounded continuous on
L2 (and therefore on V;,) and all a, b € (V4,)?, are used to show convergence of the martingale part
of uy, ; to a stochastic integral [ (s, @) x dWy(s,®), which, with an adaptation of Propositions
5.6-5.7, gives us the desired equation on . |
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2 Influence of noise on blowing-up solutions

For each n recall that by y" we mean

Veky; ; :
Z ‘w | ; nl , where (’Ynyz)(n,i)e[[O,Nfl]]xI ~ N(O, ldRBXLxN) . (6.22)
i|LZ
which turns out to be a reasonable approximation of space-time white noise, see [ , Lemma

A3l

Remark 6.4. Computing a variational formulation in the space K (u") defined above could be an
obstacle in practice. For this reason, the following formulation based on a penalization method,
which turns out to be equivalent, is prefered in practice to (6.16), (6.17):

Find (v",\) € V,, x RV | such that V(gp, ) € V), x R :
(V" —u” X 0", o) + 20k(VV", V), = =2k(Vu", Vo) + (u" X X", o)n

+ 3 (adilpiu?) + e - )

el

where here the values a; > 0 and the b; > 0,7 = 1, ... L are arbitrary weights.

In the remaining part of this section, the noise is regularized in space: we implement
Algorithm 6.2. Computations are performed in Freefem++, see [PH], and the domain is the
two-dimensional unit disk D. We build a uniform mesh of size Ay, = 1/K. Let us briefly
explain how the meshes are built in the sequel We start by using the command

border Gamma(t=0,2.*pi){x=cos(t);y=sin(t);};}

which defines the border I' = dD. Then, a mesh is automatically generated by defining an
integer K, and writing buildmesh(Gamma(J)) ;. The integer J gives the number of points on
I" This mesh generation is based on the so-called Delaunay-Voronoi Algorithm.

Example 1. Here we set:
E=0001, J=101, e=1, v=0.425 , (6.23)

so that we have the parameters L = 1815 and h,;, = 0.050518. We consider the following
equivariant initial data:
u’(z) = ( smh(|x|) cos h(|z])) ,

2] (6.24)
where ho(r) = 1.57r , r €[0,1] ,

see Figure 6.2. This particular ug is known to generate blow-up, at least in the overdamped case
v = 0, and when € = 0 (see [ D.

By the arguments developped in Chapter 4, we know that for this type of data blow-up can
occur, at least when the noise acts on the plane formed by the vectors (xy, z2,0) and (0,0, 1) and
if its value depends only on = /(2% + 2:3), see Figure 4.1. However we numerically evidence
in figure 6.1 that blow-up still occurs for the noise terml N = u x W, W = (W, Wy, W3),
even in the case where W is not radial (which has not been proven yet).
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Figure 6.1 — For the overdamped case, blow-up still occurs even when for a noise of the form
u x (Wi(t,z), Wa(t,x), Ws(t, z), instead of e, Wi(t,|z|), see (4.7). Here we have plot the
solution at times ¢t = 0, ¢t = 0.015, ¢ = 0.05, ¢ = 0.06. The parameters are v = 0, k = 0.001,
Pmin = 0.050518.
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Figure 6.2 — Equivariant initial data taken for the computations of Figures 6.3 and 6.1.

In the case v > 0,e¢ = 0, we still observe blow-up. For this particular initial data, the
gyromagnetic term has a regularizing effect: for all values v € [0,0.425] we observe blow-
up, whereas for v > 0.43 no such phenomena happens (even after 7). This motivates our
peculiar choice of «y in (6.23). This type of regularizing effect was already observed, also for an
equivariant initial data, but for another scheme, see [ ], even though, according to [ ],
this could be due to the particular choice of initial data, (in this work the authors choose a non
equivariant initial data).

In figure 6.3, we see that for three different samples wy, w9, w3, any scenario can happen.
For w; and w3 blow-up still occurs when € = 1. We observe that in finite time every vector is
pointing downwards, evidencing the switching mechanism during which [Vu(t, -)|z — oo.
For w,, the noise seem to regularize the solution, no singularity forms.

We have put the plots of the energy (and energy density) in Figure 6.4.
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start with the same initial data, see figure 6.2.
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Figure 6.4 — Evolution of [Vu(t)|7, (left), [Vu(t)|7 (right) for the three trajectories of Example
1.
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Résumé. Cette these porte sur I’influence d’un bruit Gaussien dans 1’équation de Landau-
Lifshitz-Gilbert Stochastique (SLLG). Il s’agit d’une équation aux dérivées partielles stochas-
tique non linéaire, avec une contrainte non convexe sur le module des solutions. Le chapitre 1
se consacre a la solvabilité locale de SLLG. Utilisant les propriétés classiques de I’intégration
stochastique dans un espace de Banach, nous proposons une formulation mild, et donnons
I’existence et ’unicité d’une solution locale en dimension n > 2, pour un bruit Gaussien
régulier en espace, dans le cas suramorti. Par la suite, nous effectuons une étude spécifique de
la dimension deux d’espace. Le chapitre 2 porte sur I’existence d’une solution forte, au sens
probabiliste, en 2D. Une méthode de compacité nous permet d’obtenir une solution globale en
temps, de maniere unique. Le chapitre 3 s’intéresse a 1’unicité des solutions faibles en 2D. Un
résultat déterministe donnait I’unicité en supposant 1I’énergie décroissante au cours du temps,
hypothese impossible dans le cas bruité. Néammoins, nous montrons 1’unicité des solutions
faibles dont I’énergie vérifie une propriété de sur-martingale. Le chapitre 4 donne I’existence,
sous I’hypothese de suramortissement, de solutions explosives en temps fini. Contrairement
au cas déterministe, une singularité peut apparaitre avec probabilité positive, quelle que soit la
donnée initiale choisie. Revenant ensuite au cas d’une dimension quelconque, nous proposons
au chapitre 5 un nouveau schéma numérique semi-discrétisé en temps, préservant de maniere
exacte le module des solutions, et nous montrons sa convergence en loi. Ce travail a fait I’objet
d’un article, écrit en collaboration avec F. Alouges et A. De Bouard. Ce schéma est ensuite
implémenté dans le chapitre 6 a I’aide d’éléments finis. Nous donnons une méthode pratique
pour approcher un bruit régulier en espace. Le phénomene d’explosion est ensuite observé
numériquement, ce malgré la présence d’un terme gyromagnétique, et d’un bruit plus général
qu’au chapitre 4.

Abstract. This thesis is devoted to the influence of a noise term in the stochastic Landau-
Lifshitz-Gilbert Equation (SLLG). It is a nonlinear stochastic partial differential equation with a
non-convex constraint on the modulus of the solutions. We study in chapter 1 the question of
local solvability. Using classical properties of stochastic integration with Banach space-valued
processes, we propose a mild formulation, and give the existence and uniqueness of a local
solution in any dimension, for a space-regular Gaussian noise. We focus then on the specific
study of a two-dimensional space domain. Chapter 2 deals with the existence of a strong
solution, in the probabilistic sense. A compactness method allows to obtain a global solution, in
a unique way. Chapter 3 gives uniqueness of weak solutions, provided that the energy satisfies
a supermartingale property. This is the stochastic counterpart of a known deterministic result
giving the uniqueness of weak solutions, knowing that the energy decreases. Chapter 4 gives
the existence, in the so-called “overdamped case”, of solutions that blow-up in finite time. We
prove that, unlike the deterministic case, a singularity may appear with positive probability,
regardless of the initial data chosen. Then we return to the case of general dimension of space,
providing in chapter 5 a new time semi-discrete scheme for SLLG which preserves exactly the
local constraint on the magnitude, and we show its convergence in law. This chapter is based
on an article in collaboration with F. Alouges and A. De Bouard. In Chapter 6, we show how
to implement it with a finite element dicretization in space, and we give a practical method for
approaching a regular noise in this framework. We also evidence numerical blow-up of the
solutions, despite the presence of a gyromagnetic term, and of a more general noise than that of
Chapter 4.
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