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Autour des équations stochastiques fractionnaires : Variations et estimation

Résumé :

Cette these est consacrée a 1’étude de certaines classes d’équations aux dérivées par-
tielles stochastiques de type fractionnaire dirigées par un bruit gaussien additif. Le caractere
fractionnaire de ces équations est donné soit par l'opérateur différentiel qui intervient (le
laplacien fractionnaire) ou bien par le bruit aléatoire. La perturbation aléatoire qui dirige
ces équations peut avoir une corrélation en temps ou en espace.

Dans un premier temps, on analyse 1’équation de la chaleur stochastique avec un

opérateur différentiel donné par le laplacien fractionnaire d’ordre a € (1,2). Le bruit
aléatoire qui intervient dans cette équation est additif et il se comporte comme un processus
de Wiener par rapport a la variable temporelle et comme un bruit blanc ou coloré par
rapport a la variable spatiale. Nous obtenons des résultats concernant l'existence de la
solution, la régularité de ses trajectoires ainsi que sa loi de probabilité. Nous remarquons
un lien étroit entre la solution de I’équation fractionnaire de la chaleur et certains processus
stochastiques fractionnaires (mouvement brownien fractionnaire ou bifractionnaire). En
utilisant ce lien, nous étudions le comportement asymptotique des variations généralisées
de la solution, en temps et en espace. Nous proposons également, dans la situation ou
I'équation initiale dépend d’un parametre de dérive (ou de drift), des estimateurs pour ce
parametre. Les estimateurs s’expriment en fonction des variations généralisées de la solution
et nous utilisons les comportements de celles-ci pour obtenir les propriétés asymptotiques
(consistance, normalité asymptotique) de nos estimateurs.
Dans un deuxieme temps, on analyse 1’équation stochastique des ondes sur un intervalle
fini en espace. Ici le caractere fractionnaire est donné par le bruit gaussien qui se comporte
comme un mouvement brownien fractionnaire avec un indice de Hurst H € (%, 1) par
rapport a la variable temporelle et comme un mouvement brownien standard en espace.
Notre analyse est basée sur ’écriture différente sous la forme d’une série trigonométrique
du noyau associé a 1’équation des ondes. Des différentes propriétés de la solution sont
ainsi obtenues, parmi lesquelles 1'existence, la continuité holdérienne de ses trajectoires, la
propriété dite de scaling et le comportement par rapport a I'indice de Hurst.

Mots-clefs : équation stochastique fractionnaire, auto-similarité, variation généralisée,
estimation du parametre, équation d’onde.
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On fractional stochastic heat equation : Variation and estimation

Abstract : This doctoral thesis is devoted to the study of the fractional stochastic heat
equation driven by additive Gaussian noises. The word " fractional” concerns the appearance
of the fractional Laplacian operator or it refers to the driven fractional noise. The Gaussian
random may have a non trivial correlation in time and/or in space.

First, we analyze the stochastic differential heat equation with a fractional Laplacian
operator with exponent o € (1,2). The random noise is considered to be white in time and
white or colored with respect to the space variable. We obtain several results concerning
the existence of the solution, the regularity of its paths and its law. We noticed a link
between the solution of fractional heat equation and some fractional stochastic processes
(Fractional Brownian motion or bi-Fractional Brownian motion). Using this link, we study
the asymptotic behavior of the generalized variations of the solution, in time and in space.
We also propose, in the situation where the initial equation depends on a drift parameter,
estimators for this parameter. The estimators are expressed as a function of the generalized
variations of the mild solution. We use the behavior of these variations to prove some
asymptotic properties (the consistency, asymptotic normality) of our estimators.

In a second part, we analyze the wave stochastic equation on a finite interval in space.
In this case, the character ”fractional” is given by the Gaussian noise which behaves in
time as a Fractional Brownian motion with Hurst parameter H € (%, 1) with respect to the
variable of time and as a standard Brownian motion in space. Our analysis is based on the
expression of the Green kernel associated to the wave equation, which can be written as a
trigonometric series. We establish various properties for the solution, including the scaling
property, the pathwise regularity or the asymptotic behavior with respect to the Hurst
parameter.

Key-words : fractional stochastic heat, self-similarity, generalized variation, parame-
ter estimator, wave equation.
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L’équation de la chaleur se situe parmi les équations aux dérivées partielles les plus uti-

lisées. Elle modélise le phénomene physique de conductivité thermique. L’équation de la
chaleur classique, écrite a I’aide du laplacien ordinaire, est utilisée surtout pour modéliser
les situations standards, qui se passent dans un environnement normal. D’une autre part, les
phénomenes physiques arrivent parfois dans un environnement différent, anormal (matériaux
hétérogenes, tissus organiques etc) et cela peut influencer 1’évolution du flux d’énergie. Dans
ces situations, les chercheurs en physique ou les mathématiciens utilisent souvent comme
modele ’équation fractionnaire de la chaleur, en remplacant le laplacien standard par le
laplacien fractionnaire. En outre, le bruit ou la perturbation stochastique est inévitable et
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omni-présente dans la nature ainsi que dans les systemes créés par 'homme. Il est donc
important d’analyser les effets stochastiques dans I'étude des systemes différentiels fraction-
naires, en particulier d’étudier l'influence de l'exposant du laplacien fractionnaire sur la
solution de ce type d’équation, sur la continuité de ses trajectoires, sur sa loi de probabilité
ou sur ses variations, parmi d’autres.

Nous présentons dans cette partie introductive 'organisation du manuscrit, les objets
de base utilisés dans notre étude et nous faisons également une description succincte des
principaux résultats obtenus.

1.1 Organisation de la these

Le corps de cette these se présente en deux parties. Dans la premiere partie (Chapitres 2 et
3), on travaille sur ’équation de la chaleur stochastique fractionnaire ou le laplacien ordinaire
est remplacé par le laplacien fractionnaire, noté (—A)%, d’ordre o € (1,2]. Le cas a = 2
correspond & I’équation de la chaleur classique. La deuxiéme partie du manuscrit (Chapitre
4) est consacrée a 1’étude de la solution de I’équation stochastique des ondes dirigée par un
bruit aléatoire qui se comporte comme un mouvement brownien fractionnaire en temps.

Dans le Chapitre 2, on introduit tout d’abord I’équation de la chaleur stochastique frac-
tionnaire avec un bruit additif blanc en temps et en espace. On étudie 'existence de la
solution et sa relation avec le mouvement brownien bi-fractionnaire. On démontre que notre
solution existe seulement quand la dimension spatiale est égale & 1 (comme dans le cas du
laplacien ordinaire pour o = 2).

La solution de I’équation de la chaleur est un processus stochastique gaussien qui dépend
de deux parametres : I'espace et le temps. Nous analysons ce processus par rapport a ces
deux parametres. Quand la variable spatiale est fixée, en regardant la solution comme un
processus en fonction du temps, on démontre que cette solution est égale en distribution a
un mouvement bi-fractionnaire d’'un parametre de Hurst explicite (qui dépend de l'ordre «
du laplacien en particulier). Ce fait nous aide a déduire des différentes propriétés de notre
solution : auto-similarité, continuité holdérienne, variations généralisées, etc. Concernant
I’analyse par rapport a la variable d’espace, on utilise le fait que notre solution est un
mouvement brownien perturbé (c’est a dire la somme d’un mouvement brownien fractionnaire
et d’un processus gaussien régulier), fait démontré dans [27]. En analysant les propriétés du
mouvement brownien fractionnaire perturbé, on obtient certaines propriétés importantes de
la solution par rapport a la variable spatiale. On remarque que la régularité en espace est «
multipliée par la régularité en temps (le méme résultat ayant été obtenu pour le cas laplacien
ordinaire o = 2 dans [54]).

Zeina MAHDI KHALIL 6 Université de Lille
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Dans la deuxieme partie de ce chapitre, on étudie aussi I’équation de la chaleur fractionnaire
mais cette fois dirigée par un bruit additif blanc en temps et coloré en espace (c.a.d ayant
une corrélation spatiale non triviale). La covariance de notre bruit est donnée par le noyau
de Riesz d’ou I'apparition d’un nouveau parametre v € (0, d) dans notre étude. On démontre
que la solution existe pour d < a+ (d étant la dimension spatiale), ce qui donne un domaine
beaucoup plus vaste que le cas du bruit blanc espace-temps (ou la solution n’existe que pour
d = 1). Pour le cas temporel (c’est a dire, ’analyse de la solution comme fonction de temps,
la variable spatiale étant fixée), notre solution est aussi égale en distribution & un mouvement
bi-fractionnaire d’un parametre de Hurst déterminé (en fonction de d, o, ) d’ou la facilité de
déduire la limite de la g-variation de notre solution. Concernant le comportement en espace,
la situation est plus complexe. La solution de I’équation fractionnaire de la chaleur est dans ce
cas liée au drap brownien fractionnaire isotropique (ou mouvement brownien fractionnaire de
Lévy isotropique), en fait sa loi coincide avec la loi d’'un ”smooth” drap brownien fractionnaire
perturbé (c. a. d., en lui ajoutant un processus “smooth”). En étudiant (ou en utilisant) les
propriétés du drap fractionnaire perturbé, on en déduit la variation spatiale de notre solution.

Ce chapitre fait I'objet d’un article publié dans la revue Probability Theory and Mathe-
matical Statistics ([39]).

Le Chapitre 3 fait aussi 'objet d’un article publié [40] dans la revue Modern Stochas-
tics :Theory and Applications, en collaboration avec le directeur de these. Il s’agit toujours
de I’équation fractionnaire de la chaleur, mais cette fois on suppose que cette équation
dépend d’un parametre de dérive (ou de drift). On vise I'estimation de ce parametre de drift
en supposant que la solution est observée a des temps discrets et a un point x € R fixé. Cette
estimation est faite via la méthode des variations généralisées (ou ”power-variation”). Nous
donnons aussi la vitesse de convergence de nos estimateurs sous la distance de Wasserstein.
La construction des estimateurs est basée sur 1'observation du comportement asymptotique
des variations généralisées (en espace ou en temps) de la solution de notre équation pa-
ramétrique. Ces variations sont obtenues d’une fagon similaire que dans notre premier article
en observant la relation entre notre solution et le mouvement brownien bi-fractionnaire
(cas temporel) ou avec le mouvement brownien fractionnaire perturbé (cas spatial). En
utilisant la limite de ces variations, on démontre que nos estimateurs sont consistants
et asymptotiquement normaux et nous donnons leur vitesse de convergence sous la dis-
tance de Wasserstein en appliquant certains résultats de la théorie récente de Stein-Malliavin.

Ce chapitre contient également deux cas : le cas du bruit blanc espace-temps et le cas
du bruit blanc en temps et coloré en espace. Dans les deux situations, on obtient deux

Université de Lille 7 Zeina MAHDI KHALIL
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estimateurs du parametre de drift : un basé sur la variation temporelle de la solution
de I'EDS stochastique considérée et l'autre basé sur sa variation en espace. Malgré le
fait que l'ordre de variation apparu dans la construction de nos quatre estimateurs est
différent (il dépend de l'ordre o du laplacien fractionnaire, et de v qui représente I'indice
de correlation de l’espace), ils sont tous les quatre asymptotiquement normales. En plus,
ils ont tous le méme ordre de convergence n~% et la méme distance par rapport a la
distribution gaussienne. Notons que le fait de savoir 'ordre de convergence sous la distance
de Wasserstein des ¢-variations d’'un mouvement brownien fractionnaire a facilité ’obtention
de 'ordre de convergence de nos estimateurs. Le cas du laplacien ordinaire (o = 2) a été
étudié en [49].

Dans la deuxieme partie du manuscrit (composée du Chapitre 4), qui présente un article
dans la revue [41], on introduit 1’équation stochastique des ondes avec un bruit additif W
sur un intervalle spatial fini. Dans ce chapitre, I’équation des ondes modélise les vibrations
d’une corde perturbée par une force aléatoire. Notre bruit est fractionnaire en temps i.e.
il se comporte en temps comme un mouvement brownien fractionnaire d’indice de Hurst
H e (%, 1) et il est blanc en espace, c’est a dire il a la covariance d'un mouvement brownien
standard. Ce qui est nouveau dans notre étude, c’est I'analyse de ’équation des ondes sur
un intervalle fini en espace, c.a.d. la variable de I'espace appartient a un intervalle fini [0, L]
avec des conditions de Dirichlet sur les bornes de l'intervalle. Le noyau associé a notre
équation peut-étre écrit comme une série trigonométrique ce qui rend le calcul différent
du cas de la corde infinie (déja analysée dans la littérature) et cela a un impact sur les
propriétés de notre solution. En utilisant la représentation trigonométrique de noyau de
Green de notre équation, on obtiendra 'existence de la solution, la propriété dite ”scaling”,
I’analyse de 'incrément temporel et spatial, le comportement asymptotique de la solution
par rapport au parametre de Hurst H.

Ces deux parties sont composées des trois articles suivants :

Articles :

— (Zeina Mahdi Khalil and Ciprian Tudor)(2018) ”On the distribution and g-variation
of the solution to the heat equation with fractional Laplacian”, Probability Theory
and Mathematical Statistics, 39(2), 315-335.

— (Zeina Mahdi Khalil and Ciprian Tudor)(2019) ” Estimation of the drift parameter for
the fractional stochastic heat equation via power variation”, Modern Stochastics :
Theory and Applications, 6(4), 397-417.
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— (Zeina Khalil Mahdi and Ciprian Tudor)(2020) ”Vibrations of a finite string un-
der a fractional Gaussian random noise”, accepté dans Revue Roumaine de
Mathématiques Pures et Appliquées,

Avant de commencer I’énoncé des articles, on présente dans cette introduction quelques
notions de base utilisées dans ’ensemble du manuscrit ainsi qu'un résumé des principaux
résultats obtenus.

1.2 Préliminaires

Dans cette partie préliminaire, nous allons introduire quelques notions ou résultats de
base utilisés souvent dans cette these.

1.2.1 Rappels

Nous allons rappeler les concepts d’auto-similarité, accroissements stationnaires et varia-
tions généralisées d'un processus stochastique.

Les processus auto-similaires sont des processus qui possedent la propriété dite de scaling,
c.a.d ils préservent leur loi de probabilité apres un changement d’échelle. On va voir plus tard
que la plupart des processus qui apparaissent dans ce travail (les processus liés au mouvement
brownien fractionnaire, les solutions des équations stochastiques) possedent cette propriété
de scaling.

Definition 1. Un processus stochastique (X;);>0 est auto-similaire d’indice H > 0 si, pour
toute constante ¢ > 0, les deuz processus (Xe)iso et (¢ Xy)is0 ont les mémes lois fini-
dimensionnelles.

Les notions de stationnarité ou accroissements stationnaires vont aussi étre utilisées
plus tard. Une classe importante de processus auto-similaires est celle des processus a
accroissements stationnaires.

Definition 2. — Un processus est dit stationnaire strict si pour tout h > 0,
(Xiin)is0 =D (Xy)is0 (i-e. la loi de (X;yp)i>0 ne dépend pas de h > 0).

— Un processus est dit a accroissements stationnaires si la loi des accroissements (X p—

X1)e=0 ne dépend pas de h >0, i.e. (Xoin — Xn)iso =P (Xy)is0 (comme le (fBm).)

ott =@ désigne 1'égalité au sens des lois fini-dimensionnelles.
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1.2.2 Variation d’un processus stochastique

Les variations généralisées des processus stochastiques constituent un élément central
dans notre travail. Dans ce manuscrit, on étudie deux types de variations (voir [36]) :
— La variation exacte d’ordre ¢ (ou la g-variation) avec ¢ € [0,00[ sur un intervalle
[A1, As], représente la limite en probabilité (si cette limite existe), lorsque n — oo, de
la suite aléatoire

‘ (1.1)

n—1
V(X)) =) | X, — X,
i=0
out;=A; + %(AQ — Ay),i=0,..,n constitue une partition de I'intervalle [A;, A,].
— La variation renormalisée d’ordre ¢ (qui est souvent utilisée pour les processus auto-
similaires pour ¢ > 1 entier) représente la limite en distribution quand n — oo de la
suite de variables aléatoires

n—1
Ve (X) = i1 Jo 1.2
q, ( ) g |:E(Xti+1 _ Xti)q :uq ( )

ou p, = EZ% avec Z ~ N(0,1).

1.2.3 Le mouvement brownien fractionnaire et ses extensions

Plusieurs processus de type fractionnaire vont intervenir dans notre travail. Nous rappe-
lons leurs définitions et quelques propriétés de base.

Le mouvement brownien fractionnaire

Dans tous les travaux qui constituent cette these de doctorat, les processus stochastiques
qui interviennent sont liés au mouvement brownien fractionnaire (noté (fBm)). Ce processus
stochastique a fait ’objet d’études intensives dans les dernieres décades. Ses propriétés bien-
connues (auto-similarité, mémoire longue, stationnarité des accroissements etc) font de lui un
candidat naturel pour modéliser différents phénomenes physiques. L’analyse du mouvement
brownien fractionnaire et des processus liés a celui-ci a été faite a la fois d'un point de vue
probabiliste ou bien statistique.

Rappelons qu’on peut définir le (fBm) de plusieurs manieres :

— (B[)iep0,1) est un processus gaussien centré de covariance

RY(t,s) == R(t,s) = = (" + " — |t —s]*), s,t€[0,T). (1.3)

N | —
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En particulier, pour H = %, B2 := B est le mouvement brownien standard.

— (BH )icfo,r) est une intégrale de Wiener par rapport au processus de Wiener, i.e.

0 ¢
B = [ It =" (—a) W) + [ @)W (),
—o0 0
avec W un mouvement brownien standard.

— (B )iepp,1) est I'unique processus gaussien auto-similaire d’indice H avec des accrois-

sements stationnaires.

Le (fBm) n’est pas une semi-martingale (sauf pour H = 1), ni un processus de Markov
(voir [56]). Parmi les propriétés du (fBm) qui seront utilisées dans la suite nous rappelons
également que

— Les trajectoires du (fBm) sont 6-Holder continues Vé < H.

— Le (fBm) admet une variation exacte (i.e. dans le sens de (1.1)) d’ordre +

H
variation est égale a E(|Z|#) ou Z est une variable normale centrée et réduite.

et cette

Le mouvement brownien bi-fractionnaire

Le mouvement brownien bi-fractionnaire représente une extension du mouvement brow-
nien fractionnaire. I1 a été introduit dans [30]. Le bi-(fBm) (B;"" )ico,r] est un processus
gaussien centré de covariance

RIK(t s) = R(t,5) = ziK (27 2 = sP™) . steT] (L4)
avec H € (0,1) et K € (0,1]. En particulier, pour K = 1, Bf1 := BH est le (fBm) de
parametre de Hurst H € (0,1).
Parmi ses propriétés, nous citons :
— Le bi-(fBm) est H K-auto-similaire, ce qui est équivalent a dire que pour tout ¢ > 0,
les processus gaussiens (B =g et ¢5(B/""),5¢ ont la méme covariance.
— E|B/"Y — BILEP2 < 91-K|t — 5|2HK 1] découle par le critére de Kolmogorov que le
bi-(fBm) est 0-Holder continu Vo < HK.
— Le bi-(fBm) admet une variation exacte (i.e. dans le sens de (1.1)) d'ordre 7 et
celle-ci est égale a (C i )(A2 — A1) avec Cp i = (272 )ax E(|Z|7x).

Relation entre le (fBm) et le bi-(fBm) Il a été démontré dans [36] la relation suivante

entre un (fBm) et un bi-(fBm) : Soit H € (0,1), K € (0,1]. Si (Bf£);5¢ est un (fBm) avec
un parametre de Hurst HK et (B/"™);0 est un bi-(fBm), alors

(CleLK + BEE ¢ > o) =) (C,BIE t > 0), (1.5)
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avec C7 > 0 et Cy = 2'5% . XHK ogt un processus gaussien régulier C*°, en particulier X %X
satisfait (1.21), et il est indépendant de BX.

1.2.4 Le drap brownien fractionnaire isotropique

Nous allons utiliser également une version multi-paramétrique du mouvemement brow-
nien fractionnaire. Il y a plusieurs variantes du (fBm) a plusieurs parametres, dont le drap
fractionnaire isotropique (introduit ci-dessous) et le drap fractionnaire anisotropique (dont
la covariance est définie comme produit de covariances du (fBm) standard).

Le drap fractionnaire isotropique (B¥(t),t € R%) avec l'indice de Hurst H € (0,1) est
défini comme un processus gaussien centré de covariance :

E(B"(t)B"(s)) = = (|Is|* + [|t|*" — ||t — s|*"") pour tout s,t € R". (1.6)

N | —

Nous avons noté par || - || la norme euclidienne de I’espace R
Le drap isotropique multiparametre (fBm) est auto-similaire et ses accroissements sont
stationnaires dans le sens suivant : pour tout h € Ri

(B"(x+h) — B"(h)) = (B"(x)

d
x€ERY

(1.7)

d
x€ERY

et pour tout a > 0,

(BH(aX)xeRi = " (B"(x)) (1.8)

q -
x€ERY

Rappelons qu’on note =@ 1’équivalence dans le sens de distribution. C’est possible aussi de
démontrer que les accroissements du multi-parametre (fBm) sont stationnaires (voir Propo-
sition 6 dans [29]). Une propriété importante qui rend ce drap isotropique différent du drap
anisotropique est que pour tout x,y € R?

2
E (B"(x) - B(y)) = Ix —y[*
ce qui implique, en raison du caractere gaussien, et pour tout n > 1
E (B"(x) - B(y))" = E|Z["|x — y|"" (1.9)

ou Z est une variable normale standard. De (1.9) on peut déduire, par un argument de type
Kolmogorov, I'existence d’une version continue de B isotropique, voir [35].
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On peut également montrer une représentation intégrale du drap fractionnaire isotro-
pique, i.e. si W est un drap brownien standard

BI = [ =l ™ = Jull W) + [ e a4 )
Rd Rl
est un drap fractionnaire isotropique a une constante multiplicative pres.
Variation d’un drap isotropique (fBm) :

Le drap isotropique (fBm) ((B¥(x),x € R?)) admet une variation exacte (i.e. dans le
sens de (1.1)) d’ordre % sur [A;, Ay] qui est égale a :

(Ay — ADE|B |V = (Ay — A)VAE|Z|VT.

1.2.5 La méthode Delta

Soit T, un estimateur de 7, on désire estimer le parametre ¢(7y), ot ¢ est une fonction
connue. Il est naturel d’estimer ¢(v) par ¢(7,). On peut alors se demander comment les
propriétés asymptotiques de T, se transferent a ¢(7},).

Si vn(T, —v) =% X lorsque n — oo, a-t-on /n(¢(T},) — ¢(7)) =L Y? La méthode delta
offre une réponse a cette question.

Théoréme 1.2.1. (Méthode Delta) Soit ¢ une application de R¥ dans R™, différentiable en
7. Soit T,, des vecteurs aléatoires de R* (a valeurs dans le domaine de définition de ¢) et
(rn)n une suite de nombres réels tendant vers co. Alors, lorsque n — 0o

ra(9(Tn) — ¢(7)) =" Do(y)(T)
deés que rp(T, — ) =% T o D¢ est le gradient de ¢.

Nous notons par —% la convergence en loi.
Rappelons aussi qu'une suite d’estimateurs (7},),>1 de 7 est dite consistante si T,, — 7 en
probabilité (pour simplifier on dit souvent estimateur au lieu de suite d’estimateurs). La
suite T;, est dite asymptotiquement normale s’il existe une suite de réels strictement positifs
r, telle que r, — 0o, et
(T =) =" N(0, V(7).

V(v) est appelée la matrice de variance-covariance asymptotique de la suite r,(T,, — 7).
Notons qu'un estimateur asymptotiquement normal est consistant.
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Dans ce dernier point, on rappelle la définition de la distance de Wasserstein qui sera
utilisée dans le Chapitre 3.

Definition 3. La distance Wasserstein entre deux variables aléatoires sur R, F et G, est
définie par

dw (F,G) = sup |BA(F) ~ B(G)

ot A est la classe des fonctions lipchitiziennes h : R — R tels que ||h||1;, < 1, avec

|Allip = sup M

z,yeR x4y ||x_y||Rd ‘

1.3 Résultats principaux

Nous allons passer en revue le contenu des chapitres suivants.

1.3.1 Résumé du Chapitre 2

Le Chapitre 2 correspond a la publication [39], en collaboration avec C.A. Tudor.
Dans ce chapitre, on étudie la solution de I’équation de la chaleur stochastique avec un
laplacien fractionnaire et avec un bruit gaussien additif.

Il y a plusieurs définitions possibles du laplacien fractionnaire. Nous avons choisi

ci-dessous sa définition donnée en fonction de sa transformée de Fourier. Rappelons que
la transformée de Fourier F(f) d'une fonction f convenable f:R? — R est donnée par

F()(E) = / f(@)e i€ da.

Pour 1 < o < 2, le laplacien fractionnaire d’ordre o (noté (—A)?) peut-étre défini comme
un opérateur sur des fonctions f : R* — R par la formule :

F((=L)2 1)) = El*F(£)(&).

On considere 'équation différentielle stochastique :
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gu(t,x) = —(=A)u(t,z) + W(t,z),t >0,z € R (1.10)

u(0,z) = 0  pour tout € R" (1.11)

Le noyau de Green G,, (i.e. la solution fondamentale de (1.10)) de ’équation de la chaleur
stochastique fractionnaire est défini par sa transformée de Fourier :

FGo(t,)(€) =etlEl" 50,6 e R (1.12)

Dans un premier temps, on regarde la solution de I’équation fractionnaire de la chaleur dans
le cas du bruit additif blanc en temps et en espace. Dans ce cas le bruit W est un champ
gaussien centré (W (t, A),t > 0, A € By(R?)) de covariance

EW(t, AW (s, B) = (t A s)A(A N B), (1.13)

A est la mesure de Lebesgue sur R
La solution mild de I’équation (1.10) {u =u(t,z);t >,z € Rd} s’exprime sous la forme d’une
intégrale de Wiener par rapport au bruit gaussien W, i.e. pout tout ¢t > 0,z € R?

ut,z) = /Ot /R Golt — 5,2 — y)W(ds, dy).

Un premier résultat donne les conditions pour I'existence de la solution mild.

Proposition 1.3.1. Soit le processus (u(t,z),t > 0,2 € RY) donné par (1.10). La solution
est bien définie seulement dans le cas unidimensionel d = 1.

La condition d = 1 pour l'existence de la solution représente une restriction importante
pour les applications pratiques du modele (1.10). Une approche possible pour dépasser cette
barriere est de remplacer le bruit blanc espace-temps par un bruit aléatoire plus régulier que
le bruit blanc en lui imposant une corrélation spatiale. Un tel exemple de corrélation est
celui donné par le noyau de Riesz. On considere 1’équation de la chaleur stochastique :

%u(t,x) = —(=A)su(t,z) + W(t,z), t>0,2€R% (1.14)

avec u(0, ) = 0 pour tout = € R% W7 est le bruit blanc-coloré en espace, i.e. W7(t, A), t >
0, A € B(R?) est un champ gaussien centré de covariance

EWW(t,A)WW@,B)_(MS)/A/Bf(x—y)dxdy, (1.15)
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ou f est la fonction Riesz kernel d’ordre ~ définie par

f(z) = Ry(2) = gyallz| =, 0<y<d, (1.16)
avec gy, g = 27?0 ((d - 7)/2) /T (v/2).
Dans ce cas, on a p(d€) = ||€||~7d€ et on a la relation de Parceval :
|| o= powsty = eny* | FooFo@uae  n

pour tout ¢, ¢ € S(RY) (I'espace de Schwartz sur R9).

Proposition 1.3.2.

ult, ) = /Ot /R Go(t —u,x — 2)W7(du, dz), (1.18)

la solution de (1.14) existe pour d < a+ 7.

Un premier pas dans 'analyse des solutions de (1.10) et (1.14) est le calcul de sa co-
variance. Nous commengons par la covariance par rapport au temps, en supposant que la
variable spatiale est fixée.

Proposition 1.3.3. 1. Sixz € R est fixé, la solution (u(t,z))i>0 de l"équation stochas-

tique (1.10) avec bruit blanc en espace et en temps, a comme covariance : pour tout
s;,t>0etxeR

Eu(t, 2)u(s,z) = c1q |(t+ )75 — |t —s|' 7o)

avec une constante c¢1 o (sa formule explicite sera donnée dans le chapitre suivant).

2. La solution (u(t,z))i>0 de [’équation stochastique (1.14) avec bruit blanc en temps et
coloré en espace a comme covariance : pour tout s,t > 0, et pour tout x € R?

1—d=

Eu(t, z)u(s,x) = ¢1a4 [(t +5s) e —|t— 5|1’dTTW :
avec une certaine constante ¢ q -

La formule explicite de la covariance nous aide a conclure que notre solution dans les
deux cas d’équations (bruit blanc en espace ou colorié en espace) est égale en distribution a
un mouvement brownien bi-fractionnaire avec les indices H, K bien définis.
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Corollaire 1. 1. La solution (u(t,z))i>0 de l’équation stochastique (1.10) avec bruit
blanc en temps et en espace a la méme loi en distribution que CQ’QB%’I_é, ot B31"a
est un bi-(fBm) avec paramétre de Hurst H =1 K =1-1 et

1

G =C1a2 "o (1.19)

2. La solution (u(t,x))>0 de l’équation stochastique (1.14) avec bruit blanc en temps et
1 d=y _
coloré en espace a la méme loi que claﬁ(Bf’l * >0 avec B3 =% est un bi-(fBm)

avecH:%,K:l—‘%7 et

_d=y

cgm =102 @ (1.20)

Vu qu’on connait les propriétés du bi-(fBm) d’indice (H, K'), sa Holder-continuité (pour
tout 6 < HK), sa variation (il admet une 1/H K-variation ), autosimilarité, on va en déduire
des propriétés concernant la solution de ’équation fractionnaire de la chaleur. Parmi celles-ci,
on mentionne :

1. La solution (u(t,x));>0 de I’équation stochastique (1.10) avec bruit blanc en espace
et en temps, est auto-similaire d’ordre %(1 — é), et Holder-continue en temps d’ordre
§, pour tout § € (0,5(1—1)).

2. La solution (u(t,z))>o de I'équation stochastique (1.14) avec bruit blanc en temps et
d;)

coloré en espace est auto-similaire d’ordre i (1 — %), et Hélder-continue en temps

2 a

d’ordre 6, pour tout & € (0, 3(1 — ).

De plus, le résultat (1.5) montre que le mouvement brownien bifractionnaire est la somme
d’un mouvement brownien fractionnaire et d’un processus gaussier régulier. On appelle cela
un mouvement brownien perturbé. On peut démontrer que les variations d'un (fBm) per-
turbé se comportent d’une maniere similaire que les variations d’un mouvement brownien

fractionnaire.

lemme 1. Soit (Bf)i>0 un (fBm) avec H € (0, 3] et (X;)e>0 un processus gaussien centré

tels que
E|X, — X,]> < C|t — 5| pour tout s,t > 0. (1.21)
Soit
YH = BE + X, pour tout t > 0.
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1. Le processus 'Y a %—vam’ation exacte sur lintervalle [Ay, As] , elle est égale a
E|Z|YH (A, — Ay).

2. Soit

—

VoY1) = e 0, Y- ).

Rt

1§
o

A

Si H € (0,3) et ¢ > 2, alors on a
1 iy n' H 2

\/ﬁ‘/qn Y \/— Z A2 _ Al)qH (th Y;ﬁ ) — Hgq — N(07 UH,q)' (122>

Remark 1.3.1. On définit o3, = Q'Y ez pa()?,  avec  py(v) =

s (Jo+ 127 + jo = 1122 = 2[v|*H) for v e Z.

On conclut, par le Lemme 1 et le Corollaire 1, le comportement asymptotique de la
variation temporelle de la solution de (1.10) et (1.14).

Proposition 1.3.4. (Variation temporelle)

1. On firze Ay < Ay etz € R. Soitt; = A1+ 2 (Ag—Al),n >1,7=0,1,..,n une partition
de Uintervalle [Ay, As]. Alors le processus ( (t,x),t > 0) admet une variation d’ordre
20‘ qui est égale a

Cy al C'1/2 -1 (Az — Ay).

(u(t, x))i>0 est la solution de I’équation stochastique (1.10) avec bruit blanc en espace
et en temps.

2. (u(t,z))i>0 solution de I’équation stochastique (1.14) avec bruit blanc en temps et
coloré en espace. On fire Ay < Ay et x € R. Soit t; = Ay + 2(Ay — Ay),n >
1,7 =0,1,..,n une partition de I’ intervalle [Ay, As]. Alors (u(t, ), t > 0) admet une

variation d’ordre —22— égale a
a+vy—d

(mdaldw&—Ag

1-K
avec Cpyx = (272

yax E(|Z|mx).
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Puisque la solution de (1.10) et la solution de (1.14) sont tous les deux un (fBm) perturbé,
on en déduit du Lemme 1 leur variation renormalisée :

Proposition 1.3.5. 1. On fize, Ay < Ay et v € R. Soit t; = Ay + 2(Ay — Ay),n >
1,7 =0,1,..,n une partition de l’intervalle [Ay, As|, alors

n—1 a—1 q
1 n 2
NS Kc 2% (s — A )) (ultsrr, 2) = ult )" = pia) = NO.04g),)
i=0 2,a4 % 2 — A1) =«

(u(t, x))i>0 est la solution de I’équation stochastique(1.10) avec bruit blanc en espace
et en temps.

2. (u(t,z))i>0 solution de l’équation stochastique (1.14) avec bruit blanc en temps et

coloré en espace. On fize Ay < Ay et v € R. Soit t; = A1 +2(Ay — A1),n>1,j =
0,1,..,n une partition de l’intervalle [Ay, As], alors

n-l1 aty—d q

1 n 2a ,

(= [(ffz 2‘123(142—141)”2“) N I
1= No'Ret

Pour étudier les variations en espace, on sait de l'article [27] que (u(t, x))>0, la solution
de I’équation stochastique (1.10) avec bruit blanc en espace et en temps, peut-étre écrite
comme un mouvement brownien fractionnaire perturbé :

u(t,z) =@ m BT (z) + S(x),

avec B“ est un mouvement brownien fractionnaire de parametre de Hurst 2+ € [0, 1],
(S(x))zer est un processus gaussien C* et m, = (2I'(a)| cos(om/2)|)_% :

De cette décomposition, on remarque que la régularité de la solution est celle du (fBm) B T,
Ce qui implique en particulier que la fonction u(t, ) est holdérienne d’ordre ¢ € (0, QT’l)
Puisque la solution est un (fBm) perturbé, on déduit la variation en espace de la solution de
(1.10) ainsi que celle renormalisée en appliquant le Lemme 1.

Proposition 1.3.6. 1. On five Ay < Ay ett > 0. Soit x; = Ay + 2(Ay — A1) pour
j=0,.,netn > 1. Donc le processus (u(t,z),z € R), solution de (1.10), admet

par rapport a la variable d’espace ai variation, i.e. on a la limite en probabilité

_1-
sutvante :
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n—1

Tim 3 Jult, 7y0) — ult, )77 = mi B 2|7 (4 — Ay,
=0

2. On five Ay < Ay ett > 0. Soit v; = Ay + 2(Ay — Ay) pour j =0,..,n et n > 1. Alors

pour o € (1,2), (ce qui entraine H = ** € (0,1/2))

n—1 a—1 q
1 n-2
%Z; [( p— > (u(t, zir) — ult, ;)" — pg| — N(Oagi%l,q)-

Quand le bruit n’est plus blanc en espace et il a une corrélation spatiale donnée par
le noyau de Riesz, la solution existe en dimension d > 1 (en fait, pour d < a + 7). Cela
nous amene a analyser les draps browniens fractionnaires de type isotropique, voir le pa-
ragraphe 1.2.4. Nous prouvons que la loi du processus gaussien (u(t,z),r € R%) défini par
(1.18) coincide en loi avec un drap fractionnaire isotropique plus un processus a trajectoires
régulieres.

Proposition 1.3.7. On fize t > 0, (u(t,))zera, solution de l’équation stochastique (1.14)
avec bruit blanc en temps et coloré en espace, est égale en distribution a

a+y—d

CsanB 2 (2)+ S(x),x € R

N aty—d . . . . \ —d
ou B2 est un drap fractionnaire isotropique avec un parametre de Hurst O‘Jr; ,S(x),z €
R, est un processus gaussien C™ et C3.a,4 Une constante explicite.

En étudiant les ¢g-variations d’un drap fractionnaire perturbé (un résultat similaire comme
celui obtenu dans le Lemme 1), on va déduire la forme exacte des g-variations en espace de
la solution ainsi que sa variation renormalisée.

Proposition 1.3.8. 1. Le processus (u(t,x))era, solution de l’équation stochastique
(1.14) avec bruit blanc en temps et coloré en espace, admet une an_d- variation
2
donnée par c3 ;- (Ay — Al)\/c_lE]Z|a+i—d.
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2. OnﬁxeA1<Agett>0.Soitx = A+ 12 (AQ—Al)pourj—O n,n>1et
pour tout k = 1,...d. Soit x; = (le, " ‘j) Done si o +y—-d<1 (ce qui entraine
H = o= (0 1/2))

n—1 a+w dd H/2
( (t, Xip1) — u(t, x;))? — pg| = N(O, ai+g_d7q).

C
i—0 3,0,y

%\H

1.3.2 Résumé du Chapitre 3

Le Chapitre 3 correspond a la publication [40] en collaboration avec C.A. Tudor.
Dans ce chapitre, on étudie I’équation de la chaleur stochastique fractionnaire paramétrique
(c. a. d., dépendant d’un parametre de dérive ou de drift) avec un bruit gaussien additif.
Ce bruit aléatoire est défini comme dans le chapitre précédent, il est soit un bruit blanc

espace-temps avec la covariance (1.13), soit un bruit blanc-coloré avec la covariance donnée
par (1.15).

D’abord, on considere le cas ou le bruit est blanc en temps et en espace, soit

8u9

T 2 (t,x) = —0(=A)Suy(t,x) + W(t,z), t>0,z€R (1.23)

avec u(0,z) = 0, avec (—A)2 le laplacien fractionnaire d’ordre a € (1,2], 8 > 0 et W
processus gaussien défini par sa covariance (1.13).

Le but est de donner une estimation du parametre § > 0 basée sur l'observation de
la solution a des temps discrets ou a des points discrets en espace (en supposant que
soit la variable temps, soit la variable espace est connue). Pour cela on va constuire deux
estimateurs basés sur ’analyse du comportement asymptotique de la variation généralisée
d’ordre ¢ ( en espace et en temps) de la solution.

Le noyau associé & I'opérateur —0(—A)2 est G, (0t, z) avec

Golt,z) = /R et gg. (1.24)

Une premiere observation est que le parametre de drift peut étre transformé en un pa-
rametre de diffusion via un changement de temps. Ce fait jouera un role important dans
I’estimation de 6.
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lemme 2. Supposons que le processus (ug(t,x),t > 0,z € R) satisfait (1.23). On va définir
t
ve(t, ) := up (g,x) , t>0,x€R. (1.25)

Alors le processus (vg(t, x),t > 0,2 € R) satisfait

809
ot

wlQ

I (4, 2) = —(=A)Svplt,x) + () FW(t,2), t>0,z€R (1.26)

avec vg(0, ) = 0 pour tout x € R, et W est un bruit blanc en espace et en temps.

En utilisant le résultat dans le Corollaire 1, on en déduit facilement les lois de uy en
espace et en temps.

Proposition 1.3.9. 1. cas temporel : Pour tout x € R et 0 >0, on a

1 1.1
up(t, z),t > 0) = Q’ECQQB"”1 “t>0),
b t

N[ =

avec B2'"% est un bi-(fBm) de paramétre de Hurst H = % et K =1 — 1

2. cas spatial : Pour toutt > 0,0 > 0, on a [’égalité en distribution
(up(t, z), x € R) = (efémag%”(x) + Sy(), 2 € R) ,

avec BT est un (fBm) avec H=221 € (0,1], (Sot(2))ser est un processus gaussien
centré C™ .

Cette proposition nous montre que notre solution est dans tous les cas (spatial ou tem-
porel) un (fBm) perturbé ou un drap fractionnaire isotropique perturbé. Par conséquent, on
obtient le résultat suivant.

Proposition 1.3.10. 1. Variation temporelle : Soitt; = A1+ 2 (Ag—Al),j =0,..,n
une partition de lintervalle [Ay, As].

7a 1 2a 2 a—1 =1
Sar g = Z g (t11, %) = tp(t), 2)|*T —nsoo 50" 25 1 20 (Ay — Ay)|(6)]5
(1.27)
en probabilité.
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2. Variation spatiale : Soit x; = A; + 2 (A2 A1),7 = 0,..,n une partition de l’in-
tervalle [Aq, As).

2

2 2 -1
Z |u9<t7 Z‘j-i-l) - U@(t, CUj)|a_1 —n—oo m&rl/vbﬁ(fb - A1>|0|a71>

2

—=— est un entier
a—1

et s1q:=

Z [( ) f (ug(t, iy1) — Ua(t:%))ﬁ - Nﬂ] - N(Oaai;l7i>'
S (As — A) s

Cette proposition nous aide a définir deux estimateurs, I'un basé sur la variation en espace
de notre solution, l'autre sur la variation en temps.

1. estimateur basé sur la variation temporelle

—1 n—1

11—«
—~ 2a
01 = ((CQQIQQ Tp 2o (A — ) Z|U9 1, T Ue(tjaxﬂal)

et

~1 1 20
il = Za > lug(ticr, ) — ug(ty, )2 (1.28)
02a12a THh 20 (Ag Ay) i

2. estimateur basé sur la variation spatiale

) n—1 l1—a
On,2 = [(mé’fluail(@ —AD) Y fult, w40) — uolt, ffj)|°”] : (1.29)

1=0

Avant de démontrer que nos estimateurs associés sont consistants et asymptotiquement
normaux sous la distance de Wasserstein, on donne 1’énoncé du lemme suivant.

lemme 3. Soit (Bf)i>0 un (fBm) avec H € (0, 3] et (X;)i>0 un processus gaussien centré

tels que
E|X, — X,|* < C|t — s|*pour tout s,t > 0. (1.30)
Soit
YH = BE + X, pour tout t > 0.
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Sl = 7 :

1

1
v (—%,H<YH>,N<o,az,q>) <ok

vn

Comme la construction de nos deux estimateurs est basée sur le comportement asympto-
tique de la variation temporelle, respectivement spatiale de notre solution ; et comme notre
solution est un (fBm) perturbé dans les deux cas spatial et temporel; on en déduit d’apres
la Lemme 3 le comportement de nos estimateurs.

Proposition 1.3.11. 1. Soit q := % un entier pair et considérons ['estimateur (basé

sur la variation temporelle) é\n,l . Donc é\n,l —noseo 0 en probabilité et

1
Vn [6’;"1" - 911a} —@ N(0, St 9.a) QUEC ST, = 0%7(]9%;1_2;. (1.31)
q

a—1

Et pour n grand

2. L’estimateur (basé sur la variation spatiale) é\n,g converge en probabilité quand n
2

n — oo vers le parametre 0. En plus, si q := —=; est un entier pair

2 Ta—1 a—1

1
Vn {9272”‘ — 91101} —@ N(0, §5.9.0) QUEC S50 = Oa1 o ji_3 =y (1.32)
En plus, pour n grand on a,

1 1
dw <\/ﬁ [ é;a - 91_1(1:| 7N(0> 83,6704)) < C%‘
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1
En utilisant la methode Delta (voir le Théoreme 1.2.1), en prenant T, = 0, %, ¢(x) =

1 y . . .
2179 T = ==, on démontre finalement que nos estimateurs associés sont asymptotiquement
normaux sous la distance de Wasserstein, ils ont la méme distance a la distribution gaussienne
et le méme ordre de convergence.

Proposition 1.3.12. 1. estimateur basé sur la variation temporelle é\n,l :
Vi(By —0) =@ N (0,525, (1 — )h31) (1.33)

et pour n grand

~ 20 1
dw <\/ﬁ(9n,1 - 0)7 N(07 Si@,a(l - Q)29a71)> < C%'

2. estimateur basé sur la variation spatiale 0,5 : Quand n — oo

Vit = 0) > N (0,53, (1 - )07

et pour n grand

~ 20 1
dw <\/ﬁ<0n,2 - 0)7 N(07 S%,@,a(l - a)20a71)> < C%‘

Nous analysons également la situation quand le bruit possede une corrélation en espace
donnée par le noyau de Riesz (1.16), i.e., il est de la forme (1.15). L’approche proposée
pour estimer le parametre de drift 6 suit le méme chemin avec la différence que dans cette
situation la solution de I’équation fractionnaire de la chaleur et par conséquent ses variations
et les estimateurs qui en découlent vont dépendre du parametre vy dans (1.16). Nous donnons
également deux estimateurs construits en fonction des observations discretes de la solution
(soit & des temps discrets soit a des points discrets en espace). On obtient la consistance, la
normalité asymptotique et la distance par rapport a la loi normale de nos estimateurs.

1.3.3 Résumé du Chapitre 4

Le dernier chapitre de la these porte sur I'équation stochastique des ondes dirigée par un
bruit ayant une corrélation en temps cette fois-ci. Le caractere fractionnaire de I’équation
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est maintenant donné par ce bruit (et non plus par 'opérateur différentiel) qui se comporte
comme un mouvement brownien fractionnaire par rapport a la variable temporelle. Le
Chapitre 4 correspond a la publication [41] en collaboration avec C.A. Tudor.

On se concentre sur ’équation stochastique des ondes, avec un bruit additif gaussien, sur
un segment fini c.a.d. la variable en espace appartient a un interval fini [0, L]. On suppose
des conditions de Dirichlet sur les bornes de l'intervalle [0, L]. Cette équation modélise les
vibrations d’une corde perturbée par une force aléatoire. Le bruit est blanc en espace et
fractionnaire en temps i.e. il se comporte comme un (fBm) par rapport au temps. Il existe
beaucoup d’études sur 1’équation des ondes avec un bruit stochastique (voir [26], [19], [12],
[14], [20], [47], [48]) et en particulier sur I’équation des ondes avec un bruit fractionnaire
(en temps ou en espace), voir [7], [13], [23], [34], [50], [56], mais tous ces travaux traitent en
général le cas ou la variable spatiale appartient a R.

L’EDPS considérée est la suivante

Puit x) = AEAu(t,z)+WH(t,z), t €[0,T], z €0, L],

t2
uw(0,z) = 0, z€][0,L],

9u0,2) = 0, ze]l0,L],
u(t,0) = wu(t,L)=0, te]l0,T1],

(1.34)

avec ¢, L > 0. L représente la longueur de la corde et c est relié a la tension dans la corde. La
perturbation W# est un champ gaussien centré W = {WH(A);t € [0,T], A € By([0, L])},
sur l'espace probabilisé (Q, F, (Fi)icp,r), P), de covariance

E (W (AW (B)) = Ru(t,s)MAN B),YA, B € By([0, L]), (1.35)
ou Ry est la covariance du (fBm)
1

Ry(t,s) = 5 (7T + T — e —sP), st €0,T). (1.36)

La solution mild du probleme {u = (u(t,x);t >,z € [0, L])} s’exprime sous la forme d'une
intégrale de Wiener par rapport au bruit gaussien W

t oL
u(t,z) = / / Gi.(s,9)WH (ds, dy) pour tout t € [0,7T],z € [0, L] (1.37)
0o Jo
avec le noyau de Green Gy, donné par, pour 0 < s <t <T et z,y € [0, L]
= 2
Gia(s,y) = ; Ta. sin(wy,(t — s)) sin (%) sin <$) avec w, = nTﬂc (1.38)
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Un élément central dans I’étude de la solution (1.37) est Iespace de Hilbert H associé au
(fBm) B avec le parametre de Hurst H € (%, 1) et les propriétés de l'intégrale de Wiener
par rapport au mouvement brownien fractionnaire. En particulier, cette intégrale de Wiener
vérifie I'isométrie

8 [t [ gwan =an [ [ sl o= o (139

pour tout f,g € |H| ou |H| 'espace des fonctions mesurables f : [0,7] — R telles que

/ / w)||u — v 72 < co.

La solution (1.37) existe si I'intégrale de Wiener est bien définie, i.e.

sup Eu(t,z)? < oo, (1.40)
te(0,7

pour tout z € [0, L).
En se basant sur la représentation trigonométrique du noyau (1.38) de notre équation, on
obtiendra l'existence de la solution, la propriété dite "scaling”, ’estimation de I'incrément
temporel et spatial, le comportement asymptotique de la solution par rapport au parametre
de Hurst H.

Le point de départ est I'observation que la solution (1.37) peut s’exprimer sous la forme
d’une série trigonométrique a coefficients aléatoires, i.e.

ZT sin ("m) (1.41)

ou

n

/Ot /OL sin(wy, (t — u)) sin (?) WH(du, dy). (1.42)

Un role clé est joué par les variables aléatoires T;, qui ont une certaine propriété d’ortho-
gonalité.

- Lw,

lemme 4. Pour tout n > 1, (T;,(t)),c(o. 7y €st un processus gaussien centré dont la covariance
vérifie :
2L 1
|ET,(t)T,(s)| < —RH(t s) pour tout s,t € [0,T]
ot Ry est donnée par (1.56).
Sin # m, alors T,(t) et T,,(s) sont des variables aléatoires indépendantes, pour tout
s,t € [0,T7.
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Une conséquence du résultat précédent est que pour tout n > 1, le processus (7, (t)):cfo,1)
a les mémes lois fini-dimensionnelles que le processus

(\/%i /0 sin(wn(t—u))dBtH>, (1.43)

ot (Bf)ep,r) est un (fBm) avec un indice de Hurst H.
Un calcul immédiat donne alors 'existence de la solution de (1.34) quelque soit le pa-
rametre de Hurst dans l'intervalle ( , 1).

Proposition 1.3.13. Pour H € (5, ), lintégrale stochastique dans (1.41) est bien-définie
et on a

sup  Eu(t,r)? < co.
te[0,T],x€[0,L]

En utilisant les propriétés des coefficients T;, qui apparaissent dans (1.41) et des identités
trigonométriques, on arrive a obtenir certains résultats satisfaits par la solution mild (1.41).
Nous prouvons :

— Une propriété de changement d’échelle : Pour tout a > 0, le processus

(uc(at, x),t > 0) est égal en distribution au processus (aH“uac(t, x),t > O).

— Le comportement par rapport aux temps nodaux : Soit T}, = % =k =
1,2, ... série de temps. Ces temps sont nommeés temps nodauz. Soient Ty, T; deux temps
nodaux k£ > [ et supposons que k,[ ont la méme parité. Donc

w(Ty, z) — uw(Ty, z) =9 w(T), — Ty, x).
Cela veut dire que la position de x sur la corde au temps T} est obtenu en loi en

ajoutant la position du méme point au temps 1; et Ty, — 1;.

— La relation avec la solution faible : Un autre concept de la solution du
probleme (1.34) est la solution faible. On dit qu’un processus stochastique (u(t, z),t €
[0,7],x € [0,L]) est une solution faible de (1.34) si pour toute fonction test
p € C®([0,T] x [0,L]) avec ¢(T,x) = %(T,z) = 0 pour tout = € [0,L] et
©(t,0) = ¢(t, L) = 0 pour tout t € [0,T], on a

2 2 T L
/ dt/ dr u(t,x) <%Tf—%):/o /0 o(s,y)WH(ds, dy). (1.44)

On démontre que notre solution (1.37) satisfait (1.34) dans le sens faible.
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Une partie importante du chapitre est consacrée a l'analyse des accroissements de la
solution. Comme cette solution est un processus gaussien, beaucoup de propriétés de ses
trajectoires découlent de I'analyse de ses accroissements.

Commencons par ’accroissement en temps du processus (1.41), fixons la variable d’espace
x € [0, L] et étudions le comportement du processus (u(t,x),t € [0,T]).

Nous démontrons le résultat suivant.

Proposition 1.3.14. Soit x € [0, L]. Alors
E |u(tv :L‘) - U(S, {E)|2 < C(é‘)‘t - 5|2H_Ev
pour tout € € (0,2H) et pour tout 0 < s <t <T.

La preuve, assez longue, demande une analyse assez exacte de la norme dans 1’espace H
des fonctions trigonométriques. La Proposition 1.3.14 précise la continuité holdérienne en
temps des trajectoires de la solution. En effet, pour tout x € [0, L], le processus (u(t,z),t €
[0,T7) est Holder continu d’ordre 4, pour tout d§ € (0, H).

Le comportement en espace est basé également sur certaines propriétés des séries trigo-
nométriques de fonctions, en particulier

e Lo (1.45)

n? 2
n>1

La régularité spatiale de la solution est la suivante :

Proposition 1.3.15. Pour tout t € [0,T] et pour tout z,y € (0, L) avec |z — y| petit,

E(u(t, ) —u(t,y))* < Clz —y.

Par conséquent, pour tout ¢ € [0, 77, le processus (u(t,z),z € [0, L]) est Holder continu
d’ordre ¢, pour tout § € (O, %)

On s’intéresse aussi, dans ce chapitre, au comportement de la solution de (1.34) lorsque
I'indice de Hurst converge vers les valeurs extrémes de son intervalle de définition, c.a.d.
quand H — 1 et H — % Le résultat obtenu, énoncé ci-dessous, montre que la solution
converge en distribution vers la solution d’une équation stochastique des ondes avec un bruit

qui est la ”limite” (quand H — 1 et H — ) du bruit (1.35).

Proposition 1.3.16. Soit (u(t,z),t € [0,T],z € [0, L]) solution de (1.41).
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1. Quand H — 3, pour tout x € [0, L], le processus (u(t,z),t € [0,T]) converge faible-
ment dans 'espace C[0,T] vers le processus (uo(t,x),t € [0,T]) définit par

wtta) = [ [ Gt iwias.
ou W est un bruit blanc en temps et en espace et G est donné par (1.38).

2. Quand H — 1, pour tout x € [0, L], le processus (u(t,z),t € [0,T]) converge faible-
ment dans ’espace C[0,T] vers le processus (ui(t,x),t € [0,T]) définie par

uy(t,z) = Z J\_/in ( /0 t sin(w, (t — ))du) Z,

ol (Zn)n>1 suite de variables aléatoires indépendantes standards.

Zeina MAHDI KHALIL 30 Université de Lille

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Theése de Zeina Mahdi-Khalil, Université de Lille, 2020

Premiere partie

Fractional Stochastic heat equation :
estimation and variation
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Chapitre 2

On the distribution and ¢-variation of

the solution to the heat equation with

fractional Laplacian
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an application, we deduce the behavior of the g-variations of the solution in time and in
space.

Key Words and Phrases : Stochastic heat equation, Fractional Brownian motion,
Fractional Laplacian, Quadratic variation.

2.1 Introduction

In this work we study the probability distribution and other properties of the solution to
the fractional stochastic heat equation driven by an additive Gaussian noise which is white in
time and white or correlated in space. Here, the word ”fractional” concerns the appearance
of the fractional Laplacian operator in the equation and it does not refers to the noise.

Several recent and less recent works showed an interesting connection between the solution
to the classical stochastic linear heat equation and some stochastic processes related to the
(bi)fractional Brownian motion. Consider the stochastic partial differential equation

0 .
Eu(t, z) = Au(t,r) + W(t,x), t>0,zcR* (2.1)
with vanishing initial condition u(0,z) = 0 for every z € R% In (2.1), we denoted by A

the standard Laplacian on R? and by W the random noise which is defined as a centered
Gaussian process (W(t, A),t > 0, A € B,(R?)) with covariance

EW(t,A)W(s,B)z(tAs)A/B|II—y|’_7dxdy, if v € (0,d)

and

EW(t, A)W (s, B) = (t A s)\M(AN B), when v = 0.

We denoted by || - || the Euclidean norm in R? and by B,(R¢) the class of bounded Borel
sets in RY.

In the first case, the noise is said to be white in time and correlated in space with spatial
correlation given by the Riesz kernel. In the second case, we have a time-space white noise,
i.e. the noise behaves as a Wiener process both in time and in space.

The solution to (2.1) is usually defined in the mild sense, i.e. as the Wiener integral with
respect to the noise W by

u(t,z) = /0 t [ Gl s —yWids.dy (2.2)
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where GG is the fundamental solution of the heat equation, i.e. the deterministic function
which solves 2u(t,z) = Au(t, z).

We say that the solution to (2.1) exists if the Wiener integral in (2.2) is well-defined in
L2(2). We know (see e.g. [56]) that the necessary and sufficient condition for the existence
of the solution is

d<24v

which means d = 1 in the case of the time-space white noise (7 = 0).

Also, the solution is connected to the bifractional Brownian motion. Recall that (see
[30]), given constants H € (0,1) and K € (0, 1], the bifractional Brownian motion (bi-fBm
for short) (Bf' ’K)te[QT] is a centered Gaussian process with covariance

1
R (1, 5) 1= R(t,s) = o ((RH + )N g 3|2HK> L oste[0,T]. (23)

In particular, for K = 1, B! := B is the fractional Brownian motion with Hurst parameter
H e (0,1).

It is known that for every fixed x € RY, the process (u(t, x),t > 0) given by (2.2) coincides
in distribution, modulo a constant, to the bifractional Brownian motion with parameters
H:%andKzl—dg—V(SOH:K:%iffy:Oanddzl).

Concerning the behavior with respect to the space variable, we know from [27] that for
fixed t > 0 and for d = 1, the process (u(t,z),x € R) has the same law as a Brownian
motion plus an independent Gaussian process with C'°° sample paths.

When the noise is correlated in time, for example when the noise behaves as a fractional
Brownian motion with respect to the time variable, there are also links between the law of
the solution to the heat equation and the fractional processes, see e.g. [28] or [57].

All these connections are very useful to deduce various properties of the solution to the
heat equation by using known results for the fractional Brownian motion.

In this work, our purpose is to do a similar analysis for the solution to the fractional
stochastic heat equation, i.e. when the Laplacian is replaced by the fractional Laplacian of
order a € (1,2], denoted —(—A) 2, in the equation (2.1). We want to understand the influence
of the parameter a on the law and on the sample paths regularity of the solution. We give
a necessary and sufficient condition for the existence of the solution for the fractional heat
equation and we study the connection with fractional Brownian motion and related processes.
We prove the following facts : while with respect to the time variable the solution still
remains a bifractional Brownian motion (whose Hurst parameters will be explicitly given),
the behaviour of the solution in space will be related to the isotropic fractional Brownian
sheet. The result was known in dimension d = 1 from [27], but in dimension d > 2, we
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notice the appearance, for the first time in the literature, of the multiparameter fractional
Brownian motion of isotropic type.
We apply these findings to the study of the g-variations of the solution to the fractional
heat equation. For a stochastic process (X;):>0, we will consider two types of variations :
— the exact g-variations (¢ € (0,00)) over an interval [A;, As], meaning the limit in
probability of the sequence

n—1

qu(X) = Z ‘XtiJrl - th‘

=0

q

ift,; = A + %(Ag — Aq),i=0,..,n constitutes a partition of the interval [A;, As].
— the renormalized g—variations (which are usually defined for self-similar stochastic
processes and for ¢ > 1 integer) as the limit in distribution, as n — oo, of the

sequence

n—

XtH—l - Xti e
V)= 3 | g

1
i=0 it+1

where yi, = EZ? with Z ~ N(0,1) (we will use this notation througout our work).
More details on these notions will be given below in Section 2. In the same Section 2, we
also prove some new facts concerning the variations of the perturbed fractional Brownian
motion. In Section 4 we study the solution to the fractional heat equation with time-space
white noise while Section 4 is devoted to the analysis of the white-colored noise case.

2.2 Variations of the perturbed fractional Brownian
motion

In this section we introduce the notion of exact g-variation and of renormalized g-variation
for stochastic processes. We will also recall some known results for the fractional Brownian
motion and bifractional Brownian motion. In the last part, we obtain the g-variation for a
perturbed fBm, i.e. the sum of a fBm and of a smooth process. This result for the perturbed
fBm will be applied several times in this work.

2.2.1 Exact ¢g-variations and renormalized ¢-variations for stochas-
tic processes

We first define the concept of exact q-variation for stochastic processes.
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Definition 4. Let Ay < Ay and for n > 1, let t; = A + (Ag Ay) fori=0,..,n. A
continuous stochastic process (Xi)i>o admits a g-variation (07" a variation of order q) over
the interval [Ay, As] if the sequence

n—1

Viatan (0 = > Ko — X,

1=0

q

converges in probability as n — oo. The limit, when it exists, is called the exact q-variation
of X over the interval [Ay, As].

If [Ay, As] = [0,], we will simply denote V{3, ,(X) := V;"*(X). Moreover, if ¢ = 1, we
denote V(X)) := V4", In the case ¢ = 2 the limit of V" is called the quadratic variation,
while for ¢ = 3 we have the cubic variation.

Let us recall the following result concerning the g-variation of the bifractional Brownian
motion (see Proposition 1 in [36]).

Proposition 2.2.1. If (B, H, )t>0 5 a bi -fBm with Hurst parameters H € (0,1), K € (0,1]

then BEE admits a Uamatzon of order = HK over any interval [Ay, As] which is equal to

Crr(As — Ay)
where Z 1s a standard normal random variable and
Cuk = (2 2 )HKE|Z|HK (2.4)

By taking K = 1, we notice that the fractional Brownian motion has %-wm’atz’on over
the interval [Ay, Ay] given by B|Z|7 (Ay — Ay).

We will also study the asymptotic behavior of the normalized q-variation of the solution
to the fractional heat equation. Even if this notion is usually studied for self-similar stochastic
processes, one can discuss it for more general stochastic processes. In order to define this
object, let us recall the case of the fractional Brownian motion. Let B be a fBm with Hurst
parameter H € (0,1) and define

n—1
Vil BH :Z{ (BgH_Bg)q_Nq
=0

This is called the (centered) renormalized g-variation because the random variable (BtH+1

B{)? is normalized, i.e. the expectation of %(3&1 — Bf")is iy = EZ?. Many works
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treated recently the limit behavior in distribution of the renormalized ¢-variations for various
stochastic processes, see e.g. [56] and the references therein.

We recall the following result concerning the variations of the fractional Brownian motion
(see [11], [24], [25] or [55]; the reader may also consult Section 1 in [44] for a survey of these
results). We will restrict below to the case when the Hurst parameter H is less or equal
than I since only this case will be needed in the sequel. That is, if ¢ > 2 is an integer and

2
H € (0, 3], then

n—1
1 1 nta
%VZZ,H(B) = % {W(Bti-“ — Bti)q — Mg| — N(O, J?{7q)‘ (25)
=0

7=

Above, U?J,q denote a strictly positive constant depending on ¢ and H.

In this work, we will analyze the asymptotic behavior of the renormalized g-variation for
various stochastic processes, not necessarily self-similar. For a general process (X¢)i>0, by
studying the asymptotic behavior of the renormalized g-variation we will generally mean to
find a constant p € R and two deterministic sequence f(n), g(n) which converge to zero as

n — oo such that E [f(n)™ (X, — Xti)}2 is close to 1 and
| (X, — X))
g(n)z [( tlJrf(n) tl) _:qu]
i=0

converges in distribution to a non-trivial limit as n — oo. We illustrate below the case of
the perturbed fBm.

2.2.2 ¢-variation of the perturbed fractional Brownian motion

In the next sections, we will see that the solution to the fractional heat equation can
be decomposed into the sum of a fBm (with Hurst parameter less or equal than one half)
and a smooth process. Therefore, we need to understand the variations of such stochastic
processes. This can be relatively easily obtained from the results known for the fBm and
recalled above.

Concerning the asymptotic behavior of the exact and renormalized ¢ variation of the sum
of a fBm and a smooth process, we have the following lemma.

Lemma 1. Let (Bf);> be a fBm with H € (0,1] and consider a centered Gaussian process
(X¢)i>0 such that

E|X, — X,]> < C|t — s|? for every s,t > 0. (2.6)
Define
YH = BE + X, for everyt > 0.
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1. The process Y has %—vam’ation over the interval [Ay, As] which is equal to
E|Z|VH(Ay — Ay).

2. Let

—_

n—

H n' H H\g
Von(Y7) = WWM =Y ) = g -

Il
=)

Then if H € (0, 3) and q > 2
Hq

1 H _an n H _ ~H o2
Ve = 3 | O ¥ | = VO @)

If H =3, ¢ =2 and the process (X;)i>o is independent of B, then

1
2

VM(YH vt -y — 1} — N(0, 0;2). (2.8)

vn \/_Z[/b Al)( ot

Proof : Concerning point 1., we use Minkowski inequality to write

N\H 1 A7
(Z‘BM Y H) B (Z X, — Xu, H>
=0

( )H
1 H n—1 H
H L1
( I;IJrl - Bf ) + (Z |Xti+1 - Xti H> . (29)
1=0

Since by Proposition 3.2.1, the sequence
1
H

Z B!, - B!

converges in probability, asn — oo, to the desired limit E|Z|'/# (A, — A}), it suffices to show
that Y 1, ‘X,gl+1 - Xy, ﬁ converges to zero. We have, via (2.6) and the fact that for s < ¢,

X; — X, ~ N(0,0?) with 02 < C(t — s)

_yH

’L+1
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n—1 n—1

L L _ 1
EY | Xi, — Xo|T <Ot — i7" < On'TH 00 0.
=0 1=0

Let us prove point 2. Consider first the situation H € (0, %) By using Newton’s formula
we can write

V1) = (Vi (B) + )
where
% = (42— Al)QHn_\;: § Ca nl(Btm = B) (X, — Xi)"" = $ R.,.  (2.10)
r=0 =0 —0

It suffices to show that R"T’; converges to zero in L'(Q) for every r = 0,..,¢ — 1. Using (2.6)

we have for every s,t > 0 and for r =0,..,q — 1

E|X; — X2 < CJt — s[>

and then we can write, for r =0,..,¢ — 1

R, , 1 = 1 N
anE% < an% Z (E(Btz’-H - Bti)Qr) ’ (E<Xti+1 - Xti)Q(q T)) ?
=0

1

< CpE-DE+; < opH-3

and this converges to zero as n — oo since H < %
IfH:%andq:Q,Wehave

1

1
Vaon
N

n—1
2 n
) = %Vzn(B) + 7n > H(Btm = By,)(Xp — X3,)
=0
n—1

1 n
—_—— X, —X,)2
+\/ﬁA2 _Al ;( tz+1 tz)

N

v

Clearly, by (2.6)

n—1

VB (Xiy — Xe)? S en7% =00 0

1=0
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and since X is independent of B,

n—1 2 n—1
E <\/ﬁ Z(Bti+1 - Bti)<Xti+1 - th)) =nk (Bti+1 - Bti)Q(th‘H - Xti)Q
i=0 1=0
n—1 ) ) ) ) n—1 1 1 1
<nY (E(By,, —B.)")? (E(Xs,, — X:,)")* <Cn —— < C= =00 0
i=0 i=0
|
Remark 2.2.1. The condition (2.6) can be replaced by the following condition :
The process X has absolute continuous path on [0, 00). (2.11)

Indeed in this case,

n—1

EZ ‘Xtiﬂ - Xti‘% < sup <|Xti+1 — Xu,

=0

n—1
ﬁ—1> Z }Xtm — X |-
=0

1
A ! converges to zero almost surely as n — oo due to the
continuity of X while the sum is bounded by the total variation of X on the interval [0, 1].
Also, with R,,, given by (2.10)

The quantity sup,; ‘Xti“ — X,

n—1
1 —T—l T
BBl < (sgp\xml ~ X, ’Bfﬂ _ BH )Z|Xti+1 '
=0
and by the continuity of X and BY for r = 0,1,...,¢q — 1 the factor
sup;, ‘th.+1 - Xy, et Bgﬂ — Bﬁ‘ converges to zero almost surely as n — oo.

2.3 Heat equation with fractional Laplacian driven by
space-time white noise

We first consider the fractional heat equation driven by a time-space white noise. We
study the existence, the probability distribution and the variations of the solution both in
time and in space.
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2.3.1 The equation and its solution

Consider the stochastic partial differential equation

Eu(t, z) = —(=A)2u(t,z) + W(t,z), t>0zcR? (2.12)

with vanishing initial condition u(0,z) = 0 for every z € R% In (2.12), —(—A)2 denotes

the fractional Laplacian with exponent §, a € (1,2] and W is space-time white noise, i.e.

(W(t, A),t>0,A € BRY) is a centered Gaussian field with covariance
EW(t,A)W(s,B) = (t A s)\(AN B)

where \ denotes the Lebesgue measure on R%. We refer to [31], [32], [33] for the precise
definition and other properties of the fractional Laplacian operator. We will here use only the
expression of the Green kernel G,, (or the fundamental solution) associated to the fractional
Laplacian, i.e. the deterministic kernel that solves the heat equation without noise %u(t, x) =
—(—=A)>u(t,z). This Green kernel is defined through its Fourier transform

FGo(t,)(&) =etIEI" >0 e R? (2.13)
where FG,,(t, ) is the Fourier transform of the function y — G, (t,y).
The mild solution to (2.12) is understood in the mild sense, i.e.

u(t,z) = /0 t [ Gult— o= 2)W(du.dz) (2.14)

where the above integral W (du, dz) is a Wiener integral with respect to the Gaussian noise
w.

First, we notice that the solution exists only in spatial dimension d = 1.

Proposition 2.3.1. Let (u(t,a:),t >0,z € Rd) be given by (3.5). Then the solution is well-
defined if and only if d = 1. Moreover, in this case, for every T >0

sup  Elu(t,r)]* < oo.
t€[0,T],zeR

Proof : From the Wiener isometry, the Plancherel identity and the expression of the
Fourier transform (2.13), we have for every ¢t > 0,z € R?
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Eu(t,z)? = /Otdu/Rddz|Ga(t—u,x—Z)|2
= Gn du | aeiFGatu )

t t
= (27r)d/ du/ dee~2ullel™ — C’d,a/ duu™a
0 R4 0

with Cy, = (27)7¢ Jra dée 281" < o0, The integral fot u~adu is finite if and only if 1 —g >0
which means d < « or d = 1 since «a € (1, 2]. Moreover, for every t € [0,T],z € R,

1

T % < 0.

1
a

1
Eu(tv x)Q S Cl,a 1

Next, we will focus on the probability distribution of the solution in spatial dimension
d = 1. We will treat separately the behavior in time and in space.

2.3.2 Behavior in time

We consider here the process (u(t,z),t > 0) with « € R fixed. The distribution and the
properties of this Gaussian process will follow easily from the computation of its covariance.

Proposition 2.3.2. For every s,t > 0 and x € R we have

Eu(t, z)u(s, ) = 14 [(t + s)l_é — |t — s|1_ﬂ

1 1
a=——"=7[—].
“ 2n(a— 1) <a>

Consequently, the process (u(t,xz))i>0 has the same law as the process 627063%71_%, where

B3l=a isq bifractional Brownian motion with Hurst parameters H = % and K =1— é and

where

2, =125 (2.15)
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Proof : We follow the lines of the proof of Proposition 2.3.1. Assuming that 0 < s < ¢,
we have from (2.13)

tAs
Eu(t, z)u(s,z) = / du/ dzGo(t —u,x — 2)Go(s — u,x — 2)
0 R

_ / " / QEFGo(t — 0, ) (O FCa(s — 0, )(E)

= / du/ dfe’(t“ 2u)[€]*

= (W)_la/o d§|§|5_1 —lep / du(t + s — 2u) =/

and the conclusion is obtained since

> 21 e _ L1
/0 d¢ | & | e _2F e

Then

Eu(t, z)u(s,z) = %(W)_IEEF (l) ! [(t 4s)a =t — s|1_é] :

o2 a) 1l—

Q=

Remark 2.3.1. If o = 2, then ¢, = ﬁ since ['(3) = /m. We retrieve a well-known
formula (see [54] or [56]).

From Proposition 2.3.2, we can deduce many properties of the process ¢ — u(t,z). In
particular, for every x € R,
— the process (u(t,x));o is self-similar of order 1 (1 — 1) and it is Holder continuous
of order 4, for any ¢ € (O, : (1 — é)) :
— We have the following decomposition in law : u(t,z) +Y; = CBt%(lfé) where Y is a
Gaussian process with absolute continuous paths and B2(1=3) denotes a fBm with
Hurst index 1(1 — 1) and C' > 0 (see [30]).
Let us end this paragraph by stating the result on the behavior of the variation of the
solution in time.
In the sequel we used the fact that two processes with the same finite dimensional distribu-
tions have the same variations (see e.g. Proposition 4 in [36]).
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Proposition 2.3.3. Fiz Ay < Ay andx € R. Lett; = A1+ 2 (Az A)y,n>1,7=0,1,...n
be a partztwn of the interval [Ay, As]. Then the process (u (t x),t > 0) admits variation of
order = a which is equal to

02a101/21 1(A2 Ay)
with Cyjp1_1(Az — Ay) from (2.4) and ca0 from (3.7).

Proof : This is an immediate consequence of Proposition 3.2.1 and Proposition 2.3.2.
|

Remark 2.3.2. For a = 2, we retrieve a result from [5]] : the solution to the standard heat
equation with time-space white noise has non-trivial quartic variation.

Concerning the renormalized ¢-variations, we have the following.

Proposition 2.3.4. Fiz A; < Ay andx € R. Lett; = A; + 2 (AQ A),n>1,7=0,1,..,n
be a partition of the interval [Ay, As]. Then

n—1 a—1 q
1 n 2«
a— (U’(t’b 171[') _u<t17x))q_ﬂ — N(O)J% _1 )
N [(Ch b2z (As — A;) 2;> - a 11-1)g
with 02;(1_;) Y strictly positive constant depending on q and H ..
2 a’l?

Proof : From [36], we know that

1q_1
(u(t,z) + ClXt)tzo =(4) CZQQiBf(l 2

where 7 =@ ” means the equivalence of finite dimensional distributions, B 30-3) is a fBm
with Hurst parameter £(1 — 2), C; > 0 and (X;);>0 is a Gaussian process which satisfies
(2.11) from Remark 2.2.1. Therefore, (2 2w u(t,z),¢ > 0) is a perturbed fBm in the sense
of Lemma 1. Also note that its Hurst parameter is strictly less than % We can then apply
Lemma 1 to obtain the conclusion. [ |

2.3.3 Behavior in space

An analysis of the process (3.5) with respect to its space variable has been done in [27].
Let us recall the main facts.

From Proposition 3.1 in [27] we know that for every ¢ > 0 the process (u(t,z),z € R)
can be decomposed as
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a—1

u(t,z) =Y m,B7 (z) + S(x) (2.16)

where B“T" is a fractional Brownian motion with Hurst parameter a1 € [0,1], (S(2))ser

is a centered Gaussian process with C*> sample paths and m, is the following numerical
constant

=

me = (20(a)| cos(am/2)|)”

From the decomposition (2.16) we notice that the regularity of  — u(t,z) is given by the
fractional Brownian motion Bz . In particular for every x,y € R and t > 0

E |u(t, ) — u(t,y)|* < Clo —y|*™!

which implies that the function z — w(t,z) is Holder continuous of order § € (0,<5%).
Actually, we have a more precise result in Lemma 2.1 in [27], i.e. for every z,y € R and

t > 0 and for ¢ close to zero,
E|u(t,z + 0) — u(t,z)]> = m26°~! + O(5?).

From the decomposition (2.16) we can deduce the g¢- variation of the solution u with
respect to the space variable.

Proposition 2.3.5. Fix A} < Ay andt > 0. Let v; = Ay + %(Az — Ay) for j=0,..,n and
n > 1. Then the process (u(t,x),x € R) has =2 - variation, i.c. we have the following limit
i probability

n—1 5
: 2 o1 _2
Jim D fultwji) = ult )| =T = mEBIZ| T (A — Ay,

j=0

Proof : Notice that the process S satisfies condition (2.6). This follows from [27], but
also from the proof of Proposition 2.4.6 below. We can then apply Lemma 1, point 1. R

From Lemma 1 and (2.16) we have the following result.

Proposition 2.3.6. Fiz A} < Ay andt > 0. Let x; = Ay + L(Ay — Ay) for j =0,..,n and
n > 1. Then if a € (1,2)

n—1 a—1 q
1 n-z
D [( — ) (ult i) — ult.2)) — iy = N3 ). (217)
i=0
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Ifa=2 (ie. 5t = 1), then

2
n—1 a—1
— |:—2 (U(t,QTH_l) — U(t,QTZ))Q -1 = N(O, (72%72)
0

with the constant oy, from (3.11).

Proof : It suffices to note that from [27], E|[S(x) — S(y)|? < |t — s|*> and that the Hurst
index 25 is less than 3. For a = 2 the result is known from [49].
|

Let us make some comments :

Remark 2.3.3. 1. When a = 2, we have (exact) quadratic variation in space for the
solution. We retrieve again a known result from [54].

2. We notice that the regularity in space is « times the reqularity in time (i.e. O;—;l-Hdlder

continuity in time and °5-Holder regularity in space). The phenomenon was known

2
for a = 2.

2.4 Heat equation with fractional Laplacian and white-
colored noise

In this section, we will add a new parameter to the heat equation (2.12), by considering
a Gaussian noise which behaves as a fractional Brownian motion in space, i.e. its spatial co-
variance is given by the so-called Riesz kernel. More precisely, we will consider the stochastic
heat equation

au(t,x) = —(=A)zu(t,z) + W(t,z), t>0,z¢cR? (2.18)
with u(0, ) = 0 for every € R% In (2.12), —(—A)? denotes the fractional Laplacian with

exponent §, a € (1,2] and W7 is the so-called white-colored noise, i.e. W7(t, A),t > 0,A €
B(RY) is a centered Gaussian field with covariance

EW7(t, AYW7(s,B) = (t A s)/ / f(z —y)dxdy
AJB
where f is the so-called Riesz kernel of order v given by

[(@) = Ry(2) = gyallzl ™7, 0<y<d, (2.19)
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where g, 4 = 297721 ((d — 7)/2)/T(v/2). In this case, if we consider the measure p(d€) =
1€]I77d¢ we have the identity

/Rd /Rd o(@)f(z — y)v(y)dady = (2m)~ | Fp(&)Fp(€)u(ds). (2.20)

Rd

for any ¢,1 € S(R?) (the Schwartz space on R?).
As usual, the mild solution to (2.12) is given by

u(t,z) = /Ot /R Gt — w2 — =)W (du, d2) (2.21)

where the above integral W7 (du, dz) is a Wiener integral with respect to the Gaussian noise
W,

Let us first give the necessary and sufficient condition for the existence of the mild
solution.

Proposition 2.4.1. The mild solution (2.21) to the heat equation (2.18) is well-defined if
and only if

d<a+y. (2.22)

Moreover, in this case, for every T > 0

sup  Elu(t,r)]* < oo.
t€[0,T],zeR

Proof : Using the identity (2.20), we have for t > 0,z € R¢,
t
Eu(t, x)Q = Gv,d / du/ / dydzGo(t —u,x — 2)Go(t —u,x — y)|y — z‘*(dfw
0 Re JRd

t
= oaen) [l [ e el
0 R4
d—y

t
= Cl,ow/ duu™ =
0

with Cian = ¢y,a(2m) ¢ [ d€e 2EI7]|€] 77 < oo. The integral du is finite if and only if

1 — 2 > which implies (2.22). The last bound in the statement is also trivial from the
above computation. [ |
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2.4.1 Behavior in time

In the next result we deduce the law of the Gaussian process u(t,z),t > 0 with x € R?

fixed.

Proposition 2.4.2. For every s,t > 0, and for every x € R%, we have

1—9=

Bu(t, 2)u(s, 2) = cray |(t45)' 5 — [t = s

where
Cran = a2 [ delle e (2:23)

1,0,y G~.d - 2(1 — d?TV) .

1q_d=—
Consequently, the process (u(t, z))i>o has the same law as CQ,OW(B,{‘”1 ’

is a bi-fBm withH:% cdezl—”%7 and

1q_d—y
“ Yy>0 where B2~ 4

o= Cras2 (2.24)

Proof : As in the proof of Proposition 2.3.2 we have for 0 < s < t and for € R¢,
tAs
Eu(t, z)u(s,z) = 9%61(271')_‘1/ du/ de||€|| e Ewllel® = (s—wliel®
0 R4

— gtz [ a0t [ due s - 20
Rd 0
= Clan ((t+ ST | t—s |1_dTTW)

with ¢ o, given by (2.23). [ |

As a consequence, the process t — u(t,z) is Holder continuous of order ¢ for every
§ € (0,1 — £2) and it is self-similar of order § (1 — £2).

Ta a
Now, it is immediate to obtain the g-variations of the process u in time. The proof is
similar to the proof of Proposition 2.3.3.

Proposition 2.4.3. Fir A; < Ay andz € R. Lett; = Ay +2(As— A1),n>1,7=0,1,..,n

be a partition of the interval [Ay, As]. Then the process (u(t,z),t > 0) admits a variation of

order —29—
(07

T which is equal to
2a
at+y—d
€20y 0571_%(142 —A)

with C%J_d;y from (2.4) and co4~ from (2.24).
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And from the proof of Proposition 2.3.4 and Remark 2.2.1, we have

Proposition 2.4.4. Fir Ay < Ay andx € R. Let t; = Ay +1(A2— A1),n>1,j=0,1,..,n
be a partition of the interval [Ay, As]. Then

n—1 aty—d q
]. n 2«
= E - aty— (u(ti+17 .I') - u<ti> m))q — Hq| — N(O7 o d— )
N KCQMQ%J(AQ — AT d> I 3=
with 021(1_;) . 1S a strictly positive constant depending on q and H..
2 a’?

When v = 0 and d = 1, we retrieve the result in the case of the white noise in space.

The next step is to study the behavior in space of (2.21). Now, we work in spatial
dimension d > 1. In this case the solution will be related to the multiparameter isotropic
fractional Brownian motion. For this reason, let us present below the definition and the basic
properties of this process.

2.4.2 Isotropic fractional Brownian motion

In this paragraph we will use bold notation to indicate vectors in R? to distinguish them
from real numbers in order to avoid confusion.

The isotropic multiparameter fBm (also known as the Lévy fBm) (B (x),x € R%) with
Hurst parameter H € (0,1) is defined as a centered Gaussian process, starting from zero,
with covariance function

1
E(B"(x)B"(y)) = 5 (IxI*" + [y =[x = y|[*") for every x,y € R (2.25)

where || - || denotes the Euclidean norm in R?. It can be also represented as a Wiener integral
with respect to the Wiener sheet, see [29], [37].
The isotropic multiparameter fBm is self-similar and it has stationary increments in the
- : d
following sense : for every h € R
(B"(x+h) — B"(h))

=1 (B (x)) (2.26)

d d
x€R+ XGR+

and for every a > 0,

(B (ax) et = (B™ (%) s (2.27)

Recall that we denoted by =% the equivalence in the sense of finite dimensional distributions.
It is also possible to prove the stationarity of the increments in some generalized sense, by
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using higher order difference (see Proposition 6 in [29]). An important property, which makes
this Gaussian sheet different from the anisotropic fractional Brownian motion is that for every
z,y € RY
H H 2 H
E (B"(x) - B(y)) = |x -yl

which implies, due to the Gaussianity, that for every n > 1
E (B"(x) - B"(y))" = E|Z|"||x — y|"" (2.28)

where Z is a standard normal random variable. From (2.28) one can deduce, via a standard
argument, the existence of a continuous version for B¥, see e.g. [35].

Following the one-parameter case, we define the g-variation of the isotropic fBm as the
limit in probability as n — oo, of the sequence

n—1
Vil (B =3 |B (i) — B (x,)|*
=0

where x; = (x(l) : :U(d)) with xl(j) =A + LAy — A)) fori=0,..,nand j = 1,..,d.

i by n
Let us state the result on the variation of the isotropic fractional Brownian sheet. Even
if its proof follows easily from the one-parameter case, it has not been stated before, as far

as we know.

Proposition 2.4.5. The isotropic fBm ((B"(x),x € R%)) has +-variation over [A;, A,
which is equal to
(A2 — A)E|By|YH = (Ay — A))VAE|Z|YH

Proof : Consider the sequence

n—1

Yog =013 " [BY (xi0) — B (x;)|".

i=0
From (2.27) and (2.26), it has the same law as

n—1
1 . .
Yri,q = (Ay — Al)qHﬁ Z }BH(J +1) — BH(J)|q
i=0

with j = (j,..,j) € R% The sequence (B7(j+1) — BH(j))jezd is stationary and it has the

same law as d/2(B;,, — B;) where B is a one-parameter fBm with Hurst parameter H.
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By the ergodic theorem, Y, converges to (A; — A;)?"E|B;|?. Taking ¢ = 7, we obtain
the conclusion. ]

Following the proof of Lemma 3, can obtain the g-variation of the isotropic fBm perturbed
by a regular multiparameter process.

Lemma 2. Let (B (x))xere be a d-parameter isotrpic fBm and consider (X (x))xera a d-
parameter stochastic process that satisfies
E(X(x) — X(y)]> < C|x -yl for every x,y € R (2.29)
Define
Y (x) = B¥(x) + X (x) for every x € R™.
Then

1. the process (Y (X))xera has -variation which is equal to
(Ay — A)VAE|Z|MH,
2. Then if H € (0,3) and ¢ > 2

1

1 qu Hq/2
H
v et Zl

— Ay ) (Y (xi41) = Y (x:))? = g | — N(0,0%,)-
(2.30)

Proof: Asin the proof of Lemma 3, we have the double inequality (2.9) due to Minkowski
inequality. The sequence

Z_: |BH<X1+1> - BH(Xz‘)‘%

converges again almost surely and in L' to the desired limit, by Proposition 2.4.5. It remains

to show that >0 | X (xip1) — X (Xi)‘% converges to zero in probability and this is an easy
consequence of the hypothesis (2.29).

For point 2. it suffices to observe that the vector (B (x;11) — B¥(x;)),, , _, has the same

law as d/2(BH (x;,1)— B(x;)).1...n_1 Where B is a one-parameter fBm with Hurst parameter
H and to apply Lemma 3. [ |
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2.4.3 Behavior in space

We go back to the process (2.21) and we analyze its behavior in space. We prove the
following result.

Proposition 2.4.6. Fizt > 0. Then the process (u(t, z)),cra has the same finite dimensional

distribution as
at+y—d

c3anB 2 (z)+ S(2),7 € R?

where B3 is an isotropic multiparameter fBm with Hurst index a+;_d, S(z),r € R is
a Gaussian process with C™ paths which satisfies (2.29) and

2. = (2m) /R dw||w]| "+ (1 = cos(w - 1)) with e = (1,0..,0).  (2.31)
Proof : Define, for z € R¢,
S(z) = /OO /R (Ga(s,2) — Gulu, 2 — 2)] W(ds, d2). (2.32)
:
Then we have

E|S(2)|* = /t ds /Rd /Rd dzdz (Go(s,2) — Go(s,x — 2)) (Go(s, ') — Gols,x — 2') f(z — ')

= (277')(1 /too du /Rd d§||f||_7 (]:Ga(& )(f) — .FGQ(S,ZE _ )(5)) (.FGQ(S, )(5) — -FGQ(S,[L' — )(5
= (277)7d /too du/Rd dg”,gH*Ve*%Héll‘* ‘1 _ e—ig-z|2

where we used the Parseval formula (2.20). Now, by using Fubini and computing the integral
du, we get

BIS(@IP = (2n) [ delel o1 coslg - n))e I < o

The function under the integral d¢ is integrable at infinity because of the presence of the
exponential function, while in the vicinity of zero we use |1 — cos(£ - )| < ¢[|¢]|* and then

||§||_7—04(1 — COS(f . x))e—%”ﬁ“a < CHSH—a_'H_Q
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which is integrable for £ close to zero since —a—y 4+ 2+ d > 0. (since a < 2 et v < d)
In the same we can control the increments of S to prove (2.29). Indeed, for x;,z, € R,

E|S(z2) = ()" = (2w)d/oodu/ de||€|| e 2ulel" |1 — i maman))®
t Rd
— 20 [ d dellel e 2ulel (1 — e
2 [ du [ delll e~ eonle - (52— m)
= (2m)™ /Rd dE(|€]777(1 — cos(€ - (zg — 11)))e 2MEI"

< )i — P [ defllrerie e
R

since 1 — cos({ - (2 — 21)) < [lzz2 — z1|*[|€]*.

Let us put U(z) = u(t,x)—S(z) for every x € R We will show that (U(x)),cgra is modulo
a constant, an isotropic fBm. We can write, for z,y € RY, by using the independence of u
and S (because the noise W7 is white in time)

E|U(z) - U(y)? = E {/Ot /R (Gl — 2) — Gulu,y — 2)) W(du, dz)] 2
+E Utm /R (Gl — 2) — Ga(uyy — 2)) W (du, dz)] 2
= E [/000 /Rd (Golu, o — 2) — Go(u,y — 2)) VV”(du,dz)]2
_ (o) / " du /R gl e N (1 — cos(¢ - (x — )
= @0 [ delel o = os(s - (0 =)

where we computed the integral du. We will have

E[U(x) ~ Uy)l* = (2r)|ly — fL’H“Hd/ duw|[w]| 7T (1 — cos(w - e1))

R4
with e; = (1,0, ...,0). The last identity follows from Proposition 2 in [29].

The last relation implies that U coincides in law with cgamBM;% where B*5™ is an

isotropic fBm and ¢3 , ., given by (2.31). |
From Lemma 2 and Proposition 2.4.6, we have
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2

- variation given by c5 .7 " (Ay —

2
a+vy—d

Proposition 2.4.7. The process v — u(t,z) has
AWVAE|Z|7F.

and

Proposition 2.4.8. Fiz Ay < Ay andt > 0. Let :cf = Al—i-%(Az —Ay) forj=0,..,n,n>1
and for every k= 1,..,d. Also let x; = (zj, ..,x?). Then ifa+v—d <1

+y—d
ety=d i/

n—1 q
1 n . ,
3 () e = M0

with ¢34~ from (2.31) and Tatyd o from (2.17).

Notice that we restricted to the situation o+ —d < 1 which means that the parameter
of the isotropic fBm associated to the solution is strictly less than one-half and we can apply
Lemma 2.
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Chapitre 3

Estimation of the drift parameter for

the fractional stochastic heat equation
via power variation
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We define power variation estimators for the drift parameter of the stochastic heat equa-

tion with fractional Laplacian and with additive Gaussian noise which is white in time and
white or correlated in space. We prove that these estimators are consistent and asymptoti-
cally normal and we derive their rate of convergence under the Wasserstein metric.
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2010 AMS Classification Numbers : 60G15, 60H05, 60G18.

Key Words and Phrases : Stochastic heat equation, Fractional Brownian motion,
Fractional Laplacian, ¢ variation ; drift parameter estimation.

3.1 Introduction

The purpose of this work is to estimate the drift parameter 8 > 0 of the fractional
stochastic heat equation

8’&9
S (ta) = —6(=4)

[N]]e)

ug(t,z) + Wit,z), t>0,z€R (3.1)

with vanishing initial conditions, where (—A)2 denotes the fractional Laplacian of order
€ (1,2], 0 > 0 and W is a Gaussian noise which is white in time and white or correlated
in space.

The parameter estimation for stochastic partial differential equations (SPDEs in the se-
quel) constitutes a research direction of wide interest in probability theory and mathematical
statistics. We refer, among many others, to the recent surveys [38] and [15]. On the other
side, there are relatively few works that consider the solution to a SPDE observed at dis-
crete points in time and/or in space. Among the first works in this direction, we refer to [43]
and [42] for the maximum likelihood and least square estimators for parabolic, respectively
elliptic-type SPDEs driven by a space-time white noise. The study in [42] has been then
extended by [6], by adding a time-varying volatility in the noise term and by using power
variation techniques to estimate the parameter of the model. Other recent works on parame-
ter estimates for discretely sampled SPDEs via power variations are [16], [18], [7], [49] and
[60].

In our work, we extend the above results into two directions. Firstly, we replace the
standard Laplacian operator used in all the above references by a fractional Laplacian. On
the other hand, we consider a simpler form, comparing to [6], [42], of the differential operator.
Secondly, we also consider a noise term which is correlated in space. Our purpose is to
propose power variation-type estimators for the drift parameter in the stochastic model
(3.1), based on discrete observation of the solution in time or in space, and to analyze the
consistency and the limit distribution of the estimators by taking advantage of the link
between the solution and the fractional Brownian motion. Our approach to construct and
analyze the estimators for the drift parameter is based on the asymptotic behavior of the
g-variations of the mild solution to (3.1). It is well-known (see e.g. [27], [39], [56]) that there
exists a strong link between the law of this mild solution with # = 1 and the fractional
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Brownian motion and related processes. We will use this connection in order to deduce the
behavior of the g-variations (of suitable order ¢) of the solutions to (3.1) and to prove the
consistency, asymptotic normality and Berry-Esséen bounds under the Wasserstein distance
for the associated estimators. For the situation when W is a space-time white noise, we will
obtain two estimators for the drift parameter : one based on the temporal variations and
one based on the spatial variations of the mild solution ug. Similarly, two estimators are
defined when the Gaussian noise W is white in time and colored in space (with the spatial
covariance given by the Riesz kernel). Even if the order of the variations which appears in
the definition of the estimator is different in the four cases (this order may depend on the
parameter « of the fractional Laplacian and/or on the spatial correlation), all the estimators
are asymptotically normal, they have the same rate of convergence of order n=% and they
have the same distance to the Gaussian distribution. The case of the standard Laplacian
(i.e. @ = 2) has been studied in [49].

We organize the paper as follows. In Section 2 we present general facts on the stochastic
heat equation with fractional Laplacian and the behavior of the variations of the perturbed
fractional Brownian motion. In Section 3 we discuss the drift parameter estimation for the
fractional heat equation with space-time white noise while in Section 4 we treat the case
when the noise is correlated in space.

We will denote by ¢, C' a generic positive constant that may change from line to line (or
even inside of the the same line). By —@ we denote the convergence in distribution while
=(4) stands for the equivalence of finite dimensional distributions.

3.2 The fractional heat equation driven by space-time
white noise
We start by treating the fractional stochastic heat equation with space-time white noise.

We recall the basic properties of the solution, its relation with fractional Brownian motion
and then we discuss the estimation of the drift parameter 6 via the g-variations.

3.2.1 General properties of the solution

On the standard probability space (€2, F, P), we consider a centered Gaussian field
(W(t,A),t >0,A € By(R)) with covariance

EW(t, A)W (s, B) = (s At)\(AN B) for every s,t > 0, A, B € B,(R) (3.2)
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where A denotes the Lebesgue measure on R and B,(R) is the class of bounded Borel subsets
of R. The Gaussian field W is usually called the space-time white noise.
We will consider the stochastic heat equation

%(t,x} = —O0(—A)2up(t,z) + W(t,z), t>0,z€R (3.3)

with vanishing initial condition u(0,z) = 0 for every 2 € R. In the above equation, (—A)?2
represents the fractional Laplacian of order . We will assume in the sequel that a € (1,2].
We refer to [22], [31], [32], [33] for the precise definition and other properties of the fractio-
nal Laplacian operator. We will denote its Green kernel (or the fundamental solution) by

G, which represents the deterministic kernel that solves the heat equation without noise
Su(t,x) = —(—A)Zu(t,z). It is known from the above references that for ¢ > 0,z € R

Ga(t,x):Aeit£t5|ad§. (3.4)

It is immediate to see that the fundamental solution associated to the operator
—0(—=A)2uy(t, z) is Go(0t, 2).
The solution to (4.1) is understood in the mild sense, i.e.

up(t, ) = /0 LGQ(H(t —s),x —y)W(ds,dy) (3.5)

where the stochastic integral W (ds,dy) is the usual Wiener integral with respect to the
space-time white noise, which satisfies the isometry

E(/OT/RH(s,y)W(ds,dy))2:/OT/RH(s,y)zdyds

for every T' > 0 and for every measurable square integrable function H.

For 6 = 1, the solution to the heat equation (4.1) has been studied in [39]. This solution
exists only if the spatial dimension is d = 1 and it is connected to the bifractional Brownian
motion. Recall that (see [30]), given constants H € (0,1) and K € (0, 1], the bifractional
Brownian motion (bi-fBm for short) (B{""),¢ is a centered Gaussian process with covariance

1
RIE(t, 5) .= R(t,s) = T3 ((tQH + 2 | - s\QHK) . s,t>0. (3.6)

In particular, for K = 1, B := B#! is the fractional Brownian motion (fBm in the sequel)
with Hurst parameter H € (0,1).
Let us recall some of the results in [39] which will be needed in the sequel.
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— The mild solution (3.5) is well-defined. For every = € R, the process (u;(t,x),t > 0)
coincides in distribution, modulo a multiplcative constant, with the bifractional Brow-
nian motion, i.e.

d 14 1
(uy(t,z),t > 0) =@ (cg,an’ ot > 0)
where B2~ is a bifractional Brownian motion with Hurst parameters H = %, K =
1— é and
1 1 1
C%,a = CLaZl o with Cla = mr (a) . (37)
— For every t > 0, we have (see Proposition 3.1 in [27])

(wi(t,z),z € R) =@ (maB“T”(x) +Si(x),z € R) (3.8)

where B“ is a fractional Brownian motion with Hurst parameter 1 €0, 3],

(Si(7))zer is a centered Gaussian process with C'* sample paths and m,, is an explicit
numerical constant.

The above facts, combined with the decomposition (3.18) of the bifractional Brownian

motion, show that the solution to the heat equation, can be expressed as the sum of a fBm

and a smooth process (we will call this sum a perturbed fractional Brownian motion).

3.2.2 Variations of the perturbed fractional Brownian motion

Since the process (3.5) is connected to the perturbed fBm (i.e., the sum of a fBm and of
a smooth Gaussian process), let us recall some facts concerning the asymptotic behavior of
the variation of the perturbed fBm. Some of the results below are directly taken from [39]
while those concerning the rate of convergence under the Wasserstein distance are deduced
from [45].

We first define the notion of (ezact) g-variation for stochastic processes.

Definition 5. Let A1 < Ay and forn > 1, let t; = A; + 2(Ay — Ay) fori =0,..,n. A
continuous stochastic process (Xi)i>o0 admits a q-variation (or a variation of order q) over
the interval [Ay, As] if the sequence

q

n—1
S[TZ?,AQ](X) = Z }thq-l - th‘
=0

converges in probability as n — oco. The limit, when it exists, is called the exact q-variation
of X owver the interval [Ay, As].
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If [A1, A5] = [0,t], we will simply denote S;"(X) := Sj(X). Moreover, if ¢t = 1, we
denote S9"(X) := S;"(X). In the case ¢ = 2 the limit of S*" is called the quadratic
variation, while for ¢ = 3 we have the cubic variation.

Let us recall the following result (see [39]) concerning the exact variation of the perturbed
fractional Brownian motion, i.e. the sum of a fBm and a smooth Gaussian process. In the
rest of this section, we will fix an interval [A;, Ao] with A; < Ay and a partition ¢; =
Al + (A2 A1), n > 1,7 = 0,..,n of this interval. Also, we denote by Z a standard
normal random variable, and set p, = EZ? for ¢ > 1. Define 03;, = ¢! ", .5 pu(v)?, with

pr(v) =3 (Ju+ 127 + v — 1| — 2[v[*) for v € Z.

Lemma 3. Let (Bf);> be a fBm with H € (0,1] and consider a centered Gaussian process
(X¢)i>0 such that
E|X; — X,|> < Clt — s|? for every s,t > 0. (3.9)

Define
YH =aBl + X, for everyt >0

with a # 0.

1. The process Y has %—vam’ation over the interval [Ay, As] which is equal to
a 7E|Z|VH (A, — Ay).

2. Let

[y

n—

Hgq

VoY) =

LA27Zthw$Kil—’”U —uJ- (3.10)

O

=

Then, if H € (0, %) and g > 2 is an integer,

Hgq

n—1
1 n
7 A =52 [<A2 —Ayyiiras Ve~ V) “Q] 2 N(O.a,)- (311)
i=0

If H= %, q = 2 and the process (Xi)i>o is independent by B, then

L vty = 1

\/_ \/_Z |: Ay — Al)ag (YZH - Yf)Q _ 1} —(d) N(O’Uiﬂ)‘ (3.12)

Using the recent Stein-Malliavin theory, it is also possible to deduce the rate of conver-
gence in the above Central Limit Theorem (CLT in the sequel) under the Wasserstein dis-
tance. Before stating and proving the result, let us briefly recall the definition of this distance.
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The Wasserstein distance between the laws of two R%-valued random variables F and G is
defined as

dw (F,G) = sup [Bh(F) ~ Bh(G)| (3.13)

where A is the class of Lipschitz continuous function h : R? — R such that ||h|/z;, < 1,
e i) — (o)
r)— iy
[ P—— O
z,yeRI x4y H$ - yHRd

Proposition 3.2.1. Assume H < 5. Let Y as in Lemma 3 and let V., (YH) be given by
(3.10). Then for n large and with op, from (3.11)

b (VanlV ™), N0, ) < O

Proof : From the proof of Lemma 2.1 in [39], we can express the variation of Y# as the
variation of the fBm B¥ plus a rest term, i.e.

1

1
— Vo (Y") = —V,.(B") + R,
where R,, satisfies, for every n > 1,
E|R,| < enf™t (3.14)

By the definition of the Wasserstein distance, we can write

(Vi (V). N0,
< dy (Vinl B NO,,) )+ d (VY ), S(B)
< dy (JVin(B").N(0.0%,) ) + BIR|

In order to estimate dW(\/Lﬁqu(BH ),N(0,0%,)), we will use the chaos expansion of the

random variable V,,,(B¥) and several results from [45]. Notice that (see e.g. the proof of
Corollary 3 in [44]),

HK

Zk:leMq kZHk ( YRLL (Bg’j’+1 — Bf)) ,
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'L‘2 mn 12
where Hy, is the kth probabilistic Hermite polynomial Hy(z) = (—1)’“6727 (e*7> fork > 1
with Hy(z) = 1. We know from [45] that the vector

1 — n'k H H
(Fl,mFQ,na'-'an,n) = %;Hk (W (Bti+1 _Bti>)

converges in distribution to a centered Gaussian vector with diagonal covariance matrix C
(the explicit expression of C' can be found in [45], it is not needed in our work). Moreover,
Proposition 6.2.2 and Corollary 7.4.3 in [45] implies that

k:lv"yq

di (Fion)ior..as N(0,0)) < c%.

This will easily lead to

1 H 2 L
dyy (%vq,n(B ),N(O,JH,q)) e (3.15)

Since H < 1, we obtain the conclusion via (3.14) and (3.15). |

3.2.3 Estimators for the drift parameter

Our purpose is to estimate the parameter 6 > 0 based on the observations of the process
ug. We will define two estimators : the first is based on the temporal variations of the process
ug while the second is constructed via its variation in space. Their behavior is strongly related
to the law of the process wug, therefore we start by analyzing the distribution of this Gaussian
process.

The law of the solution

Let G(t, ) the Green kernel associated to the operator —(—A)=. Then the Green kernel
associated to the operator —0(—A)?2 is

G.(0t,z).

Lemma 4. Suppose that the process (ug(t,x),t > 0,x € R) satisfies (4.1). Define
t
ve(t, ) := up (g,x) , t>0,zeR. (3.16)
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Then the process (vg(t,z),t > 0,2 € R) satisfies

(91]9
Srte) =—(=4)

wlQ

ve(t,z) + (0) 2W(t,z), t>0,z€R (3.17)
with vg(0,2) = 0 for every x € R, where W is a space-time white noise, i.e. a centered
Gaussian random field with covariance (3.2).

Proof : From (3.5), we have for every t > 0,z € R,

vo(t, ) = g (%x) - /Og/RGa(t—Qs,x—y)W(ds,dy)

¢
- //Ga(t—S,I—y)W(dg,dy)
0o JrR
t
= 05/ /Ga(t—s,:c—y)W(ds,dy)
0o JR

where, for t > 0,4 € B(R), we denoted W(t,A) = 3 W (%,A). Notice that W has the
same finite dimensional distributions as W, due to the scaling property of the white noise.
|

We can deduce the law of the process ug in time and in space.

Proposition 3.2.2. For every x € R and 6 > 0, we have
d 1 1491
(ug(t,z),t > 0) = («9’502@35’ et > 0> :

where B2'"% is a bifractional Brownian motion with parameters H = % and K =1— i and
Co.0 18 given by (3.7).

Proof : Fix x € R and 6 > 0. Then for every s,t > 0, we have
Eug(t, x)ug(s,x) = Euvy(0t,x)ve(fs, x)
= 07 'Eu (0t 2)us(0s,2) = 0" ey [(Qt + (93)1_é — 6t — 05|1_é

1- 1—

o=
Q-
@ o=
Q=

B

Q=

= 0 -c EB
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Proposition 3.2.3. For every t > 0,0 > 0, we have the following equality in distribution
(up(t, z), = € R) = (e—%maB“T*(x) 73Sy (x), € R) ,

where BT is a fractional Brownian motion with Hurst parameter < a1 € (0,4, (Soe(2))acr
is a centered Gaussian process with C*° sample paths and m,, from (3.8).

Proof : The result is immediate since for every t > 0,0 > 0

(up(t,z),z € R) = (vg(0t,2), 7 € R) =9 072 (1, (0¢,2), z € R)

=(a) (9_%ma3%(x) +072Sp(x), 7 € R) )

where we used (3.8). [ |

Notice that the Hurst parameter of the fBm in Proposition 3.2.3 may be % if o =2.

Estimators based on the temporal variation

Proposition 3.2.2 indicates that the process ug behaves as a bi-fBm in time. Recall the
following connection between the fBm and the bi-fBm (see [36]) : Let H € (0,1), K € (0, 1].
If (BI'%),50 is a fBm with Hurst parameter HK and (B/"");s¢ is a bi-fBm), then

(ClxtHvK 4 BPE ¢ > 0) =) (C,BIE t > 0), (3.18)

with C; > 0 and C, = 272 . In (3.18), XK is a Gaussian process, independent of BHK
with C'°°-sample paths. ( see Remark 2.2.1). Therefore, the bi-fBm is a perturbed fBm and
the same holds true for the solution (ug(t,z),t > 0), by Proposition 3.2.2. Therefore, we
obtain, by using the notation t; = A; + %(Ag —A),n>1,7=0,.,n

Lemma 5. Let ug be the solution to (4.1). Then for every r € R

2a —1
S[AfAé]‘ D luo(tirn, @) = uo(ty, @) "= —sec o 25 B| 2|5 (Ay — AJO]=T (3.19)

wn probability.
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Relation (3.19) motivates the definition of the following estimator for the parameter 6 > 0
of the model (4.1)

“1n-1 11—«

~ 20 1 20

Oy = ((Céf;l?“‘lﬂjo;(flz - Al)) > luo(tjsr, o) — Ua(tjal“)|°‘1> (3.20)
=0

2a l—«a

a—1
= <c§7;12al,uaz_al(A2 - Al)) (S"’Tfl(ué)(~,x))> : (3.21)

and so
e 1 n—1 ™
Op)" = —— > lup(tjsr, x) — uglty, )21 (3.22)
C£;12EM%(A2 — Ay) =0

We obtain the consistency and the asymptotic normality of the above estimator. In order

to have the above quantity well-defined we need to assume that % is an even integer.
Proposition 3.2.4. Assume q := % 15 an even integer and consider the estimator gn,l

defined by (3.20). Then gn,l —n_soo B in probability and
~ 1 1 2
Vn [0;;; - ela] =D N(0, 51 4,) with s3,, = a;qeﬁu—é : (3.23)
Moreover, for n large enough
~1 1 1
dw (\/ﬁ |:971,1& - 0M:| 7N(07 Sg,a)> < C%'

Proof : From Proposition 3.2.2 and the relation between the fBm and the bi-fBm (3.18),
we obtain that

(ue(t, x) + C2,a97iXt> —(d) c2,a0*i2i3a2—;1’

where B%+ is a fBm with Hurst parameter a2—;1 € (0, %) Therefore, ug is a perturbed fBm
and we obtain, by taking H = a2—_al and ¢ = % = %
1 & nfa-t 20
NG dol= (uo(tjs1, @) — ug(t;, ©))>1 — pae | =9 N(0,0% ).
=0 C;&l 2ﬁ<A2 — Al) a
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This means
1 ~ 1 1
\/ﬁﬂ%eﬁ |:971’_1a — 91—a:| —(d) N(0,0‘E q)
which is equivalent to (3.23). .

__ Using the so-called delta-method, we can get the asymptotic behavior of the estimator
0,. Recall that if (X,,),>1 is a sequence of random variables such that

Vn(X, — %) —(d) N(0,0%)

and g is a function such that ¢’(7p) exists and does not vanish, then

Vi(g(Xa) = g(0)) =9 N(0,0%¢(0)°). (3.24)
Proposition 3.2.5. Consider the estimator (3.20) and let sy be given by (3.23). Then as
n — 00 R ,

Vi(0n1 —0) = N(0, 57 5, (1 — )?0a-1) (3.25)

and for n large enough

~ 20 1
dyy (\/ﬁ(em1 —0), N (0,82, (1 — a)20a—1)> <e—.

B

1
Proof : By applying the delta-method for the function g(z) = z'~* X, = 6,7* and
1
Yo = 07—« , we immediately obtain the convergence (3.25). Concerning the rate of convergence,
we can write, with 7y a random point located between X,, and 7,

V(g(Xa) —9(0) = vng'(90)(Xn — %)
= ¢(0)Vn(Xn — ) + Vn(Xn — %) (' (50) — 9'(10))
=: g'(’Yo)\/ﬁ(Xn—%)JrTn-

We have, for n large

N|=

E|T,| = E|vn(X,—)(' (%) — g’(%))\é(E(\/ﬁ(Xn—%))2> (E(d' () — ' (0))?)?

< (B - g O0)) < (é?—{l—e&f)%

L
c(E(%—H&l)) <c
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where we used the assumption a > 1 and the fact that for every p > 1, (see e.g. [45], page
94)
sup E| X, [P < 0.

n>1

Therefore, by the triangle inequality and Proposition 4.4.1, for n large enough

i (VB = 0), N(0, 53 4,0(1 = 0)%07°T))

1
< cdw (Vn(Xn —70), N (0,57 44)) + E|T,| < “Tn

Estimators based on the spatial variation

It is possible to define an estimator for the parameter 6 based on the spatial variations of
the solution (3.5). The result in Proposition 3.2.3 says that the process (U@(t z),z € R) is
a perturbed fBm, so we know its exact variation in space. Below x; = A; + £(As — Ay),j =
0,..,n will denote a partition of the interval [A;, As).

Proposition 3.2.6. Let uy be given by (4.1). Then we have the probability convergence,

_2 —
D luo(t, wjen) = gt @) [T —se mi B2 (A — Ao

and if q := % s an integer

il a1 (u Tit1) — ugll, T; 1 2 @ ,0a1 2 ).
\F;K ST (A — A1)>9 ottt ) = olt ) u””]% o)

The above Proposition 3.2.6 leads to the definition of the estimator

n—1 l-a

~ 2 2

Ona = [(m&”u;l(flz =AY Jua(t i) — ua(t%)l“*] : (3.26)
1=0

and we can immediately deduce from Proposition 3.2.3 its asymptotic properties.
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Proposition 3.2.7. The estimator (3.26) converges in probability as n — oo to the para-

meter 6. Moreover, if q := % 1S an even integer

Ta—1 a—1

1
v [952“ - 911“] D N(0,53,,) with 39, =024 » p3 §F5.  (3.27)
b ] "y 2
Moreover, for n large

1
dy (\/_ {eﬁza — 0= "} N(0, 529a)) < “In
Proof : Using the law of the process (uy(t,x),x € R) obtained in Proposition 3.2.3, we
deduce that the Gaussian process (0%m;1u@ (t,z),z € R) is a perturbed fractional Brownian

motion. Therefore, by relation (3.11) in Lemma 3,

n-l 1

1 Z nfa—1 )

2 (Ug(t,xj+1) - Ue(t7;pj))ﬁ — e

\/ﬁ —0 ((A A ) a—1 2
= 2 — A1)Ma

~_1
\/ﬁu%gﬁ [9;7—2& _Qlla} —>7(ldl>oo N (O,a%;l L)
a— 2 Ja—1

Moreover, Proposition 3.2.1 implies that

(\/_M29“ {enlza_el “] N(0, aa12)><ci

2 Ta—

and this obviously leads to the desired conclusion. [ |
By using the delta-method, we can obtain the asymptotic distribution of 6,, ».

Proposition 3.2.8. Let /e\n’Q be given by (3.26). Then, with Sg¢. from (3.27), as n — oo

\/ﬁ(é\n,Q - 8) _>(d) N <O7 8%,9,(1(1 - 05)20%) )
and for n large enough
~ o 1
dw (VB = 0), N (0, 53,,(1 — 0)077) ) < eI
Proof : It suffices to apply (3.24) to the function g(z) = x'=* and vy = 075 and to
follow the proof of Proposition 4.4.2. [ |

Remark 3.2.1. — The estimators (3.20) and (3.26) coincide with the estimators in [49]
i the case of the standard Laplacian o = 2.
— The distance of the estimators (3.20) and (3.26) to their limit distribution is of the
same order, although they involve q-variations with different q.
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3.3 Heat equation with fractional Laplacian and white-
colored noise

In this section, we will consider the stochastic heat equation with an additive Gaussian
noise which behaves as a Wiener process in time and as a fractional Brownian motion in
space, i.e. its spatial covariance is given by the so-called Riesz kernel. We will again study the
distribution of the solution, its connection with fractional and bifractional Brownian motion
and we apply the g-variation method to obtain an asymptotically normal estimator for the
drift parameter.

3.3.1 General properties of the solution

We will consider the stochastic heat equation

%u@(t,x) = —0(—A)2up(t,x) + W(t,x), t>0,xecR% (3.28)

with ug(0,x) = 0 for every x € R% In (3.28), —(—A)? denotes the fractional Laplacian with
exponent §, a € (1,2] and W7 is the so-called white-colored noise, i.e. W7(t, A),t > 0,A €
B(RY) is a centered Gaussian field with covariance

EW7(t, AW7(s,B) = (t A s)/ / f(x —y)dxdy, (3.29)

AJB

where f is the so-called Riesz kernel of order v given by
(%) = By(x) = gallx| 77, 0< v <d. (3.30)

where g, 4 = 277721 ((d — 7)/2)/T(v/2). As usual, the mild solution to (3.28) is given by

ot %) /0 [ G0t = 5).x ~ )W (ds. o) (3.31)

where the above integral W7(ds, dz) is a Wiener integral with respect to the Gaussian noise
W,

We know the following facts concerning the mild solution (3.31) when 6 = 1.

— The mild solution (3.28) is well-defined as a square integrable process satisfying

sup  E|uy(t,x)]* < oo
t€[0,T],xeR?
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if and only if
d<~vy+oa. (3.32)

In particular, condition (3.32) shows that the solution exists in any spatial dimension
d, via suitable choice of the parameter ~.

— Assume (3.32) is satisfied. Then for every x € R?, we have the following equivalence
in distribution

1q_d—y
(uy (t,%),t > 0) =@ (azaﬁBf’l > 0), (3.33)

where B>1=“" is a bifractional Brownian motion with Hurst parameters H = % and
K=1- d?T'Y and

d—y

CGam = Clan2 " & (3.34)
with .
o = (2 —d d =7 =€l )
L N =
— For every t > 0, we have (see Proposition 4.6 in [39])
(ui(t,x),x € R?) =@ (maﬁBH;’_d (x) + Si(x),x € Rd> (3.35)

aty=d . . . . . . .
where B~ 2 is an isotropic d-dimensional fractional Brownian motion (see the next
section) with Hurst parameter %il , (St(x))xere is a centered Gaussian process
with C* sample paths and m? ,, is an explicit numerical constant.

3.3.2 Perturbed isotropic fractional Brownian motion

Since the law of the solution (3.31) is related to the isotropic fBm, let us recall the
definition of this process. The isotropic d-parameter fBm (also known as the Lévy fBm)
(BH(x),x € R?) with Hurst parameter H € (0, 1) is defined as a centered Gaussian process,
starting from zero, with covariance function

1
E(B) (x)Bi () = 5 (IxI*" + [y =[x = y|[*") for every x,y € R (3.36)
where || - || denotes the Euclidean norm in R%. It can be also represented as a Wiener integral
with respect to the Wiener sheet, see [29], [37].
As in the one-parameter case, we define the g-variation of the isotropic fBm as the limit

in probability when n — oo, of the sequence
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n—1
S[ﬁi(f,Ag](BH) = Z |B§I(Xz‘+1) - Bf(xi”q,
i=0
+4(Ay—A)) fori=0,..,nand j =1,..,d. And from
),

x € R%)) has -variation over [A;, A5] which

where x; = (o7, .,2?) with 20 = A, +

[ a1

[39] we know that the isotropic fbm((B TE
is equal to
(Ay — ADE|BY ()" = (Ay — Ay)VdE|Z|VH.
The g-variation of the isotropic fBm perturbed by a regular multiparameter process has
been obtained in [39], Lemma 4.1.

Lemma 6. Let (B (X))xere be a d-parameter isotropic fBm and consider (X (X))xerd @
d-parameter stochastic process, independent of BY | that satisfies

E|X(x)— X(y)]> < C|x—y|? foreveryx,y € R (3.37)
Define
Y (x) = B (x) + X (x) for every x € R%.
Then
1. the process (Y (X))xera has 2 —variation which is equal to

(Ay — Ay)VAE|Z|H,
2. Then if H € (0,3) and q > 2

1

%Vq,n(YH) =

n—1
1 ququ/Z
[ n Y (xi1) = Y7 ()7 — p1g| =@ N(0,0%,).

% i=0 (AQ - Al)qH(
(3.38)

It is immediate to deduce the rate of convergence in the above central limit theorem.
Recall that we denoted by dy, the Wasserstein distance.

Proposition 3.3.1. Let Y be as in the statement of Lemma 6. Then for n large

dw <%Vq7n(YH),N(O,J%Lq)) < c%.

Proof : We notice that the Gaussian vector (BH(XZ“) Bf(xl))o ., has the same

IARS]

ter H and we then apply Lemma 3. Therefore the dlstrlbutlon of the sequence
is independent of d > 1 and we can use the same argument as in the proof of {oposmon
3.2.1 above. [ |
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3.3.3 Estimators for the drift parameter

Throughout this section we will assume (3.32). As in the previous section, we will
construct and analyze estimators for the drift parameter 6 by using the limit behavior of the
variations (in time and in space) of the process (3.31).

The law of the solution

Let us start by analyzing the distribution of the solution to (3.28) and its link with the
(bi)fractional Brownian motion.

Proposition 3.3.2. For every x € R? and 6 > 0, we have
_ 1q_d=v
(ug(t,x),t > 0) = <9_d2a7027aﬁBt2’1 “W,t > 0) :

1q_d=— . . . . . . _
where B21="a is a bifractional Brownian motion with parameters H = % and K =1 — %

and the constant co o~ is defined by (3.34).

Proof : Denote
t d
vg(t,X) = uy 70X for every t > 0,x € R”.

Then, as in Lemma 8, vg solves the equation

%(t,x) = —(—A)%Ug(t,x> + (0)*%/12\[/'/7(75’)()’ t>0,x¢€ R (3.39)

with vg(0,x) = 0 for every x € R?, where W is a white colored Gaussian noise (ie. a
Gaussian process with zero mean and covariance (3.29)).
Fix x € R% and 0 > 0. We have, for every s,t > 0,

Eug(t, x)ug(s,x) = Euvg(0t,x)vg(0s,x)
= 07" Buy(0t, x)u(0s,%) = 0" cra, [(Gt + 93)17%TW — |0t — 95’17%]

1 1_d7'y 1 1—d7'y
@

_d=x 2 29 - 2
— 9T, BB B

For the behavior with respect to the space variable, we obtain the following result.
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Proposition 3.3.3. For every t > 0,0 > 0, we have the following equality in distribution

a+ﬂ/ d

(us(t, %), x € RY) = (9*%7”%,73 (X) + 0728y (x), x € Rd)

aty—d . . . . _
where B2 s a fractional Brownian motion with Hurst parameter M%j e (0, %],

(Spt(X))xera @5 a centered Gaussian process with C*° sample paths and me, ., from (3.535).

Proof : The result is immediate since for fixed time ¢t > 0

(uo(t,x),x € R?) = (vp(0t,x),x € RY) =) g2 (u1(0t,x),x € R?)

a+’7 d

E(d) <9_%ma,'yB ( )_l_e 25975( ) X € Rd) :

Estimators based on the temporal variation

Again t; = A; + 2 (Ag Ay),7=0,..,n will denote a partition of the interval [A;, Ay].

Lemma 7. Assume (3.32). Let ug be the solution to (3.28). Then for every x € RY, the
process (ug(t,x),t > 0) admits — -variation over the interval [Ay, As), i

—d

n,—22 -
Staran = D lus(tis1,%) — up(t5, %) e 02H ST 9w (| 2|7 (Ap— Ay ) 0] 7

(3.40)
wn probability.

Proof : Clearly, for fixed x € R¢,

n—1 n—1

2a
S gt %) — ug(ty, )77 =3 [0(Btj11, %) — v(0t;, %) 7,
i=0 =0

where (vp(t,x),t > 0) =@ (§~2uy(t,x),t > 0). And from Proposition 4.3 in [39] we

know that u; admits a variation of order — ff{’: - which equal c;gg C’1 1od=a (Ay — Ay) with

01 god = — 9aha iy, 20 and means that
a+vy—d
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2a

D Jua(ty41,%) = tp(t, %) [T e T2 s (04 — O A F |7

2a

_ aﬂ ziQQJrV du (A2 A1)|9|al;ﬁd'

a?’y

From relation (3.40) we can naturally define the following estimator for the parameter
6 > 0 of the stochastic partial differential equation (3.28)

at+y—d
d

—1n—1 N
—~ 2a
s = ((05‘27#2“” e (A= )3 () —ue<tj,x>ra+w—d> (3.41)
=0
a-dﬁ-;zd 20 %;d
= ( a;77d2a+7 dlu (A2 A )) (Sn’a+v—d (UQ(’X))> y
and so
’Y_dd 1 2a
Ops ™" = —= Z |ug(tjs1,x) — ug(ty, x)|[o+=1. (3.42)

a+7 dQ”‘*'Y d,LL 2a (A2 Al 1=0

We have the following asymptotic behavior.

20
a+vy—d

in (3.41). Then 5,173 —n—osioo 0 in probability and

Proposition 3.3.4. Assume = q is an even integer and consider the estimator @L,g

~y—d

~T—ac ~y—d .
Vi |FET 07| N0, 0) with S, =0

2 gatthy T, . (343)

at+y—d

E7q

and for n large enough

~y—d 1
dW (\/_ [95;7 ¢ 004+7 d:| ,N<O, Sg,a)) S C%. (344)

Proof : From Proposition 3.3.2 and the relation between the fractional and bifractional
Brownian motion (see (3.18)), we can see that

(ci&ﬂ%e%ue(t, x),t > O)
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is a perturbed fBm with Hurst parameter H = —O‘_;j'y. By taking H = —agé_d and ¢ = % =
af;{d in Lemma 3, we get
_ d—y
1 n—1 nem 2c
T Z o s (ug(tj41,%) — ug(ty,x)) -7 — H_2o — N(0, Uzl,q)’
i cé’;y_‘iQa*V—d (A2 — Ay) ’ q

or, equivalently

_d= al;id = 2
Ve e |05 — fd | = N(0,01 ),
aty— ’ q

which is equivalent to (3.43). The bound (3.44) follows easily from Proposition 3.2.1. |

We finally obtain the asymptotic normality and the rate of convergence for the estimator

Ops.
Proposition 3.3.5. Let é\n,g be given by (3.41) and ss3g be given by (3.43). Then as

n — oo,
-~ —_— d 2 2
\/ﬁ <0n,3 - 9) —>(d) N (07 $3,0,a,y <w> 9"‘+'Yd>
v—d
and )
~ a+y—d 20 1
dW (\/ﬁ (07173 — 0) ,N (O, 530,07y (ﬁ) (9a+'yd>> < C%.
Proof : It suffices to apply (3.24) with g(z) = 2 and Yo = a2 and to follow
the proof of Proposition 4.4.2. [ |

3.3.4 Estimators based on the spatial variation

We will repeat the method employed in the previous parts of our work in order to define
an estimator expressed in terms of the variations in space of the process (3.31) for the
parameter 6 in (3.28).

Recall that we show in Proposition 3.3.3 that for every fixed time ¢ > 0,

(%m&éuﬂt, X),X € Rd>

is a perturbed multiparameter isotropic fractional Brownian motion as defined in Lemma 6.
Then we can deduce the variation in space of ug, by recalling that x; = (:C(l) . x(d)) with

e = Ay + L(Ay — Ay) for i = 0,..,n and j = 1,..,d.
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Proposition 3.3.6. Let uy be given by (3.51). Then

n—1 2 B
S ot Xj41) = ulot, X,) [T 0 mEE " (Ay — ANWVAE(|Z] 755 |67
i=0
Proof : We use Lemma 6, point 1 [ |

Define, for every n > 1

n—1 —(aty—d)

~ 2 2

Ora = | (a5 n_2_ V(Az = A))TH Y Jug(t, xj11) — uo(t, x;) |70 , (3.45)
i=0

and so
1 1 n—1 2
0oy " = — > fug(t,xj41) — ua(t,x;) 7777 | (3.46)
m&fﬁ’dumj_d Vd(Ay — Ay) i=o

We can deduce the asymptotic properties of the estimator by using Lemma 6 and Pro-
position 3.3.1.

Proposition 3.3.7. The estimator (3.45) converges in probability as n — oo to the para-

meter 0. Moreover, if an_d s an even integer, then

~ =1 1 _9
at+y—d pe— 2 : 2 2 -2 P—]
vn [9,174 — o+ d] = N(0,8590~) With Sy, = Oatr1 o p_—, B4,

2 oaty—d aty—d
We also have, for n large enough,

~ta -1 1
dW <\/ﬁ |:9n’z d 9a+’v—d:| 7N(0’S‘2179:a7"/)) S Cﬁ.

Finally,
Proposition 3.3.8. With @ZA from (3.45), as n — oo,

~ a+y—d\*
Jn (07%4 - 0) @ N (0, Sa6.0m <#) 9a+w>

v —d
and ,
~ a+vy—d 20 1
d | v/ ,4<9n—9>,N 0, 5090 [ 22T =8 paima | ) < e—.
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at+~y—d

Proof : Apply again (3.24) with g(xz) =z >-7 and 7y = fia=a, |

Remark 3.3.1. Notice that in the case v =1 (i.e. there is no spatial correlation and in this
case d has to be 1), we retrieve the results in Section 3.2. Observe, as in Section 3.2, that
the distance of the estimators (3.41) and (3.45) to their limit distributions is of the same
order, although they involve q-variations of different orders.

3.4 Conclusion

To conclude, in our paper we provide estimators based on power variation for the drift
parameter 6 of the solution to the fractional stochastic heat equation (4.1). The novelty
of our approach is that it allows, comparing with the literature on statistical inference for
SPDEs (see [15], [42], [6] etc), to consider the case of a Gaussian noise with non-trivial spatial
correlation and to treat the situation when the differential operator in the heat equation (4.1)
is the fractional Laplacian instead of the standard Laplacian. The proofs of the asymptotic
behavior of the estimators are relatively simple and they are based on the link between the
law of the solution and the fractional Brownian motion, using known results on the behavior
of the power variations of the fBm. Our approach also gives the rate of convergence of the
estimators under the Wasserstein distance via some recent results in Stein-Malliavin calculus
(see [45]). We assumed for simplicity a vanishing initial condition in (4.1) but the case of
a non-trivial initial value, whose power variations are dominated by those of the fBm, can
be also treated by our approach. Another open problem of interest that could be treated
via our techniques is adding an unknown volatility parameter in the disturbance term and
jointly estimating the drift and the volatility parameters. The case of the fractional heat
equation on bounded domains is also interesting but in this case the fundamental solution
and implicitly the law of the mild solution changes. Consequently, the relation between the
law of the solution and the fBm is not obvious and therefore new techniques are needed.
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Chapitre 4

Vibrations of a finite string under a

fractional random noise
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We study the solution to the stochastic wave equation with Dirichlet boundary conditions

driven by a Gaussian noise which behaves as a fractional Brownian motion in time and as
a Wiener process in space. We obtain the existence of the solution as well as various other
properties (pathwise regularity, scaling properties, or the behavior with respect to the Hurst

parameter).
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4.1. INTRODUCTION

Key Words and Phrases : Stochastic wave equation, Fractional Brownian motion,
Green kernel, Holder-regularity.

4.1 Introduction

The wave equation represents a mathematical model for the vibrations of a perfectly
flexible string. The stochastic wave equation models the vibrations of a string perturbed by
a random force. Traditionally, the random noise is considered to be white in time, i.e. it
behaves as a standard Brownian motion with respect to its time variable. There exists a vast
literature on stochastic partial differential equations in general, and on the wave equation
in particular (see e.g. [26], [19], [12], [14], [20], [47], [48] and the references therein). More
recently, due to the development of the stochastic calculus with respect to the fractional
Brownian motion (fBm in the sequel) and related processes, several authors considered the
stochastic wave equation with fractional noise (in time and/or in space), i. e. which behaves
as a fBm both in time and space. Among others, we mention the works [7], [13], [23], [34],
[50], [56]. The model considered in these references assume that the string is infinite, i.e.
the spatial variable belongs to the whole real line or to an interval with infinite Lebesgue
measure. As far as we know, the case of a finite string, i.e. when the spatial variable belongs
to a finite interval [0, L], with Dirichlet boundary conditions at the endpoints of the interval
has not been yet treated.

Our purpose is to analyze the vibrations of a finite string forced by a random process that
behaves as a fBm in time and which is white in space. We will analyze the existence of the
mild solution to the wave equation, its relation with the weak solution and other properties
of the solution, including the pathwise regularity, the scaling properties or the behavior with
respect to the Hurst parameter. The main difference with respect to the case of the infinite
string is the fact the Green kernel associated to the wave equation is different, it can be
written as a trigonometric series. This makes the calculation different and lead to a different
behavior of the solution. In particular, the solution is not anymore self-similar in time or
stationary in space and its pathwise regularity is not the same as for the infinite random
string.

We organized the paper as follows. Section 2 contains some preliminaries on the wave
equation and on the calculus related to fBm. In Section 3 we discuss the existence and
various distributional and trajectorial properties of the solution to (4.1) while in Section 4
we analyze the behavior of the solution when the Hurst parameter approaches its critical
values.
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4.2 Preliminaries
We consider the boundary-value problem
= AAu(t,z) + WH(t,z), t € [0,T], z € [0, L],

)
u(0,2) = 0, z€]l0,L]
(0, )

=0, z€l0,L],
u(t,0) = wu(t,L)=0, tel0,T]

(4.1)

with ¢, L. > 0. The constant L represents the length of the string while ¢ is related to the
tension. The random perturbation W# is a fractional-white Gaussian noise which is defined
as a real valued centered Gaussian field WH = {W/[(A);t € [0,T], A € By([0, L])}, over a
given complete filtered probability space (€2, F, (F;)icpo,17, P), with covariance function given
by

E (WA (AWH(B)) = Ru(t, s)MAN B),VA, B € By([0, L]), (4.2)

where Ry is the covariance of the fractional Brownian motion

Rp(t,s) == (*" + 7 — |t —s]*), s,t€[0,7T). (4.3)

DO | —

We denoted by By(I) the class of bounded Borel subsets of I C R and by A the Lebesgue
measure on R. We will assume throughout this work H € (%, 1) :

We will consider the mild formulation for the solution to the wave equation (4.1). That
is, the mild solution to (4.1) is defined as the Green kernel (or the fundamental solution)
associated to the wave equation on (¢,x) € [0,7] x [0, L] integrated in the Wiener sense with
respect to the centered Gaussian process with covariance (4.3), i.e.

t oL
u(t, ) :/ / Gia(s,y)WH (ds, dy) for every t € [0,T],x € [0, L] (4.4)
0o Jo
where the Green kernel G, is given by, for 0 < s <t¢ < T and z,y € [0, L]

— 2
Gia(s,y) = Z T sin(w,(t — s)) sin <n_2y) sin (n_z:z:) with w,, = % (4.5)

n—=

We will say that the solution to (4.1) exists if the Wiener integral in the righ-hand side of
(4.4) is well-defined and

sup Eu(t,z)* < oo,z € [0, L]. (4.6)
t€[0,T)
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In order to check the square integrability of (4.4), let us denote by P the Hilbert space
associated with the Gaussian field with covariance (4.23). The inner product in the space P
is given by (see e.g. [6])

(f9)9p = / / f(s,y)W(ds, dy) / / g(s,y)W (ds, dy) (4.7)
= aH/O /0 dudvlu—vlmm/0 dy f(u,y)g(v, y)

for any measurable functions f, g : [0,7] x [0, L] — R such that

T ,T L
/ / dudv|u — v|2H_2/ dy| f (u,y)g(v,y)| < oo.
0 Jo 0

We will also need to introduce the space of integrands with respect to the fractional

Brownian motion BY with Hurst parameter H € (%, 1). Denote by H the Hilbert space

associated with the fBm (see e.g. [46]) and recall that

5 [ ' f(u)dB! / L g)BY = oy / ' / gl — v Cdudy = (g (48)

for any f,g € |H| where |H| the space of measurable function f : [0, 7] — R such that

/ / v)||u — v|* 2 dudv < oo.

4.3 Existence and basic properties of the solution

We start by showing the existence of the solution to the wave equation (4.1), i.e. we prove
that the process (u(t,x),t € [0,T],z € [0, L]) given by (4.4) is well-defined and (4.6) holds
true. Then we deduce other properties related to the law of the solution to (4.1).

4.3.1 Existence of the solution

We will use the series representation of the Green kernel (4.5). Notice that (see e.g. [47])
the Wiener integral (4.4) can be also written as

Z T,(t) sin (mrx) (4.9)
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with

T,(t) = Li}n /Ot /OL sin(w, (t — u)) sin (?) WH (du, dy). (4.10)

We will start by giving some useful properties of the family (7,,,n > 1).

Lemma 8. For everyn > 1, (Tn(t))te[o ) 18 @ centered Gaussian process and its covariance
function satisfies

2L 1
|ET,(t)Tu(s)| < =5 Rult,s)— for every s, t € [0,T]
w2c n

where Ry is given by (4.3).
If n # m, then T,,(t) and T,,(s) are independent random variables, for every s,t € [0,T).

Proof : For every s,t € (0,7, we have, with ay = H(2H — 1), by (4.7)

4 t s
ET,()Tn(s) = ma;;/o du/o dv|u — v[*" 2 sin(w, (t — u)) sin(wp, (s — v))

L
X /0 dy sin (nzy) sin (mgy)

and since
/Ld (mry) ) (mwy) 0, ifn#m
sin sin | —= ) =
0 Y L L Z ifm=n
we get
ET,(t)T,.(s) =0if n #m (4.11)
and for n = m, by (4.8),
4 L 2H—2
ET,(t)T,.(s) = Ton2 O du dv|u v sin(wy (t — u)) sin(wy, (s — v))
w2
2 . .
= Taz (Sm(wn(t - '))1[o,t])('), sin(wn(s — )1, (1)) (4.12)
SO
4 L t s o9 . .
|ET,(t)T,(s)] < T2 EaH du dv|u — | sin(wy, (t — u)) sin(wy, (s — v))
1
< T2 22aH/ du/ dv|u — v|*72 = =2 Ry (t, s)—2
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Relation (4.11) gives the independence of the Gaussian random variables T,,,(t) and T,,(s)
for every n # m and for every s,t € [0,T]. [ |

An easy and useful consequence of the covariance expression of T}, is the following.

Lemma 9. For every n > 1, the process (T,,(t))icjo.r) has the same finite dimensional dis-
tributions as the process

(\/\z/z /0 sin(wn(t—u))ng) , (4.13)

t€[0,T]
with (Bl )iclo,r) @ fractional Brownian motion with Hurst parameter.

Proof : Both processes are centered Gaussian processes with covariance given by (4.12).
u

Let us show that the mild solution (4.9) is well-defined. By C' we denote a generic strictly
positive constant that may change from line to line.

Proposition 4.3.1. For every H € (%, 1), the stochastic integral in (4.9) is well-defined and
it holds that
sup  Eu(t,r)? < oo.
t€[0,T),2€]0,L]

Proof : We have from Lemma 8 and (4.12), for every ¢t € [0,7] and = € [0, L]

Bt = SonP (i (1) < cers

SO

sup  Eu(t,r)* < C.
t€[0,7),2€]0,L]
|
Notice that the solution existence for every H &€ (%, 1). The same holds in the case of
the wave equation with fractional-white noise with space variable in R (see e.g. [7]).

Remark 4.3.1. It is possible to give an alternative representation of the Green kernel G
(4.5) and implicitly of the solution (4.9) by calculating the sum of the series in (4.5). By
applying the trigonometric identities

sin(x) sin(y) = % (cos(x —y) —cos(z +y)) and sin(z)cos(y) = % (sin(x +y) — sin(x — y))
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we obtain

Gia(u,z) = _ZZLwnSIIl( ((t—u)—l—z—$)+22Lwns1n<ng(0(t—u)—(z—a?)))

n>1

_ZQLwnSIIl( (c (t—u)+x+z)+22Lwnsm<?zr(c(t—u)—(z+x)>
= 51+52+53+S4.

and by using the formula

B sin(nz) | 5%, if v € (0,2m)
f) _Z B {f(x+27r), if v € R (4.14)

we can compute the sum of the four series above. By assuming ¢I' < L, we find that G
is not zero only on the sets (x —z < c(t —u) <z +2) N (x4 2 < L) (and its value is &)
and on the set (v — z < c(t —u) < 2L — (z +2)) N (z+ 2z > L) (and its value is —3= ). This
corresponds with the formula given in [14]. In this work, we will not use this expression of
the fundamental solution G.

4.3.2 Scaling property

The process (u(t,x),t > 0) is not self-similar. On the other hand, it verifies some scaling
properties that depend on the parameter ¢ in (4.1). In the following result (and only here),
let us use the notation u(t, z) = u.(t, x) in order to express the dependence on the parameter
c. We will denote by "=(” the equivalence of finite-dimensional distributions. We have :

Proposition 4.3.2. Fiz x € (0,L). For every a > 0, the process (u.(at,x),t > 0) has the
same finite-dimensional distributions as the process ( H“uac(t, x),t > 0).

Proof : We can write, for every a > 0,
(at,x) Z 2 /at /L i (mrc(t )> . (mrz) WH (du, dz) x si <n7r$>
GeA@h L) = nie in(——_(a—wu))sin(—— u,dz in ((—=
no1 e Jo o Jo L L 7
2 Ll rnmca nnz Y R
— ; %/0 /0 sin ( 7 (t — u)) sin <T> WH(d(au),dz) x sin <T>

Université de Lille 89 Zeina MAHDI KHALIL

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Theése de Zeina Mahdi-Khalil, Université de Lille, 2020

4.3. EXISTENCE AND BASIC PROPERTIES OF THE SOLUTION

and by using the scaling property in time of the random noise W¥,

2 t L
uc(at,z) =9 Z %aH/D /0 sin (m;ca (t — u)) sin (%) WH(du, dz) X sin (?)

n>1

o Z % /Ot /OL i (ncha (t u)> sin <$> W (du, dz) x sin <?>
n>1

= " Mg (t, ).

Recall that (see e.g. [56]), when x € R, the process given by (4.4) is self-similar in time
and stationary in space. When we work on a finite interval in space, these properties are
not true. Instead, we have the scaling property from Proposition 4.3.2, which say that, the
dilation of time is similar, modulo scaling, with a dilation of the tension of the string.

4.3.3 Behavior at nodal times

Let Ty, = Z—’I = %, k = 1,2,... be a sequence of times. These times are usually called
nodal times of vibrations.
We have, for k > 1 integer and for every z € [0, L]

u(Ty, ) Z — /Tk/ sm Tk — u)) sin (nL ) WH (du, dz) x sin (mg:v) :
Since e
sin < 7 (T), — u)) = sin (nkm — wyu) = (—1)** sin(w,u) (4.15)
we obtain
u(Ty, x) Z " /Tk/ 1)+ gin (wyu) sin (?) WH (du,dz) x sin <?> . (4.16)
The increment of the solution between two nodal times satisfies the following interesting

property. We denote by ”=(9” the equality in distribution of two random variables.

Proposition 4.3.3. Let T}, T; be two nodal times with k > | and assume that k,l have the

same parity. Then
w(Ty, x) — u(Ty, z) =D u(T), — 1), x).
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Proof : For every k,[ integers with & > [ and with the same parity (both are even or
both are odd), we have from (4.16)

(Tk7 )_U(E, )
= 1y o (772 iz
= ; Lwn/T sin(wy,u) Sln( 7 )W (du, dz) x sm( - >
T
-+ 2 Li)n /0 ! ((_1)k’n+1 _ (_1)ln+1) Sin(wuu) sin <%> WH(CZU, dZ) % sin <n_7[‘r/gj>
_ Z 2 . (@) /Tk(_l)kn+1 in () s (mrz> W (du, d2)
= 2 T, sin ( — . sin(w,u) sin ( — w. d

because (—1)¥+1 — (—1)"*1 = 0 when k and [ have the same parity. Thus u(T}, z) — u(T}, x)
is a centered Gaussian random variable and, from (4.7) and (4.15), its variance can be
computed as follows

E (u(Ty, 2) — u(Ty, x))°

2 Te Tk
= Z %g <sin mm ) aH/ / sin(w,u) sin(w,v)|u — v|** “2dudv
n>1 Wn T, JT,
4 L T=Ty pT=T
= Z T3 (sin aH/ / sin(w, (T — w)) sin(w, (T} — v))|u — v|* 2 dudv
o1 “Wn 0 0
4 I T,-T, rTx—T
- Z Tu2 3 (sin aH/ / sin(w,u) sin(w,v)|u — v|** " ?dudv
1 “Wn 0 0
= BT, —T,z))°.

This suggests that the position of the point x on the random string at time 7}, is obtained
in law by adding the position of the same point at times 7; and T}, — T;.

4.3.4 Relation with the weak solution

Another concept of solution to the boundary value problem (4.1) is the weak solution.
We will say that a stochastic process (u(t,x),t € [0,T],x € [0,L]) is a weak-solution to
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(4.1) if for every test function ¢ € C* ([0, 7] x [0, L]) with o(T,x) = a“”(T x) = 0 for every
xz € [0, L] and p(t,0) = p(t, L) = 0 for every t € [0,T], we have

T L 8280 8280 T
dt [ d t — - L) = M(ds,d 4.1
[l [Car i (52-58) = [ [ st sy, @

We can show that our solution (4.4) also satisfies (4.1) in the weak sense.
Proposition 4.3.4. The mild solution (4.4) is also a weak solution for (4.1),

Proof : Let o € C*([0,T] x [0, L]) as above. Then

T L 8280 82@
/0 dt/o dzu(t, ) <W - w)
e ! ’ D*o D% H
/0 /0 (/u dt/o dzGyq(u,y) (w - @)) W (du, dy).

By integrating twice by parts and using the assumptions on ¢,

0G, . (u, y)
/dt/ d:z:Gtxuyat2— /dt/ tt“waf( z)

2
0 t=u atQ

815

2
/ dt/ dzGy . (u,y)=—> 3 / dt/ 0 Gtaxeu y)go(t,m).

We used the fact that G satisfies (4.1) when there is no noise. Notice that

/OL dxaGt’g—iu’y) - %n (/OL dx sin (?)) sin (”_Zy>

and

we obtain the conclusion since by (4.14)
> e (M) =TT
n L/ 2 2L
n>1
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and for a similar formula for the sawtooth wave function (see e.g. [58])

1 nmz Tz
G
Zn( )'sin (77 2L

n>1

4.4 Behavior of the increments of the solution

In this part, we study the regularity of the sample paths of the solution (4.9) with respect
to its time and space variables.

4.4.1 The temporal increment

Let us fix the space variable z € [0, L] and study the behavior of the process (u(t,z),t €
[0,7]). We will need the following auxiliary lemma from [23]. Recall that H is the Hilbert
space associated to the fractional Brownian motion.

Lemma 10. Let f(z) = cos(x) for x € R. Then for every a,b € R with a < b we have

b—a
£ < 20 [ docos)e 26— a— )
0

We have the following result.
Proposition 4.4.1. Let x € [0, L]. Then
E|u(t,z) — u(s,z)]* < C(e)|t — s|*—¢
for every e € (0,2H) and for every 0 < s <t <T. C is a constant that depends on ¢.

Proof : Let s,t € [0,T] with s < ¢. Recall that C' denotes a generic strictly positive
constant (that may change from line to line). We have

E |u(t,z) — u(s,x)]2

O LT [ [ dudvsin (¢~ ) sintune — o) — o
= — sin“(—— udv sin(w,, (t — u)) sin(w,,(t — v))|lu — v
n>1n2 L S S
1 S S
+C —/ / dudv|u — v|* 2
;nQ ) | |

X (sin(wy,(t — u)) — sin(w, (s — u))) (sin(w, (t — v)) — sin(w,(s — v)))
= C(Tl + TQ)
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We show that T; < C|t — s|?" for i = 1,2. For Ty, this is trivial since, by majorizing the
sinus function by 1,

[t _ 1
T, < Zﬁ/ / dudv|u — v|*# 2:C]t—s|2HZﬁ:C|t—s]2H.
n>1 5 n>1

Let us focus on the term 75. Using the trigonometric identity

sin(z) — sin(y) = 2sin (%) o (x ;r y)

we can write

L o< CYy igsm2 <w>

/ / T e P e G

- ep e ()

2 2
X / dudv cos(wyu) cos(w,v)|u — v|*H 72
t—s t—s

wp(t — s wn 15
) P d ¥ dud — g
2 n2+2H sin ( ) udv cos(u) cos(v)|u — v
= O it () eos(n

n>1
by using (4.8). Now, via Lemma 10,

wy(t — s) o 2H-2
T, < C Z n2+2H sin (T) /0 cos(v)v (wps — v)dv

n>1
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Via an integration by parts
/ cos(v)v*H ~tdv = sin(w,s) (w,s)*H ! — (2H — 1)/ sin(v)v*H ~2dv
0 0

and this implies

1 n(t — Wns
T, < Cs Z i sin’ (W) /0 v?H =2 cos(v)dv
n>1
1. wp(t—s)\ . N
—C’Z el sin? (T) sin(w,s)(w,s)*?
n>1
1 n(t — Wns
=3 o sin’ (W) / sin(v)v* "2 dv
n>1 0
= —|—T271 — T272 + Tg’g. (418)
We will bound separately the three summands 75,752 and T5 3. First, since the integral
J; 7 v 2 cos(v)dv is convergent,

T3,

IN

. wy(t —s)
¢ Z ni+2H sin’ ( 9 )

n>1

L, (wa(t—s)
< OY e (5
and writting, for every ¢ € (0,2H)

i (BL) () ()

we get
Ty < CElt—s=)

n>1

Wn S
/ v*H 72 cos(v)dv
0

2H—¢ 2—2H+¢

< C(e)(n(t — 9))**

< Cle)|t — s2H=. (4.19)

n1+5 -

For T5 5, we have

1 . W, t—s —€ —1
Ty < CY — sin” ((T>> <C(e)t—sPe) Ry

n>1 n>1

< Ot — s, (4.20)
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Finally, using the convergence of the integral [~ v*"~2sin(v)dv

1 s 2 U)n(t — 8) 2H—¢
T2,3 < C ; W Sin (T) < C(€)|t — S’ . (421)
By plugging (4.19), (4.20) and (4.21) in (4.18), we obtain the conclusion. |

An immediate consequence is the following.

Corollary 4.4.1. For every x € [0, L], the process (u(t,z),t € [0,T]) is Holder continuous
of order ¢, for every § € (0, H).

Proof : This follows from the above Proposition 4.4.1 and the Kolmogorov continuity
criterion. |

4.4.2 Spatial increment

For the study of the spatial increment, we recall the following formula (see e.g. [58]) : for
every z € (0, %),

L2
sin“(nx) w 1,
S S A 4.22

The spatial regularity of the process (4.4) states as follows.
Proposition 4.4.2. For every t € [0, T] and for every x,y € (0, L) with |x—y| small enough,

E(u(t, z) — u(t, y)
Proof : First, for ¢t € [0,7] and z,y € (0, L),

)?
)
u(t,z) —u(t,y) = ZTn(t) (sin (mra:) _ sin <n7ry>>

< Clr —yl.

L
_ . (nm(z —y) nr(z +y)
= 2 ; Tn(t) sSin <T) COS (T
and
> m(z —y) o (n7(z +y)
E (u(t,x) —u(t,y))” = 4;ET %sin (T) cos (T
< C Z — sin (@) )
n>1
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By using the above formula (4.22), for z,y € (0, L),

9
< Clz —y

Blult.o) -ty < € (5= gle—u?)

when |z — y| is small enough. |

The Holder regularity in space is obtained via Proposition 4.4.2 and the Kolmogorov
criterion.

Corollary 4.4.2. For every t € [0,T], the process (u(t,x),x € [0, L]) is Holder continuous
of order §, for every d € (0, %)

Notice that the regularity of the solution (4.9), both in time and in space, is different with
respect to the case of the wave equation with fractional-colored noise with space variable in
the whole real line. Recall (see [23], see also [20] for the white-noise case), that when z € R,
then the corresponding solution is Holder continuous of order § € (0, %) in time and of order
5 € (0, H) in space. In the case of the finite string, while some regularity is gained in time,
the solution seems to be less regular in space since H > %

4.5 Behavior with respect to the Hurst parameter

Now, we analyze the behavior of the solution to (4.1) with respect to the Hurst parameter.
Recall that H € (%, 1) and the covariance of the solution is not defined for H = % and
H =1 (see the covariance formula (4.12)). We will see what happens when H converges to
its extreme values, i.e. when H — % and H — 1. The behavior of several fractional processes
with respect to the Hurst parameter has been studied in [1], [2], [5] while the particular case
of solutions to SPDEs can be found in [52], [53].

Recall that a space-time white noise is a real valued centered Gaussian field
W = {Wy(A);t€[0,T],A € By([0,L])}, over a given complete filtered probability space
(€, F, (Fi)eo,r, P), with covariance function given by

E (W, (A)W,(B)) = (t A s)A(AN B),VA, B € By([0, L]). (4.23)
By C(]0,T]) we denote the set of continuous functions on [0, 7.

Proposition 4.5.1. Let (u(t,z),t € [0,T],z € [0, L]) be given by (4.9). Then, as H — 5, for
every x € [0, L], the process (u(t,x),t € [0,T]) converges in the space C[0,T] to the process

Université de Lille 97 Zeina MAHDI KHALIL

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Theése de Zeina Mahdi-Khalil, Université de Lille, 2020

4.5. BEHAVIOR WITH RESPECT TO THE HURST PARAMETER

(up(t,x),t €10,T]) defined by

uolt, ) = / / G, y)W (ds, dy) (4.24)

where W is a space-time white noise and G is given by (4.5).
As H — 1, for every x € [0, L], the process (u(t,x),t € [0,T]) converges in the space
C[0,T] to the process (uy(t,z),t € [0,T]) defined by

ui(t,x) = V2 ( /O t sin(wy, (t — u))du) Zn (4.25)

with (Z,)n>1 independent standard normal random variables.
Proof : Recall that for every s,t € [0,T],

Eu(t, z)u(s, z) = Z L;tﬂ gH(QH— 1)/0 /OS dudv sin(wy, (t —u)) sin(wy (s —v))|u —v 272

n>1

(4.26)
Let us look to the limit as H — % and H — 1 of the quantity

I(H)=H((2H — 1)/0 du /OS dv sin(wy, (t — u)) sin(w, (s — v))ju — v|*# 72,
Assume s < t. We can express I(H) as follows
I(H) = H(2H — 1)/ du /OS dv sin(wy, (t — u)) sin(w, (s — v))(u — v)*7 2
+H((2H — 1) /Os du /Ou dv sin(w, (t — u)) sin(w, (s — v))(u — v)* 2

+H(2H — 1) / du/ dv sin(w, (t — ) sin(w, (s — v)) (v — u)* 2
0 u
Let us calculate first I;(H). By integrating by parts in the integral dv,

L(H) = H / dusin(uwa(t — u)) [ sin(un(s — 0))(u — )"
- [ costints = o= 0 ao
_H / dusin(wn(t — u)) [sm(wns)uwl _ /O " vt cos(wa(s — v) (u — v)21!
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We take the limit of the above quantity when H — % Clearly

H sin(w, (t — u)) sin(w,s)u** ~H-1 g sin(wy (t — u)) sin(wy,s)

and
)2H—1

H sin(w,,(t — u)) cos(w, (s — v))(u — v “H-1 g sin(wy, (t — u)) cos(wy, (s — v)).

The first term of [;(H) is dominated by min(1, «) which is integrable over [s, t]. The second
term is dominated by min(1l,u — v). By applying the dominated convergence theorem,

1 t s
Li(H) T H-1 5/ dusin(w, (t —u)) (Sin(wn(s) —/ dvw, cos(w, (s — u))) =0.
s 0
For I,(H), we similarly get

L) = [ dusingun(e - w) sintns = [ costuns - o) -0

1 v=Uu

Sy g | dusinGun(t - ) finuns) + s — )|

= % /OS dusin(w, (t — u)) sin(w, (s — u)).

Finally,
I(H) = H/Os du sin(w, (t —u)) /S dv  w, cos(wy (s —v)) (v —u)?f!

— % /08 dusin(wy, (t — w)) sin(w, (s — u)).

We obtained .
I(H) <104 /0 dusin(wn(t — u)) sin(wn(s — ). (4.27)

Since the terms of the series are dominated by Cn =2

from (4.27) and (4.26) we have

which ensures the normal convergence,

Eu(t, z)u(s, x) —Ho1 Z 1 L /05 dusin(wy, (t — u)) sin(w, (s — u))

L2w? 2
n>1 n

= Eug(t, r)uo(s,x)

Université de Lille 99 Zeina MAHDI KHALIL

© 2020 Tous droits réservés. lilliad.univ-lille.fr



Theése de Zeina Mahdi-Khalil, Université de Lille, 2020

4.5. BEHAVIOR WITH RESPECT TO THE HURST PARAMETER

with ug given by (4.24). This gives the convergence of finite-dimensional distributions of u to
those of ug, since both processes are Gaussian. The tightness is obtained from Proposition
4.4.1 and the Billingsley criterion (see [8, Theorem 12.3] or [9]).

If H— 1, it is easy to see that

I(H) - /0 iyt — u))du /0 " sin(uwn (s — v))do

and thus

4 2
Eu(t’x)u(57$) —H-1 Z——
= L2w2 L

/ot sin(w, (t — u))du /0 sin(wn(s —v))dv = Eu (1, 2)un (s, 7)

with uy given by (4.25). So we have the convergence of finite dimensional distributions of u
to those of u; and the tightness is obtained as above. [ |

Let us remark that the above result shows that the solution (4.4) converges, when H
approaches its extreme values, to the solution to the wave equation driven by the ”limit of
the noise”. Indeed, when H — %, it is clear that the fractional-white noise (4.2) converges
to the white noise (4.23) while when H is close to 1 the solution (4.4) has the same law as
the process (4.13) and we use that fact that (B} ) =@ (tZ,t € [0,1]) with Z a standard
normal random variable.
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