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Méthodes de volumes finis pour des équations aux dérivées
partielles déterministes et stochastiques

Résumé:

Le but de cette these est de faire I’étude de méthodes de volumes finis pour
des équations aux dérivées partielles déterministes et stochastiques; nous effec-
tuons des simulations numériques et démontrons des résultats de convergence
d’algorithmes.

Au Chapitre 1, nous appliquons un schéma semi-implicite en temps com-
biné avec la méthode de volumes finis généralisés SUSHI pour la simulation
d’écoulements a densité variable en milieu poreux; il vient a résoudre une
équation de convection-diffusion parabolique pour la concentration couplée a
une équation elliptique en pression. Nous présentons ensuite une méthode
de simulation numérique pour un probleme d’écoulements a densité variable
couplé a un transfert de chaleur.

Au Chapitre 2, nous effectuons une étude numérique de I’équation de Burg-
ers non visqueuse en dimension un d’espace, avec des conditions aux limites
périodiques, un terme source stochastique de moyenne spatiale nulle et une
condition initiale déterministe. Nous utilisons un schéma de volumes finis
combinant une intégration en temps de type Euler-Maruyama avec le flux
numérique de Godunov. Nous effectuons des simulations par la méthode de
Monte-Carlo et analysons les résultats pour différentes régularités du terme
source. Il apparait que la moyenne empirique des réalisations converge vers
la moyenne en espace de la condition initiale déterministe quand ¢ — oo. Par
ailleurs, la variance empirique converge elle aussi en temps long, vers une
valeur qui dépend de la régularité et de 'amplitude du terme stochastique.
Au Chapitre 3, nous démontrons la convergence d’une méthode de volumes
finis pour une loi de conservation du premier ordre avec une fonction de flux
monotone et un terme source multiplicatif faisant intervenir un processus (-
Wiener. Le terme de convection est discrétisé a 'aide d’un schéma amont.
Nous présentons des estimations a priori pour la solution discréte dont en
particulier une estimation de type BV faible. A l’aide d’une interpolation
en temps, nous démontrons deux inégalité entropiques vérifiées par la solu-
tion discrete, ce qui nous permet de prouver que la solution discréte converge
selon une sous-suite vers une solution stochastique faible entropique a valeurs
mesures de la loi de conservation.

Au Chapitre 4, nous obtenons des résultats similaires a ceux du Chapitre 3
dans le cas ou la fonction flux n’est pas monotone; le terme de convection est
discrétisé a I’aide d’'un schéma monotone.

Mots-clés: Ecoulements & densité variable - Méthode de volumes finis généra-
liste SUSHI - Simulations numériques - Loi de conservation stochastique -
Convergence au sens des mesures de Young.

AMS subject classifications: 35R60 - 37TM05 - 65M08 - 656M12 - 76505



Finite volume methods for deterministic
and stochastic partial differential equations

Abstract :

This thesis bears on numerical methods for deterministic and stochastic par-
tial differential equations; we perform numerical simulations by means of finite
volume methods and prove convergence results.

In Chapter 1, we apply a semi-implicit time scheme together with the gener-
alized finite volume method SUSHI for the numerical simulation of density
driven flows in porous media; it amounts to solve a nonlinear convection-
diffusion parabolic equation for the concentration coupled with an elliptic
equation for the pressure. We then propose a numerical scheme to simulate
density driven flows in porous media coupled to heat transfer. We use adap-
tive meshes, based upon square or cubic volume elements.

In Chapter 2, We perform Monte-Carlo simulations in the one-dimensional
torus for the first order Burgers equation forced by a stochastic source term
with zero spatial integral. We suppose that this source term is a white noise
in time, and consider various regularities in space. We apply a finite volume
scheme combining the Godunov numerical flux with the Euler-Maruyama
integrator in time. It turns out that the empirical mean converges to the
space-average of the deterministic initial condition as t — co. The empirical
variance also stabilizes for large time, towards a limit which depends on the
space regularity and on the intensity of the noise.

In Chapter 3, we study a time explicit finite volume method with an upwind
scheme for a first order conservation law with a monotone flux function and
a multiplicative source term involving a ()-Wiener process. We present some
a priori estimates including a weak BV estimate. After performing a time
interpolation, we prove two entropy inequalities for the discrete solution and
show that it converges up to a subsequence to a stochastic measure-valued
entropy solution of the conservation law in the sense of Young measures.

In Chapter 4, we obtain similar results as in Chapter 3, in the case that the
flux function is non-monotone, and that the convection term is discretized by
means of a monotone scheme.

Keywords : Groundwater flow in porous media - Generalized finite volume
method SUSHI - Numerical simulations - Stochastic conservation law - Con-
vergence in the sense of Young measures.

AMS subject classifications : 35R60 - 37M05 - 656MO08 - 656M12 - 76505
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Chapter 0

Introduction

Méthodes de volumes finis pour les équations
aux dérivées partielles déterministes et stochastiques

0.1 Introduction en francais

Le but de cette these est de faire I’étude de méthodes de volumes finis pour des équations aux
dérivées partielles déterministes et stochastiques. Nous effectuons tout d’abord des simulations
numériques pour un systeme décrivant un écoulement a densité variable en milieu poreux; nous
abordons ensuite la discrétisation d’une loi de conservation pour une équation avec un terme
source stochastique, a la fois du point de vue des simulations numériques et de celui de la
convergence d’algorithmes.

0.2 Les équations et systemes étudiés

0.2.1 Ecoulements a densité variable

Nous étudions un probleme modélisant des écoulements a densité variable en milieu poreux.
Le point de départ est 1’étude de I'eau s’écoulant dans une nappe phréatique du sol. 1l s’agit
d’un probleme d’intérét général, car ’eau potable est extraite des nappes phréatiques. Si une
nappe est polluée par un contaminant ou si elle est envahie par de ’eau salée, son eau peut ne
plus étre buvable, ce qui représente un probléme immense pour les villes environnantes. Deux
quantités essentielles que 1’on doit calculer sont la pression et la vitesse de ’écoulement. Dans
ce but, nous appliquons la loi de Darcy, qui exprime le fait que la vitesse est proportionnelle
a 'opposé du gradient de la pression. Plus précisément, la loi de Darcy est de la forme

k
q= —*VP,
1%

ou q est la vitesse, p la pression, k la perméabilité et u la viscosité dynamique. Dans de
nombreux cas, 'effet de la gravité doit également étre inclus; la loi de Darcy devient alors

k
q=—(Vp—pg),
L
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ou p est la densité du fluide et g la gravité.

Un exemple typique est le cas d’écoulements a densité variable, ou la densité p et la viscosité
u dépendent de la concentration ¢, si bien que p = p(c) et u = p(c). Plus précisément, nous
étudions le systeme

a=—"(Vp-p0)g),
o(0)) = Q.

0

90() 4 v (q

olp(e))
@22 15 (ap(o)e - p(e)DVC) = Q.
ou la constante positive ® est la porosité, avec des conditions aux limites et des conditions
initiales appropriées.

0.2.2 Lois de conservation stochastiques

Nous étudions des lois de conservation du premier ordre avec un terme source stochastique.
Dans tout systéme naturel, il se rajoute toutes sortes d’effets perturbatifs aux équations de base;
c’est ce que nous modélisons par des termes de bruit et qui nous conduit a ’étude d’équations
aux dérivées partielles stochastiques. Quand un terme stochastique f,, est introduit dans une
équation, la solution u(z,t) devient une variable aléatoire u,,(z,t), ce qui conduit a repenser
en profondeur les études mathématiques déja effectuées dans les cas déterministes.

Les motivations pour I’étude de tels modéles sont multiples. Les systémes spatio-temporels
en physique, chimie et biologie sont souvent soumis a des phénomeénes aléatoires, qui peuvent
intervenir sous la forme de forces fluctuantes, de parametres incertains, de termes sources
ou de conditions aux limites aléatoires. Il s’agit donc de savoir intégrer I'incertitude dans la
réalité que le modele doit représenter, ce qui est souvent fait a ’aide d’équations aux dérivéees
partielles stochastiques. Pour donner un exemple concret, Debussche-Glatt-Temam-Ziane [21]
s’intéressent a la modélisation de 'océan et de ’atmospheére et introduisent un bruit multipli-
catif pour représenter les incertitudes dues a la complexité du systeme climatique terrestre.
Un autre exemple est donné par I’équation de Burgers stochastique étudiée dans cette theése.
L’un des problemes principaux dans le domaine des systémes complexes est de parvenir a une
compréhension suffisamment profonde de la turbulence. Des simulations directes ont beau-
coup contribué a la compréhension des écoulements désordonnés qui se produisent quand le
nombre de Reynolds est élevé. Toutefois, il manque encore une théorie complete de la turbu-
lence qui permettrait de prédire des phénomenes importants comme les mélanges turbulents,
la convection turbulente et la combustion turbulente & partir des des équations de base de la
dynamique des fluides. Léquation de Burgers est due au physicien néerlandais J.M. Burgers
[13] qui a simplifié les équations de Navier-Stokes equation en négligeant le terme de pression,
obtenant ’équation de Burgers qui peut étre étudiée en dimension un d’espace, avec ou sans
terme source.

Dans cette these, nous étudions I’équation de Burgers en négligeant également le terme diffusif
et effectuons une étude numérique en supposant que le terme source a la forme d’un bruit blanc
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en temps combiné a un bruit colorié en espace. Il nous faut repenser les méthodes déterministes
de fagon a parvenir a appréhender l'effet de ce terme source aléatoire. En particulier, nous
tragons systématiquement les graphes de deux quantités : celui d’une seule réalisation du
bruit, et celui d’une moyenne d’un tres grand nombre de réalisations, par exemple 2000 ou
8000. Notre résultat le plus surprenant est le suivant : la moyenne des réalisations semble se
comporter comme la solution du probléme déterministe sans le terme source stochastique. En
particulier, elle semble tendre vers une constante, la moyenne de la condition initiale, quand
t — oco. Par contre, elle differe de la solution déterministe en ce sens qu’elle semble lisser les
sauts de la solution déterministe.

Debussche-Vovelle [23], [25] ont démontré 'existence et I'unicité d’une solution cinétique dans le
cas d’un bruit multiplicatif faisant intervenir un processus -Wiener tandis que Bauzet-Vallet-
Wittbold [6] ont démontré I’existence et 1'unicité d’une solution faible entropique stochastique
de la solution d’un probléme de Cauchy sur R? dans le cas d’un bruit multiplicatif faisant
intervenir un mouvement brownien unidimensionnel. Nous ne parvenons pas encore a étudier la
convergence de la solution approchée vers la solution de I’équation de Burgers, mais seulement
la convergence de la solution approchée d’une loi de conservation un peu plus réguliere et cela
pour deux raisons : nous imposons que le flux est une fonction monotone, ce qui importe peu car
il ne s’agit que d’une hypothese technique dont nous saurions nous affranchir en implémentant
un algorithme adapté, comme cela a été fait par Bauzet-Charrier-Gallouét [8]. Par contre,
nous supposons également que le flux est une fonction Lipchitzienne, ce qui est une hypothese
encore a améliorer. L’aspect stochastique nous améne a travailler avec des solutions faibles
entropiques, définies a I’aide de la formule d’It6, comme cela a été fait par [6]. Notre résultat
étend celui de [9] dans le sens ol nous supposons essentiellement que le bruit est un bruit
multiplicatif ou intervient la dérivée généralisée d’un processus Q-Wiener tandis que [8] et [9]
ne considerent que le cas d’'un bruit multiplicatif unidimensionnel dans la variable de temps.

0.3 Méthodes de volumes finis

Pour la résolution numérique, nous nous appuyons sur des méthodes de volumes finis, soit la
méthode des volumes finis standard soit la méthode de volumes finis généralisés SUSHI.

Le schéma de volumes finis standard a d’abord été développé par les ingénieurs afin d’étudier
des phénomenes physiques couplés complexes ot la conservation de quantités extensives (telles
que les masses, I’énergie, I'impulsion ...) doit étre soigneusement respectée par la solution ap-
prochée. Un avantage de cette famille de méthodes est qu’une grande variété de maillages peut
étre utilisée. L’idée de base est la suivante: on integre les équations aux dérivées partielles
dans chaque élément de volume et on définit des flux approchés a travers les frontieres des
éléments de volumes. C’est ce schéma que nous utilisons pour la résolution de ’équation de
Burgers stochastique en dimension un d’espace.

Pour des équations elliptiques ou paraboliques en dimension supérieure, ’application de la
méthode des volumes finis standard présente certains inconvénients. On suppose que le do-
maine spatial est un sous-ensemble ouvert borné de R¢ de frontiere polyédrale, qui est discrétisé
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a 'aide d’éléments de volume polyédriques. Une premiere contrainte est liée au fait qu’'une
condition, appelée condition d’orthogonalité, doit étre satisfaite : pour pouvoir appliquer la
méthode des volumes finis standard, il est nécessaire d’associer un point a chaque élément de
volume et le segment joignant deux points correspondant a deux éléments de volume voisins
doit étre orthogonal a l'interface entre les deux éléments de volume. Ensuite, les éléments de
volume doivent étre compatibles, c¢’est-a-dire qu’un c6té d’élément de volume doit précisément
coincider soit avec un c6té d’un élément de volume voisin soit avec un segment de la frontiere
du domaine. Un autre probleme est que ’on ne peut pas appliquer la méthode des volumes finis
standard a des équations aux dérivés partielles ot la matrice de diffusion est une matrice pleine.

Ceci nous amene a appliquer le schéma de volumes finis SUSHI qui présente notamment les
avantages suivants: il n’est pas nécessaire d’imposer la condition d’orthogonalité, les éléments
de volume peuvent ne pas étre compatibles et de plus, le tenseur de diffusion peut avoir la forme
d’une matrice pleine. Alors qu'un degré de liberté est associé a chaque élément de volume dans
le cas de la méthode des volumes finis standard, le schéma SUSHI nécessite non seulement un
degré de liberté par élément de volume mais également un degré de liberté correspondant a
chaque coté. Ce schéma est basé sur la définition d’un gradient discret qui permet de définir
une famille de flux numériques associés a une forme bilinéaire continue, coercive, et symétrique.
A son tour, le schéma SUSHI peut étre considéré comme un cas particulier de la famille plus
générale des schémas gradient.

0.4 Plan de la thése

Cette these comporte quatre chapitres. Le Chapitre 1 porte sur 'application de la méthode
de volumes finis SUSHI a des problemes d’écoulements a densité variable en milieux poreux.
Le Chapitre 2 porte la simulation numérique de 1’équation de Burgers non visqueuse avec un
terme source stochastique a l’aide de la méthode des volumes finis standard combinée avec
une discrétisation amont du flux. Au Chapitre 3, nous étudions la convergence d’un schéma
de volumes finis pour une loi de conservation faisant intervenir un terme source multiplicatif
comportant la dérivée généralisée d’un processus QQ-Wiener. Au Chapitre 4, nous considérons
le méme probléme qu’au Chapitre 3 mais dans le cas ou la fonction flux n’est pas monotone.

0.4.1 Chapitre 1 : Ecoulements a densité variable en milieu poreux

Nous considérons un milieu poreux contenant a la fois de ’eau douce et de l'eau salée; plus
précisément nous étudions un systeme couplé décrivant l'interaction entre 1’écoulement et le
transport dans un milieu poreux; nous supposons que p(c) = po(1+ ac) ot a est une constante
positive. Nous résolvons une équation parabolique non linéaire de convection-diffusion pour la
concentration de sel couplée a une équation qui peut étre pergue comme une équation elliptique
en pression que l'on déduit en substituant la loi de Darcy (la premiére équation du systéme
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ci-dessous) dans la deuxiéme équation

q= —ﬁ(Vp —p(c)g) dans D x (0,7),
@8%(: +V-(qp(c)) =0 dans D x (0,7), (0.4.1)
CID({)pé;)C) +V- (qp(c)c — p(c)DVc) =0 dans ID x (0,7).

Nous résolvons ces équations avec les conditions aux limites

c= CD<X5 t) sur 8][)‘,5 X (O,T),

gc = en(x,1) sur D% x (0,7),
n

p = pp(x,t) sur 9D}, x (0,T),

q-n=gy(x,t) sur 8][)7\7 x (0,7,

avec 0D = OID% U(?]D% = DL JoDE, ou GJD% et 9DL correspondent & des conditions aux
limites de Dirichlet et 9D et 9D correspondent & des conditions aux limites de Neumann
pour la concentration et la pression respectivement. La fonction initiale est donnée par

c(x,0) = ¢p(x) z e D.

La porosité ® est le rapport des vides (espaces vides) sur le volume total. Dans la premiére
équation (A.0.1), la loi de Darcy, g est la vitesse de lécoulement, p la pression, k la perméabilité,
u la viscosité dynamique, et g la gravité.

Une caractéristique essentielle du schéma SUSHI est qu’il permet d’utiliser des éléments de vol-
ume qui ne se correspondent pas. En particulier, nous pouvons appliquer un maillage adaptatif
de carrés ou de cubes de différentes tailles dans les tests numériques. Les fonctions inconnues
varient fortement dans certaines parties du domaine alors qu’elles sont presque constantes
ailleurs. Nous raffinons le maillage dans les régions de fortes variations des fonctions inconnues
alors que nous fusionnons des éléments dans les zones ou elles ne subissent que de faibles vari-
ations. Ceci permet de réduire le nombre des inconnues (qui dépendent du nombre d’éléments
et de cotés d’éléments de volumes) et de diminuer le temps de calcul. Apres chaque raffinement
ou déraffinement, nous devons nous appuyer sur de nouvelles données pour le maillage et pour
les fonctions inconnues.

Nous effectuons des simulations numériques pour le probléeme d’une interface en rotation, le
probléme de Henry en dimension deux d’espace et le probléme de bassin salé (saltpool) en
dimension trois d’espace, en nous inspirant de calculs effectués par Hilhorst-Vu Do-Wang [37]
a I'aide méthode de volumes finis standard.

Dans une deuxiéme partie nous prenons également en compte le transfert de chaleur. La chaleur
peut étre récupérée a partir de ’eau souterraine. Selon 'application, la chaleur récupérée peut
étre utilisée pour la production de chaleur ou pour la production d’électricité. Le chauffage
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géothermique permet a la fois de remplacer le chauffage conventionnel et la production d’eau
chaude. Nous étudions un systeme couplé décrivant l'interaction entre ’écoulement et le trans-
port dans un milieu poreux, ou la densité et la viscosité dépendent de la concentration des
especes a transporter, aussi bien que de la température. Plus précisément, nous résolvons
un systeme de trois équations paraboliques non linéaires pour la concentration de sel C, la
température O et la charge hydraulique h.

Un logiciel commercial tres utilisé pour la simulation du transport d’un soluté multi-especes et
du transport de chaleur est le code SEAWAT [48]. Il combine les logiciels MODFLOW pour le
calcul de I’écoulement et MT3DMS pour la résolution numérique des équations de transport
de soluté. Le couplage entre I’écoulement et le transport est effectué a ’aide de résolution
successives de 1’équation pour l’écoulement par MODFLOW et de I’équation de transport
par MT3DMS. Les deux logiciels MODFLOW et MT3DMS s’appuient sur une méthode de
différences finies et la solution est donnée par les valeurs moyennes assignées au centre de
chaque maille. Le logiciel SEAWAT utilise également cette structure.

Nous proposons un code unique qui utilise la méthode de volumes finis généralisée fini SUSHI.
Les éléments de volume, en dimension d’espace deux ou trois, peuvent étre trés généraux et la
structure du programme est beaucoup plus simple puisqu’elle s’appuie sur un code unique au
lieu de deux codes couplés. Nous montrons les résultats de premiers tests numériques en fin de
chapitre. Nos calculs portent sur un modele proposé dans la documentation de SEAWAT. Le
domaine spatial est donné par une section transversale bi-dimensionnelle d’un aquifére captif
cotier initialement saturé d’eau de mer relativement froide a la température de 5 °C. De 'eau
douce plus chaude a la température de 25°C' est injectée dans 'aquifere cotier le long de la
frontiere de gauche pour représenter le flux d’eau provenant de l'intérieur des terres. L’eau
douce chaude s’écoule vers la droite jusqu’a atteindre la frontiére avec 'océan. La frontiére
de 'océan est soumise a des conditions hydrostatiques basées sur la densité de fluide calculée
a partir de la salinité de ’eau de mer & 5 °C. Des conditions de flux nul sont assignées aux
limites supérieure et inférieure du domaine. Ce probléme est une représentation simplifiée de
ce qui pourrait se produire dans une plate-forme cotiere de carbonate. Nos résultats sont tres
proches de ceux de SEAWAT.

Il s’agit d’un travail en collaboration avec Danielle Hilhorst et Huy Cuong Vu Do.

0.4.2 Chapitre 2 : Simulations numériques de I’équation de Burgers non visqueuse
avec des conditions aux limites périodiques et un terme source stochastique

Nous effectuons une étude numérique de ’équation de Burgers non visqueuse avec un terme
source stochastique. Nous considérons le probleme sur le tore de dimension un, avec des
conditions aux limites périodiques et une condition initiale prescrite

ou 0 [u?
— 4+ == | = 4.2
ot " o < 2 ) g (0.42)



0.4. Plan de la these

ou le terme source stochastique g est de moyenne spatiale nulle: / gdx = 0. Nous appliquons
1

T
un schéma de volumes finis combinant une intégration en temps de type Euler-Maruyama avec
le flux numérique de Godunov. Le terme source stochastique discret, qui est de la forme

I-1
GI' = 2 : Cg 2rkx; S,? in(2rkxz; 0.4.3
oG} = a3 kX::l k—ﬁcos(wxz)—ﬁsln(ﬁfﬁz), (0.4.3)

s’inspire de [27], Pentier impair I est le nombre de volume en espace, a 'amplitude et le
parameétre [ permet de moduler la régularité en espace. Les coefficients {C}'} et {S}'} sont
des variables aléatoires indépendantes et identiquement distribuées selon la loi Gaussienne
N(0,1). Quand 8 = 0, les G sont des variables aléatoires Gaussiennes de moyenne nulle et

de covariance: .

7

ce qui correspond & un bruit blanc en temps, et pour I — oo, également en espace.

E[G}GY'] = dmnldij — (0.4.4)

Nous présentons des résultats de simulations numériques effectués a l’aide de la méthode de
Monte-Carlo. Comme le terme source G} est stochastique, nous effectuons un certain nombre
de réalisations pour chaque « et 3 fixés. Nous comparons les résultats de réalisations uniques
et la moyenne empirique des réalisations avec la solution numérique déterministe (¢ = 0).
Les résultats numérique montrent que pour une seule réalisation, quand 'amplitude o est
grande, la solution est dispersée autour de la solution déterministe; d’autre part, le terme
source stochastique possede un effet de diffusion qui lisse le choc de la solution déterministe, et
plus 'amplitude « est grande, plus 'effet de diffusion est fort. Nous obtenons également des
résultats numériques en temps long, et observons que pour « et § fixés, la moyenne empirique
converge vers la moyenne en espace de la condition initiale. Quand « et § sont plus grands, la
moyenne empirique converge vers cette valeur plus vite. La variance empirique se stablise vers
une valeur qui dépend de « et 3; plus « est grand et 5 est petit, plus cette valeur asymptotique
est grande.

Ce chapitre a été écrit en collaboration avec Emmanuel Audusse, Sébastien Boyaval et Danielle
Hilhorst [3].

0.4.3 Chapitre 3 : Convergence d’'un schéma de volumes finis pour une loi de
conservation du premier ordre faisant intervenir un processus ()-Wiener

Un sujet d’intérét essentiel est la convergence de méthodes numériques pour la discrétisation
de lois de conservation stochastiques. Nous étudions le probleme

{du +div(vf(u))dt = g(u)dW (z,t), dans Qx T?x (0,T), (0.4.5)

u(w, x,0) = up(x), pour tout w € O,z € T?,

ou W(z,t) un processus Q—Wiener. Plus précisément soit Q un opérateur symétrique semi-
défini positif sur L2(T?), soit {es, }m>1 une base orthonormée de L?(T¢) qui diagonalise @, et
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soient { Ay, }m>1 les valeurs propres correspondantes. Le processus W défini par
oo 1 o
W(z,t) =Y Bu(t)QZem(x) = > vV AmBm(t)em () (0.4.6)
m=1 m=1

est un processus Q-Wiener dans L?(T?) si

> Am < Ao
m=1

Nous supposons que la fonction non linéaire f est Lipschitzienne et monotone et que la fonction
g(u) est Lipschitzienne et bornée.

Apres avoir présenté la définition d’une solution faible entropique a valeur mesure du probleme
(A.0.3), nous appliquons une méthode de volumes finis avec un schéma amont pour la discrétisa-
tion de ce probleme, et nous notons {7} la solution discrete. Nous présentons des estimations
a priori pour le terme source discret et pour la solution discrete {uy ;} ainsi quune estimation
BV faible. Puis nous prouvons deux inégalités entropiques vérifiées par la solution discrete
apres l'avoir interpolée en temps. Nous démontrons que {ur;} admet une sous-suite qui
converge vers une solution faible entropique a valeur mesure au sens des mesures de Young
quand le diametre maximal des éléments de volume et le pas de temps tendent vers zéro. Ce
Chapitre étend des travaux de Bauzet-Charrier-Gallouét [8] dans lequel ils considérent une loi
de conservation avec un terme source multiplicatif faisant intervenir un mouvement Brownien
unidimensionnel.

Il s’agit d’un travail en collaboration avec Tadahisa Funaki, Danielle Hilhorst et Hendrik Weber.

0.4.4 Chapitre 4 : Convergence dans le cas ou la fonction de flux n’est pas
monotone

Nous étudions le probléme

{du +div(v(z,t) f(u))dt = g(u)dW (z,t), dans Q xT?x (0,T), (0.4.7)

u(w, z,0) = up(x), pour tout w € O,z € T?,

ou W(x,t) un processus Q—Wiener. Nous supposons que la fonction non linéaire f est seule-
ment Lipschitzienne.

Nous appliquons une méthode de volumes finis avec un flux numérique monotone pour la
discrétisation de ce probleme, et nous notons {u7x} la solution discrete. Nous présentons
des estimations a priori pour le terme source discret et pour la solution discrete {uy x} ainsi
qu'une estimation BV faible. Puis nous prouvons une inégalité entropique vérifiée par la
solution discrete apreés ’'avoir interpolée en temps. On peut prouver une inégalité continue
entropique et un théoréeme de convergence par des méthodes similaires a celles utilisées au
Chapitre 3. Ce Chapitre étend des travaux de Bauzet-Charrier-Gallouét [9].

Il s’agit d’un travail en collaboration avec Tadahisa Funaki, Danielle Hilhorst et Hendrik Weber.
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Finite volume methods for deterministic

and stochastic partial differential equations

0.5 Introduction in English

In this thesis we study finite volume methods for deterministic and stochastic partial differ-
ential equations. We perform numerical simulations for a system describing a density driven
flow in porous media; we then study the discretization of a conservation law for an equation
with a stochastic source term, both from the viewpoint of numerical simulations and of the
convergence of algorithms.

0.6 The equations and systems which we study

0.6.1 Density driven flows in porous media

We study groundwater flow in an aquifer. This is an essential problem since most drinking
water is extracted from aquifers. If an aquifer becomes polluted by some contaminant or
if it gets invaded by salt water, its water may not be drinkable any more, which is a huge
problem for the surrounding cities. Two essential quantities to compute are the pressure and
the velocity of the flow. To that purpose we apply Darcy’s law, which states that the velocity
is proportional to the opposite of the pressure gradient. More precisely, Darcy’s law is of the
form

k
q=——Vp,
7

where q is the velocity, p the pressure, k the permeability, and p the dynamic viscosity. In
many cases, the gravity effect should also be included; Darcy’s law then becomes

k
q=——(Vp—pg),
n

where p is the density of the fluid and g the gravity.

A typical example is the case of density driven flows, where the density p and the viscosity u
depend on the concentration ¢, namely p = p(c¢) and pu = p(c). More specifically, we study
the system

a=—2(9p-p(c)g),
8%2 +V - (ap(e) = Q.
@294 9 (ap(e)e— plepve) = @,

where the positive constant ® is the porosity, together with corresponding boundary and initial
conditions.
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0.6.2 Stochastic conservation laws

We study first-order conservation laws with a stochastic source term. In every natural system,
all kinds of perturbative effects may be added to basic equations; this is what we model by
noise. When a stochastic term f,, is introduced in an equation, the solution u(z,t) becomes a
random variable u,(z,t), which leads to revisit the mathematical studies already carried out
in the deterministic case.

Spatiotemporal systems in physics, chemistry, and biology are often subject to random phe-
nomena that can occur in the form of fluctuating forces, uncertain parameters, and random
source terms or boundary conditions. It is therefore of essential importance to be able to
introduce uncertainty in the reality that the model must represent, and this is often done by
means of stochastic partial differential equations. As a concrete example, Debussche-Glatt-
Temam-Ziane [21], who model the ocean and the atmosphere, introduce a multiplicative noise
to represent uncertainties due the complexity of the earth’s climate system. Another example
is given by the stochastic Burgers equation studied in this thesis. One of the main problems
in the field of complex systems is to achieve a sufficiently deep understanding of turbulence.
Direct simulations have greatly contributed to the understanding of disordered flows that occur
when the Reynolds number is high. However, one still lacks a complete theory of turbulence
that would permit to predict important phenomena such as turbulent mixing, turbulent con-
vection and turbulent combustion starting from the basic equations of fluid dynamics. The
Burgers equation is due to the Dutch physicist J.M. Burgers [13] who in 1939 simplified the
Navier-Stokes equation by neglecting the pressure term, obtaining the Burgers equation which
can be studied in one space dimension, with or without a term source.

In this thesis, we study the Burgers equation also neglecting the diffusive term and carry out a
numerical study assuming that the source term has the form of a white noise in time combined
with a colored noise in space. We need to revisit the deterministic methods in order to under-
stand the effect of this random source term. In particular, we systematically draw graphs of
two quantities: a prescribed single realization of the noise, and an average of a large number
of realizations, such as 2000 or 8000. Our most surprising result is the following: the average
of the realizations seems to behave as a solution of the problem without the stochastic source
term. In particular, it seems to tend towards a constant, namely the average of the initial
condition, as t — oco. However, it differs from the deterministic solution in the sense that it
seems to smoothen the discontinuitites of the deterministic solution.

As for analytical results, Debussche-Vovelle [23], [25] have shown the existence and uniqueness
of a kinetic solution on a torus of R? in the case of a multiplicative noise involving a Q-
Wiener process, while Bauzet-Vallet-Wittbold [6] have proved the existence and uniqueness
of a weak entropy stochastic solution of a related Cauchy problem in R? in the case of a
multiplicative noise involving a one-dimensional Brownian motion. We still are unable to
study the convergence of the approximate solution to the solution of Burgers equation, but
only the convergence of the approximate solution of a somewhat more regular conservation law.
On the one hand, we impose the nonlinear flux function to be nondecreasing, but we would
know, at the cost of writing a more technical proof for a suitable algorithm, how to get rid of
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this hypothesis as has been done by Bauzet-Charrier-Gallouét [8]. On the other hand, we also
assume that the nonlinear flux function is Lipschitz continuous, which is a hypothesis still to
be improved. The stochastic force term leads us to work with weak entropy solutions, involving
the Itd formula, as has been done by [6]. Our result extends that of [9] in the sense that we
assume that the source term has the form of a multiplicative noise involving the derivative of
a (Q-Wiener process while [8] and [9] only consider the case of a one-dimensional multiplicative
noise in the time variable.

0.7 Finite volume methods

For the numerical solution, we apply both the standard finite volume method and the general-
ized finite volume method SUSHI.

The standard finite volume method has first been developed by engineers in order to study
complex coupled physical phenomena where the conservation of extensive quantities (such
as masses, energy, momentum...) must be carefully respected by the approximate solution.
Another advantage of such schemes is that a large variety of meshes can be used. The basic
idea is the following: one integrates the partial differential equations in each volume element
and then approximates the fluxes across the volume boundaries. It is the method which we
apply to solve the stochastic Burgers equation in one space dimension.

However, for elliptic or parabolic equations in higher space dimensions, there are some con-
straints when applying the standard finite volume method. Suppose that the space domain is
an open bounded connected polyhedral subset of R?, which is discretized by means of polyhe-
dral volume elements. First the so-called orthogonality condition should hold : one associates
a point to each volume element and the segment joining two points corresponding to two neigh-
boring volume elements should be orthogonal to the interface between the two volume elements.
Then the volume elements should be matching, namely an edge of a polygonal volume element
should precisely coincide either with an edge of a neighboring volume element or with an edge
of the boundary of the domain. A further problem is that one cannot apply the standard finite
volume method to a partial differential equation whose diffusion term involves a full diffusion
matrix.

This induces us to apply the so-called SUSHI scheme which has the following advantages : the
orthogonality condition is not necessary anymore, the volume elements can be non-matching
and moreover, it permits to handle diffusion terms involving a full diffusion matrix. Whereas
one degree of freedom is associated to each volume element in the case of the standard finite
volume method, the SUSHI scheme involves not only one degree of freedom per volume element
but also a degree of freedom associated to each edge. This scheme is based upon the definition
of a discrete gradient which, in the case of suitable diffusion terms, permits to define a family
of numerical fluxes, which are continuous, coercive, consistent and symmetric. In turn, the
SUSHI scheme can be considered as a special case of the more general family of gradient
schemes.

11
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0.8 Organization of the thesis

This thesis is composed of four chapters. Chapter 1 concerns the application of the finite volume
method SUSHI to density driven flow problems in porous media. We present in Chapter
2 numerical simulations of the inviscid Burgers equation with a stochastic source term. In
Chapter 3, we study the convergence of a finite volume scheme for a conservation law with a
multiplicative source term involving a Q)-Wiener process. In Chapter 4, we consider the same
problem as in Chapter 3 in the case that the flux function is non-monotone.

0.8.1 Chapter 1 : Density driven flow in porous media

We consider a porous medium containing both fresh and salt water; more specifically we study
a coupled system describing the interaction between flow and transport in porous media and we
assume that p(c) = po(1+ ac) where « is a positive constant. In the first part of Chapter 1, we
solve a nonlinear parabolic convection-diffusion equation for the salt concentration coupled to
an equation which can be considered as an elliptic equation for the pressure when substituting
Darcy’s law, the first equation of the system below, in the second equation

q= —E(Vp— p(c)g) in D x (0,T),

oo 7

(c
q)a&t(c) +V- (qp(c)c - p(c)DVc) =0 in D x (0,7T)
ot T

+ V- (qo(c)) =0 in D x (0,T), (0.8.1)
c)

We solve these equations together with the boundary conditions

¢ =cp(x,t) on D%, x (0,7,
g; = cn(x,t) on 9D, x (0,7),
p = pp(x,t) on ODY, x (0,T),

(0,7)

q-n=qy(x,t) on JDX; x

with 0D = 3]]3% U@ID]((} = 8][)15 U8]D]1\3, where 81[)% and 9ID% correspond to the Dirichlet
boundary condition and 8ID% and 6]]3% correspond to the Neumann boundary condition for
the concentration and the pressure respectively. The initial condition is given by

c(x,0) =¢p(x) zeD.

The porosity @ is the proportion of the empty space over the total volume. In the first equation
of (0.8.1), Darcy’s law, q is the velocity, p the pressure, k the permeability, x the dynamic
viscosity, and g the gravity.

An essential feature of the SUSHI scheme is that it allows to use volume elements which do not
match. In particular, we can apply an adaptive mesh composed of squares or cubes of different
sizes. Unknown functions vary strongly in certain parts of the field, while they hardly vary
elsewhere. We refine the mesh in regions of large variations of the unknown functions while we
merge elements in areas where they only undergo small variations. This reduces the number
of unknowns and permits to reduce the computation time.
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We perform various numerical tests such as the computation of a rotating interface, numeri-
cal simulations for Henry’s problem in space dimension two and for the saltpool problem in
space dimension three, extending a paper by Hilhorst-Vu Do-Wang [37] where they apply the
standard finite volume method.

In the second part we also take heat transfer into account. Heat can be recovered from ground-
water. Depending on the application, the recovered heat can be used for heat production or
for the production of electricity. The geothermal heating allows both to replace the conven-
tional heating and to produce hot water. We study a coupled system describing the interaction
between flow and transport in a porous medium, where the density and the viscosity depend
on the concentration of the species to be transported, as well as on the temperature. More
specifically, we solve a system of three nonlinear parabolic equations for the salt concentration
C, the temperature ® and the hydraulic head h.

A widely used commercial software for the simulation of a multi-species solute and heat trans-
port is the SEAWAT code [48]. It combines the software codes MODFLOW and MT3DMS
which permit to solve the flow and the solute-transport equations respectively. The coupling
between flow and transport is performed through a synchronous time-stepping approach that
cycles between MODFLOW solutions of the flow equation and MT3DMS solutions of the trans-
port equation. Both MODFLOW and MT3DMS use cell-centered grids. In this formulation,
the dependent variables obtained in the finite-difference solution represent average values, as-
sumed to be given at the cell center, for the respective cells. Therefore SEAWAT also uses
cell-centered grids. We propose a single code using the generalized finite volume method
SUSHI. We show results of test cases at the end of the chapter. The volume elements, in space
dimensions two or three, can be quite arbitrary and the structure is much simpler since we
deal with a single code instead of two heavy codes which are coupled with each other.

We take a model problem proposed in the SEAWAT documentation [48] as a test case for
our method. The problem consists in a two-dimensional cross section of a confined coastal
aquifer initially saturated with relatively cold seawater. Warmer fresh water is injected into
the coastal aquifer along the left boundary to represent the flow from inland areas. The warmer
fresh water flows to the right, where it discharges into a vertical ocean boundary. Hydrostatic
conditions are imposed on the ocean boundary while no flow conditions are assigned to the
top and bottom boundaries. This problem is a simplified representation of what may occur in
a coastal carbonate platform. Our results are close to those of SEAWAT.

This Chapter is joint work with Danielle Hilhorst and Huy Cuong Vu Do.

0.8.2 Chapter 2 : Numerical simulations of the inviscid Burgers equation with
periodic boundary conditions and a stochastic source term

We perform a numerical study of a non-viscous Burgers equation with a stochastic source term.

We study the equation
ou 0 [u?
4 () = .8.2
8t+8x<2> g (0.82)

on the one-dimensional torus, with periodic boundary conditions and a prescribed initial con-

dition. We suppose that the stochastic source term ¢ satisfies: / gdx = 0. We apply a finite
']1"1
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volume scheme combining an Euler-Maruyama type scheme for the time discretization with
the Godunov scheme for the discretization of the fluxes. The discrete source term, which is of
the form

-1
aGl = 04\/§ i (qgcos(QTrkm) - S'?sin(27rka:')> (0.8.3)
' I kS Yk )

is inspired from [27], the odd integer I is the number of space volumes, « the amplitude,
and the parameter  modulates the regularity in space. The coefficients {C}'} and {S}'} are
independent random variables which are identically distributed according to Gaussian law
N(0,1). When 8 = 0, the GI"’s are zero average Gaussian random variables of covariance

1

E[GI G = dmnldiy — 7],

(0.8.4)

which corresponds to Gaussian white noise in time and for I — oo, also in space.

We perform a number of realizations for each test case with a and § fixed. We compare the
results of the empirical mean with the deterministic numerical solution with ¢ = 0. The nu-
merical results show that for a single realization, when the amplitude « is large, the solution
is dispersed around the deterministic solution; moreover, the stochastic source term has a dif-
fusive effect which smoothens the shock of the deterministic solution, and this diffusive effect
increases with a. We also obtain numerical results in large time, and observe that for o and
0 fixed, the empirical mean converges to the average of the initial condition. When « and
B are larger, the empirical mean converges to this value faster. The empirical variance stabi-
lizes to a value depending on « and ; as « increases and 3 decreases, this limit value increases.

This chapter has been written in collaboration with Emmanuel Audusse, Sébastien Boyaval
and Danielle Hilhorst [3].

0.8.3 Chapter 3 : Convergence of a finite volume scheme for a first order conser-
vation law involving a ()-Wiener process

A topic of high interest is the convergence of numerical methods for the discretization of
stochastic conservation laws. We study the problem

{du +div(vf(u))dt = g(u)dW (z,t) in QxT?x(0,7), (0.8.5)

u(w, z,0) = up(z) for all w € O, x € T4,
where W (x,t) is a @Q—Wiener process. More precisely, let @ be a symmetric semi-definite

positive operator on L?(T?), let {em }m>1 be an orthonormal basis of L?(T%) which diagonalizes
Q, and let {\, };m>1 be the corresponding eigenvalues. The process W defined by

W(z,t) = i Brn(t)Q2em(z) = f:j VB () em () (0.8.6)
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is a Q-Wiener process in L2(T9) if
[e.e]
> Am < Ao
m=1

We suppose that the function f is Lipschitz continuous and nondecreasing, and that the func-
tion g(u) is Lipschitz continuous and bounded.

After having presented the definition of a measure-valued weak entropy solution of Problem
(0.8.5), we apply a finite volume method together with an upwind scheme for the space dis-
cretization, and we denote by {ur j} its discrete solution. We present a priori estimates for the
discrete source term and for the discrete solution {u7}, including a weak BV estimate. We
then prove two entropy inequalities satisfied by the discrete solution after interpolation in time.
We show that the discrete solution {u7 1} converges along a subsequence to a measure-valued
entropy solution of Problem (0.8.5) in the sense of Young measures as the maximum diame-
ter of the volume elements and the time step tend to zero. This chapter extends an article
by Bauzet-Charrier-Gallouét [8] where they consider a conservation law with a multiplicative
noise involving a one-dimensional Brownian motion.

This is joint work with Tadahisa Funaki, Danielle Hilhorst and Hendrik Weber.

0.8.4 Chapter 4 : Convergence of a finite volume scheme in the case that flux
function is not monotone

We consider the problem

{du +div(v(w, t) f(u))dt = g(u)dW (z,t), in QxTx(0,T), (0.8.7)

u(w, z,0) = up(x), for all w € O, x € TY,

where W (x,t) is a Q—Wiener process. We only suppose that the nonlinear function f is
Lipschitz continuous.

We apply a finite volume method together with a monotone scheme for the flux discretization,
and we denote by {u7 } its discrete solution. We present a priori estimates for the discrete
source term and for the discrete solution {u7 }, including a weak BV estimate. We then prove
an entropy inequality satisfied by the discrete solution after interpolation in time. The proofs
of the continuous entropy inequality and the corresponding convergence theorem are similar
to those presented in Chapter 3. This chapter extends an article by Bauzet-Charrier-Gallouét

This is joint work with Tadahisa Funaki, Danielle Hilhorst and Hendrik Weber.
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Chapter 1

A generalized finite volume method for a
density driven flow coupled to heat transport
in porous media

Résumé. Nous appliquons un schéma semi-implicite en temps combiné avec la méthode de
volumes finis généralisés SUSHI pour la simulation d’écoulements & densité variable en milieu
poreux; il vient a résoudre une équation de convection-diffusion parabolique pour la concentra-
tion couplée a une équation elliptique en pression. Nous présentons ensuite une méthode de
simulation numérique pour un probléme d’écoulements a densité variable couplé a un transfert
de chaleur. Nous utilisons des maillages adaptatifs, basés sur des éléments de volume carrés
ou cubiques.

Abstract. We apply a semi-implicit scheme in time together with the generalized finite volume
method SUSHI for the numerical solution of density driven flows in porous media; it amounts
to solve a nonlinear convection-diffusion parabolic equation for the concentration coupled to
an elliptic equation for the pressure. We compute the solutions of specific problems such as
a rotating interface problem, Henry’s problem and a saltpool problem. We also consider the
case when the density driven flow is coupled to heat transfer in a confined aquifer. We use
adaptive meshes, based upon square or cubic volume elements.

17
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1.1 Introduction

We present results which have been obtained in the context of an exploratory project of CNRS
(PEPS ECODEVA) on the numerical simulation of flows with variable density for the pro-
duction of lithium batteries. More precisely, the purpose of this project was related to the
exploitation of lithium deposits in salt lakes, also known as “Salars”. In recent years, lithium
has become a strategic element for industrial countries because it is the basic element of lithium-
ion batteries used for hybrid and electric vehicles. Therefore its production has become of high
interest for all major groups involved in car industry as well as suppliers of these groups. Cur-
rently the largest deposit in the world is the Salar Uyuni, in the department of Potosi, in
South-West Bolivia. This deposit represents a third of the world resources. In March 2008,
Bolivia has authorized the exploitation, however reserving this right to its nationals. Chile has
the second largest deposit with the Salar Atacama and it has become the world’s largest ex-
porter since 1997, with the German company Chemettal as main operator. Argentina also has
a lithium deposit, the Salar Hombre Muerto, which is located in the North-West of the coun-
try. Other Salar areas of the Altiplano of Argentina provide mining exploitation concessions
to foreign companies, among whom European groups.

Other deposits are exploited, including salt lakes in Tibet as well as mines in Australia, Russia
and the United States. They are not accessible to European operators. The largest deposits
are either clusters of crystallized salt (solid) or lenses of supersaturated salt water created by
evaporation under endorheic conditions. Rational exploitation implies mastering these special
aqueous flows whose density depends on the concentration of salt including lithium. An operat-
ing technique consists in sweeping the reservoir with fresh water in order to obtain a maximal
recovery without earthworks and with a minimal impact on fluid levels, and thus a minimal
impact on environment. This explains the need of implementing research methodologies and
techniques from hydrogeology. The purpose here is to extract salt water which contains lithium.
In a later stage, the lithium will be separated from the salt water.

From a mathematical viewpoint, it amounts to study a coupled system describing the interac-
tion between flow and transport in a porous medium, whose density p is a strictly increasing
function of the concentration ¢ of the salt water; typically we have that p(c) = po(1 + «c).
More specifically, we solve a nonlinear parabolic convection-diffusion equation for the concen-
tration coupled to an elliptic equation for the pressure p, which is derived from Darcy’s law

k

q= —;(Vp—p(c)g) inDx (0,7),  (1.1.la)

q)f)pa(tc) +V- (qp(c)) =Q, in D x (0,T), (1.1.1b)
d(plc)c

CD(IO(;)) +V- (qp(c)c - p(c)DVc) =Q inIDx (0,T), (1.1.1¢)

together with suitable boundary conditions. The porosity ® is the fraction of the voids (empty
spaces) over the total volume. In the equation (1.1.1a), namely, Darcy’s law, q is the velocity,
p the pressure, k the permeability, u the dynamic viscosity, and g the gravity.

This Chapter is composed of two parts; in the first part, we study a density driven flow problem
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by means of generalized finite volume method; in the second part, we study the coupling with
heat transport.

In Section 1.2, we present the generalized finite volume method SUSHI, which permits to
work with full diffusion matrices and to use non-matching volume elements. In Section 1.3, we
present the numerical algorithm, which is based upon the SUSHI method and permits to ensure
the mass conservation of both quantities p(c) and p(c)c in the case of homogeneous Neumann
boundary conditions. In Section 1.4, we introduce adaptive meshes and show numerical results
for three test cases, a rotating interface problem and Henry’s problem in space dimension two
and a three dimensional saltpool problem. The first two test cases are studied by Hilhorst-Vu
Do-Wang [37] by means of the standard finite volume method. We also compare the computa-
tional time and the number of unknowns (degrees of freedom) of the simulation using uniform
meshes and adaptive meshes. These adaptive meshes permit equally accurate numerical com-
putations with a smaller number of volume elements while they require a shorter computing
time. In the last test case of Part I, we perform simulations for the saltpool problem, which is
a well-known three-dimensional experiment and which was studied by [41] and [56]. We refer
to [41] for a finite element discretization of this problem. We compare our numerical results to
the experimental results as well as the results of [41] obtained by means of the finite element
method. An advantage of the method which we present is that it is rather simple to implement
while permitting to perfectly ensure the mass conservation property.

In Part II, we also take heat transfer into account. Heat can be recovered from groundwater.
Depending on the application, the recovered heat can be used for heat production or for the
production of electricity. The geothermal heating allows both to replace the conventional
heating and to produce hot water. We study a coupled system describing the interaction
between flow and transport in a porous medium, where the density and the viscosity depend
on the concentration of the species to be transported, as well as on the temperature. More
specifically, we solve a system of three nonlinear parabolic equations for the salt concentration
C, the temperature ® and the hydraulic head h.

A widely used commercial software for the simulation of a multi-species solute and heat trans-
port is the SEAWAT code [48]. It combines the software codes MODFLOW and MT3DMS
which permit to solve the flow and the solute-transport equations respectively. The coupling
between flow and transport is performed through a synchronous time-stepping approach that
cycles between MODFLOW solutions of the flow equation and MT3DMS solutions of the trans-
port equation. Both MODFLOW and MT3DMS use cell-centered grids. In this formulation,
the dependent variables obtained in the finite-difference solution represent average values, as-
sumed to be given at the cell center, for the respective cells. Therefore SEAWAT also uses
cell-centered grids. We propose a single code using the generalized finite volume method
SUSHI. We show results of test cases at the end of the chapter. The volume elements, in space
dimensions two or three, can be quite arbitrary and the structure is much simpler since we
deal with a single code instead of two heavy codes which are coupled with each other.

We take a model problem proposed in the SEAWAT documentation [48] as a test case for
our method. The problem consists of a two-dimensional cross section of a confined coastal
aquifer initially saturated with relatively cold seawater. Warmer fresh water is injected into
the coastal aquifer along the left boundary to represent the flow from inland areas. The warmer
fresh water flows to the right, where it discharges into a vertical ocean boundary. Hydrostatic
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conditions are imposed on the ocean boundary while no flow conditions are assigned to the
top and bottom boundaries. This problem is a simplified representation of what may occur in
a coastal carbonate platform. Our results are close to those of SEAWAT.

This Chapter is joint work with Danielle Hilhorst and Huy Cuong Vu Do.
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PART I:

A generalized finite volume method for density driven
flows in porous media

To begin with, we present the generalized finite volume method SUSHI in the case of a linear
elliptic problem as it was done by Eymard-Gallouét-Herbin [29].

1.2 Generalized finite volume method SUSHI
We consider the linear elliptic equation
—div(K(x)Vu) = f in D, (1.2.1)
together with the homogeneous Dirichlet boundary condition
u=0 on JD,

where D is a polyhedral open bounded connected subset of RY, for all d € NT and 9D = D\ ID
is the boundary of the domain ID. We assume that f € L*(ID) and that K is a measurable
function from D to Mg(R), the set of d x d matrices, such that for a.e. x € D, K(x) is
symmetric and its eigenvalues is included in [A,A] with 0 < X < \.

1.2.1 Discretization

Definition 1.1 Let ID be a polyhedral open bounded connected subset of R* and 0D = D \ ID
its boundary.

e Tisa finite family of nonempty connected open disjoint subsets of 1D (“control volumes”)
such that D = UgerK. For any K € T, let 0K = K \ K be the boundary of K; let
|K| > 0 denote the measure of K and let hi denote the diameter of K.

o & is a finite family of disjoint subsets of D (edges of the mesh), such that for all o € &,
o is a nonempty open subset of a hyperplane of R?, whose d — 1-dimensional measure
lo| is positive. We also assume that, for all K € T, there exists a subset Ex of € such
that OK = Ugcg, 0. For all o € €, we denote by 2T, = {K € T,0 € Ex}. We assume
that for all o € &, either T, has exactly one element and then o C 0D (the set of these
interfaces, called boundary interfaces, is denoted by Eeyi) or Ty has exactly two elements
(the set of interfaces, called interior interfaces, is denoted by Eint). For all o € £, we
denote by x, the barycenter of o. For all K € T and o € £k, we denote by ng , the
unit vector normal to o outward to K.

21
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e P is a family of points of ID indexed by T, denoted by P = (xk)keT, such that for all
K eT,xg € K and K is assumed to be X -star-shaped, which means that for allx € K,
the inclusion [xk,X] holds. Denoting by dk .o the Euclidean distance between X and the
hyperplane including o, one assumes that di > 0. We denote by Dy , the cone with
verter Xg and basis o.

We integrate Equation (1.2.1) over the control volume K € T, which formally gives (assuming
sufficient regularity on u and K) the following balance equation on the control volume K:

> (- [ KeoVula) micotn(x)) = [ fGoix

cefk

The flux — / K(x)Vu(z) -ng ,dy(x) is approximated by a function Fi ,(u) of the values

e
((ug)KeT, (Us)see) at the centers and at the interfaces of the control volumes. A discrete
equation corresponding to (1.2.1) is given by:

> Fro(u) :/Kf(x)dx forall KeT. (1.2.2)

cefk

The values u, on the interfaces are introduced in such a way that they provide a consistent
approximation of the normal fluxes even in the case of an anisotropic operator and on a general,
possibly nonconforming mesh. We have card(€) extra unknowns, and need card(€) equations
to ensure that the problem is well posed. For the boundary faces or edges, these equations are
obtained by writting the discrete counterpart of the boundary condition:

uy =0 forall o€ &y

For the interior edges, they are obtained by imposing the continuity of the discrete flux across
the edges, namely:

Fro(u) + Fro(u) =0, (1.2.3)
for 0 € &t such that T, = {K,L}. We have then card(7) + card(€;,t) unknowns and
equations.

We first define the sets Xp and Xp
Xp = {v=((vk)keT, (Vo)oece), vk € R,v, € R}, (1.2.4)
Xpo={v e Xpsuch that v, =0 forall o€ &g} (1.2.5)

For all v € Xp o, multiplying Equation (1.2.2) by the value vk of v on the control volume K
and summing over K € T leads to:

) (UK > FK,a(u)) = > (vK /K f(x)dx).
KeT o€l

Also using (1.2.3), we deduce the following discrete weak formulation,

Find u € Xp o such that :

(u,v)p = Y vK/ f(x)dx, forallve Xpy,
KeT K
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with

(u,vyp = Z Z Fr o(u)(vg —vs). (1.2.6)

KT o€k

1.2.2 The stable discrete gradient

The discrete flux F , is expressed in terms of the discrete unknowns. The idea is based upon
the identification of the numerical fluxes Fg ,(u) through the mesh dependent bilinear form
(-, "), using the expression of the discrete gradient. Assuming that, for all u € Xp, a discrete
gradient Vpu has been constructed, we seek a family (Fi,0(u)) o7 see, Such that

(u,v)p = Z ZFKU (vk —vs) /Vpu (x)Vpu(x) dx Vu,v € Xp.
KeT o€k
(1.2.7)
To this purpose, we first define
Viku = Z lo| (u Kk, VK €T, Vue Xp. (1.2.8)
JE:‘)K

The consistency of formula (1.2.8) follows from the geometrical relation:

> lolngo(xe —xk)" = |K|ld VK €T, (1.2.9)

o€k

where (x, — XK)T is the transpose of x, — xx € R? and Id is the d x d identity matrix.

The approximation formula (1.2.8) is exact for linear functions. Indeed, for any linear function
defined on D by ¢(x) = G - x with G € R?, assuming that u, = ¢(x,) and ux = p(xx), we
obtain u, —ux = (X, — xg)TG = (x5 — xx)TVy; hence (1.2.8) leads to Vxw = V. We

also remark that
> lohica = Y [ mia dv= [ (91

celk o€€K

which means that the coefficient of ug in (1.2.8) is equal to zero. Thus, a reconstruction of
the discrete gradient based only on (1.2.8) cannot lead to a definite discrete bilinear form in
the general case. Therefore we introduce the stabilized gradient

VKJU =Vgkgu+ RKJU ng o, (1.2.10)
where
Rk ou = ﬁ(uaquKU- (XUXK)). (1.2.11)
K,o

We may then define Vpu as the piecewise constant function equal to Vi su a.e. in the cone
DK,O'
Vpu(x) = Vg ,u forae. x € Dk . (1.2.12)

Note that, from the definition (1.2.11), in view of (1.2.9) and (1.2.8), we deduce that

> |O-|CflK’URK7O-’LL ng,=0 forall KeT. (1.2.13)

o€fK
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In order to identify the numerical fluxes F ,(u) through relation (1.2.7), we put the discrete
gradient in the form

Vou= Y (upy —ug)y§e, (1.2.14)
o/ €€k
with /i
o] d < o] > :
1 11— — . — f =o'
yoa/ _ ‘K| Kot dK,U |K|nK,a (XO' XK) ngs 1 0 =20,
* |U,’n vd ‘0/|n (Xo — XK )N otherwise
T Ko — 5 1 DKo — XK )ng :
(K757 dio [K]T “
Thus

Vpu(x) - K(z)Vpo(x)dx = > > A% (g — ug) (vor — Vi),

o€l o'€fk
with 0,0’ € £k and
" !

A = 3 yR T KGR, ?,:/D K(z) dx.
Kol

ol"efk

The local matrices A%", are symmetric and positive, and the identification of the numerical
fluxes using relation (1.2.7) leads to the expression:

Fro(u)= > Af (ug — o). (1.2.15)

o'efk

1.3 Application of the SUSHI method to the density driven flow
problem

1.3.1 Approximate fluxes

Mathematically, we propose to solve the system of partial differential equations (1.1.1), together
with the boundary conditions

¢ = cp(x, ) on 9D%, x (0,T),

aC _ c

o =en(x.t) on D% % (0,7), (1.3.1)
p=pp(x,1) on 9D, x (0,T),

qn:qN<X7t) on 8D€VX (05T)7

with 0D = 9D, |J D%, = oD%, |J DX, where 9D$, and DY, correspond to Dirichlet bound-
ary conditions and D%, and dID%; correspond to Neumann boundary condition for the con-
centration and the pressure respectively. The initial condition is given by

e(x,0) = ¢o(x) in D. (1.3.2)

Our purpose is to compute the pressure p and the concentration c¢. Rather than discretizing
the term V - (p(c)DVc), we propose to discretize the equivalent form V - (DV«p(u)), where
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u = p(c)c and ¢ is defined as follows : since p is strictly increasing in ¢, the function u — ¢ is
invertible, so that we can rewrite the concentration as a function of w, namely ¢ = r(u) and

ple) = p(r(u)) = R(u).
We set 0(c) = /Ocp(s) ds, which implies that V - (DV@(C)) =V (Dp(c)Vc), and we define

p(u) = 0(c) = 0(r(u)). (1.3.3)
Then the system takes the form:

k

q= —*(Vp—R(u)g) in D x (0,7),

OR(u) .
o +v(¢w®=Qp in D x (0,7), (1.3.4)
(D%—i—v-(qu)fv- (DV(p(u)) =@ inDx(0,7),

where the unknown functions are p and w. This form has been studied by [37] who applied the
standard finite volume method for its numerical solution. In order to apply the SUSHI scheme,
we rewrite the system (1.3.4) in the form

k

q= —;(Vp—g(w)g) in D x (0,7),
CDaga(ZU) +V- (qg(w)) =Q, in D x (0,7), (1.3.5)
¢%$”+v-@mmn—v4Dwm:Q in D x (0,7),

where w = ¢(u), m = ¢! and ¢ = R(m). The main reason for this transformation is to
apply the SUSHI scheme to a linear laplacian operator and then be able to handle a standard
bilinear form. We remark that m(w) and ¢(w) coincide with the mass function cp(c) and the
density function p(c) respectively. In what follows, we discretize system (1.3.5) together with
the following boundary conditions

w = 0(cp(x,t)) on 9D, x (0,7,

ow ., 1 _ .

I = 0'(67 (w(x,t)))en(x,t) on 9D, x (0,7), (1.3.6)
p=pp(x,t) on dDY, x (0,T),

q-n=7gy(x,t) on DX, x (0,T),

and the initial condition
w(x,0) = 0(co(x)) on D. (1.3.7)

In this Chapter, we suppose that ® is a positive constant. We use the space discretization

described in Definition 1.1 and, for the time discretization, we fix a positive integer N and

T
define the time step as 6t = N and t" =n -6t for all n € {0,1,..N}.
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After formally integrating the two last equations of (1.3.5) on the domain K x (t,_1,t,) for
all K € T and n=1,..., N, we obtain

<I>/ ( (x,tn) —Q(’U)(X,tn_l))> dx
tn tn
+ Z / /qg nK’adfydt:/ / Q, dxdt,
tn—1 tn—1 K

o€l
@/}{{m(w(x,tn)) m(w(x, tp—1 }dx—|—g§ /tn 1/ ) st (1.3.8)
_O_; /tn /DVw ng sdydt = /tnnl/K Qdxdt.

In what follows we define numerical fluxes F£ ,(w) and F§ ,(p,w) in order to approximate
the diffusion flux / —DVw - ng ,dy and the convection flux / q - ng ,dy respectively. We
express the discrete fluxes F2 _(w) and Fg ,(p,w) in terms of the discrete unknowns.
We recall below formulas which have been derived by [29]. We define

FR,(w) = Y A% (wk —wy), (1.3.9)

o'efk

for all K € T and 0 € Ex. Next we approximate the convection flux in (1.3.8). To that
purpose we apply an idea which has been used in [37]. We set

k v
Fo(pw) ==( 2 A% (pic —por) +lolg o - 0(ws) ), (1.3.10)
o'e€k
where
A7 = > yoo. (/ Ldx)y” 7, (1.3.11)
o€ DK,U”

with I denotes the unit tensor.

1.3.2 Numerical scheme

We present below a semi-implicit finite volume scheme corresponding to the system (1.3.5):

The initial condition for the scheme is given by

1 1
0o _ 0 _
wp = K] /KH(CO(X))dx, wy = o /(f&(co(x))dfy. (1.3.12)
We define wg , according to the upwind scheme

_ { wrg if F$_(p,w) > 0.
WK,c = .

Wy otherwise.
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For all n € {1, ..., N}, we propose the following scheme:

Knowing w"”~! and w™~2, find p” € Xp such that

®|K|(o(wj ") = o(wi?))
+dt Z Fgﬂ(p",w”_l) (W) = (Qp)k forall K €7, (1.3.13a)
o€€K
> F%J(p”,w"_l) co(wr ™ =0 for all o € &y,  (1.3.13b)
KeTs
P = pp(Xs,tn) for all x, € 9DY,,(1.3.13¢)
nga(p", w" ) = |o|gy (%o, tn) for all x, € OD%;(1.3.13d)

Knowing p” and w™~!, find w™ € Xp such that

O|K|(m(wf) —m(wi "))+t > FR,(w")
ocelk
+6t > FR (0" w" ) m(df ) =QF  forall KeT, (1.3.14a)
o€EK

3 {F;?,U(wn) + FE, (p", 0™ ) -m(w;gp)} — 0 forall o &, (1.3.14b)
KeTs

Wy = 9<CD(XU,tn)) for all x, € 0ID%),(1.3.14c)

Fgo(w") = —Dlo|¢/ (9*1(wg*1)>EN(xg,tn) for all x, € 0D (1.3.14d)

tn tn

where (Q,)% = / / Qpdxdt and Q% = / / Qdxdt. The approximate fluxes F _ and
tn—1 JK tn—1 JK 7

F}%a are defined by (1.3.9) and (1.3.10), respectively.

1.3.3 Mass conservation

In this section we discuss the conservation of mass property in the case that the concentration
¢ and flux q satisfy the boundary conditions:

an

% _tn=0  ondDx(0,T),
g n=gy=0 ondDx(0,7),

and that the source terms @) and @), are equal to zero, first from the analytical viewpoint and
then from the numerical algorithm’s viewpoint. For all ¢t € (0,7T'), we integrate the transport
equation (1.1.1c) on ID x (0,¢):

/]DCD<,0(C(X,t))c(X, t) — p(co(x))co(x)) dx
+/Ot/]DV-(QP(C(X,T))c(x,T)) dxdT—/Ot/Dv. (Dp(c)V(c(x,T)) dxdr = 0,
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which yields
/]D Dp(c(x,t))e(x,t) dx — /]D Dp(co(x))co(x) dx
_ _/Ot /3113 p(e(x,7))e(x,7)g-n d7d7+/0t /8]13 Dp(c)Ve(x,7) - n dydr.

In this case we deduce from (1.3.15) that

/ ple(x,t))e(x,t) dx :/ p(co(x))co(x) dx  for all £ > 0,
D D

(1.3.15)

or else
/ m(w(x,t)) dx :/ m(wo(x)) dx  for all t > 0.
D D

It follows in a similar way from the equation (1.1.1b) that

/ ple(x,t)) dx :/ p(co(x)) dx  for all t > 0,
D D

or else

/@(w(x,t)) dx:/ o(wo(x)) dx  for all t > 0.
D D

Next we consider the numerical algorithm. We add up the semi-implicit discrete equations
(1.3.14b) on all control volumes, and set Q = 0 to obtain:

S OIK]| (m(wf) ~mwy ) 40t 3 Y (FKU )+ FS (p ,wn—l)m(wgg)) ~0.

KeT KeT oelk

We define the total mass at the time ¢, = nét by »_ |K|m(wf). It is obvious that
KeT

> % (PR EE G m(ag,))

KeT o€k

= > > (FKU ) + FE o (p ,w“_l)m(ﬁ%,o)> (1.3.16)

o€€int KE€Ts

b5 (PR ") + FE, 07w (@) ).
0€Eext
Using the local conservation of the discrete fluxes on the interior edges, the first term of the
right-hand side in (1.3.16) vanishes. Because of the homogeneous Neumann boundary condition
and by the definition of the approximate fluxes F{ ,(p", w" ') and FfZ ,(w") at the Neumann
boundary (1.3.13d) and (1.3.14d) respectively, we obtain

FE (" w"™t) = |olgy (%o, tn) = 0 on 9D x (0, T),
FR (") = =Dlol¢' (67 (wi™) )en (Xosta) =0 on 9D x (0,T).

As a result, the second term on the right-hand side of (1.3.16) vanishes. Therefore we deduce
that:
ST IKIm(wk) = > |K|m(w%) forallne{1,.., N}, (1.3.17)
KeT KeT
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which expresses the fact that our algorithm conserves the mass. Similarly one can show that

> IK|o(wfk) = > |Klo(w)) foralln € {1,..,N}. (1.3.18)
KeT KeT
We present the mass conservation properties in the numerical results of rotating interface
problem.

1.4 Numerical tests

An essential feature of the SUSHI scheme is that it allows to use non-matching volume elements.
Therefore, we can apply an adaptive mesh with squares or cubes of various sizes in the numerical
tests. The unknown functions strongly vary in part of the domain whereas they are nearly
constant elsewhere. We refine the mesh in regions of strong variations of the unknown functions
while we merge elements in areas where they only undergo small variations. This permits to
reduce the number of unknowns (which depends on the number of elements and edges) and
helps the process run faster. After each refinement or derefinement, we have to deal with new
data for the mesh and the unknown functions.

To this purpose, we define the maximum of the discrete difference of unknowns at the cell
center and at its edges: Ux = (I}é%x‘u K — Ug| where u is an arbitrary unknown. Then we sort

K

all the elements in order of increasing Ugx. The element L is added to a list called “refined-list”
if
Urp — minUgk
o > (1.4.1)
Ry~ iyl

where 0 < a < 1. It means that the “refined list” includes the elements whose unknown
undergoes the highest of discrete difference. The scalar « controls the amount of refined
elements (the length of the refined-list). If a = 0.75, around one fourth of the elements of the
current mesh will be refined. If « is close to 1, the refined-list is very short. If the element L

satisfies

Urp — minUg
KT ____ <, (1.4.2)
maxUgxg — minUgk
KeT KeT

where 0 < 8 < «, it is added to the “coarse-list”. In a similar way, the scalar S controls the
length of the coarse-list. If 8 tends to 0, the coarse-list becomes empty. Figure 1.2 demonstrates
our statements. Moreover we wish to make the difference of diameter of neighboring volume
elements not too high. This leads us to also refine some elements closed to the ones in the
refined-list and derefine elements neighboring ones of the coarse-list.

After each time step, we compute a new coarse-list and a new refined-list. If an element belongs
to the refined-list, it is divided into smaller ones (4 elements in the two-dimensional square
mesh or 8 elements in the three-dimensional cubic mesh). If some neighbor elements belong
to the coarse-list, they are merged together.

We use the constant interpolation and linear interpolation to assign values to the new unknowns
after each refinement. In general, the linear interpolation is used very often because it gives a
more accurate result. However the solution maybe does not satisfy the mass conservation law.
In that case, we use the constant interpolation or we have to modify the linear interpolation.
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Figure 1.1: The refined-list and the coarse-list.

1.4.1 The rotating interface problem

We now consider the case of a rotating interface between fresh and salt water. The salt water,
which is heavier than the fresh water, has a tendency to flow to the bottom, while the fresh
water flows to the top. At the initial time, the space domain is divided into two rectangles as
shown in Figure 1.3. The left rectangle is filled with salt water while the right one is filled with
fresh water. The interface between these two liquids rotates counterclockwise until it becomes
horizontal. The simulations described below permit to follow the rotation of the interface.

The rotating interface problem is defined with ), = @ = 0 and c and q satisfying the boundary

conditions:
o _,
on

q-n=20

on 9D x (0,7T),
on 9D x (0,T).

A technical problem is that if p is a solution, also p 4+ p is a solution, with p an arbitrary

(1.4.3)

Symbol Value Unit
k 3.10 x 10712 m?
D 33x107% | m2s7!
g 9.81 m.s— 2
o 0.5 —
7 1073 Pa.s
00 103 kg.m™3
« 0.3 —
€ 107 .

Table 1.1: Parameter values for the rotating interface problem.

constant. This leads us to transform the elliptic equation for p into a parabolic equation by

Ip(x,t)
o

compressible. In literature, this is referred to as a pseudo-compressibility approximation (cf.
[16]). The second equation in system (1.3.5) becomes

adding the extra term ¢ to the pressure equation, which makes the model slightly

8@
ot

+ o

do(w)
ot

+V- (qg(w)) =0 inQx(0,7T).
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(b) The constant interpolation

o N

0.6
0o 0.4

0

(c) The linear interpolation

Figure 1.2: The constant and linear interpolations
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Figure 1.3: Initial conditions for concentration and pressure.

Therefore, the semi-implicit finite volume scheme (1.3.13a) for this new system is given by:

elK|(p" = p"") + @K (o(wi ) - o(wi?))
+0t Y Fg (0" w" ) o(wi ) =0 forall K €T.

o€€K

We take as space domain the domain ID = (0,100) x (0,100) and consider the time interval (0,
T) with "= 500 (days). We use 21 x 21 square control volumes. The values of the parameters
are given in Table 1.1 and the time evolution of the densities is plotted in Figure 1.4. In this
test case, the dispersion-diffusion tensor is defined by D = DI.

The initial concentration is given by ¢(x,0) = 0 if x belongs the right half domain and ¢(x, 0)
1 otherwise. The pressure p is such that p(x,0) = 0 at xo = (0,0) and satisfies V- (gp(c)) =
for all x € D\ x¢. Figure 1.3 presents the functions ¢(x,0) and p(x,0).

The salt water diffuses from left to right. Under the influence of gravity, the heavier fluid
(the salt water) goes down while the light fluid (fresh water or slightly salted water) goes up.
Therefore, the interface slowly moves from a vertical to a horizontal line. After a long time
(about 500 days), the fluid is in balance and the motion stops.

0

Because of the influence of gravity, the salt water, which is heavier, diffuses towards the bottom;
the pure water, which is lighter, diffuses towards the top. Therefore, the interface slowly evolves
from a vertical to a horizontal line. After about 300 days, the fluid is in equilibrium and the
motion stops. One can observe the velocity field in Figure 1.5 and the time evolution of the
concentration and of the rotating interface in Figure 1.4. The refined elements are located in
the neighborhood of the interface, which they follow at time evolves.

Note that because of the homogeneous Neumann boundary condition (1.4.3), the conservation
of mass property holds, as it has been discussed in Section 1.3.3. We can check in Table 1.2
that both the standard finite volume scheme and the SUSHI scheme permit to conserve mass
[61].

In the simulation, we start with a very coarse mesh of 5 x 5 square elements and take §t = 0.5
day as the time step. A new mesh is generated after each time step. At the beginning, because
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Figure 1.4: Time evolution of the rotating interface problem using an adaptive mesh.
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Figure 1.5: The velocity field in the interface rotating problem at ¢t = 0 and ¢t = 200 days.

time SUSHI SFVM

t=0 6.5 x10° 6.5 x10°

t=10 | 6.500000000000002 x10° | 6.499999999999998 x 10°
t=20 | 6.500000000000004 x10° | 6.499999999999996 x 10°
t=30 | 6.499999999999998 x10° | 6.500000000000002 x 10°
t=50 | 6.500000000000006 x10% | 6.499999999999998 x 106
t=100 | 6.499999999999990 x10% | 6.499999999999986 x 106
t=200 | 6.499999999999996 x10% | 6.499999999999991 x 108
t=300 | 6.499999999999975 x10% | 6.499999999999992 x 108
t=500 | 6.499999999999961 x10° | 6.499999999999963 x 10°

Table 1.2:  Total mass with the standard finite volume method and with the generalized finite volume method
SUSHI

the mesh is coarse, we choose a = 0.75 to create more refined elements. Then we choose
B8 = 0.2 to make a balance between refinement and derefinement. At t = 50 days, the number
of elements is large enough and we choose @ = 0.85 in order to reduce the rate of the refinement.
We also choose 8 = 0.4 to increase the rate of the derefinement. From ¢t = 250 to the end,
the evolution is slow, so that we choose o = 0.95. Table 1.3 shows the number of elements of
the adaptive mesh at various times. At the beginning, the adaptive mesh has a small number
of elements, which increases in time. In Figure 1.6 we compare the CPU times with different

meshes, namely three uniform meshes with respectively 100, 400 and 1600 volume elements
and an adaptive mesh.
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Time NoE | NoU Time NoE | NoU
t=0 days | 120 | 420
t=10 days | 355 | 1123 | t=100 days | 934 | 2882
t=20 days | 499 | 1567 | t=200 days | 988 | 3038
t=30 days | 583 | 1825 | t=300 days | 964 | 2966
t=>50 days | 597 | 2171 | t=500 days | 1024 | 3146

Table 1.3: The number of volume elements (NoE) and number of unknowns (NoU) in the rotating interface problem

using an adaptive mesh.

800 .......... .......... .......... .......... .......... .......... .......... .......... ........ -

CPU time of ratating inteface proble

BOO [

Mesh 1
Mesh 2
Mesh 3

100 elernents)
400 elements)
1600 elements)

500

400 -

CPU time (seconds)

300

200 -

100

Mesh 4

adaptive mesh)

Figure 1.6: CPU time for the rotating interface using an adaptive mesh.

1.4.2 Henry’s problem

1
150

1
200

1 1 1
250 300 350
time in problem (days)

1
400

1
450

1
500

Henry’s problem describes the advance of a salt water front in a confined aquifer which is
initially charged with fresh water. Henry developed a solution method to compute the steady-
state distribution of the solute. To this end, he applied the Boussinesq approximation, which
involves a stream function. Henry derived analytical expressions for the stream function and
the concentration in the form of a Fourier series, the resulting algebraic equations for the de-
termination of the Fourier coefficients must be obtained numerically. The ‘mystery’ of Henry’s
problem is that no numerical model so far has been able to closely reproduce his semi-analytical
solution. Nevertheless, because of the absence of other non numerical solution for this kind of
nonlinear problems, Henry’s solution has become one of the standard tests for variable density

groundwater models.

Mathematically, Henry’s problem is defined as System (1.1.1) in the rectangle ID together with
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Figure 1.7: The various parts of the boundary for Henry's problem.

@, = @ = 0 and the boundary conditions

c= over I'y x (0,7,

c= over T x (0,7),

g; =0 on (T1UT,UTE) x (0,7), (145)
p=polgl(e(l—y)—y)  onT5x(0,T),

q-n= on (T1UTy) x (0,7),

q-n=q on Ty x (0,7),

where I'3 = I3 UT}% and y is y-coordinate. Figure 1.7 shows the configuration of the boundary
conditions. The initial conditions are such that ¢(x,0) = 0 and that the pressure p(x,0)
satisfies V- (q p(c)) = 0 for all x € D.

We perform the numerical tests on the space domain ID = (0,1) x (0,1), with 7' = 0.05 days.

The parameters are given in Table 1.4. In this test case, the dispersion-diffusion tensor is
defined by D = DI.

We use 20 x 20 square control volumes in ID. The simulations describe the intrusion of salt water
in a confined aquifer. The salt water enters from the right-hand-side, while the fresh water, of
density pg, flows in from the left-hand-side at a constant rate. Therefore, the concentration in
the area near the coastal side increases in time. At first the interface between the fresh and the
salt water coming from the right-bottom corner has a large slope, which slowly decreases in
time while the salt concentration enters deeper in the domain. Figure 1.8 presents the velocity
fields at the initial and at the end times and Figure 1.9 presents the time evolution of the salt
concentration in Henry’s problem.
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Symbol Value Unit
k 1.02 x 107 m?
D 6.6x 1076 | m?.s7!
g 9.81 m-s 2
o 0.3 —
" 1073 Pa-s
P0 103 kg-m™>
e 0.025 —
Qo —6.6x107° | m-day ™"

Table 1.4: Parameter values for Henry's problem.
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Figure 1.8: The velocity field at the initial and the end times for Henry's problem.

In the numerical simulation, we choose a = 0.8 in order to make the refine-list long enough.
We set 8 = 0.15 in order to keep the process stable enough. Table 1.5 gives the number of
elements of the adaptive mesh at various times. The number is much smaller than that of
the refined uniform mesh. The number of elements explains why the computational time is
small in comparison with the computational time with refined uniform meshes at it is showed
in Figure 1.10. As a conclusion, we save much time by using an adaptive mesh.

Time NoE | NoU Time NoE | NoU
t=0 days 120 | 420
t=0.001 days | 262 | 844 | t=0.01 days | 469 | 1477
t=0.002 days | 307 | 983 | t=0.02 days | 586 | 1834
t=0.003 days | 328 | 1046 | t=0.03 days | 649 | 2025
t=0.005 days | 331 | 1053 | t=0.05 days | 673 | 2099

Table 1.5: The number of elements (NoE) and the number of unknowns (NoU) in Henry’s problem using an adaptive
mesh.
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Figure 1.9: Time evolution of the salt concentration in Henry's problem using an adaptive mesh.
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Figure 1.10: The computational time for Henry's problem using an adaptive mesh.

1.4.3 The saltpool problem

We present below a three dimensional numerical test which is studied in [41] and [56]. We
consider a 0.2 x 0.2 x 0.2 m? cube where fresh water is injected into the top of the domain
while the bottom is full of salt water.

Initial conditions are such that freshwater lies above saltwater with an 8 millimeter wide tran-
sition zone centered at z = 0.06 m. In the transition zone, the mass fraction varies linearly
from ¢ = 0 at the top boundary to ¢ = 1 at the bottom boundary.

Symbol Value Unit
k 1.19 x 1079 m?
D 1.06 x 1077, | m?s1
g 9.81 ms=?
O] 0.357 -
7 1073 kgm=ts~!
00 998.2 kgm =3
« 0.009 -
a 43 x107° m
ay 1.2x1073 m
Q 1.89 x 1076 | m2day!

Table 1.6: Parameters for the saltpool problem.

39



1.

A GENERALIZED FINITE VOLUME METHOD FOR A DENSITY DRIVEN FLOW COUPLED TO HEAT

TRANSPORT IN POROUS MEDIA

40

/ ouflow
inflow
\ ' @
1q ; 4 !

freshwater

x =
14 cm | saltwater
6 em

i _ L=20cm

L=20cm

Figure 1.11: The geometry and parameters of the saltpool problem.

Boundary conditions for the flow equation are modeled using an inlet normal flux Neumann
condition defined as Qpg in the inlet area, where @ is the inflow flux and pg the fresh water
density. A Dirichlet freshwater piezometric head condition corresponding to a pressure value
zero was used at the outlet. On all other parts of the domain, no flow boundary conditions
were precribed. For the transport equation, a zero normalized mass fraction Dirichlet condition
corresponding to freshwater inflow is specified at the inlet. On the remaining part of the
boundary, a zero advective and diffusion normal flux boundary condition is set. In summary,
the boundary conditions for the saltpool are given by

c= on aj,

9e =0 on 0D\ ay,
n

8—:; =0 on 0D\ {a1 Uas}, (1.4.6)
=—-Q ona,

p= on as.

In this test, we perform a simulation corresponding to test case 1 (1% salt mass fraction) of
the article by K. Johannesen et. al. [41]. We start with a very coarse mesh with 5 x 5 X
5 elements. The regions around the inlet and outlet as well as at the interface are refined to
capture the boundary effect and prepare for the simulation. The model is expressed as Figure
1.11 with fresh water of density pp = 998.2 at the top and salt water of density p = 1007.6
(corresponding to ¢ = 1) at the bottom. We use a fixed time step d¢ = 100 and the values of
the parameters which are showed on Table 1.6 in our simulation. For the dispersion-diffusion
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tensor, the Scheidegger’s dispersion model is used

a’q

D(q) :DmI+Oét\Q‘I+(Oél—Oét)Wa (1.4.7)
where a; and oy are the longitudinal and transverse dispersivity of the isotropic porous medium,
respectively. Here, the numerical flux in each element is computed as follows:

1 1
N ngg(p",wnfl)nm for all K € T.

o€k
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Figure 1.12: Outlet concentration of the saltpool problem.

Figure 1.13 shows the time evolution of the process while Figure 1.12 shows the outlet con-
centration obtained by means of (i) our simulation; (ii) the simulation of [41]; (iii) the real
experiment. In a first period, our result is very close to the experimental result. In the time
interval [1000,4000] seconds, it is a little further from the experimental curve but it is slightly
better than the result from [41]. In the last period, the result from [41] is closer to the experi-
mental result than ours.
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Figure 1.13: Time evolution of the salt concentration in the saltpool problem using an adaptive mesh.
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PART II:

Numerical simulation of density a driven flow coupled
to heat transport in porous media

1.5 A density driven flow coupled to heat transport

1.5.1 Variable density groundwater equation

We study a system of equations presented in SEAWAT and present below the case of a single
species. We consider the following form of the variable density groundwater flow equation
Oh dp oC
Sep— +0——+V- = inDx (0, T 1.5.1
sPo tO09a a0 T (ap) = qsps in (0,7), (1.5.1)
where p = p(h, C, @) is the fluid density, 8 the porosity, gs a source or sink of the fluid with
density ps, and S the specific storage, defined as the volume of the water released from the
storage per unit decline of h. Here the velocity q is given by Darcy’s law:

a(h, pu,p) = —%Ko (Vh+ p;po Vz), (1.5.2)
0

where p is the dynamic viscosity and pg is a reference viscosity, po is the fluid density at the
reference concentration Cy and reference temperature @g. Kj is the hydraulic conductivity
tensor of material saturated with the reference fluid.

1.5.2 The fluid density in equation (1.5.1)

For the transport of the solute species, where the concentration of the species can affect the
fluid density, Hughes and Sanford [40] have implemented the following equation of state
ap dp dp
h,C,0) = —(C-C —(O0-0 —(P—F). 1.5.3
p(h,C,©) p0+80( 0)+8®( 0)+8P( 0) ( )
The third term on the right-hand side of (1.5.3) is reformulated here using the height of a
water column [ of density pg. This variable, which can be thought of as the pressure head in
terms of the reference density, is related to the pressure by

P =lpog,

where | = h — z. After some simple rearrangements, the final form of the equation of state is

given by
— 7’0 — l — - —
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We can thus rewrite the formula for the fluid density as a function of the concentration, the
temperature and the hydraulic head, namely

ap ap

p(h,C,0) = po + @(C —Cy) + = (0 —-0) + E(h — ho). (1.5.4)

oC 00

1040 1030 ¢

1030 - 1025 -

1020 1020 -

1010 F s -

1000 - 1010 -

fluid density
fluid density

1005 -

w

@

=]
T

1000 -

w

o

=]
T

995 -

w

9

=]
T

960 L 1 L 1 1 1 1 1 1 . 990 1 1 1 L 1 L 1 L 1
50 -40 300 20 -10 o 10 20 30 40 50 -500 40 -300 20 -10 0 10 20 30 40 a0

concentrafion temperature

(a) profile of p(0,C,25) (b) profile of p(0,0,0)

Figure 1.14: The fluid density p(C, ©, h). The parameters are given in Table 1.7

1.5.3 The fluid viscosity in equation (1.5.1)

The dynamic viscosity is considered to be a function of temperature and solute concentration,
which is a typical approach in [20]; we neglect the dependence of the viscosity on the fluid
pressure. A general equation for representing the fluid viscosity as a function of concentration
and temperature is given by
w(C.) = o+ (0~ o)+ (0 - o).
On a number of temperature ranges, the linear approximation does not adequately represent
the effect of temperature on the dynamic viscosity. For this reason, an alternative equation
for the dynamic viscosity has been implemented, namely
op

wC.0) = ne(®©) + 57(C — o).

There are many options for representing ue(©®) as a function of temperature. Here we use the
following viscosity and temperature relation
A3
(o5 )

N®(®) = A1A2 )

where the values A1, A2, A3 and A4 are positive constants (cf. C.I. Voss [60]). As a result we
obtain the following formula for the dynamic viscosity

( = )
)
u(C,0) = 4,4,0 A4 | SE(C = Co). (1.5.5)
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1.5.4 The solute transport and heat transport equations

The equation for solute transport in groundwater is an advection-dispersion equation. A
general form is given by

(1+pb1;(0)a(g(?) v C)_v.<(9pg+a.q)vc> —¢.C nDx(0,T), (15.6)

where py is the bulk density, Kg is the distribution coefficient for salinity, D is the diffusion
coefficient and a is the dispersivity tensor. Next we present a possible form for the heat
transport equation, which was proposed by Thorne et al [59] to highlight the similarity with
the solute transport equation

pbK(?)a(Q@)
0 ot
where K9 is the distribution coefficient for the temperature and DY is the bulk thermal

diffusivity. Mathematically, we propose to solve the system of partial differential equations
(1.5.1), (1.5.2) (1.5.6) and (1.5.7) together with the boundary conditions

(1+

+V-(q®)—-V- ((91)2 +a- q)V@> =¢0®s inDx(0,7), (1.5.7)

h = hp(x,t) on 9D% x (0,T),

q-n=7qy(xt) on D% x (0,T),

SC: Cp(x,t) on 0D% x (0,7),

S =Cx(xt)  ondD§ % (0,7), (1.5.8)
n

(g®: Op(x,t) on DY x (0,7),

a—n:@N(x,t) on DY) x (0,7),

with 0D = oD% |JoD% = 81]3% U(‘)]D% = 81]3% U@]D% where 0D%,, 0ID% and alDD corre-
spond to Dirichlet boundary conditions and 9ID%;, 9D and 8]])1(?, correspond to Neumann
boundary conditions for the hydraulic head, the concentration, and the temperature respec-
tively. The initial conditions are given by

h(X,O):: hmﬂ(X) HlH),
C(X, 0) = CmZ(X) in D, (159)
O(x,0) = Oini(x) in D.

1.6 The generalized finite volume method SUSHI for fluxes approx-
imation

1.6.1 Approximation of fluxes

After formally integrating equation (1.5.1) on the volume element K for each K € T we obtain

oh dp 0C 140
SS/Kpa dx +/08(18t Z/—KOVhp-nK,Ud’y
(1.6.1)
- Z /MOK P- pov'zp nKJd’Y_/ qsps dx,
o€l Po
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The diffusion flux — / —KoVhp-ng, dy is approximated by the numerical flux Fh J(h)p
which have been der1ved in SUSHI scheme framework [29]. More precisely we define

Fp,(v) = Ho > A% (v — ) for v e Xp, (1.6.2)
Ho o'e€k

where the matrices A}‘(al, which are symmetric and positive-definite, are given by

"I

A= S v ([ Koax)y” (1.6.3)
Kol

o€l

where y%¢' is defined by (1.2.15).

We then integrate equations (1.5.6) and (1.5.7) on the volume element K for each K € 7. This
gives

K§ .0
/(1+p”9 )= ( ) ax + Z/qC-nK,gdy
K o€k

- Z / (DS +a-q)VC - ng o, dy = / qsCs dx,

c€EK

K9 9(0©
/K(1+—’0b9d) ((%)d + Z/q@ g, dv
o€EK

(1.6.4)

=S / (D8 +a-q)VO- nKUd’y—/ 1.0, dx.
K

c€EK

In what follows we define the numerical fluxes FIC(:U (v) and Fg »(v) in order to approximate the
diffusion fluxes —/ (0D +a-q)Vv-ng , dy and —/ (0DC +a-q)Vv-ng o dy respectively.
o (o2

Following the SUSHI scheme, we express the discrete fluxes F' [(570(1}) and F2 _(v) in terms of
the discrete unknowns as:

Fg,(0)= > AK (vk —vor), AX = > y””-(/v (GD%—i—a-q)dx)yUU,
o'efk o eEk K0!
(1.6.5)
and
FR,(0)= Y AR (vk —vy), A = yg"-(/ (<9Dn®1+a-Q)dX>y”'
/GSK a.//egK VK,O’”
(1.6.6)

1.6.2 Numerical scheme

In the numerical scheme, almost all the parameters are constant. Moreover the functions
0p/Oh, 0p/0C, Op/0O in the equation (1.5.4) and Ou/IC in the equation (1.5.5) are also
constant. For the sake of simplicity, we set ®c = 0 + pbKdC and g =0 + pbKS). We present



1.6. The generalized finite volume method SUSHI for fluxes approximation

below a semi-implicit finite volume scheme corresponding to the system (1.5.1) - (1.5.7) and

the initial conditions (1.5.9):

The initial conditions for the scheme are given by

1
1

0 _ o

Cr = !flfl /KCZm(X) dx,
0 _— L

O = T4 K®W(X) dx.

For each n € {1,..., N}:

Knowing h*~1,C" 1, C" 2 and ®" !, find A" € Xp such that

po prt
+0t — g

ocEx Mo £0
1_p

> FR (W)l
KeTs

hg = hD(XU,tn)
qg = |U‘qN(X07tn)

JpZ_IKOVZ ‘Ngelo] = psQ% for all K € T,

(1.6.7)

n— n n— 8/) n— n— ny =
SS|K‘/)K 1( K — hi 1)+9’K|%(CK 1_CK 2)+5t Z Fl}é,a(h )Pa !

celk

(1.6.82)
for all o € Ene,  (1.6.8b)

for all x, € 0D}, (1.6.8c)
for all x, € 0D} (1.6.8d)

tn

where Q. = / / qs dxdt, F _(v), p»~ !, and p?~! are given by (1.6.2), (1.6.12) and
tn=1 JK ’

(1.6.13) below, respectively. The approximate velocity q7 is computed as (1.6.11) below.

Knowing q", C™ !, find C™ € Xp such that

Oc|K|(Cl — CE )+t Y qCh,

o€EK

+6t > FR,(C™) = C.Q%

o€k
{arci, + P (cm | =0
KeTs

Cgb = CD(XU;tn)
FKJ(Cn) = _(HDS; +a- q)lg‘éN(Xay tn)

forall K € T, (1.6.9a)

for all o € &y, (1.6.9b)

for all x, € 0D%, (1.6.9¢)
for all x, € 0D%. (1.6.9d)
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Knowing q", ®"~!, find ®" € Xp such that

Po|K|(@F — O ")+t Y 7O,
cefk
© ny _ n
+ot Z Fg ,(@") = 0,Q% forall K € T, (1.6.10a)
o€€K
> {qZ~nKU + Fga(@n)} =0 for all o € &y,  (1.6.10b)
KeTo
O = Op (x4, tn) for all x, € ODY, (1.6.10c)
Fga((@") = —(0D® + a-q)|o|On(xs,tn) for all x, € 9DY. (1.6.10d)

The approximate fluxes Fg »(v) and Fgg (v) are defined by (1.6.5) and (1.6.6), respectively.
The approximate velocity q7 is given by

ar = Fl (h") + M—S%KOW Koo, (1.6.11)
o 0
where 5 5 9
n __ op OP ran op in
Pe = pPo+ 80(00 Co) + a®(®g ©o) + 3l (h? — hyg), (1.6.12)
and
(67 1)
n 0

p = 4,4, 08 TAY L O (on ey, (1.6.13)

oC

We remark that when n = 1, the second term on the left-hand side of the equation (1.6.8a) is
omitted. The three equations (1.6.8b), (1.6.9b) and (1.6.10b) come from the local conservation
of the discrete fluxes on the interior edges. Note that we use an upwind scheme for the
convection term in (1.6.9a) and (1.6.10a) with

P B if q, >0,
Ko Vo otherwise.

1.7 Numerical tests

We propose an alternative simulation for a model problem developed in the SEAWAT docu-
mentation [48]. The problem consists in a two-dimensional cross section of a confined coastal
aquifer initially saturated with relatively cold seawater at the temperature of 5°C. Warmer
fresh water with the temperature of 25°C' is injected into the coastal aquifer along the left
boundary to represent the flow from inland areas. The warmer fresh water flows to the right,
where it discharges into a vertical ocean boundary. The ocean boundary is represented with
hydrostatic conditions based on the fluid density calculated from seawater salinity at 5°C. No
flow conditions are assigned to the top and bottom boundaries. This problem is a simplified
representation of what may occur in a coastal carbonate platform.

In this section, we demonstrate the process of numerical simulation of this problem in three
cases. The simulations describe the transfer of fresh water in a confined aquifer. The fresh water
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Figure 1.15: The model problem.

(C = 0,0 = 25) enters from the left hand side and replaces the salt water (C' = 35,0 = 5)
little after little. Because of the gravity and no flux at the top and bottom boundaries, the
velocity is different at the top, bottom and the middle of the aquifer. At the bottom, the flow
transfers very slowly so that the values of the concentration and of the temperature do not
change much. At the top, the flux is very strong, the values of the concentration and of the
temperature change fast.

At first we use a uniform 20 x 40 squares mesh to discretize the domain. However, the variation
only takes place in a small area of the domain, this is why we replace the uniform mesh by an
adaptive mesh. We choose « close to 0.8 in order to make the refined-list long enough, and we
choose 8 around 0.2 in order to keep the process stable.

1.7.1 Test case 1 and test case 2

Test case 1: We consider the simplest case that the fluid density is only affected by salinity
while the fluid viscosity is constant. Then the fluid density can be rewritten as follows:

dp
= —(C' —Cy). 1.7.1
p=rm+ 550 0) (1.7.1)
In this case, the heat effect is neglected, so that we use the scheme (1.6.8) and (1.6.9) for
the numerical simulations. The following figures 1.16 and 1.17 show the time evolution of the
concentration in this test case.

Test case 2: In this test case, the density p is a function of salinity and temperature. A linear
expression is used to relate the fluid density to the concentration and the temperature:

ap op
= —(C' — — (@ — 1.7.2
The slope of the linear relation gg) is about —0.375. The negative sign indicates that the fluid

density increases as the temperature decreases (as in Figure 1.14(b)).
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Figure 1.16: Concentration profile at the initial time and at the times ¢ = 5000 and ¢ = 10000 days for the test
case 1.
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Here the temperature is a simple linear function of the concentration:

T =

Cinflow - Cocean 7

where 15, fion = 25°C, Tocean = 5°C, Cinfiow = 0 and Coeean = 35. The figures 1.18 and 1.19

show the evolution of the concentration.

Comparison between the test cases 1 and 2: Next we compare the results which are
obtained in the two cases above. It turns out that the velocity of displacement of the front is
lower in the test case 2 than in the test case 1; moreover we also observe that the transition
front width is thinner in the test case 2. We also compare our results to those in SEAWAT
[48]. The transient movement of the freshwater-saltwater transition zone in the simulations
performed in SEAWAT corresponding test case 1 and test case 2 are shown in Figure 1.20. Our

results look very similar to those of SEAWAT.

1.7.2 Test case 3

In this test case, we consider the situation of the test case 2 coupled with the heat transfer
equation. Then the fluid density is given by (1.7.2) while the temperature is obtained from the
scheme (1.6.10). An adaptive mesh corresponding to the concentration variation is used for
the simulations shown in the figures 1.21 and 1.22. For the numerical solution of temperature,
we perform the simulation using an adaptive mesh corresponding to the temperature variation.
The time evolution of the temperature is shown in Figure 1.23. Our results are compared
to those in SEAWAT to show that both are similar. The transient motion of the freshwater-
saltwater transition zone and that of temperature transition zone in SEAWAT corresponding

to the test case 3 are shown in Figure 1.24.

We remark that the width of the transition fronts is thicker in the test case 3 where there is a

real coupling with the temperature equation.

T. -T 4
( inflow ocean )C + (Tmflow _ Tocean) =—=C+ 20, (1.7.3)
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Figure 1.20: Simulation for the test case 1 and the test case 2 using SEAWAT.
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Figure 1.21: Concentration profile at the initial time and at the times ¢t = 5000 and ¢t = 10000 days for the test

case 3.
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Parameter Value Unit
Specific storage S 1.00 x 107°. m
Porosity 0 0.35 —
Reference viscosity po 0.001 kg/m?
Reference density pg 1000 kg/m3
Bulk density pp 1761.5 kg/m?>
Reference concentration Cj 0 kg/m?
Reference temperature O 25 C
Horizontal hydraulic conductivity Kpg 10 m/d
Vertical hydraulic conductivity K, 0.1 m/d
Longitudinal dispersivity ay, 1 m
Transverse dispersivity ar 0.1 m
Diffusion coefficient DT(;; 1.00 x 10~10 m/d
Bulk thermal diffusivity D 0.150309621 m/d
Distribution coefficient for concentration Kg 0 m3/kg
Distribution coefficient for temperature Kg 2.00 x 1074 m3/ kg
Ay 2.394 x 107° —
Ag 10 —
As 248.37 —
Ay 133.15 —
S/ 6C 1.92 x 1079 m?/d
0p/Sh 4.46 x 1073 k:g/m4
dp/oC 0.7 —
5p/ 0@ —0.375 kg/(m3C)

Table 1.7: Parameter for the example problem



Chapter 2

Numerical simulations of the inviscid Burgers
equation with periodic boundary conditions
and stochastic forcing

Résumé. Nous effectuons une étude numérique de I'équation de Burgers non visqueuse
en dimension un d’espace, avec des conditions aux limites périodiques et un terme source
stochastique de moyenne spatiale nulle. Ce terme source possede la régularité d’un bruit
blanc en temps, tandis que nous considérons différentes régularités en espace. Pour les tests
numériques, nous utilisons un schéma de volumes finis combinant une intégration en temps de
type Euler-Maruyama avec le flux numérique de Godunov. Nous effectuons des simulations
avec la méthode de Monte-Carlo et analysons les résultats pour différentes régularités en accor-
dant une attention particuliere au comportement en temps long. Il apparait que la moyenne
empirique des réalisations converge toujours vers la moyenne en espace de la condition initiale
(déterministe) quand t — oo, comme c’est le cas pour la solution du probléme sans terme
source, méme dans le cas ou le terme stochastique est peu régulier en espace. Par ailleurs,
la variance empirique converge elle aussi en temps long, vers une valeur qui dépend de la
régularité et de 'amplitude du terme stochastique.

Abstract. We perform numerical simulations in the one-dimensional torus for the first order
Burgers equation forced by a stochastic source term with zero spatial integral. We suppose
that this source term is a white noise in time, and consider various regularities in space. For
the numerical tests, we apply a finite volume scheme combining the Godunov numerical flux
with the Euler-Maruyama integrator in time. Our Monte-Carlo simulations are analyzed in
bounded time intervals as well as in the large time limit, for various regularities in space. The
empirical mean always converges to the space-average of the (deterministic) initial condition
as t — 00, just as the solution of the deterministic problem without source term, even if
the stochastic source term is very rough. The empirical variance also stablizes for large time,
towards a limit which depends on the space regularity and on the intensity of the noise.
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2.1 Introduction

Our aim is to numerically approximate solutions of the stochastically forced inviscid Burgers

ou 0 [u?
S (2> _y (2.1.1)

in a bounded domain of unit length with periodic boundary conditions or, equivalently, on the
torus « € S'.

equation

We suppose that the stochastic source term in (2.1.1) has zero space average
g=0 (2.1.2)
1

in order to preserve the conservative character of the inviscid Burgers equation on the torus. In-
deed, given a probability space (Q, F,P), we consider the Cauchy problem for (2.1.1) together
with a deterministic initial condition u(-,¢ = 0) = wg. Then, (2.1.2) implies that solutions

satisfy the conservation property
/ u = / ug Vt > 0.
St St

Moreover, the stochastic source term g is assumed to behave as a white noise with respect
to time ¢ € [0,7"). Then, the exact interpretation of (2.1.1) is not obvious. We recall that
in the deterministic case where g is a given smooth function of time and space (continuously
differentiable for instance, see e.g. [46]), only discontinuous solutions to the Cauchy problem
for (2.1.1) can be rigorously defined for large time (discontinuities appear even if the initial
condition is smooth), and a notion of entropic solution is necessary for uniqueness. In the case
that g is stochastic, further notions of solutions are necessary [25, 26].

In this note, we consider space-time discrete versions of (2.1.1). Considering the inherent diffi-
culties of (2.1.1), our numerical scheme combines standard discretization techniques for scalar
first order conservation laws such as the inviscid Burgers equation with periodic boundary
conditions [50, 12] together with standard discretization techniques for stochastic differential
equations.

More precisely, we consider a finite volume discretization. Given I € INT, we split the one-
dimensional torus S' into cells of uniform volume Az := 1/1. Then, a discretization of (2.1.1)
between two times 0 < ¢ < t"1 is typically obtained from the integral formula

(i+1/2)Ax (i+1/2)Ax
/ u(z, ") dr = / u(x, t")dx
(

1—1/2)Ax (i—1/2)Ax
g+l vt L (i41/2)A

[ (@22 - 1/2)80 ) — (2/2) (G + 1/2) A, 1)) dit + / gdxdt
tn (i—1/2)A

(2.1.3)

by defining a numerical solution u™ with a fixed time step At = At" := "1 —¢* > 0 for all
n € {0,1,..., Ny — 1} with Ny = T'/ At through the relation
n+1

wl "t =l 1, . n |
A Az (Fiiaje = Fitape) + a\/;Gi (2.1.4)
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forall m € {0,1,..., Ny — 1} and all i € {1, ..., I}, where the positive constant « represents the
intensity of the noise and the space derivative is approximated in a conservative way through
the definition of the fluxes F, , [50]; the time process is discretized by an explicit Euler-
Maruyama time integrator [43, 52], recalling that g is a white noise in time. We have thereby
defined a Markov process (u"),en with values in R! to discretize the cell-averages of the
solution of (2.1.1), starting with the finite volume approximation of the deterministic initial
condition u"

up ().

0 1 (i41/2)Ax
i T AZLK/(

u.
i—1/2)Ax

We make precise definitions of the flux F}' | , and of the stochastic source term Gy’ in the next
section.

A first important question is whether, and how, the Markov process defined by (2.1.4) allows to
approximate solutions of (2.1.1). In the deterministic case with G™ = 0, our discrete sequences
(u")nen are already known to converge for all T' > 0, as the space and time steps tend to zero
under a CFL condition [54, 31|, toward the unique entropic solution of the inviscid Burgers
equation with periodic boundary conditions

ou 0 [u? 1

But in order to be able to consider stochastic cases where G™ # 0, one still needs to define
a notion of solution to (2.1.1). For the “space-time white noise” case in the sense of zero
correlation-length in space and time, which is among the cases numerically approximated in
this work, we are not aware of any existing mathematical notion of solution. A stochastic
entropic solution has however already been rigorously defined in the case of a colored noise
where g has sufficiently regular space variation.

In our one-dimensional setting with additive stochastic forcing, solutions of the viscous stochas-
tically forced Burgers equation, that is with an additional diffusion term —v9? u on the left-
hand-side of (2.1.1) (v > 0), have been shown to trajectorially (i.e. for each realization)
converge to the entropic solutions when v — 0, as in the deterministic case. Note that the
viscous stochastically forced Burgers equation has been much more studied than the inviscid
one, from the pure theoretical as well as numerical [1] viewpoints. Additionally, let us men-
tion [32] where stochastic entropic solutions to one-dimensional scalar conservation laws have
been univoquely defined. In [25], kinetic solutions have been recently defined in any dimension
(they coincide with the former in the case of space dimension one). Moreover we refer to [26]
for a Hamilton-Jacobi reformulation of Burgers equation.

However, it is not clear whether, and how, a conservative numerical scheme as ours does
indeed approximate solutions. In particular, it has been shown in [36] that the discretization
of the nonlinear term has a lot of impact on the continuous limit of the viscous stochastic
case. Although we use here a more usual discretization of the nonlinear term (flux) than
in [36], which actually allows one to define the entropic solutions of Burgers equation in the
deterministic case, we are not able to pass to the limit At — 0 yet. During the completion of
the present work, we remarked that approximations by a flux-splitting scheme (i.e. a special
choice of the numerical flux) have been recently shown to converge to the stochastic entropic
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solution of a scalar conservation law under a fixed CFL condition on the time step [8], in the
case of a multiplicative noise which vanishes when u = 0.

Another important question with respect to the stochastic dynamics is the behaviour of u™ as
n — oo, with the discretization of (2.1.1) being fixed. Note that, in deterministic cases without
noise [22] or with a time-independent forcing with zero space average [2], the solutions of (2.1.5)
are indeed already known to converge for large times to the constant [q ug(z)dz. Moreover,
the existence of an invariant measure has been proved for sufficiently regular noise in space,
using the equivalence with a Hamilton-Jacobi equation in [26], and with kinetic formalism in
[25]. In this work, we numerically study the large time behaviour when the noise G" is defined
with various regularities in space and various intensities.

The stochastic Burgers equation with periodic boundary conditions has already been studied
numerically by numerous authors, including its long-time statistics (usually from a physical
more than mathematical point of view). Let us mention [27, 28], where some interesting
physical motivations are explained. The numerical scheme which we propose here does not
seem to have been used yet, in particular for large time simulations.

2.2 Numerical method

We define the two-point numerical flux (u?/2)((i — 1/2)Ax,t) by the Godunov scheme [50]

Uzzj it w1 <wu; <0
ui2_1 it 0< w1 <y
F, 1/2=+0 if w1 <0<y (2.2.1)
uggl if  w; <w;—q1 and w >0
% if w; <wy—q and % <0.

This flux is known to be consistent in a weak sense, see e.g. [31, 12]. Furthermore, in the
deterministic case with a smooth source term G}, the numerical scheme is stable (i.e. entropy-
satisfying) under the classical CFL condition

A< BT (2.2.2)
max {[u]’|}
1€{1,2,..I}

so that the numerical solution converges to the unique entropy solution of (2.1.1) on [0,7") for
all T > 0 as max,—o_n—1 At" — 0, see e.g. [14].

We now turn to the stochastic source term g. On the one hand, we would like the function
t — g(z,t) to have the regularity of a white noise for all x, because this is a natural source
term from the physical viewpoint. On the other hand, a notion of stochastic entropic solution
has only been defined when the function z — g(z,t) is smooth enough. In this note, we would
like to explore numerically our model with various source terms of different space regularities.
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Restricting to odd integers I, we define the discrete noise as the finite volume approximation

-1
G} = 2 22: Ci cos(2mkAx i) — Sk sin(2rkAx i) (2.2.3)
’ I\ & WK kP o

of a Fourier series where C}' and S}, in the Fourier coefficients Cj'/ k2, Sp/ kP, are mutually
independent identically distributed (i.i.d.) random variables with normal distribution A/(0, 1)
for all k& and n, where N(u,0?) denotes the normal distribution with expected value u and
variance o2, and where the parameter 5 controls the regularity of the variations with respect
to space: 8 = 0 corresponds to white noise in space whereas 8 > 0 corresponds to colored
noise. The well-posedness theory for the corresponding continuous problem is only valid for
B> 1 [24]. We will check in the appendix that if 3 = 0,
1

=) (2.2.4)

E(G}G}") = dmnldi —

We will also check that for all 5 > 0, Ei]:1 G? = 0 for all n, which is the discrete counterpart of
the conservativity requirement / g = 0 on the source term. Note that the discrete noise (2.2.3)
1

has the same scaling in At" and Az as in [32, 36].

We compute the empirical mean and variance estimators of the Markov chain entries (2.1.4)
by the Monte-Carlo method

1 M 1 M
En(ui') := i > ui(wm), Vary (uj') := W > i (wm) — Ear(uf)
m=1 m=1

invoking M i.i.d. realizations u!'(wy,), m = 1... M, computed with INM Gaussian numbers
N(0,1) (cf. (2.2.3)). Here N denotes the number of time iterations that one needs for the
average of the realizations to reach the stationary solution zero of the deterministic problem
with a good precision, see next section.

The number of volume elements is first fixed equal to I = 101, so that the number of Fourier
modes in (2.2.3) is equal to I —1 = 100 (recall that the constant mode is eliminated in order
to ensure a zero space average).

The CFL condition (2.2.2) is naturally stochastic, i.e. dependent on the realization. To
maintain a fixed number of time steps for each realization, we assume that |u}'| < @ with
4 := 10 set arbitrarily, which allows to fix the CFL condition as At = 0.1Az. Of course, we
are aware that this may introduce a bias in the probability law which is simulated. However,
we reject the realization in the case that maxl}{\u?\} > 10 for some n € {1,...,N}. Our

ghyes

assumption |uf| < @ was hardly violated. When o = 1 and § = 0, which corresponds to the
case of high amplitude and low space regularity on the noise term, the frequency of explosion
is around 1 time per 4000 realisations. Meanwhile for small amplitude (« = 0.1) or higher
space regularity (5 =1 or § = 2), there is no explosion in the simulations.

We have performed numerical tests with a variety of values of a and 5. In each case, we chose
the number of realizations M large enough so that the confidence intervals for Ejs(ul') and
Varj/(ul') are small enough.
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The influence of the number of realizations on the evaluations of [[Vary (z)||1(,1)(¢), in the
cases that « = 1, # = 0 and o = 1, = 1 with initial condition ug(x) = sin(27x) is presented
in Figure 2.2.

512 realizations + 512 realizations +
25 | 2048 realizations * 2.5 2048 realizations x
8192 reallzations * 8192 realizations *

15 1.5

0.5 0.5 ’

0 . . . 0 L L L
0 5 10 15 20 0 5 10 15 20

Time Time

[IVary GOl 10,1 ()
[IVary Gl 1o, 1)(t)

Figure 2.1: The confidence interval of & at level 0.95

It is remarkable that large time convergence seems to occur even when 8 < % However, to
conclude about the continuous limit, one should still discuss the space and time discretization
in those cases. Moreover, a complete understanding of ergodic properties would require the
study of higher-order moments as well.

In order to discuss the number of realizations, we define the random variable X, for the m-th
realization by

1
X = / |u(wm) (2, T)|dx. (2.2.5)
0
For each realization, we use the same scheme. Thus if we perform M realizations, the series

{Xm}{m=1,2,.0y is independently and identically distributed. We denote the corresponding
expectation by i and its variance by 2.

According to the central limit theorem, there holds

1 M — _42/9
E : =1 Xm — 1% z et /
P(—z < M=m < — - dt R. 2.2.
(=== 52/ M =2) M—+oo J_, /21 vz e (2.2.6)

The confidence interval [I1(M), Io(M)] of i at the confidence level 1 — p is given by

M M
[I1 (M), I,(M)] = [% > Xin—2p- V62 / M, % > X+ 25 V32 M], (2.2.7)
m=1 m=1

Zp —t2/2

e
—2zp V 2T

2

where the quantile 2, is such that dt = 1 — p. Since the variance 5° is unknown, we

need to approximate it by:
| M 1 M
—2 M ,_ 2 2
5° ~ Var” (X) := E X —( E Xm) (2.2.8)

m=1 m=1
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for a large enough value of M. Thus

M I'M M
1O, BOD] ~ [ 3 Xy [V L sm

m=1 m=1

VarM (X)
—=] (229)

We fix a =1, 8 =0, T = 20. We choose 95% as the confidence level, which corresponds to
20.05 ~ 1.96.

1.36 0.002
The average EM(X)

Confidence interval [I (M), | 3(M)] +

L(MY:=Var M)/ (ME T (x)) 2

1.34

0.0015

0.001

0.0005

-

0 1000 2000 3000 4000 5000 6000 7000 80O0O 0 1000 2000 3000 4000 5000 ©6000 7000 8000
Number of realizations M Number of realizations M

Figure 2.2: Confidence interval of & at level 0.95

On the left-hand side, the average EM (X) := & S>¥_, X,,, and the confidence interval [I1 (M), I>(M)]

are plotted as functions of M, while the function L(M) := %
Var™ (X)

M-(EY(X))?

is plotted on the

right-hand figure. It turns out that

Var8192(X) ~ 6

is a decreasing function of M and that

Next, we study the second moment of { X, };m—12, 1. We recall that {X,,}—12, a is inde-
pendently and identically distributed, so that we can use the notations E(X2,) for the second
moment and Var(X?2) for the corresponding variance for all m = 1,2,..., M. According to
(2.2.6) and (2.2.7), the confidence interval of E(X2,), namely [I3(M), I4(M)], is given by

1 I 1 I
(M), D] = [ 57 X2 2y Nar(X) /0, - 32 X2 45, Nan(X3,) /0],
m=1 m=1
(2.2.10)
where Var(X2) = E((X2)?) — (E(X2,))?, which we approximate by
1 & 1
2\ o VM (¥2) . 4 _ (1 212
Var(X2) ~ Var' (X?) : Mmzzjl X, (MT,;XW) : (2.2.11)

We fix a =1, 8 = 0, T = 20. We choose 95% as the confidence level, which corresponds to
20.05 ~ 1.96.
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1.85 0.004
The average EM(X2)
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Figure 2.3: Confidence interval of E(X2,) at level 0.95

On the left-hand side, the average EM(X?) := & > X2 and the confidence interval
[I3(M), I4(M)] are plotted as functions of M, while the function L(M) := % is
VarM (X?2)

plotted on the right-hand figure. It turns out that is a decreasing function of M

Var8192(X2) N s
8192(ES192(X2))2 1.04 x 107>.

M-(EM(X2))2
and that

2.3 Results and discussion

The numerical tests are all performed with the deterministic initial condition ug(x) = sin(27x),
x € S'. We performed 8192 realizations for each computation. In the figures 2.4, 2.5 and 2.6,
we present on the left-hand side comparisons between Ejs(ul), and @l in the case without
noise, for different values of the discrete time t" = nAt. On the right-hand side, we show
comparisons between u}' for some realization and @ in the case without noise, at the same
values of the discrete time t" = nAt.

We first fix three cases a =0.1, 6 =0, a=0.1, f=1and aa = 0.1, § = 2.

In Figure 2.9 we rescale the comparisons for the empirical average at the times t = 1 and
t = 20.

We then fix a =1, =0, a =1, =1and a =1, § = 2. We present the corresponding
results in the figures 2.10, 2.11 and 2.12.

In Figure 2.13 we rescale again the comparisons at the times ¢ = 1 and ¢ = 20.

Numerical solutions of the periodic inviscid Burgers equation (2.1.1) look quite different ac-
cording to the space regularity of the stochastic source term.

Whereas single realizations look like discontinuous functions in the case that § = 1, they do
not even look like functions in the case that § = 0.

We remark that the average of the realizations, also on a large time interval, is very close to the
deterministic solution, namely the solution of the partial differential equation where the source
term g is such that ¢ = 0. However, this average appears to smoothen the discontinuities, so
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Figure 2.4: Empirical average (left) and one realization (right) at ¢ = 0.05

T T T T r T T T T 3 T T T T T T T T T
Numerical solution in the deterministic case + MNumerical solution In the deterministic case +
Average of realizations, «=0.1 and =0 % One realization, o=0.1 and =0 x
Average of realizations, a=0.1 and B=1 * One realization, «=0.1 and B=1 *
E Average of realizations, e=0.1 and B=2 o e 2 One realization, a=0.1 and B=2 o
b f 1
R aand
e —
O
b p 1
t f 2
L L L ' L ' L L L 3 L ' L L ' L ' L '
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 ] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 2.5: Empirical average (left) and one realization (right) at t = 1
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Figure 2.6: Empirical average (left) and one realization (right) at ¢ = 20
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Figure 2.11: Empirical average (left) and one realization (right) at ¢t = 1
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that the addition of a stochastic right-hand-side seems to have a similar effect as the addition
of a small diffusion term.

We now compare the ways in which the expectation and the variance converge towards their
stationary values when the parameters o and § vary. In particular we observe in Figure 2.16
faster convergence in time as a and [ increase, and larger variance in the large time limit as
« increases and [ decreases; of course, this is precisely as it could be expected.

LY form of the variénce, a=0.1 an
3 L! norm of the variance, a=0.1 an

L1 norm of solution In the deterministic case d
d
LY norm of the variance, a=0.1 and
d
d
d

LY norm of the expectation, a=0.1 and B=0
LY norm of the expectation, a=0.1 and p=1

07 ¢

o ¥ X+
PR TEPTRE
NP oM PO

o ¥ % +

05 | LY norm of the expectation, a=0.1 and p=2 LY norm of the variance, a=1 an:
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Figure 2.16: L'-norm of the expectation (left) and of the variance (right) of the solution

2.4 Some conclusions

We have considered cases of a white noise in space and time (o = 0.1, § = 0) and that of a
smoother in space version (o = 0.1, # = 1 and o = 0.1, 8 = 2). In those cases, the average
of the realizations is a good approximation of the deterministic solution and as time tends
to infinity it converges to the space-average of the initial function [22]. However, while the
deterministic solution is discontinuous, the average of the realizations smoothens it out.

We have also considered corresponding cases with a larger amplitude, namely (o = 1, 8 = 0,
a=1, 6 =1and a = 1, § = 2); then our numerical results for one realization are very
dispersed. The average smoothens the deterministic solution and goes faster to equilibrium
than in the cases where @ = 0.1. However, when 8 = 0, a single realization at ¢ = 20 does not
seem to be a function anymore, which is consistent with the fact that the existence proof of
an invariant measure for the solution of the continuous problem does not hold in this case.

Our results are still far from complete. A forthcoming work will also involve a numerical study
of the limit I — oo, as well as a more detailed study of single realizations. We also propose
to compute various distribution functions. Moreover we will be performing other numerical
simulations with an initial condition which is not symmetric. In this case the shock travels
with a certain speed and we will try to analyse the influence of the noise on the shock.
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2.5 APPENDIX: the numerical approximation of the noise

We recall the numerical scheme:

At
n+1 n n n n -
Uit = = ( ) _Fi—é) + aAt AtA ——G} YnelN Vie{l,..I}, (2.5.1)

and propose to study the the formula
I—1

2 2 mn n
G} = 7 kz::l (%cos(%rkAa: i) — Z—Zsin(%rkAx z)) ) (2.5.2)

where I is an odd number, and C}' and S} follow the Gaussian law A (0, 1) for fixed k and n.
In the following, we note x; := Az i and x; := Ax j.
I

We first check the conservation property, namely that Z G} =0 for all n € IN. Indeed
i=1

2 n mn
Z Gn Z \/7 Z ( % cos(27‘riji> — % Sin(Qﬂ'kZL‘i))

k=1

71, T& 1 L
:\/;]; k—BCI’; ; cos(2rkx;) — \/;kz_:l ESZ ; sin(2rkz;).

(2.5.3)

I I
In order to compute Y _ cos(2rka;) and » _ sin(2wkx;), we recall the Dirichlet kernel:
i=1 i=1
sin((n+ 1)2rz)

sin( ng )

n
n(272) Z P — 1 49 Z cos(2mpx) =
p=—n p=1

(2.5.4)

where i is the imaginary unit. We deduce from (2.5.4) the equality:

sin((n+ 3)2mz) ) 1

sin(25L) a )57

i cos(2mpx) = (

p=1

(2.5.5)

so that

- ! ) + 1)2nk
Zcos(27rkwi) = 2003(2711;) _ (Sm(( 73}3 =)

1
—-1)-—. 2.5.6
i=1 i=1 Sm(T) ) 2 ( )

Since sin((I + 3)%E) = sin(ZE + 2nk) = sin(%E), we deduce from (2.5.6) that

[\.')M—A

> cos(2mka;) = (1—1) -

=1
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I
Next we check that Y _ sin(2rkz;) = 0
i=1
I I
> sin(2rka;) = sin( 27rk
i=1 i=1

; I—i I
= [sin(27rk:%) + sin(27rkTZ)] + sin(2mh7)

-
]
[

(2.5.7)

v ‘

. , .
[sin(ka%) + sin(2mk — m%)]

IS
Il
==

~
N |

[sin(Qij) — sin(?wkj)]

| |
o .
ﬂ.

I
We conclude that Z G} =0foralln € N and 5 > 0.
i=1

Next, we compute E(G'GY") in the case of the white noise in space, namely when 3 = 0. We
have that:

1—1 I-1

2 2
G;GY :Y(Z{Ck cos(2rkxz;) — Sgsin(Qﬂ'k:a:i)})(Z{C{”cos@wlm’j) — SP"sin(27lx;)})
k=1 =1

N

711

2
=7 Z Z CyCi"cos(2mkx;)cos(2mlxy) + S S;" sin(2mkx;) sin(2nlx ;)

- C’,’;S’l cos(27rk:xi)sm(27rlajj) — SpCl"sin(2nkx;)cos(2mlxy)).
(2.5.8)

We recall that S}’ and C" are independent random variables for all k£ and [, which implies that
E(SpCl") = E(S;) E(C"); (2.5.9)

moreover also remembering that both

S~ N(0,1) and C"* ~ N(0,1), (2.5.10)
we deduce from (2.5.9)
E(S;C") =0, (2.5.11)
and that
E(CypS) =0 (2.5.12)

as well. Similarly, if k£ # [ or n # m, C}} and C}" are i.i.d. random variables, so that

E(CRC")=0 if k#lorn#m (2.5.13)
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and

E(SpS") =0 if k#lorn#m.

If m = n and k = [, then in view of (2.5.10)
B(CRC") = B(CE - CF) = Var(C}) — (B(C}))* =1

and we have a similar result for E(SpS™).

We conclude that E(CJC") = E(S]S]") = 0mndk. We deduce from (2.5.8) that:

I—-1 I-1

. RN _ .
E(G}'GT") :6m,nj ,;1 ; Ok 1 (cos(2mkx;)cos (2l ;) + sin(2mka;)sin(2mlx;))
I-1
2 2
:5m7”f > (cos(2mka;)cos(2mka;) + sin(2mka;)sin(2mka;))
k=1
I—-1

2 2
:5"“”} > cos(2mk(x; — x;5))
k=1
I-1
9 2 eZﬂik(:pifmj) + 6727rik(:rifmj)

=Omny 2 2

k=1
-1
12 . .
—6m,nf Z(eQMk‘(a&i—xj) + e—27r1k(xi—xj))
k=1
-1
1 2 :
:5m,nj Z e?mk(a:ifzj)
k=—151 k0
I-1
Om,n : 2mik(z;—x;)
L
I k=—1=1
2
I—1
2
Next we consider the term Z e2mik(zi—z;).
k=—1=1
2
iti=j, x; —x; =0, then
11
2 .
Z 627r1k(xi—mj) =7-1=1,
k=—1=1

2

(2.5.14)

(2.5.15)

(2.5.16)

75
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but if i # j, x; —z; # 0, then we use again the Dirichlet kernel (2.5.4) to obtain:

I—1
i 627rik(xifa:j) :Szn((IT + %) 2m (ml B x]))
A sin(n(x—,))
2
- sm(TrI i—5)) (2.5.17)
~ sin(m(zi — ;)
=0.
Thus
-1
2
Z eQwik(zi—a}j) — I(Si,j-
s
Finally we deduce that
-1
nom 6m:” mik(x;—x;
E(G7GY) === z; 162 Flaimas) 1]
k=—"3
Som (2.5.18)
- I’ [1517] 1]
1
Smaldi — 7]

so that GI' corresponds to a discrete white noise.
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Chapter 3

Convergence of a finite volume scheme for a
first order conservation law involving a
()-Wiener process

Résumé. Nous démontrons la convergence d’une méthode de volumes finis pour une loi de
conservation avec un terme source multiplicatif faisant intervenir un processus Q-Wiener. Nous
présentons des estimations a priori pour la solution discréte dont en particulier une estimation
de type BV faible. A l'aide d’une interpolation en temps, nous démontrons deux inégalités
entropiques vérifiées par la solution discrete, ce qui nous permet de prouver que la solution
discreéte converge selon une sous-suite vers une solution stochastique faible entropique a valeurs
mesures de la loi de conservation.

Abstract. We study a time explicit finite volume method with an upwind scheme for a con-
servation law driven by a multiplicative source term involving a ()-Wiener process. We present
some a priori estimates including a weak BV estimate. After performing a time interpolation,
we prove two entropy inequalities for the discrete solution and show that it converges up to
a subsequence to a stochastic measure-valued entropy solution of the conservation law in the
sense of Young measures.
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3. CONVERGENCE OF A FINITE VOLUME SCHEME FOR A FIRST ORDER CONSERVATION LAW
INVOLVING A Q-WIENER PROCESS

3.1 Introduction

In this Chapter, we study the convergence of a finite volume scheme for the discretization of
the stochastic scalar conservation law

du + div(vf(u))dt = g(u)dW (z,t) in Qx T¢x (0,T), (3.1.1)

u(w, z,0) = up(z) we, zeTd o
where T? is the d-dimensional torus and that W (x,t) is a Q-Wiener process [18]. More precisely,
let Q be a nonnegative definite symmetric operator on L2(T¢) with Tr Q < +00, {€m }m>1 be an
orthonormal basis in L?(T¢) diagonalizing @, and {\,;, };m>1 be the corresponding eigenvalues,

so that

Qem = Amém
for all m > 1. Since @ is of trace-class,
TrQ =Y (Qem,em)r2me) = > Am < Ao. (3.1.2)
m=1 m=1

for some positive constant Ag. Let (Q), F,P) be a probability space equipped with a filtration
(F:) [42] and {Bm(t)}m>1 be a sequence of independent (F;)-Brownian motions defined on
(Q, F,P); the process W defined by

Wet) = 3 Bu®)Qben(@) = S VB (tem(x) (3.1.3)

is a Q-Wiener process in L?(T?) [cf. [35], Definition 2.6, p. 20], and the series defined by (3.1.3)
is convergent in C([0,T], L2(Q x T9)) [cf. [35], p. 20]. We recall that a Brownian motion
B(t) is called an (F;) Brownian motion if it is (F;)-adapted and the increment S(t) — 3(s)
is independent of F, for every 0 < s < t. We suppose furthermore that e,, € L>(T%) for
m = 1,2... and that there exist a positive constant A; such that

[e.9]
Z AmHemH%wm) < Aj. (3.1.4)
m=1
Moreover we assume the following hypotheses which we denote by (H):
® Uy € L? (Td)

e f:R — R is a nondecreasing Lipschitz continuous function with Lipschitz constant C
such that f(0) =0,

¢ g: R — R is a bounded Lipschitz continuous function with Lipschitz constant Cy such
that |g(u)| < My for some positive constant My,

e The vector v € R? is constant and its Euclidian norm is given by V.

Next we introduce some further notations,
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e Let E[-] denote the expectation, namely the integral over () with respect to the probability
measure P. In general for a random variable Y from the probability space (Q, F,P) to

(R,B(R)), if Y is integrable for the measure P, then E[Y] = / Y (w)P(dw).
Q

e We denote by N2(0,T; L?(T9)) the subclass of L2(Q x T¢ x (0,7T)) consisting of pre-
dictable L?(T%)-valued processes [cf. [19], p. 98].

3.1.1 Previous results

A number of articles have been devoted to the study of scalar conservation laws with a multi-
plicative stochastic forcing term involving a white noise in time.

Let us mention the one-dimensional study of Feng-Nualart [32], where the authors introduced
a notion of entropy solution in order to prove the existence and uniqueness of an entropy
solution. Chen-Ding-Karlsen [15] extended the work of Feng-Nualart to the multi-dimensional
case. They proved a uniform spatial BV bound by means of vanishing viscosity approximations.
Moreover they proved the temporal equicontinuity of approximations in L'(Q x D x (0,7T)),
uniformly in the viscosity coefficient.

Debussche-Vovelle [23] proved the existence and uniqueness of a kinetic solution for multi-
dimensional scalar conservation laws in a d-dimensional torus driven by a general multiplicative
space-time noise. Hofmanov4 [38] then presented a Bhatnagar-Gross-Krook-like approximation
of this problem. Applying the stochastic characteristics method, the author established the
existence of an approximate solution and proved its convergence to the kinetic solution intro-
duced by [23].

Under the assumption (H) and by the definition of Young measure-valued solutions, Bauzet-
Vallet-Wittbold [6] proved the existence and uniqueness of the solution to the multi-dimensional
Cauchy problem in L?(Q x R? x (0,T)) in the case of a multiplicative one-dimensional white
noise in time. Since the method consists in comparing a weak measure-valued entropy solution
to a regular one (the viscous solution in this case), the authors required rather mild assumptions
on the data. In Bauzet-Vallet-Wittbold [7] the authors investigated a corresponding Dirichlet
problem in a bounded domain of R

Bauzet-Charrier-Gallouét [8] studied explicit flux-splitting finite volume discretizations of multi-
dimensional nonlinear scalar conservation laws with monotonic flux perturbed by a multiplica-
tive one-dimensional white noise in time with a given initial function in L?(R%). Under a
stability condition on the time step, they proved the convergence of the finite volume ap-
proximation towards the unique stochastic entropy solution of the corresponding initial value
problem. Then Bauzet-Charrier-Gallouét [9] studied the case of a more general flux. Let us
also mention results of Holden-Risebro [39] and Bauzet [5] on a bounded domain of R?, as well
as an article of Kroker-Rohde [45] in a one-dimensional context.

In a recent study, Audusse-Boyaval-Gao-Hilhorst [3] performed numerical simulations in the
one-dimensional torus for the first order Burgers equation forced by a stochastic source term.
The source term is supposed to be a white noise in time and various regularities in space are
considered. The authors applied the Monte-Carlo method, and observed that the empirical
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mean converges to the space average of the initial condition as the time ¢ tends to infinity and
that the empirical variance stabilizes for large time.

The organisation of this Chapter is as follows: In section 3.1.2 we define a weak stochastic
entropy solution and a measure-valued entropy solution of Problem (3.1.1) and recall basic
results from probability theory. In section 3.2, we apply a finite volume method to the Problem
(3.1.1) and define the discrete solution {ur}. In section 3.3, we present an estimate of the
discrete noise term as well as an a priori estimate on the discrete solution {u7 }. We then give
a weak BV estimate which is essential in the sequel. In section 3.4, we prove two inequalities, a
discrete entropy inequality and a continuous entropy inequality on the discrete solution which
are fundamental for the convergence proof. Then, in section 3.5, we prove that the discrete
solution {u7 1} converges up to a subsequence to a measure-valued entropy solution u in the
sense of Young measures. In the appendix, we present an example of a space time noise which
was previously used in numerical computations [3] and we discuss the conditions (3.1.2) and
(3.1.4) in that special case.

Funaki-Gao-Hilhorst-Weber [34] will show that the measured-value entropy solution u is unique
and coincides with the unique weak stochastic entropy solution; this will ensure that the whole
approximate sequence {uy x} converges to u.

3.1.2 Continuous problem

Next we define a weak stochastic entropy solution of Problem (3.1.1) as it has been done in [8]:

Definition 3.1 (Entropy solution of Problem (3.1.1))

A function u € N2(0,T, L>(T?)) N L>=(0,T; L*(Q x T%)) is a weak entropy solution of the
stochastic scalar conservation law (3.1.1) with the initial condition ug € L?(T?), if P-a.s in
Q,

[ twotapl0)dat [ [ nwanetet) + E7 ) Vuplo, )
T 0 JTd

+/Td /Oan(u g(u)o(x, t)dW (z,t)dx (3.1.5)
+;7ni.::l Am /OT /Td " (w)g*(w)p(z, t)e?, (x)dxdt > 0
with )
Pi(r) = [ 0(0)f (0)do (3.1.6)

for all p € C:={p € CL (T x [0,T)), > 0} and for all n € A where A is the set of C3(R)
convex functions 1 such that the support of ' is compact.

Definition 3.2 (Measure-valued entropy solution of Problem (5.1.1))
A function u of N2(0,T, L*(T% x (0,1))) N L>(0,T; L*(Q x T x (0,1))) is a measure-valued
entropy solution of the stochastic scalar conservation law (3.1.1) with the initial condition
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ug € L2(TY), if P-a.s in Q, for alln € A and for all ¢ € C
/ n(uo)p(z,0) dx+/ / / {n(u(.,a))dp(z,t) + F"(u(.,a))v-Vypo(z,t)dadzdt

+ / / 7 (u(,)g(ul, ) (e, t)dadWV (x, t)de

% mil A /oT /1r /01 1" (u(., @))g*(u(., a))g(z, t)ey, (z)dadzdt > 0
(3.1.7)

We introduce It6 formula (cf. [42], p. 153) which is a basic tool in this article.

Lemma 3.3 (It6 formula)
Assume that the stochastic process W (7) is an (F;)-Brownian motion multiplied by a positive
constant q2 and X (1) is an R-valued stochastic process given by

X(r )+ / t)dt + / W(t), 0<t<T,
where X (0) is Fo-measurable, ¢ is (F;)-adapted and measurable in (w,t) such that

T
/0 | (t)||rdt < 00 P —a.s.

and 0 is an (Fy)-adapted and measurable process such that

P </{)T92(t)dt < oo> =1

Suppose that the function G(x1,z2) : R x [0,T] — R is such that its partial derivatives

gfz, E?a:gl nd gif are continuous on R x [0,T]. Then P-a.s. for all T € [0,T],
0
6(x(r).7) =6(x(0),0)+ [ {2000+ S (x(0).0) w(0)
+ / 2T (X(0),1) -00)aw (1) (3.8
2
+ 4 / a7 (X(0),1) -8 (t)ar

O

Lemma 3.4 (It6 isometry) (cf. [42], p. 144)

Assume that {B3;(t) }(i=1,2) are independent (F;)-Brownian motions, and let X = (Xi(w)):e(0,1)
and Y = (Yi(w))e(o,1) be (Ft)-adapted and measurable stochastic processes such that X,Y €
L*(Q x (0,T)). Then, it holds

K/ it )(/ Yadf (1 )]:EVOTXtWt]'%, (3.1.9)
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where 0; j = 1 if ¢ = j and &; ; = 0 otherwise, which in turn implies that

(/OTXtdﬁ(t)>2] =E VOTXEdt], (3.1.10)

where B(t) is an (F)-Brownian motion.

E

3.2 The numerical scheme

Definition 3.5 (Admissible mesh) An admissible mesh T of T¢ for the discretization is given
by a family of disjoint polygonal connected subset of T¢ such that T? is the union of the closure
of the elements of T and the common interface of any two control volumes is included in a
hyperplane of T®. It is assumed that

h = size(T) = sup{diam(K),K € T} < o0,

and that, for some & € R*, we have

1
ah? < |K| and |0K| < ahdfl, forall K €T, (3.2.1)

so that K| .
Ple 2.2
|K| — a2h’ (322)

where we note
o OK the boundary of the control volume K.
e i a point in the control volume K.
o |K| the d-dimensional Lebesque measure of K.
e |0K| the (d —1)-dimensional Lebesgue measure of OK .
e N(K) the set of control volumes neighbors of the control volume K.
e ok, 1, the common interface between K and L for all L € N (K).
o Ex the set of interfaces of the control volume K.
e & the set of all the interfaces of the mesh T .

o & the set of pairs of adjacent control volumes, which is given by £ = {(K,L) e T* K #
L,|ok 1| # 0}.

e ny ;, the unit normal vector which is perpendicular to the interface ok 1, outward to the
control volume K, for all L € N (K).

Consider an admissible mesh 7 in the sense of Definition 3.5. In order to compute an ap-

T
proximation of u on (0,7, we take N € Nt and define the time step k = N In this way
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N-1

(0,7) = U (nk, (n+1)k). We set t" = nk for all n = 0,1,2,..., N and assume that k and h
n=0 i

h

satisfy a Courant-Friedrichs-Lewy (CFL) condition: k < Vo
!

The discrete unknowns are uf, for all n € {1,2,..., N} and for all K € 7. The discrete initial
condition {uY, K € T} is given by:

1
ufy = —/ uop(x)dx forall K € T, (3.2.3)
K| K

and {u',} satisfies the following upwind scheme:

K n n n K n n n
Mg g+ X loslvnen i) = Wlaio v —wp), @324
LeN(K)

for all n € {0,1,..., N — 1} and for all K € T, where the upwind value is defined by

= {w;( Tovngn20 (3.2.5)
UTLL if v-ng < 0.
And the discrete noise terms are given by
M
Warix(t) = Y VAmBm(t)eR,
m=1 (3.2.6)

Wi (t) = fj VA Bm () e,

1
where e = m /K em(z)dz for all K € T. Moreover we denote by Wiy i and Wi the values

of Wi ik and Wi at time ¢ = nk respectively.

Next we define the approximate finite volume solution uy on T? x (0,7 from the discrete
unknowns ul, for all n € {0,1,..., N — 1} and for all K € T, that:

urg(z,t) =uf for ze€K and te (nk,(n+1)k), (3.2.7)
where the set {u%, K € T} is defined by (3.2.3).
The main result of this Chapter is the following Theorem:

Theorem 3.6 (Convergence to a measure-valued entropy solution of Problem (3.1.1)) Assume

T
that hypotheses (H) hold. Let T be an admissible mesh, T > 0, N € N and let k = N
satisfying that

%—M) as h — 0.

Then there exist a function u € N2(0,T, L2(T? x (0,1))) N L>(0,T; L2(Q x T¢ x (0,1))) and
a subsequence of {ur} which we denote again by {ury} such that {ur i} converges to u

in the sense of Young measures. Moreover u is measure-valued entropy solution of Problem
(3.1.1) in the sense of Definition 3.2.
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In a forthcoming article, we propose to prove that there exists a unique measure-valued entropy
solution u of Problem (3.1.1), which coincides with the unique stochastic entropy solution u
in the sense of Definition 3.1. This property implies that the whole sequence {u7 x} converges
weakly to u.

Next we discuss the noise term. We define for later use that:

Wi rr(z,t) =Wy for x€ K and te (nk,(n+ 1)k),

3.2.8
Wri(z,t) =Wg for ze€K and te (nk, (n+1)k). ( )

Wr(z,t) = Wg(t) for ze€ K and te€(0,T). (3.2.9)
Lemma 3.7 Given by the definitions of Wir i (t) and Wk (t) as in (3.2.6), we have that

[WnH W]?\Z,K] =0
and EWET - W] =0

Proof. Remark that for each m € NT and each n € {0,1,..., N — 1}

6m(tn+1) o Bm(tn) ~ N(O,tn+1 o tn),

)
where A'(0,t" " — ¢") denotes the Gaussian law N (u, 0?) with density ———=e" £ in the

case ;t = 0 and 02 = t"*!1 — 1", 50 that, given M and K

E[Bn(t"*1) = B (t")] = 0.
and that u
EWiw — Wi k] = Z E[Bn (") = B (")) = 0. (3.2.10)

Since

9 1 (/ )2 1 ) 1
e = —— em(z)dr | < — [ en(x)dr < —,

we have that

E|(Wp)? = - Ant” (eR) )\ < 00,
where we have used that Var[8,,(t )] = Var[fm (tn) — B(O)] = t,. Thus, Wi € L?(Q) and in
particular Wi € LY(Q), i.e. E[|[WZ|] < oo. Therefore

B[ z Mo (B (871 = Bon (£7)) 2

(3.2.11)

:iVMMW>%ww



3.2. The numerical scheme

Lemma 3.8 Suppose that the coefficients { A\ }m>1 satisfy (3.1.2), then

2
SO IKIE| Wik = Wink)] < (71 = ), (3:212)
KeT

holds for all M € N*, n € {0,1,.... N -1} and K € T.
Proof: We have that for fixed M, n and K,

M
WJ\?LII( Wik = Z \/ﬂ(ﬁm(t"“) - ﬁm(t”))ul(’ /Kem(:z‘)dac, (3.2.13)
m=1

therefore

M 2
(WJ?E}( - VVZ\?I,K)2 = (Z (B (™) = ﬁm(tn))\\/lg em(:l?)da:> )

m=1

We take the expectation of both sides to obtain:
n+1 n 2
E (WM,K - WM,K)
L . 2
(B (") = B (7)) " X L em (a;)da;) ]

(B (tn+1) — By (")) \/Trme?(u)
(Brms (tn+1) — Bm, (")) M6?2) ]

3
I

I
e
/\I

NS

I
=

T 1T
B

E
il

1

g
Il

X
PR
NE

23 B () = By () (B (841 = B ()3 Ao €5y A2

Ny mi1#Eme
= > BBt = B(t")?] Am
=1

+2 3 BB (") = By () (Bona (1) = Brna ()] s €y A€

mi#ma

Since By, (1"1) — B, (17) and B, (1771) — B, (t7) are independent and
Bry (£71) = By (£7) ~ N(0, 8" —¢7)
Bmz (tn—H) _ Bmz (tn) ~ N(O,tn+1 _ tn)

85



3. CONVERGENCE OF A FINITE VOLUME SCHEME FOR A FIRST ORDER CONSERVATION LAW
INVOLVING A Q-WIENER PROCESS

we have
E[(Brny (") = By (7)) By (1) = Bina (7))
= BB, (") = By (") E[ By (") = Bny (17)]
=0.
Therefore

(3.2.14)

B|(Wiitk - Wik) | = S Bl(5n (") - )z . cmle)dz) - (3219

m=1

Next we use that

Var B (1°1) = B (7)) = E(Bun (") = Bun(7")%) — (BLBm (71 = B (™))]), (3:2.16)

and
Var[ﬁm(thrl) _ Bm(tn)] — tn+1 _ tn’

B[(Bm (") = Bm(t"))] = 0,

to deduce that

S IK|E {(W]\jﬁ}( - WA"LK)T _ % A T |K||K1|2 (/K em(x)dx>2

KeT m=1 KeT

m
< (" — ") Ag.

Corollary 3.9 There holds:

Y IK|E [(W;@“ - W;gﬂ < (" — ™) A,
KeT

Proof: We first show the limiting property
IWar, 7k (2, ) = Wr (2, 0) || L2(axrey — 0 as M — oo,
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for all t € (0,7).

Wtk (2, t) = Wi p(2, t)H%z(QxW)

_F /1r (Warrp(a ) — WT7k(:L‘,t))2d:L}

=E Z\K|(|K|/ WM(az,t)W(x,t))dx)Q]

KeT

<E Z\K|K|2/ lda:/ W (z,t) (x,t))%la:]

LKeT

<E _/Td dx(War(x,t) — W(x,t)) ]

—0 as M — oo,

since the series defined by (3.1.3) is convergent in C([0, 7], L?(Q x T¢)). We have that,

‘||WM,T,k(tn+1) W7k () 2 (axray = IWr k(™) = Wik (6") | 22 (e
<N (Wag, 7 (8") — WMTk( ") = (Wr k(") = Wr k(") | 12 (xTa)
)
\

:H(WM,T,k(th) 7)) = War 71 (") = Wr i (t") | 22(axT0)
< War k(") = Wk (") |2 aeray + IWar 7 x (8") = Wr k(8| 2(0xema)
— 0as M — oo,

that is to say
i [ War 7k (870 = War 7k () | p2oxere) = W (8 = Wrs () | 2 axre)-

In view of (3.2.12), we obtain that

2
War (") = War 7k () 2axre) = 3 KB [(Wﬁf,fi ~ Wit ) } < (" —1") Ao,
KeT

where we take the limit M — oo to obtain:

i S KB | (Wit - Wi) | = S IKIE| (Wit - wi)| < @t = e,

M=oo 7= KeT

as the upper bound ("1 —¢")Aq does not depend on M.

3.3 A priori estimates

Lemma 3.10 Assume that hypotheses (H) hold. Let T be an admissible mesh, T > 0, N €
T
INT and let k = N satisfy the CFL condition

h. (3.3.1)
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Then there hold
HuTka%OO(O,T;L?(Qde)) < ||UOH%2(T¢1) +TA0M92 (3.3.2)

and

lur il 72 (angr) < TlluollFa ey + T AoM;. (3.3.3)
where Qr = T x (0,T) and M, is the upper bound of |g|.

Proof. Since divv = 0,

/diVde: Z ’JK7L‘V-IIK7L=0
K LEN(K)

for all K € T, so that the finite volume scheme (3.2.4) can be rewritten as:

_ ¥l

T(uK_H —ug) + Z lor LV nK,L(f(uK\L) — f(uk)) 2 Q(UK)(WKH - Wg).
LeN(K)
We apply the definition of u7}<| ;, to obtain:
@ nt+l _ ,ny\ _ . - n _ n _@ n Wn+1_Wn
2 (UK uj) Z ’UK,L\(V nK,L) (f(uK\L) fluf)) = 2 g(uk)( K K5
LeN(K)
(3.3.4)

where s~ = —min(s,0). We multiply both sides of (3.3.4) by kul.:

[K|(uf! —uf)ufe =k Y Jor nl(vong )™ (f(uf) — ful))uk
LeN(K)

+ [ K g (ufe) (Wi = Wi )ul,
and by applying the formula ab = 1[(a + b)* — a® — b?] with a = u}i"! — u}} and b = ul, we
obtain that

K
‘2’[(”}?1)2 — (uf)? = (i —uf)?) =k > ok nl(vongn)” (f(ufp) — flufk))ufk
LeN(K)
+ | K|g(ufe) (Wt = Wi)ul.
Thus
K K
Mty — i) = g — ey
+k Y loknl(veong )T (f(ufy) — fluf))uk (3.3.5)
LeN(K)

+ [K|g(uf) (Wi = Wit )ul.
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3.3. A priori estimates

We substitute (3.3.4) into (3.3.5) to deduce that:
L n
7[(“1{“)2 — (uk)?]

LeN(K)
+k Y lorrl(veong ) (f(whp) — fluk))uk
LeN(K)
+ | Kg(uge) (W — W) u.

2
- (fﬂ > owal(vemicn) ™ (f () = £(uke)) + gluie) Wi —W}é))

We take the expectation of both sides to obtain:

P B2 - iy

:H;'E (uk; ) VUK,LI(V'HK,L)(f(U%L)—f(U%))) + g?(uly) (Wi — W)

LeN(K)
K kg(u”
+2‘2’E[ ) v - wi) Y \aK,L|<v-nK,L>-<f<u’;<|L>—f(um]
LeN(K)

+E

koY loxrl(veong ) (f(uf) — f(u?%))u%]

LeN(K)
+ B g (uf) | K| (Wi = Wi |

Next we show that some of the terms in the above equality vanish. Indeed since Wﬁ“ - Wg
and ul, are independent variables, we have that, in view of (3.2.11)

E

g(ui) |[K|(WiH - W}})u}?] =B [W}é“ - W}}] E [g(U’k)U%!KI} =0,

and similarly

E g(uf) (Wit —wg) Y ‘GK,LKV'HK,L)_(JC(U?()_f(u?(L)):|
LeN(K)

=E |WgH - W}é] E {g(u}?) Yo lowrl(vong )™ (f(uk) - f(UTILﬂL))]
LeN(K)
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Therefore,
1]
2

e E[ > raK,L|<v.nK,L><f<u?qL>—f<u’;<>>]

2| K] LeN(K)

B |(ujc)? = (uf)?]

Kl (3.3.6)

3

(it - we)] B )]

+EE| Y !ffK,Ll(V‘nK,L)(f(U?qL)—f(U?())U%I

LeN(K)

Next we remark that by (3.2.2)

VIK]|
a2h’

> lokil(vong)” < VIOK| <
LeN(K)

which implies that

2
( > UK,L\(V'HK,L)(f(u%L)—f(U}?)))

LeN(K)

S( > UK,Ll(V‘nK,L))( > ‘O'K,LKV'HK,L)(f(uTIL(|L)_f(unK))2)

LeN(K) LeN(K)

<V|0K]| ( o lorrl(vong D)™ (f (W) f(u”K))Q) (3.3.7)

LeN(K)
SV_‘K’< > IUK,LI(V'HK,L)_(f(U?ﬂL)—f(U’}c))2)

2
azh LeN(K)

= 3 Jowaltvenen)” (S () — F0))?)

LeN(K)

Substituting (3.3.7) in (3.3.6), we deduce that

e g2 - i) (339

SkEL’; Y Jowalvonrs)” Y ol (venis) (ful) - Fi)?] (33.9)
| |L€N(K) LeN(K)

—kE| Y0 loxl(vongn)”(f(uf) = f(ufp))ufk (3.3.10)

LeN(K)

+ ”2{' E [(W}}“ - W}“é)Q] B |g*(uf)] (3.3.11)
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3.3. A priori estimates

B | ¥ \GKLKV-HKL)‘(;g;(fuﬁﬂ—:NU%MD2—(f@&ﬁ—:NU%LDU%>]
LeN(K)
(3.3.12)
+ |f2f| E [(W;;“ - W}gﬂ B [g*(uf)] - (3.3.13)

Before continuing with the proof of Lemma 3.10, we show the following auxiliary result:

Lemma 3.11 Let f : R — R be a nondecreasing Lipschitz continuous function with Lipschitz
constant Cy > 0. Then there holds

b
[ G = sa)ds| = 5 (50 - £(a))? (331
a f
for all a,b € R.
Proof. We assume that a < b and set [ = ( )C_ f(a) and
!
| fa) if s € [a,b—1],
hls) = {f(a) F(s—b4+1)Cs  ifseb—1,b). (3:3.15)
Then, one has f(s) > h(s), for all s € [a, b], and therefore:
b b
[ (4 = flands > [ (n(s) - fla)as
b b
=Cy </bl sds — /bil(b — l)ds)
_C
= (b = (b—1)* — 20l + 21?)
_Crp
=
_ 1 _ 2
—E(ﬂb) f(a))™.
O
Returning to the proof of Lemma 3.10, we define the function
P(a) = /a sf'(s)ds forall a€R. (3.3.16)
0
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It follows from (3.3.14) that

b
= b1(6) b (a) - (bf(b) ~af(e) - [ r(oas)

- [

5o (f(b) = f(a))*.

(3.3.17)

o 2Cf
Let a = uf, and b = uj; we deduce from (3.3.17) that

(F ) = £ () + Dady ) — D(ufe) - 2éf(f(u}?) —ff)? =0 (3318)

in which we substitute the CFL condition (3.3.1) to obtain

(F () — F(ufy)sk + (o) — @(os) — 5o (F) — Flufy))? > 0

so that

s (k) = F(u ) — (F () = F () < ®(ulhy,) — D).

In turn, we substitute this inequality into (3.3.8); which yields

BBl — @) <k Y Jowl(vonien)” Bl@(ug,) - @)
LeN(K) (3.3.19)
+ B gl wiet - w2 Bl ()

Next, we consider the first term on the right hand side of (3.3.19). Summing on each control
volume K and using the fact that divv = 0, we obtain

> > IGKLIV ng.r)” E[®(ug) — P(uk)]

KeT LeN(K
= Z {~lowcl (v muc ) B[® ()] + low o (v ne 1) Bl@(uf)] |
T e
2l(vonp k) E[®(u7)] + ok Ll (v nk 1) E[@(uk)]} (3.3.20)
KETVLE/X o
=> > \UKL|V ng,r) E[®(ufk)]
KeT LeN (K
= E[®(u} divvdzr = 0.
- X Flotl
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Next using (3.3.20) and Corollary 3.9, we sum the inequality (3.3.19) on each control volume
K to obtain:

YO IKIE[(ug™)?) < Y0 IKIE[(uk)’] + D IKE[(WgEH = W) Elg® (uf)]
KeT KeT KeT
< Y IKIE[(uf)?] + Mg Y |KIE[(Wi = Wi)?]
KeT KeT
< 37 |K|E[(uf)?] + kAo M2,
KeT

We deduce from the inequalities :

S IKIE[(uk)?] < DO IK|E[(wp )] + kAoM,
KeT KeT
S TIKIE[(uE )2 < Y IKIE[(w)?)?] + kAoM,
KeT KeT
SOIKIE[(ug)?] < > IK|E[(uf)®] 4+ kAo M;
KeT KeT
that
> IKIE[(uf)?] < > IK|E[(uf)®] +nkAogM;  for all n € {1,2,...,N},
KeT KeT

which implies that
HUTJCH%OO(O,T;LQ(Qde)) < ||U0H%2(1rd) +TAOM5-

As a consequence, there holds

HuT,kH%ﬂ(QXQT) < THUOH%Q(Td) + T2A0Mg2.
3.3.1 Weak BV estimate

Lemma 3.12 Assume that hypotheses (H) hold. Let T be an admissible mesh, T > 0, N €
T
INT and let k = N satisfy the CFL condition

< (1—-¢)ah

3.3.21
- VCf ( )

for some & € (0,1). Then there exist a positive constant Cy, depending on ug, My, Ao, T, &
and Cy that

2
Z kY. D \UKLl v-ngL)” [(f(u%) ) } < C, (3.3.22)
n=0 KeT LeEN(K
and a positive constant Cy, depending on ug, My, Ao, T, T?, ¢, Cy and & such that
N-1 )
Dok > lokrnl(vong ) E[|f(uf) — f(ufp)] < Cah™2 (3.3.23)
n=0 LeN(K)
forall K €T.
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Proof: Multiplying the equation (3.3.4) by ku}, taking the expectation and summing over
KeTandn=0,1,....,N —1 yields

Z > IK[E[(u — ug)u] = Z kY CE| Y lokol(vong )™ (f(uf) — f(uf))ufk

n=0 KeT n=0 KeT |LeN(K)
N-1
+ D0 D IKIE[(WE™ = Wiukg(uk)],
n=0 KeT

which we rewrite as A + B = D with

A= ZZ!KIE K- ul k]

n= OKET

N—
Z > X |0KL\V ng,)” E[(f(uk) — f(uk))uk]

n=0 KeT LeN (K

—1
Z STIKIE[(WET — Wi ulg(ul)].
n=0 KeT

Note that the term D is equal to 0 since u'; is independent of the increment (W}éﬂ - W)
and since by (3.2.11), E[Wi —W2] = 0.

Applying the formula ab = 1[(a +b)? — a® — b%] with a = u5"" — u}; and b = u}; we obtain:

1 N1
=5 & S IKIEIWR! ]+ 5 Z S IR El(ug™)? — (uf)?
1N
=5 3 IR )+ 5 S IKIBIR)? (07
n=0 KeT KET
where we set
1 N-1
=3 X X IKIB[R — ui )
n=0 KeT

and )
= 5 3 IKIB()? ~ (2]
KeT

We deduce from (3.3.4) and (3.3.7) that

A %Z Z|K‘E n+1 n)?]
=0 KeT
N—-1 9
D) {\K|E[92< ) (Wit = W)
n=0 KeT



3.3. A priori estimates

+L2E > ok, | (v g, )” (f (uk) — f(ufr))
|K‘ LEN(K)
N-1
D (E[g(u?()(W}éH ~Wi) > lokol(vongr)” (f(uk) - f(u’kw))])
n—=0 KeT LeN(K)
2—% 3 {\K!E[QQ( ) (W = W)
n=0 KeT
+ |k2 lor,L| (v nK,L)_) ( Z lox Ll(v-nk )" B[(f(ufk) — f(“?(L))z]) }
LeN(K) LeN(K)

ORIV S Jowal (v o) B () = )| }

LeEN(K)
1N_1 2/, mn n+1 n 2
== > K| E[g* (uk) (WK *WK) ]
n=0 KeT
k 2
+(1-95 > loxul(vonxs) B [(f(U%)—f(U?(L)) } }
F Len(k)
so that
1 i n+1 n 2
-3 Z > K| Blg? (ufe) (Wit = Wg)]
o Rer (3.3.25)
k
+(1-85 > lokil(vonkr) E [(f(u?() —f(U%L))Q] }7
F Len(x)
where we have used (3.2.1) and (3.3.21). Next we remark that
ZIK!E[UK - Z—*ZIK!
KeT KeT (3.3.26)

2 _§HUOHL2(Td)'
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We deduce from (3.3.25), (3.3.26) and Corollary 3.9 that there exists a positive constant C}
depending on ugl|p2(ray, Mg, Ao and T' such that:

| N-1
Az-52 3 {|K| Bl () (Wt - )]
n=0 KeT
k 1
+ (1 —5)0* > lokrl(v-ngr)” E [(f(UTIL() - f(u}l(L))Q} } = 5lluollz2re)
F Len(k)
1= k B . o2 1
Z-3 > > a _007 > lokrl(v-ngr) E[(f(UK) _f(uK|L)) - 5 lwoll 2 (ra)
n=0 KeT I Len(k)
— %MQQAOT
1 iy _
= - Cf kY, > |0’KL\ vengr) {(f(u}l{)—f(u?(m))?] - (1.

n=0 KeT LeN (K
(3.3.27)

N-1
Next we estimate the term B= > k> > ok o|(v-ng )" E[(f(uk) - f(ulfe ) ) ufe]-
n=0 K€T LeN(K)
We recall the function @ defined by (3.3.16), by using Lemma 3.11, the inequality (3.3.18) and
the equality (3.3.20), we obtain:

n=0 KeT LeN(K)
1

E _1 E> Y |UKL\V ng,)” {(f(u?()—f(unmL))Q]

0 KeT LeN(K

= 2
> fZ > 2 lmwal(vnwn)” | (7ui) - £luign)’]

n=0 KeT LeN (K
Therefore, since A+ B = D and D = 0, we deduce that

2 ~
=A+B= f Z kY, > \UKL! vengL)® {(f(u%)—f(U%L)) } -G
n=0 KT LeN(K
Thus there exists a positive constant 'y which depends on ug, My, Ag, T', { and Cy such that
Z kY, D |UKL\ v-ngr)” {(f(u?()—f(u?m)) ] < (.
n=0 KeT LeN (K
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Applying Cauchy-Schwarz inequality, in view of (3.2.1) and (3.3.22), we deduce that

2
(Zk > Y lokrl(veongr)” Uf(U?()—f(U%L)H)

n=0 KeT LeN(K)

N
(Z k Z Z ok, Ll(v- nKL) E[|f(uk) _f(unK|L)|2]>

0 KeT LeN(K)

(Zkz > |0KL|V ng,.)” )

n=0 KeT LeN (K

<CVT > |0K|
KeT
<CIVT Z |K|
KeT
T
azh’

]

<CWvT

Setting Cy := (Cﬂ/T )%, we deduce that

N-1

kY > \UKL\ vong)” Bl f(uf) — f(uf)[] < Coh™2. (3.3.28)

n=0 KeT LeEN(K

N-1

Since for each K € T, theterm » k > |ox|(v-ng)” E[|f(uk) — f(uf )] is nonneg-
n=0 LeN(K)

ative, we deduce that

Z k Z lok L|(v-ng,)” El|f(uk) — f(uT;qL)H < CQh_% for each K € T (3.3.29)
n=0 LeN(K)

which concludes the proof.

3.4 Convergence of the scheme

3.4.1 A time-continuous approximation

We recall the finite volume scheme (3.3.4),
For alln € {0,1,2,...,N —1} and for all K € T

X (Wit —ufe) + Y0 loxl(vonrn)” (fluk) = fluk,)) = |K‘g( KW = W)
k k
LeN(K)

1
u% = ‘K|/Ku0(:c)daf
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> 1
where W = Z \/)\mﬁm(t”)ﬁ /Kem(a:)dx. Foralln € {0,1,2,..., N—1}and forall K € T
m=1

we define vk as the continuous in time stochastic process

orc(t) =uf + 08 > lol(veonun)” (Fluf) = F(uk) + g(ufe) (Wic(t) = W)
‘ ’ LeN(K)
n ¢ 7f(u7[1(|L) - f(”?() t n
=u'y +/nk LE%K)‘UK’LKV.HK’L) T ds+/nkg(uK)dWK(t).
(3.4.1)

on the domain Q x (nk, (n+ 1)k). In this way, vi(nk) = u% and v ((n+ 1)k) = v, We
define the time-continuous approximate solution vy on () x T x (0,T) that:

vr gz, t) =vk(t") for ze€ K and te [nk,(n+1)k). (3.4.2)

Next we estimate the difference between the time-continuous approximation vy j and the finite
volume solution w7 j, which is defined in (3.2.7).

Lemma 3.13 Let ug € L2(Td) and T be an admissible mesh in the sense of Definition 3.5.

T o
Let k = N satisfy the CFL condition (3.3.21). Then there exist C1,Co € RT, independent of
k and h such that

lurk = o7 klI72(0x ) < Cik + C2h (3.4.3)
Proof: There holds
HuT,k’_UT,kH%Q(QXQT)
Nzl/(m-l)k: Z/
s—nk _ n n " . 2
< | (S Y lowal(v i) (Fufe) — o) + o(uk) (Wiels) W) )| dads
LeN(K)
-1 r(nt+1)k ) )
-y / [ B [g2 (i) (Wi () = W3)?) dads
n=0 “nk KeT K
N-1 (n+1)k s —nk 2
X [0S RS  tewalvmien) (Flu) ~ fu) | | dads
n=0""k  ger /K LEN(K)
N-1  (nt+1)k Z
+2 / /
n=0 "k keT 'K
s —nk _ "
xE g(uf) (Wi (s) =Wg) > lokol(v-ngr)” (f(ufy) — f(uk) | deds
K LeN(K)
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therefore
N-1 (n+1)k
lur & = o7 k7200 = Z/ > / Wi (s) — Wg) }dévds
n=0 7"k KeT
N— (n+1)k 2
+ 3 / > [ E > lowalte mea)” (1 (a) = 105) | | dads
= KeT LeN (K
(3.4.4)
where we used the fact that
E[Wk(s) — WE] = 0. (3.4.5)
We remark that (3.4.5) can be proved in the same way as (3.2.11). Applying (3.2.20)
2
SIKIE | (Wit = wi)’| < @t -
KeT
we deduce that
N-1 (n+1)k )
/ Z / E[g (U ) (Wi (s) —Wg) }dxds
n=0 "1k KeT 'K
N-1 (n+1)k
< / (s — tn)AoM;ds (3.4.6)
n—=0 nk
1 2
<5TAoMZk

Moreover, using the inequality:

( > IO’K,L(V'HK,L)_(f(U}?L)—f(U%)))

LeN(K)

S( > |UK,L(V'HK,L)_)( > !UKVL\(V'HK,L)_(f(u%L)—f(uﬁ?))Q),

LeN(K) LeN(K)

we deduce in view of (3.3.7) that

N=lr(nt1) s—n 2
/n+ k /KE ( |K\k 2 |O_K’L|(V'HK7L)_(JC(U?(|L)_f(u?())) dads

n=0 7k KeT LEN(K)
1 N=1/ (nr)k ) 9
T K] 2 (/ (5= nk) ds)/ Ell Y loxrl(vongn)” (fluj) = fuk)) | | do
KeT n=0 \’7k K LN K)
;| N-l
= K[ SAEIKI Y loxcl(veongn)”
KeT n=0 LEN(K)

99



3. CONVERGENCE OF A FINITE VOLUME SCHEME FOR A FIRST ORDER CONSERVATION LAW
INVOLVING A Q-WIENER PROCESS

ap> |UK’L|(V'HK,L)_E{(f(u}l(L)—f(u}?))z}}

LeN(K)

i Z{g'K‘a . 'UK’L'(V'“K’”_E{(fw?qm—f(u%)f]}_

KeT n=0 LEN(K)

Using (3.2.1), (3.3.21) and (3.3.22), we obtain

N-1 2
> Z {3|K\3K\V > logol(v-ong ) E {(f(urf(w)—f(u?{)) ] }
LeN(K)

S{(1_§)2@43‘/i12202 1 hd 1 }

Z k Z Z ok L|(V - nk )™ {(f(urquz) —f(u?{))Q]

KET n=0 LeN(K)

&
1-¢)? Csh
(3.4.7)
which together with (3.4.4) implie that
2 a’
e = o7 k72 (k@) < 5 TAOM ke (1-¢)? 3VC]%C2'h
This yields the result of Lemma 3.13.
Lemma 3.14 (Discrete entropy inequality) Assume that hypotheses (H) hold. Let T be an
T
admissible mesh in the sense of Definition 3.5, N € N, let k = N be the time step and
assume that .
7 — 0 as h—0. (3.4.8)
Then P —a.s in Q), for all n € A and for all p € C:
XY [ ) = (i)l nbydo
n=0 KeT
N-1 (n+1)k
+ Z/ > / F(uf)v - Vyp(z,nk)dzdt
n=0 /nk KeT
(n+1)k (349)
+ / Z / )g(uf)o(x, nk)dWi (t)dx
KeT K ,—oJ/nk
L$ ot By (= 2 (z)d 2d d
+ m / / T,m (/em:c x) xdt
QmZ nZ gTKn uic)e (k) | 1z e (@)
> Rk.h

where for all P-measurable set A, E[14R*"] — 0 as h — 0.
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Before proving Lemma 3.14, we show a relation based upon It6 formula:

Lemma 3.15 For all n € A, there holds:

n(vk ((n+1)k)) —n(vk (nk))

(n+1)k flul ) — f(urll()
:/ W (k) D loxil(vongr) K‘L\K! «
nk LEN(K)
(n+1)k (3410)
£ [ n(O)g(ui)dWi ()
33 (g [emiae) [ o)
5 m em v u
2 2 K| Jx " m\vK(l))g (Ui
P—a.s in Q).
Proof:
We apply the It6 formula stated in Lemma 3.3 to the case that :
o G(z1,22) = n(z1),
e X (t) = vk (t) which is defined in (3.4.1) on the time interval (nk, (n+ 1)k),
fuf) = fuk)
o= Y l|ogrl(v-ngr)” K|LIK\ ’
LeN(K)
o 0=g(uk)
e The stochastic process W (t) is given by Wi (t Z VA K] / em(z)dzfm (1),
Thus: )
3} 0 0
g 0 g — n/(xl) and Tg — 77//(«731)
Ty

8x2 ’ 8951

with 21 = X (t) = vk (t), t € (nk, (n+ 1)k). According to the assumption of Lemma 3.3, the
1
3

stochastic process Wi (t) = ¢23(t) where f3 is a standard Brownian motion. Therefore

Wic (") = Wi () = 2 (B(E™1) = B(£")) ~ N (0, q(#" 1 = 7). (3.4.11)
On the other hand since Wi (t) = i (m!flﬂ /K em(a:)da:> Bm(t), we have that
Wiet") = W) = 3 (Vinre: [ emla)dr) (5n(°+4) = 5 (17)

where

,Bm(tn+1) _ Bm(tn) ~ N(O,tn+1 _ tn)
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so that

/ 1 n-+ n
/ 1 2 n+1 n

for all m € {1,2,...}. Thus since the Brownian motions {8, (¢)}m>1 are independent,

Wi (t") = Wi (") ~ N (o,mi.; (mul(' /K em(x)dx)2 (¢t — t”)) (3.4.12)

So that in view of (3.4.11)

q= i (\/ﬂflﬂ/l(em(x)dx)%

m=1

We finally deduce that

n(vk ((n+1)k)) =n(vk (nk))

(nt)k S ug) — fuk)
+ /nk 7 (vK(t» LE%%K)|O-K’L (V . nK’L) |K| at
(n+1)k
+ . 1 (vk () g(ufc ) dWi (t)
00 2 r(n+1)k
+% Z Am (!1\ Kem(w)dx) /nk T o ()9 (e
m (3.4.13)

P—a.s in Q.

k
Proof of Lemma 3.14. Since by (3.4.40) 7 — 0 as h — 0, we may suppose that the CFL con-

dition

L < (1-¢)ah

4.14
<“Te (34.14)

holds for some ¢ € (0,1).

1
Step 1: We multiply equation (3.4.10) by | K¢, with ¢ = |K|/ o(z,nk)dz, and sum for
K
all n € {0,1,..., N — 1} and for all K € T. Recalling that vg(nk) = vl and v ((n+1)k) =
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n+1
Up

, one obtains that P —a.s. in (),
N-1
Yo D Kk n(ui™) = nluk)]
n=0 KeT
N-1 (n+1)k ,
=Y SRk [ () Xl (vonin) [ (ug) - S (uiolds
n=0 KeT nk LEN(K)
N-1 (n+1)k ,
5 SRk [ i n()g(ui)dWic (1)
n=0 KeT nk
1 — )\ = 1 d 2 n (n+1)k i t 2 n dt
t3 X X e ([ ewtan) ek [T 0 w0t i)

The equation above can be written in the form A¥! = BkP 4 Ckh 1 DRE - where

N-1
AR = ST ST ol n)dalnui) - i)
n=0 KeT &
h N-1 (n+1)k , B
B =Y [T ek o) lowal(vonin) [ () — £ (i)t
n=0 1k KeT LEN(K)
h N-1 .(n+1)k ,
cth =3 [T S [ otk (o () g k) Wi (1)
n—o ’nk KeT K
D= LSS TS [ et )60 (o [ i) dea
= m p(@,nk)n" (vic (t)g” (k) | 77 | em(z)dw | da
2000 aso Ik KeT 7K K K| JK
(3.4.15)
We analyze these terms separately.
Study of B*": we decompose B*" as
BRh = Rl _ Blh 4 (Bl _ gy 4 gt (3.4.16)
where
N N-1
B =%k Y ok D lokrl(vongn) 0 (ui) Lf (ufp) = fuk)],
n=0 KeT LeN(K)
N (3.4.17)
By =3k ok Y lownl(vongn)T[F(ufy,) — F7(uf):
n=0 KeT LeN(K)
Note that

N-1
BEM—BYM =3k Y ok Y lokrl(veongr)”
n=0 KeT LeN(K) (3.4.18)

x [0 (i) (f (uie ) = fu)) = (F(ufey ) — 7 (uf))]-
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Since f and i’ are nondecreasing functions, one deduces that:

(i) (f (uip) = f () = (F7(u) — F7(uf))

n

=il (i) [ F)as— [l () ()
K K (3.4.19)

= [ (i) — o (5)) £'(5)ds,

so that BFl — Bf’h <0.

Since divv = 0,

0:/ divvdzr = Z/ v-ng rdy
K LeN

OK,L
LGN(K) LEN(K)

vk <0 vk >0

Thus

N-—1
kh _ n — n n
B =3k Y ¢k Y loxrl(vongr) [F(uf) - F(uf)]
n=0 KeT  LeN(K)

-1
= kY ¢k |- D lowxrlv-ng[F"(uy) — F(uf)]
n=0 KeT LeN(K)
Mt (3.4.21)

N-1
== 2 k> ¢k > loxulven P (uf)
n=0 KeT  LeN(K)
vk, <0

N-1

+ > kB> 9k > oLV ng  F(uf)
n=0 KeT LeN(K)
vng, <0

Next we apply (3.4.20) and the definition of Uy, to deduce that

N-1
B == kY ok Y loxulveng o F(uf,)

n=0 KeT LeN(K)
v-ng <0

N-1
=D kY i Y loklveng LB (u) (3.4.22)

n=0 KeT LeN(K)
vng >0

N-1
==Y k> > logrlv-ngiF(ug)ek.
n=0 K€T LeN(K)
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Denoting ,, , the center of the edge o and ¢}, , the value p(zyy ,,nk), we deduce the
identity: '

=

3
Il

0 KeT \LeN(K)

k> ( > |0K,L!V'nK,LF"(U%L)wZK,L)

=

=Yk > (’UK,L\V‘nK,LF"(UnKL)ng,L
n=0 (K L)e

(3.4.23)

+ ok, L|v- nL,KFn(uTLLK)(PZK’L)
=0.

We combine (3.4.21) and (3.4.23) to obtain that

n=0 KeT \LeN(K)

N-1
Bi'=-3%"k>" ( Y lowrl (vong ) F'(uhk) ek —@?K,L]> ,

which can be rewritten as

N—-1
k7h— n mn mn
5! ——ZkZ( > woK,mv-nK,LFn(uKn@K—%K,J)

N-1
+Y k> ( > |UK,L!V‘HK,L[FW(U?()—Fn(unmL)HSO?(—S@gK,L])a

where we set

RS kY ( ) |aK,Lyv-nK,L[F"<u?<>—Fﬂ(u%L)H@%—sozK,L])- (3.4.24)

n=0 KeT \LeN(K)

Using the fact that divv = 0, we obtain

> lok.Llv-ng L F'(uk) ek =0
LeN(K)

so that

N-1
B?h = Z k Z ( Z |O'K,L’V’nK7L90ZK,L) F () +R11€’h’

n=0 KT \LeN(K)
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with
N-1
SEY | Y LIVeong g | F7(uf)
n=0 KeT \LeN(K)
N-1
= Z k Fn(u?() Z [|UK,L|V' nK,L‘PZK,L _/ V'nK,L¢(77nk)d7]
n=0 KeT LeN(K) 7KL
N-1
+ k Fluf) | > / vengLo(y,nk)dy |
n=0 KeT LeN(K) "KL
and we set
o Nl
Ry" ="k Fluf)| D l\UK,L!V'nK,LwraLK,L _/ V'“K,L‘P(%nk)d’Y]
n=0 KeT LEN (K) TIE
(3.4.25)
thus
wn N e,k e,k
B = S kY F(up) / vongLp(y,nk)dy | +RE" + Ry
n=0 KeT LEN (K) " 7KL
Moreover
N-1
k> F(u ( v-ng ro(y,nk)dy )
n=0 K T LeN (K
N-1
=3k > F(uf) (/ v-ng 1p(y,nk)dy >
o
n—0 Ke T K (3.4.26)
N-1
= k> F(u ( div(ve(x nk:))dx)
n=0 Ke T K
-1
k> / F(up)v - Vayp(z,nk)dr,
n=0 KeT
thus

B — Zk 3 / )V - Vap(a, nk)de + RE" 4 RE
n=0 KeT

Finally in view of (3.4.16) and (3.4.19), we deduce that

Bk,h <Bk,h . Ek,h + Bk’,h

N-1
—Bkh _ BRh 4 Sk / F'(ul)v - Vpp(z,nk)ds + RE" + RF"
n=0 KeT

Study of C*": we decompose C*" as

Cckh — okd _ Gkh o Fkh
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3.4. Convergence of the scheme

ith
" ~kh N-1  (n+1)k
Chh=3% /K Z/ ' (u)g(ul )z, nk)dWi (t)dz. (3.4.27)

x>
L. ©

k,h 1 & =tk nemy 2(,n 1 ?
Pty Yy [ [ g et nb) (e [ en(e)d) o]

n eT
(3.4.28)

Since P-a.s. in Q, AMP = BRh 4 CRb L DFR - we obtain

Bkh — gkh _ ckh _ phih

N-1
<Bkh _ pkh Sk / F'(ub)v - Vop(z, nk)ds + Ry™ + RF",
K

n=0 KeT
so that
N-1
~ AN SR Y [ Py Vap(a nk)da
n=0 Ker’K
>k.h k,h k,h k,h k,h k,h
>pBYt — B — % — DY — R — Ry,
and that

N-1
— AR 4 k / F(uh)v - Vao(x, nk)dx + CP + DFP
2k ) nb) (3.4.29)

k.h k,h ~k,h k,h ~k,h k,h k,h k,h
>BRh — gRh . Gkl _ CRh . Dlh_ phh _ gED_ RRR

Substituting the definition of A¥" in (3.4.15) into (3.4.29) yields

N-1

- /K(U(U%“)—n(uTI’(“))go(x,nk)dx
n=0 KeT
N-1 n+1

+ Z: /( o Z /I(F"(u?()v-vxcp(a:,nk)dxdt

0 /nk KeT
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We define
Rk,h — (ék,h - Bk,h) + (ék,h o Ck,h) + (Dk,h o Dk,h) N R]f’h B Rlzc,h (3'4'30)
to deduce the inequality (3.4.9).

Step 2: Next we prove that for all P-mesurable sets A, E {1ARk’h] —0ash — 0. Let Abea P-

measurable set and we analyze separately the convergence of E[14(B*" — BFh)] E[14(CF" —
Ckh)], E[14(D*h — DFM)]) E[14(RP™)] and E[14(R5™)]. Note that the assumption that

% — 0 as h — 0 is crucial.

Convergence of E[14(B*" — BEM)]: In view of (3.4.1), the definitions of B¥" in (3.4.15)
and of BA" in (3.4.17) one obtains,

E[La(B*" — B

N-1 (n+1)k
=B X 3 ok ( / (n'(w(t))—n’(umdt)
n=0 KeT n
x> lornl(veong ) (f (ufp) —f(u?c))”
LeN(K)
N-1 (n+1)k
=|E |14 ) > ¥k </k 1" (&x) (vie(t) — uk) dt)
n=0 KeT n
XY ornl(vong ) (f(uf) —f(U"K))”
LeN(K)
= n (n+1)k 1"(¢n t—nk
SE ]-AnZOK;TQOK(/n]C 77(5[() |K| dt)
X( > ’UK,LKV'HK,L)_(f(u?ﬂL)_f(u?())) ”
LeN(K)
N-1 (n+1)k
B LY Y vk ( [ €t <WK<t>—wK<nk>>dt>
n=0 KT n

Y

Xy ‘UK,LKV'HK,L)(f(urlLQL)_f(u?())]

LeN(K)
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where £ € (min(vg (¢), u% ), max(vg (t),u})) for t € (nk, (n+1)k). We set

k.h
Tl —

(n+1)k —nk
: e k)
BE T (L e

X( > |O-K,L|(V'HK,L)_(f(urll(|L)_f(u?())> ”

LeN(K)
and

kh
TQ —_—

(n+1)k
> Y e ( [ gt Wit - WK(nk»dt)

|: n=0 KeT

Xy ‘UK,LKV'HK,L)_(f(u?ﬂL)_f(u?())]7

LeN(K)

and analyze separately T: 1k M and T, Qk ' Therefore

B [14(BM — R | < 1! 4 T (3.4.31)

In view of (3.2.2), there holds that

|T1k’h|
n+1)k nk
X( > IUK,LI(V'HK,L)_(f(U%L)f(UQ?))) ”
LeN(K)

<lIn"llocllpllos Z > {( > IUK,LI(V-HK,L)_)

n= OKeT LeN(K)

X ( Z log L|(v-ng)” E[(f(u”K‘L) - f(“?())ﬂ) }

LEN(K)

< lellelo? S 3 (k’ff' > |aK,L\<v-nK,L>E[(f(um)—f(u’;a)?])

n=0 KeT LeN(K)
L N-—1

<[In"lsoll0llocV/ =25 Dok > loxrl(vong )T Bl(f(uf) — f(ufk))?).

n=0 K€T LeN(K)
" k
We deduce from (3.3.22) that \T \ < |In"lsollellocV th —0as h—0.
a?

And for TQk hsince
EY]? <E[Y]]
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holds for all random variables Y, we have that

k,h
|T2 |2 =

N—-1 n+1
E { > /n( " Y ehlan” (Ex)g(ul) (Wi (t) — Wi (nk)) dt

n—0 / 7k KeT

2

S ol (v mien)(Fuige) - F(ai)]

LeEN(K)

< |

N-1 (nt1)k
S [ S e €tk (W) - Wiclnk) d

KeT
2}

x D okl (vong) T (F(uf) — fuk))

LeN(K)

We set

YK = K Laghn” (€5 g )
K %(WK(t) ~Wk(nk)) > loxol(v-nrn)”(f(uk) - f(uk))
Iy LEN(K)

and apply the Cauchy-Schwarz inequality to the inequality above to obtain:

N-1 (n+1)k 2
IT5"? =E <Z / > Yln’KYQ”’Kdt> ]

| \n=0 k KeT
[N=1 r(n+1)k N=1  (n+t1)k 2
<e|y [ vale|Y [ (Z Y{“KYQ"’K) dt
Ln=0 /nk n—0 7Nk KeT
N=l r(ntD)k X N-1  (n+1)k «
<TE Z/ ()t | E Z/ > (Tt
n=0 “/nk KeT n=0 /nk KeT
and
N-1 (nt+1)k
(g g
n=0 1k KeT
- (n1)k " 2
B[ [ S IKIagka i (&) P
n=0 ’nk KeT

d
<TITlpllZ Nl 13 M

In view of (3.3.7) and using

B [(Wi(s) = Wic(nk))?] < (s = nk)Aq
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which can be proved as in (3.2.19), we have that

B <Z/n"+1 Z(YZ”’K)ZdtN

- KeT
N-1 .(n+1)k 1 2 2
B [ X | T tewlv i) () = )| [Wa(t) = Wik | a
|\ =0 KeT LEN(K)

ETAT Y lowallvnica) B () — S0

n=0 KT LeN(K)

TR <TE KNzl/(nH)k S (v dt)] KNE:l (n+1)k an,K)zdtﬂ

KeT
k C1V 2 |rd 2 "2 2
<——AoT*|T M
<o S AT T2 12

—0as h—0.

Therefore, it follows from (3.4.31) that

E[14(B*" — BM)] - 0 as h — 0.

Convergence of E[14(Ckh — CFh)]
Form (3.4.15) and (3.4.27), we have

E[lA(ék,h . Ck,h)]‘
(n+1)k
- [1/4 > [ z / )—n’(u%)]y(u%)so(az,nk)dWK(wdx]
KeT nk
(n+1)k
<[e 1 X [ 5 [ ot st nk) ooy
KeT
celus X [n’(vK(t))n’(U%)]g(U%)so(fcvt)dWK(t)dfC]
=SP4 Shh
(3.4.32)
where we set
i h N-1 (n+1)k
s =] [ S X[ ) - K>]g<u?(>[so<w,nk>—eo(x,deK(t)dx]
KeT n=0
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and

k

/ z_:/nn-&-l (v (t)) —n'(u K)]g(u}z)cp(x,t)dWK(t)dx] .

KeT

Applying Cauchy-Schwarz inequality on Q x T? yields,

Spt =B [1,4 gﬂf/}(f;/n;m)k[n’(vm) =1’ (ur k)]g(uk ) (@, nk) —w(w,t)]dWK(t)dxl
33> | [1/4/ " b (o 0) 0 o)) — w(x,tndwf((t)dx]
ns0 lker /K nk 7 ’
N-1 1
E 12| dx
= n=0 { <Kz€:7—‘/K :| )
- (g,,/KE [(/n;nﬂ)k[” (vrk) = ' (ur )9 (i) [0 (2, nk) — (. )] AWk ( )) ]dw) }
so that

1 (3.4.33)

2

x g(uf) [z, nk) —@(ﬂfvt)]dWK(t)) ]dfv) :

In order to study Sf " we first consider the term

k

(n+1)k 2
2 [( [ om0 = el it ) ot s o) ]

(n+1)k -
We denote v/ A€ / [0 (vr k) — 0 (ur )] g (ufc) [p(2, nk) — (. t)]dBm(t) by G, s0 that,
nk

(n4+1)k 2
E </n [0 (v 1) — 0 (ur k)9 (ui) [ (2, nk) — @(ﬂf,t)]dWM,K(t)> ]

k
M (n+1)k 2
=E (Z Amel /nk (1 (o7 &) = 1 (ur &)] g () [0 (2, nk) —<P(m,t)]dﬁm(t)> ]

=E

(ﬁcﬂw > Gm,G )

m=1 mi#meo
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We have, by the It6 isometry (3.1.10) that that
M ~

+1 2
E [Z (FGK/ )k[n’(vm)—n’(UT,k)]g(U%)[sD(fc,nk)—w(%t)]dﬁm(t)) ]

M (n+1)k 2
> Amle [( 1 (vr k) — 1 (urk)]g(uk ) (@, nk) —sO(xat)]dﬁm(t)) ]

m=1 nk
M (n+1)k
=3 e [ L o) = )i i ) — sa(x,m?dt] .

(3.4.34)
On the other hand if m; # ma; we deduce from the It6 isometry (3.1.9) that

B |G, G|
(n+1)k

=\ Ami Ama e € E [ /n [ (o1 &) — ' (ur )] g (ufe) [ (2, nk) — (2, t)]dBm, (1)

k

(n+1)k
L B ) o oo e k) — 01 0]

(n+1)k
= Prmmeire B [ ) o e 0P ot k) — oG, 02
=0

k

We also have that

d

0 (n+1)k 2
—& | (3 Vet [ o) = f ar (i) o) — (o010 ) ]

(n+1) 2
S ) = o el k) - so(x,tndWK(t)) }

k

o0 - 2 o0 - [e.9] - -
=E (Z Gm> =E lz G242 Y B[Gum Gl
| \m=1 m=1 mi#ms
oo
S G;]
Lm=1
(3.4.35)
~ M ~
Since G2, > 0, the sum Z G2, is increasing as M tends to infinity, towards the infinite sum
m=1

Z é%l, thus it follows from Lebesgue’s monotone convergence theorem that

(5ol S [

113



3. CONVERGENCE OF A FINITE VOLUME SCHEME FOR A FIRST ORDER CONSERVATION LAW
INVOLVING A Q-WIENER PROCESS

Therefore it follows from (3.4.34) that

o o0 (n1)k
E [Z anl = > An(eR)’E Vnk [ (o) — ' (ur )] 0° (ul ) [o(, nk) — ¢(x7t)]2dt] :
m " (3.4.36)
Combining (3.4.35) and (3.4.36), yields

k

(n+1)k 2
E {(/n [ (o7 &) = 7' (ur k)] 9 (w ) [0 (2, nk) — @(m’t)]dWK(t)> ]
(3.4.37)

sy (n+1)k
= 3 (e | [ om0 o PR et t) - ot )|

m=1

Substituting (3.4.37) into (3.4.33), we deduce that

Ay I Z/\ em)?)z

D=

(n+1)k
x Z > / [/ [0 (o7 k) — 0 (ur )] 29° (u ) (2, nk) —gp(x,t)]th] d:,;]

n=0 LKeT
<(T0)
x Z > / / o |7 (v7-) = ' ()20 () [ (2, mk) = o (a,6))?] dtdxr
n=0 LKeT
TdA 2 Qat z,&n)(nk — 2ddac§
<(miant 3 m//n B {120 1% 0, ) (k= )] ]

4 1 1
s\/gnrd\mo)z I el My
—0 as h—0,

where &, € (nk, (n+ 1)k). Applying Cauchy-Schwarz inequality on the integral over Q x T¢9,
we deduce that

(Sh:My2 ‘ [1A Z/ /n+1 77(UT,k:)_n’(UT,k)]g(U?()gD(x,t)dWK(t)dx]

KeT

2

2

:‘ [uz [ 1 / (v7.4) <u7,k>]g<u7,k>so<w,t)dWKu)d:c]

KeT

E1 VT UT L ur g )e(x, t)dWg dx
(gT/[ )(g/ [(/ (v7.0) = o (g ur )2 ) (t)” )

-y [

KeT

(/ (o 1) — n(uT,k)]g(uT,k)go(x,t)dWK(t)>]dx.
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Using a similar idea as in (3.4.35) and (3.4.36), we deduce from Lemma 3.13 that

Ty [ E

KeT
d
=y [ ZA
KeT
d
< AolT |||eo||§o||n"r|?,o|\w,k—uT,kniQ(QXWO,T))ugu?,o
—0 as h—0.

(/ (o s) — n(uT,k)]g(uT,k)go(x,t)dWK(t)>]dx

/OT [ (o) — 1 (ur ) )29° (ur 1) 7 (2, t)dt] dx

Thus
Sf’h — 0 and Sg’h —0as h—0,

which implies that N
E[14(C%" — CFM)] — 0 as b — 0.

Convergence of E[14(D"h — Dk N
From the definition of D®" in (3.4.15) and D*" in (3.4.28), we have

E[lA(f)k,h - Dk,h)

]
1 & ) N-1 (n+1)k 1 ~ 2
PRI S %QKI [ en(a)d)
x /K [n”(uﬁ?)—n”(vK(t))]QQ(U’k)s&(l‘,n’f)dl‘dt} (3.4.38)
1

<5 Aollelloclln” (ur i) = 0" (07 k)l L (xmax o)) My

<580/ TITY oo Mg 11" oo T 1 = 07 k| L2 2T x (0,1))
—0 as h — 0 by using Lemma 3.13 and the fact that n € C3(R).

l\Di—‘l\D

Convergence of E[lAR’f’h]

Recall the definition of le’h in (3.4.24) and using (3.3.28) stated in the proof of Lemma 3.12,

one obtains that E[14R¥] — 0 as h — 0.

IE[1a R’f’hn

=E |14 Z k> > lokolv-ng[F'(u}) — Fn(unKL)HSO%—@ZK,L]”
| n=0 KeT LeN(K)

=E |14 Z EY > ok ol(vongr)” [Fn(u?()—FW(U%L)][(PTIL(—(PZLK,L]]‘

n=0 KT LeN(K)

[ i) as

n
K|L

<lpzlloch Z kYD \UKL! vV-ngr) [

n=0 KT LeN(K
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<llealloolln’lloch Z kYo > loxrl(vongn)” Bl (uf,) — f(uk)l]

n=0 KeT LeN(K)

<h2C ool lloo
—0as h — 0.

Convergence of E[1,4(RS"™)]
We recall that in (3.4.25),

N—1
R = STk Fug) Y [|0K,L|V'HK,L¢(x0K,L’nk) */ V'nKyL‘P(%”k)d'V]
n=0 KeT LEN(K) TrL

N-1
=> kY Fi(ug) Y V veng 1 (o(Te ,,1k) = @(7, nk))dvl
) LYow.L

n=0 KeT LeN(K

Using the regularity of ¢ we have for all x € o 1,

(p(l‘,nk) = QO(xUK,unk) + (p/(ngyL,nk) (x - xUK,L) + (.212 - xO'K,L) -T(:L‘ - xa’K,L)

where 7(x — 24, ,) — 0 when * — 25, , — 0, so that

N—-1
R]2€7h = Z k Z F’](u}l{) Z [/ \ nKvL((p/(xUK,Lank)(x - xUK,L)
n=0 KeT LeN(K) “IK.L
+ (:L‘ - xUK,L) '7‘(1' - xUK,L))d'V]

Since z4, , denotes the center of mass of the edge ok r,

/ 90/($0K,L7 nk) (‘r - xUK,L)d’Y =0,
OK,L

and

-7 (h).

/ (x_xUK,L) 'e(x_xOK,L)dV =
OK,L

Next we use the equality
Z kY K| Bllu]] = [/ / 1 x yumydxdt]

n=0 KeT
1
T 2 (3.4.39)
<|E / / wr |2 dzdt T|Td
( ; le Tk D T[T
= T|Td‘HUT,kHB(Qdex(o,T)),
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3.4. Convergence of the scheme

the property of the admissible mesh (3.2.2), and the a priori estimate (3.3.3), we deduce that:

N-1

ELARS" <V 3"k S EBIF W) Y Joknlh-r(h)

n=0 KeT LeN’( )

<r(M)VCrln'lls Z kY *E [lukl]

n=0 KET

<r(h)= Can [loo Z kY 1K E[|uf]]

n=0 KeT

|4
<r (1) 25Cy 1 looy/TITY

)
—0ash—0

We have thus proved that E[14R*"] — 0 as h — 0, which concludes the proof of Lemma 3.14.

Lemma 3.16 (Continuous entropy inequality on the discrete solution) Assume that hypotheses

T
(H) hold. Let T be an admissible mesh in the sense of Definition 3.5, N € N, let k = — be
the time step and assume that

% —0ash—0. (3.4.40)

Then P-a.s. in Q, for allm € A and for all ¢ € C, there holds

/ n(uo)e(z,0) dl‘+/ / (ur ) Opp(z,t) dxdt+/ / F'ur)v - Vap(x, t)drdt
/ / (ur )9 (ur i) p(a, ) AWr (2, t) du
+ - Z Am / / (ur k) g (ur 1) p(, t)e2, (v)dzdt

i,

(3.4.41)
where for all P-measurable set A, E {IAI?ZWL] —0ash—0.
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Proof. Step 1: We first show that the inequality (3.4.41) holds for a suitable Rk Note that
the first term of inequality (3.4.9) in Lemma 3.14. can be rewritten as:

- > ul ) — n(ul x,nk)dx
3 3 ™) =il elan)
-3 ), nzo[n( W) = (o), k)
:_I;F/K Z o« () (@, nk) dx+%;/ (W) o(w, NK)d
_ng/KZn xnkdw—}%;/ Zn Do (2, nk)d
—gT/K Z n(uk )¢ (z, nk) dx+[§T/ (ul)o(z, Nk)dx (3.4.42)
N-1
=3 [ X wieto (n =)y
N-1
=% [ at et k) — ol - Dl + Y [ nluele,0)ds
KeT n=1 KeT
(n+1)k
= uf ) Opp(z, t — k)dtdx U x,0)dx
[gT// K¢<t>t+gT/K<>
_/ / uTk 8t(pﬂft— dxdt—l—Z/ uK de
KeT

where we have used the fact that for all z in K and k small enough, ¢(z, Nk) = ¢(z, (N —
1)k) = 0. Defining

ok = // (ur k)g(ur k) dWr (z,t)dx

kh 72)\ // (ur 1) g? (ur 1) p(,t)e2, (z)dzdt,

and recalling that in (3.4.27) and (3.4.28)

= 5 [ 3 [ atiete a0

KeT

Bk _ ZA Z/(”H)k 3 {/Kn"(u%)gz(u%)gp(x nk)<ul(|/ (x)dm)dedt].

n—=0 7"k KeT
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3.4. Convergence of the scheme

Substituting the equality (3.4.42) into the discrete entropy inequality (3.4.9) yields

// (ur k) Opp(z,t — k dwdt+2/ 0)dx

KeT

(n+1)k
/ > / F(u%)v - Vyo(z,nk)dxdt

KeT
N L r(nt1)k
+ Y / / Vo(u Yoz, nk)dWi (1) dz
KeT nk
Yy / Ty / o 0000 ) k) (o [ o) o
2m:1 mnzO nk KeT K " " ’ ‘K’ K "
>RM"

so that

/ n(uo)e(x,0) de—F/ / (uT k) Orp(w, ) dl’dt—i—/ / F'(ug )V - Vao(z, t)dadt
/[ / (ur )9 (ur i) (e, t)dWr (2, t)do

(Z/\ >/ / (ur 1) 9" (ur s ), t)dzdt

T
Z/ n(uo)go(a:,O)dx+/ / n(uT,k)(?tgo(x,t)dardt—l—/ / F'(ug )V - Vao(z, t)daedt
T 0 Jrd 0 Jrd

+Clh g phh
—Z/ n(ud) e dex—/ / (ur ) Opp(z,t — k)dxdt
KeT
(n+1)k ~ 1 h
— Z / /F’7 WV - Vao(z, nk)dedt — C*" — DY + RFh
n=0 KeT ’"k
—/ n(uo)ep :cOd:c—Z/ n(u)(z,0)ds

KeT

+ / [ o (e, t)dwdt - / | nwr)dup ot~ K)dade
0 JTd L JTd

T
—|—/ / F'(ur)v - Vep(x, t)dxdt

(n+1)k
/ / F(up)v - Vyp(z,nk)dzdt
n= 0 KeT K

+ Cf he Ck’h + Dllf,h o ﬁk,h + Rk:,h
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where RF" is given by (3.4.30) in the proof of the Lemma 3.14. We define

Ek’h:/ n(up)e deiL‘—Z/ n(u%)p(z,0)dz
Td

KeT

[0 [ ntursoete et — [ [ n(ur (et~ k)dadt
0 Td k Td

T
+/ / F'(ug )V - Veo(z, t)dadt

(n+1)k
/ / F(uf)v - Vep(x,nk)dxdt
n= OKGT

+ CFh_ Ok Dt _ DR gl

to obtain the inequality (3.4.41).

Step 2: We will show in this step that for all P-measurable set A, E[lA]?ik’h] — 0as h — 0.
In the proof of Lemma 3.14, we proved that for all P-measurable set A, E[1 ARk’h] — 0 as
h — 0. It remains to prove the convergence to zero of the following quantities:

Il::E-1A</T n(uo)e dex—Z/ da;ﬂ

KeT

I,:=E 1A<// uTk(?tcp:z:tda;dt—// Tk@cpxt—k)d:cdt)],

I;:=E lA(/ /dF”(uT,k)v~Vz<p(:L‘,t)dxdt
0o Jr

- Z > /n+1 / F'(urp)v - Vep(z, nk)d:cdt)]

n=0 KeT ’ "k
E[14(CP" — C%M)] and E[14(DF" — DFM)].

Convergence of [
We recall that ug(z) € L?(T¢) c L*(T?), so that

Ile[u(/T n(uo)e deaz—Z/ dxﬂ

KeT

= 1 (uo) K z,0)dx
o i)

< I leliloe 3 /

KeT

O—UK

< acllellee | a0 = urade,0) do

—0as h — 0.
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3.4. Convergence of the scheme

Convergence of I

I- |E [1/4 ( [ [ nwrsostanaza— [ [ aursopta- k)dmdt>]|

:‘E [1A </Ok /Wn(um)atgp(x,t)da;dw/: /Tdn(um) (Do, t) —ﬁtgp(m,t—k))d:ndt)H

< KT [[nllsol|O¢lloo + k(T = k)T - (9]l oo st oo
—0as h— 0.

Convergence of I3

T
E [1,4(/ /dF"(ufk)v'chp(:z,t)dxdt
0o JT

N-1 (n+1
-2 >

n=0 KeT nk

I3 =

)k
/ F(uk)v-Vep(x, nk)da:dt)
K

= 'E llA (1:2__:: /nijﬂ)k IgT/K Fl(ug)v - (Vep(x,t) — Vap(z,nk)) dacdt)] ‘

N-1 i(nt+1)k
<V [T S KB ) )] [ Vaior ookt
n=0 ’nk KeT
N-1

VI lsoIVepillock D k> IKIE[|f(uf)]]
n=0 KeT
N-—1
VO ool Vepillock Y kD IK|E[|uf]
n=0 KecT
<VCH I oo [Vaptllook - A/ TIT lur kll L2(xax (0,1)

—0ash—20

where we have used (3.4.39) and (3.3.3).

Convergence of E[IA(Cf’h — CN’kh)]

Using Cauchy-Schwarz inequality on Q) x T¢ and a similar idea as for proving (3.4.37), one
obtains

[BLa(Cp — )|

n=0 KeT n ,,7 ’ 7

1

> (5 froee)

IN
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( ) [( L gt (ot k) —¢<x7t>>dwK<t>) ] dx)
N-1 oo

S (3 aten?)
n=0 m=1

1
< T/ Aol T80l oo |17 1o [ g loc e 2
<7 ol T/ 0plloo |7 |l 9l

—0as h — 0.

[NIES

N

S [ B st ) - o0 v

KeT

Convergence of E[14(D%" — D*h)]:

[E[14(D}" - Bkvh)]]
1

52 [ nﬂ / Lary” (uf ) g* (ufe) [ (z, nk) — (’11( /K em(z :r) dxdt]

m=1 n=0 KeT "’“ K]
;i i > /(nJrl)k/K1A77”(u?{)92(u7fl{)90($,t)< <|1 em > )dmdt]

n=0 KeT ’"k

1 2
< Al kAT + ol T T e (0~ (7 [ emtos) )

>\\

—0as h—0,

1
where we have used that as ]K|/ em(z)dz — e (x) as h — 0 where z is a point in K, for
K
all K € T.

To summarize, we have proved that E[14R*"] — 0 as h — 0 which concludes the proof of
Lemma 3.16.

3.5 Convergence proof

Theorem 3.17 (Convergence to a measure-valued entropy solution of Problem (3.1.1)) As-

T
sume that hypotheses (H) hold. Let T be an admissible mesh, T >0, N € N and let k = ~
satisfying that

k

7 — 0 as h— 0.
Then there exist a function u € N2(0,T, L*>(T¢ x (0,1))) N L>(0,T; L>(Q x T¢ x (0,1))) and
a subsequence of {ury} which we denote again by {ur} such that {ur i} converges to u

in the sense of Young measures. Moreover u is measure-valued entropy solution of Problem
(3.1.1) in the sense of Definition 3.2.
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3.5. Convergence proof

Proof. We multiply the inequality (3.4.41) by 14, namely the characteristic function of the
P-measurable set A. We take the expectation, which yields:

Bl [ n(un)e(e,0)ds
L E llA /0 ! /jr dn(um)at@(x,t)dxdt] L E [1,4 /0 ! /qr Fur i)V - Vap(a, t)dudt
+E [1/4 I, n'(uT,mg(uT,k)@(x,t)dWT(x,t>da:]
15 e [1/4 R UT,k)so<x,t>e%n<x>dmdt]

[lARk’h].
(3.5.1)

It follows from Lemma 3.10 that there exist an entropy process [4, 30] u of L>(0,T; L?(Q) x
T x (0,1))) and a subsequence of {u7;} which we denote again by {ur;} such that ury
converges to u in the sense of Young measures. Moreover it follows from [4] and [8] that
u € N2(0,T, L*>(T% x (0,1))). More precisely the convergence in the sense of Young measures
means that given a Carathéodory function ¥ : Q) x T¢ x (0,7) x R — R such that ¥ (-, -, -, ur 1)
is uniformly integrable, one has:

| [ [ ] e[ [ [ [ ¥ ata)dodea

Recall that a function ¥ : Q x T4 x (0,T) x R — R is a Carathéodory function if for almost

all (w,z,t) € Q xTx (0,T) the function v + ¥(w,z,t,v) is continuous and for all v € R,

the function (w,z,t) — ¥(w, z,t, ) is measurable. In order to prove the convergence of {uy x}
to a measure-valued stochastic entropy solution of Problem (3.1.1), we aim to pass to the limit
in the inequality (3.5.1) as h — 0. We have proved that E[lAEk’h] — 0 as h — 0. It remains
to study the convergence of the terms on the left-hand side of (3.5.1).

T

Study of the term E [1,4/ /d n(u7-7k)8t<p(x,t)dxdt]
0o JT

Note that

Y (w,z,t,v) € Qx LAH(T?) x [0,T] x R = 14(w)o(z, t)n(r) € R

is a Carathéodory function such that ¥ (-, -, -, ur ) is bounded in L*(Q x Qr). Thus

[1,4/ / n(urk)op(x t)d:vdt] —E [IA/ /d/ (x,t, @))dadyp(x, t)dxdt
T

as h — 0.
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T
Study of the term E [114/ /d F'(ugg)v - ngo(a:,t)dazdtl
0 JT

Since F" is bounded in L2(Q x T x (0,7T)), using the same arguments as previously, we
deduce that

T T 1
E llA/ /dF”(uT,k)V'Vxnp(x,t)dmdt] —E llA/ /d/ F(u(z,t,a))v-Vype(z, t)dadzdt
o Jr o JrdJo

as h— 0.

Study of the term E [1,4/ / uTk)g(uﬁk)go(x,t)dWT(x,t)dx]

We denote by ¥ the mapping ¥ : (w,z,t,v) — 1a(w)n(v)g(v)e(z,t) € R; ¥(-,-, -, urg)
is bounded in L>®(Q) x Qr), so that up to a subsequence ¥(-,-,-, ur ) converges weakly in
L*(Q x Qr) to a function y € L?(Q x Q). Thus

lim E { ‘I’goda:dt] =E [/ X(pdxdt} .
h—0 Qr Qr

For any ¢ € L?>(Q x Qr), (w,z,t,v) = p(w,z,t)¥(w, z,t,v) is a Carathéodory function such
that ¢¥(-,ur ) is uniformly integrable. It is based on the fact that there exists a positive
constant C'3 such that

E [/Q ’@T(-,UT,k)‘dxdt} < C3I¥ (-, ur i)l 2(axop 19l 22 xop) (3.5.2)
T

Thus

1
lim ‘I’(-,urvk)gpd:cdtdpz/ / ¥(-,u(-, a))dapdrdtdP.
h—=0JOxQr QxQr J0

By identification,
1
¥(oure) = [ ¥(ou(,a))da (3.5.3)
0
weakly in L2(Q x Qr). We have that

[ gt pdwr (o,
T T
= [ W igturedWr(e.t) = [ urag(ur)ed @)
+/Tn (wr i) g(ur ) pdW (z, )
_/ (ur k) g(ur ) pd(Wr(z,t) — W(z,t)) +/ (ur k) g(uT k) pdW (,t)

T
We first study the term / 0 (ur k) g(ur k) pdW (z,t); for U € L*(Q x Qr), we define the
0

operator T as

B T
TFU) = /0 UAW (z,t) (3.5.4)
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3.5. Convergence proof

where W (z,t) is the Q-Wiener process defined by (3.1.3).

In view of the Ito isometry (Lemma 3.4), and the hypothesis (3.1.4), we have that:

/Td (Ta)) de| =E Vrd </0TZ/ldW(:U,t)>2dx]

_E [/W mi A (/ Z/l(:v,t)dﬁm(t)>2672n(x)dx

E

00 T T
+ L 2dx Z )\ml)‘mzem1($)em2(x)/0 U(m,t)dﬁml(t)/o U(:L‘,t)dﬁmz(t)]

mi1#ma

=E l/Td /OT (nlij:l )\mefn(ac)> L[%x,t)dtdac] +0

<A E [/Td /OTLIQ(x,t)dtdw]

<A U122 0xop):

This proves that 7 is a bounded operator from L*(Qx Q) to L*(Q2 x T?). Let T : L*(Q
T?) — L?(Q x Q1) be the adjoint operator of T then

(v, Tu) T ,U)

L2(QxT4) - ( L2(OxQr)

for all 1 € L2(Q x T?). Next we set U = 1/ (urx)g(ur 1)p. We recall that by (3.5.3),

Juroaturide = { [ ot a)gut.a)dal o

weakly in L?(Q x Q7) along a subsequence as h and k tend to zero. Thus as h and k — 0,

(w, %(77/<UT,k)9(UT,k)‘P))LQ(QXTd)

_ (’f*w,n’(uT,wg(um“’)wmQT)

7o { [t guta)dal )

( LQ(QXQT)

o T [ tangtataial o))

L2(QxTd)

(3.5.5)

We conclude that along a subsequence

%(n/(uT,k)g(UT,k)SO) -~ T ({ /01 n (u(-, a))g(u(:, a))da}gp) weakly in L?(Q x Td),

(3.5.6)
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126

as h and k — 0, or in other words, in view of the definition (3.5.4) of %,

T T 1
/ n'(uik)g(uT’k)cde(x,t)—>/ (/ (- a))g(ul, a))da)pdW (z,t)  (3.5.7)
0 0 0

Therefore, one obtains

VTC‘/ (ur k) g(ur i) pdW (z, t)dx] —E l/ /T(/Ol n/(u(.,a))g(u("a))da)@dW(%t)dw]

(3.5.8)
as h and k£ — 0.

Next, we consider the term

T
Ini= D) = [ o/ (wra)g(ur)ed(Wr(e,t) = W (a,). (3:5.9)
To begin with, we prove below the following result:

Lemma 3.18 Suppose that A, € L?2(Q x T x (0,T)) is (F;)-adapted (i.e., Ap(-,t,x) is Fi-
measurable in w for every x € T and for every t > 0), such that

[ Anl Lo (@xTax(0,1)) < C, (3.5.10)

for some positive constant C which does not depend on h. Then
T
T = Tn(w, z) = / Apd(Wir(,8) — W (2, 1)) — 0 (3.5.11)
0

strongly in L*(Q x T?) as h — 0.

Proof: We first rewrite

Wr(x,t) = (y,t)dy -1
7(a.1) KGTIK/ (4, t)dy - 1ic(x)

— z_: \/m Z 6?%1[(($) '6m(t)7

KeT

where

1
e =— 1 en(y)d

Then, the difference of stochastic integrals in (3.5.11) can be rewritten as

T
Z (Z ek lx (@ —em($)>/0 Ap(z,t)dBm ().

m=1 KeT



3.5. Convergence proof

We have that

T4l nsy = [, d2l T, @)l

_/ Az B [(Z F(z M e ( (@) /OTAh(x,t)dﬁm(t)>2]

KeT
( [ Ah<x,t>dﬂm<t>) ]

= de)\ (ZeKlK ) —em(x )) E

m=1 KeT

+/ 2dr m(Ze Yo (2) — em (2 )(Ze 21 e (o em2(rﬁ)>

mi17#ms KeT KeT

x E

([ A 0, 0) [ A ), <t>>]

(3.5.12)
Therefore, by the independence of the Brownian motions {8,,(¢)} and by the It6 isometry for
the stochastic integrals (3.1.9) and (3.1.10), in view of (3.5.10)

IZnll72(0xrey

— Tddxmf:l)\m<z Mg (x) — e )) E[(/TA%(:c,t)dtﬂ

0

KeT
+ Tddm 2 Z A/ Ay A (Z ex eml(aj)> <Z e%ﬂK(:ﬂ)—emQ(az))
mi#£msa KeT KeT

T
x E VO A%(x,t)dt] 5m1,m2]

00 2 T
= Tddl‘mz_l)\m<z €K1K *€m< )) /0 E[Ah(x’t>2]dt

KeT
00 2
<C Y | > eR1k() —em(’)
m=1 KeT L2(T%)
(3.5.13)
By Cauchy-Schwarz’s inequality, we have that
2
D eRlx() = > (R)’IK]
KeT L2(14)  KeT (3.5.14)
1 (Jfyon) < £ f b
= — dy— ‘emHLZ Td =1,
icer K VK KeT :

for all m € {1,2, ...}, which implies that
2

> Rk () —em()

KeT

<4 for each m e {1,2,..}.
L2(T4)
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Next we prove that

00 2
> | 3 Rk () —em()
m=1 KeT L2(T4)
tends to zero as size(T) tends to zero.
oo
Fix £ > 0, since Z Am is a converging series, there exists a M € IN, such that
m=1
> > €1k () —em(:) Z m<g (3.5.15)
m=M+1 KeT LQ(Td)

M 2
Next we consider the term Z Am.

> eRlk() —em()

. Let m € {1,2,...} be arbi-

m=1 KeT L2(T%)
trary; there holds
2
> eklk() —em()
KeT L2(T4)
] 2
=3 | (7 L o)y = en@)) 1)
KeT K L2(Td)

=Am / dx (KGT (K|/ (y)dy—em(w)> 1K($)>2
A / do (KET (H / (y)dy—em(x)>21K(x)>

K
o [dr 5 (G [ endy—en@) (o [ en(u)dy - en(®)) L ()1 )

K7, Mk K| Jr,
= KZT/ (e o emtrn - ”>2d”
= KZT/ (1 foemt0 Kem(”“")dyydx
= 3 [ (e~ entotr)

5 k1 o en) —en @) o
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We denote by B(h) the ball with center 0 and radius h with h = size(7). Then

1
M S 1 o (en®) = (@) dudy

KeT KK
<Am L/ da:/ dz (em(z + 2) — e (z))?

i 1Kl kB

1 2

:)\m/ dz —/ em(x+2) —en(xr)) dx

) %:T,K‘ | (em(@ 4 2) —em(2))

1
<Al B(h)|sup.epm) Y \K|/ (em(x +2) — em(x))* de.
KeT K
Since the condition (3.2.1) holds, it follows that
B = Can < k|,

for some positive constant Cy. Let T¢ CcC @ where O is a open set. We suppose that e, is
prolonged by periodicity on R? and that dist(T?, 00) < size(T). Therefore

2
A | 32 R L () = em()
KeT L2(T)
Cd 1 2
D g K sy 1 [ (em(at2) —en(a))? de

KeT

C
:)\mgd SUP.eB(h) lem (- 4+ 2) — em(')H%%Td)'

Let ¢ > 0 be arbitrary. It follows from the density of C(Q) into L?(O) that there exists a
function g € C(O) such that
< 2e a
lem (- +2) = g(- + 2) || L2(way + llem (@) — g(2) || L2(1a) < 3 MOy
for all z € B(h). Thus there exists a positive constant § such that for all z € B(h)

lem (- +2) — em(')HH(Td)
<llem (- +2) = g(- + 2)l|z2(ray + 9(- +2) = 9( )l z2(way + 9(-) — em()llz2(Ta)

(6]
<———-=¢
—2MM,,Cy

for all h < §. Using the fact that the sum is finite, we have
2

M
S A || S €1k () = em(:) < % (3.5.16)
m=1 KeT L2(T)
Combining (3.5.15) and (3.5.16), we deduce that if h < §
0o 2
Z Am Z el () —em(+) <e.
m=1 KeT L2(T9)
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which in view of (3.5.13) completes the proof of (3.5.11).

It follows from Lemma 3.18 that the integral Ij, defined by (3.5.9) converges to zero as h and
k tend to zero.

Study of the term — Z Am E| 1A/ / "(ur k)% (ur i)

m=1

(,
SlDCGT.(u],:L’,t,V)EQXTd x (0, T) xR+ 1a(w)n"(v)g(v)e(z,t)e2,(x) € Ris a Carathéodory
function such that ¥ (,-,-,ur ) is bounded in L?(Q x T? x (0,7')), we deduce that:

t)e? (z)dxdt]:

1A/ / (ur k) g (ur i) p(z, t)e2, (z)dzdt]
lA/ /Td/ (z,t,a))g*(u(z, t,a))p(z, t)e?, (z)adzdt],

as h — 0, for all m > 1.

We deduce that for all P-measurable set A, for all n € A and for all ¢ € C

E[lA/ n(uo)e(z,0)dz] + E] 1,4/ /Td/ (z,t, ))dadip(x, t)dxdt]
E[lA/ /Il"d/ Fl(u(z,t,a))v- Vye(x,t)dadzdt]
+E[ 1A/ / / (z,t,a))(x, t)dadW (z, t)dz] (3.5.17)

+ - Z Am E| lA/ /Td/ (z,t,0))g*(u(z, t,a))o(x, t)e?, (z)dadzdt]

> 0.

In turn (3.5.17) implies that for all x € L?(Q)
(x,0)dz] + EJ / /d/ u(z,t, a))dadip(z, t)dedt]
T

/ n(uo)ep
E| / /Td/ Fl(u(z,t,a))v - Vyp(z, t)dadedt]
) oy e

u(z,t, a))e(x, t)dadW (z, t)dx]

E[x
X

+ ;W;i:l)\ / /Tfi/ (z,t,a))g*(u(z,t,a))p(x, t)e2, (x)dadrdt]

> 0.

Hence u is a measure-valued entropy solution of Problem (3.1.1) in the sense of Definition 3.2.

Acknowledgement. The authors would like to thank Ludovic Goudenége for helpful discus-
sions.
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3.6 Appendix

An example of a space-time stochastic forcing term in one space dimension

In [3], the authors have proposed the following numerical scheme for the stochastic Burgers
equation in one space dimension:

At A
with
-1
2 < (O S
Gl = i mX::l <n;fy‘cos(27rm1:i) - mmvsin(Qﬂmiﬂi)>

where [ is the number of the volume elements, C}, and 57, are independent and identically
distributed random variables which follow the Gaussian distribution N (0,1). We set

n o __ ﬁm(twrl) — ﬁm(tn) n o __ Bm(thrl) — Bm(tn)
cy = VAL and Sy, = AL

where (,, and Bm are standard Brownian motions. We recall that for a standard Brownian
motion B (t), Bm (") — B (t") follows the Gaussian distribution N'(0,At) (cf. [47], Defi-
nition 2.1.1, p. 7) and (B, (t"*1) — B (t™))/V/At follows the Gaussian distribution N(0,1).
Moreover note that

1 T
V2cos(2mrma) ~ Al s 4 \[cos(Zwmm)dx
and )
V2sin(2rma) ~ sl ), et fszn(%rmx)dw
Therefore
I—-1
I S = (Bn(t™H) = B () /VAL 1 (7
2 d
Aa:At (m_1< e Azl /. V2cos(2mma)dx
~% (3.6.1)
R (n+1) _ 3 (4n / T, 1
_ (/Bm(t ) Bm(t ))/ At 1 ) \@sin(Zﬂmm)dx) 7
mY |Az| Jo
i-3
with v > 0. If we set
eam(x) = —v/2sin(2rmaz), for m=1,2,.. (3.6.2)
eam+1(z) = V2cos(2mmz), for m=0,1,2, ... o
and /A , the discrete noise in (3.2.4) (see also (3.2.6)) is essentially given by
1 & 1
ntl gy = — M (B (7F1) = B, (87 —/m de. 6.
FOVET W) = 55 3 Va0 (") = B gy [ enlodde (369
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We remark that the condition (3.1.2) amounts to

S5

m=1

1
— <A 3.6.4
— < (3.6.4)

. 1
for some positive constant Ag so that v > —.
We recall the condition (3.1.4)
oo
Z )\mHemH%oo(']rd) S Ala
m=1

so that in the corresponding one space dimension case (3.6.2), [lem || oo (ra) < V2 for all m €
{1,2,...}. Therefore if the condition (3.1.2) is satisfied, the condition (3.1.4) is satisfied as well.
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Chapter 4

A finite volume scheme for a first order
conservation law with a non-monotone flux
function involving a ()-Wiener process

Résumé. Nous démontrons la convergence d’une méthode de volumes finis pour une loi de
conservation avec une fonction flux non monotone et un terme source multiplicatif faisant in-
tervenir un processus -Wiener. Nous nous appuyons sur un flux numérique monotone pour
la discrétisation de ce probleme, et nous notons {ur ;} la solution discrete. Nous présentons
des estimations a priori pour le terme source discret et pour la solution discrete {ur ;} ainsi
qu'une estimation BV faible. Puis nous prouvons une inégalité entropique vérifiée par la
solution discréte apres I'avoir interpolée en temps. On peut prouver une inégalité continue
entropique et un théoreme de convergence par des méthodes similaires a celles utilisées au
Chapitre 3.

Abstract. We study a time explicit finite volume method for a conservation law with a
non-monotone flux function and a multiplicative source term involving a ()-Wiener process.
We apply a monotone scheme for the flux discretization, and we denote by {u7 } its discrete
solution. We present a priori estimates for the discrete source term and for the discrete solution
{ur i}, including a weak BV estimate. We then prove an entropy inequality satisfied by the
discrete solution after interpolation in time. The proofs of the continuous entropy inequality
and the corresponding convergence theorem are similar to those presented in Chapter 3.
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4.1 Introduction

In this Chapter, we study exactly the same problem as in Chapter 3, but without supposing
the monotonicity of the nonlinear flux function f

{du +div(v(@, £) f(u))dt = g(u)dW (z,t) in QxTx (0,T), (4.1.1)

u(w, z,0) = up(x) weQ, zeT
where T? is the d-dimensional torus and that
(o]
W(z,t) =Y VAmbBm(t)em(x) (4.1.2)
m=1
is a Q-Wiener process in L?(T?) [cf. [35], Definition 2.6, p. 20]. More precisely, let Q be

a nonnegative definite symmetric operator on L?(T9) with Tr@Q < +00, {€m}m>1 be an or-
thonormal basis in L? (Td) diagonalizing @, and {A,,}m>1 be the corresponding eigenvalues,

so that
Qem = Amem
for all m > 1. Since @ is of trace-class,
TrQ =) (Qem;em)r2ray = Y Am < Ao, (4.1.3)
m=1 m=1

for some positive constant Ag. Let (Q), F,P) be a probability space equipped with a filtration
(Fi) [42] and {Bm(t)}m>13 be a sequence of independent (F;)-Brownian motions defined on
(Q, F,P). We suppose furthermore that e,, € L>(T?) for m = 1,2,... and that there exist
positive constant Aq such that

i )‘mHemHQLoo(qrd) < Aq. (4.1.4)
m=1
Moreover we assume the following hypotheses which we denote by (H):
e uy € L?(T?),
e f: R — R is a Lipschitz continuous function with Lipschitz constant Cy such that
f(0) =0,

e g: R — R is a bounded Lipschitz continuous function with Lipschitz constant Cy; such
that |g(u)| < M, for some positive constant M,

e v(z,t) € CY(T? x [0,T]) and divv = 0 on T? x [0, 7], and |v| < V on T¢ x [0, 7] for
some positive constant V.

Next we introduce some general notations,

e Let E[-] denote the expectation, namely the integral over ) with respect to the probability
measure P. In general for a random variable Y from the probability space (Q, F,P) to

(R,B(R)), if Y is integrable for the measure P, then E[Y] = / Y (w) P(dw).
Q

134



4.1. Introduction

e We denote by N2(0,T; L?>(T¢)) the subclass of L?(Q x T¢ x (0,T)) consisting of pre-
dictable L?(T?) -valued processes [cf. [19], p. 98].

This chapter extends the article by Bauzet, Charrier, and Gallouét [9] where they consider
a conservation law with a non-monotone flux function and a multiplicative noise involving
one-dimensional Brownian motion.

The organisation of the Chapter is as follows: In section 4.1.1 we define a measure-valued
stochastic entropy solution of Problem (4.1.1) which coincides with the definition given in
Chapter 3. In section 4.2, we apply a monotone finite volume scheme to the Problem (4.1.1)
and define the discrete solution {ur }. In section 4.3, we present an estimate of the discrete
noise term as well as an a priori estimate on the discrete solution {u7)}. We then give a
weak BV estimate which is essential in the sequel. In section 4.4, we prove a discrete entropy
inequality. Using similar arguments as in Chapter 3 and as in [9], one can prove a continuous
entropy inequality for the discrete solution; one can also show that the discrete solution {wr }
converges up to a subsequence to a measure-valued entropy solution u in the sense of Young
measures.

Funaki-Gao-Hilhorst-Weber [34] will show that the measured-value entropy solution u is unique
and coincides with the unique weak stochastic entropy solution; this will ensure that the whole
approximate sequence {uy )} converges to u as the maximum diameters of the volume elements
and the time step tend to zero.

4.1.1 The continuous problem

We define a measure-valued weak stochastic entropy solution of Problem (4.1.1) as it has been
done in Chapter 3, namely

Definition 4.1 (Measure-valued entropy solution of Problem (4.1.1))

A function u of N2(0,T, L?(T% x (0,1))) N L>(0,T; L>(Q x T x (0,1))) is a measure-valued
entropy solution of the stochastic scalar conservation law (4.1.1) with the initial condition
ug € L2(T?), if P-a.s in Q, for alln € A and for all p € C

/Td U(UO>QO(I, O)d$ T /OT /Td /01{77(“(" a))atQO(SU’ t) + Fﬂ(u(.’ a))v ’ wa(xvt)}dadxdt
T 1
Jr/jrd/0 /0 o (u(., a))g(u(., a))o(z, ) dadW (z, t)dz
+% i Am /OT /w /0177”(‘1(-704))92(11(.,Oé))cp(:r,t)ezn(:r)dadxdt > 0.

m=1

(4.1.5)
with .
F(r) = /0 7 (o) f'(0)do (4.1.6)

for all ¢ € C := {p € C§°(T¢ x [0,T)), > 0} and for all n € A where A is the set of C3(RR)
convex functions 7 such that the support of 1 is compact.
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4.2 The numerical scheme

Definition 4.2 (Admissible mesh) An admissible mesh T of T for the discretization is given
by a family of disjoint polygonal connected subset of T¢ such that T? is the union of the closure
of the elements of T and the common interface of any two control volumes is included in a
hyperplane of T®. It is assumed that

h = size(T) = sup{diam(K), K € T} < oo,

and that, for some & € R™, we have

1
ah? < |K| and |0K| < 5hd‘1, VK €T, (4.2.1)

so that K| .
Ple 4.2.2

where we note
o JK the boundary of the control volume K.
e T a point in the control volume K.
o |K| the d-dimensional Lebesque measure of K.
e |0K| the (d — 1)-dimensional Lebesgue measure of OK.
o & the set of interfaces of the control volume K.
e N(K) the set of control volumes neighbors of the control volume K.
e ok 1, the common interface between K and L for all L € N (K).

o & the set of pairs of adjacent control volumes, which is given by E= {(K,L) e T*>,K #
L,|ok,L] # 0}.

o & the set of all the interfaces of the mesh T .

e ny ;s the unit normal vector which is perpendicular to the interface ok 1, outward to the
control volume K, for all L € N (K).

Consider an admissible mesh 7 in the sense of Definition 4.2. In order to compute an ap-

T
proximation of u on (0,7), we take N € N' and define the time step k = N In this way

N-1 _92
(0,7) = | (nk, (n+1)k). We set t" = nk for alln = 0,1,2, ..., N and assume that k < SC}’L
n=0 f

The discrete unknowns are u}, for all n € {1,2,..., N} and for all K € T.

We now define the monotone finite volume scheme. For discretization of such a problem, we
need to define the numerical flux.

Definition 4.3 [9] (monotone numerical flur) We say that a function F € C?*(R% R) is a
monotone numerical flux if it satisfies the following properties
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1. F(a,b) is nondecreasing with respect to a and nonincreasing with respect to b.

2. There exist F1, F» > 0 such that for all a,b € R there holds |F(b,a) — F(a,a)| < Fi|a—10|
and |F(a,b) — F(a,a)| < Fala — b

3. F(a,a) = f(a) for alla € R

The discrete initial condition {ug(, K € T} is given by:
O 1
upg = = [ up(z)dx forall K €T, (4.2.3)
K| Jx

and {u'} satisfies the following explicit scheme: for all K € 7 and all n € {0,1,.., N — 1}

k‘(“KH )+ Z lok.L] {UK pF(uke,u) —vg g F(u, “K)} k ’ g(u K)(VVK+1 - Wg),
LeN(K)
(4.2.4)
where denoting by dv the (d — 1)-dimensional Lebesgue measure,
1 (n+1)k
VKL= T / (z,t) -ng )" dy(z)dt, (4.2.5)
’ k’O'K L‘ nk OK,L
" 1 (n+1)k N
VLK = / / (v(z,t) -np )" dy(z)dt
k’UK,L‘ nk OK,L
1 (n+1)k / ) J ( )d
=0 (z,t)-n
k;|0'KL| nk O'KL KL) T
Note that
1 (n+1)k
VKL — VLK = i / / v(z,t) -ng pdy(z)dt (4.2.6)
ok ,L| Jnk oKL
and
1 (n+1)k
VgL T ULk = 3 / / |v(z,t) -ng p|dy(z)dt (4.2.7)
|UK,L nk OK,L
Moreover, since div[v(z,t)] = 0 for all (z,t) € T x (0,T"), we have
> lokrl(vik,L —vE k) = 0. (4.2.8)

LeN(K)

Indeed

1 (n+1)k
S okl —vig) = Y. okl 7/ / v(x,t) - ng pdy(x)dt
OK,L

LEN(K) LeN(K) klox,zl Jnk
1

(n+1)k
= / div[v(z,t)]dzdt =0
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As in Chapter 3, we define the discrete noise terms as

M
WM7K(t) = Z \/mﬁm(t)e%a
m=1 (429)

Wielt) = 3 Vb (1),

1
where e = K| /K em(z)dx for all K € T. Moreover we denote by Wy r- and W3 the values

of Wi k and Wi at time ¢t = nk respectively.

The results below follow as in the lemmas 3.7 , 3.8 and 3.9 in Chapter 3.

Lemma 4.4 Given by the definitions of Wy i (t) and Wi (t) as in (4.2.9), we have that

E[W};,f}{ - Wi k] =0 (4.2.10)
and
EWit —Wi] =0 (4.2.11)

Lemma 4.5 Suppose that the coefficients {\pm }m>1 satisfy (4.1.3), then
2
SOIKIE | (Witk = Wi)'| < (@ = ), (12.12)
KeT
holds for all M € N*, n€{0,1,...N—1} and K € T.

Corollary 4.6 There holds:

2
S |K|E [(W;;“ - W) } < ("M — M)A, (4.2.13)
KeT
foralln e {0,1,.... N —1} and K € T.
We repeat below definitions and notations from Chapter 3

Wrg(x,t) =Wg for €K and te (nk,(n+1)k),

(4.2.14)
Wi rk(z,t) =Wy for 2€ K and tc (nk,(n+1)k).

and
Wr(z,t) = Wgk(t) for ze€ K and te(0,T). (4.2.15)

Next we define the approximate finite volume solution u7 j on T x (0,T) from the discrete
unknowns u', for all n € {0,1,..., N — 1} and for all K € T, that:

urp(z,t) =uk for ze€ K and te (nk,(n+1)k), (4.2.16)

where the set {u},, K € T} is defined by (4.2.3).
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4.3 A priori estimates

Lemma 4.7 Assume that hypotheses (H) hold. Let T > 0, T be an admissible mesh in the
sense of Definition 4.2 and h and k satisfy the Courant-Friedrichs-Levy (CFL) condition:

a’h
k< —————. 4.3.1
V(A + F) ( )
There hold
| (0,T:L2(QxTd)) = HUOH%Q(W) +TAoM; (4.3.2)
and
k1 22crx0p) < TlluolZacga) + T2 AoME. (4.3.3)
where Qr = T x (0,T).
Proof. We recall the numerical scheme
@ n+l _ . n R u™) —o” o F(u™ . u? ’K| Wn+1 Wn
2 (“K uge) + Z ’UKLHUK,L (uf,ul) VLK (uf,uf)} = 2 —g(ug)( K K-
LeN(K)
(4.3.4)
We multiply both sides of (4.3.4) by kul:
|K|(up! —uf)ufe ==k D |ox pl{vk o Fluf,u}l) —vf g F(uf, uf) yufk
LeN(K)
+ K g (ufe) (W — Wik
Applying the formula ab = 3[(a +b)? — a? — b%] with a = v —u} and b = ul, we obtain
that
K| n n n n n n n n n n n
L[(UK+1)2 — (k) = (Wit —ug)? ==k Y ok Ll{vk L F(ufe, ul) — v} i F(ulf, uf) bulk
2
LEN(K)
+ | Klg(ufe) (Wi = Wik
Thus
K] n n K|, n
7[(“1{“)2 - (UK)2] IT(UKJFI - UK)2
kY xR L F (e, u) — vh e F(uf i) b (4.3.5)

LeEN(K)
+ [ Kg(uj) (Wi — Wi)ulg
We substitute (4.3.4) into (4.3.5) to deduce that:

gy~ iy

2

K| k . . ) )

:’2( K] > ok Ll{vie L F (ufe,uft) — v} g F(uf, uie)} + g(ufe) (Wi — WK))
LeN(K)

—k Z |O-K,L|{UK,LF(UHK7 U%) - UZKF(UZ UTIL()}U?(
LeN(K)

+ [K|g(uf) (Wi = Wik )ul
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We take the expectation of both sides to obtain:

A Bl -

2
9 E @ Z ok l{vk L F(uf,ur) —vi g F(ug, ug)} | + 92(uK)(WK+1 —Wg)?
LeN(K)

- ’2‘ E [’(K‘K)(WKH - Wg) Z |0’K,LHUK,LF(UK7UL) - UL,KF(ULauK)}:|

LEN(K)

—-E [k Z ’UK7L‘{UHK,LF(U?(7 ’U,?/) - Uz,KF(u?n u?{)}u’rfl(]
LeN(K)

+ B [g(ul) [K|(Wie! = Wi )ug]

Next we show that some of the terms in the equality above vanish. Indeed since W}éﬂ - Wg
and u', are independent variables, we have that, in view of (4.2.11)

E {g(u}?)lK\(W}é“ - W}é)u}?] =E [W}é“ - W}é] E {g(u}‘c)u}?lff\]

=0,

and similarly

E|g(uf) (W =Wg) > IJK,L\{U%,LF(M&,U’E)—vﬁ,KF(U’L‘,U’}()}]
LeN(K)

=E | Wi —W}}] E [g(u"K) > lox vk L F(uf,u}) —v’E,KF(u’i?u%)}]
LeN(K)

Therefore,

e g2 - uio?]

2
k2 n n n n n n
=K E [ > ok ol{vik L F(uf,u}) — UL,KF(uLauK)}]

LeN(K) (4 3 6)

|K‘ n+1 n 2 2/, n
T E (WK - WK) E [g (UK)}
—kE Z |O-K,L’{,U%,LF(U7[L(7 U%) - Uz,KF(UT[Ln u?{)}unK] :

LeN(K)
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We recall (4.2.8), which states that Y |ok 1|(vk 1 — v} ) = 0, so that
LeN(K)

Yo lornl(Wi L —of k) fufk) =0, (4.3.7)
LeN(K)
then the equality (4.3.6) can be rewritten as
X

5 E [(ui!)? = (uk)?] = Bi - Bo+ D, (4.3.8)

where

2

ki2

Bi=5=E| > loxrl{vkp (Fuk,up) = fuk)) = x (Ful,ufk) — f(uk))}
2|K| LeN(K)

BzzkE[ > IUK,L\{U%,L(F(u”K,u’E)—f(u}?))—v?,,K(F(u%,u”K)—f(u?e))}u%]
LeN(K)

D= | (wprt - we)’| B o)
(4.3.9)
We define that
T, = {(K,L) € T*: L € N(K) and uf; > u}},
and By = Z B>, so that
KeT
By=k Y. B |loxul{vip (Fluk,uf) = f(ufk)) = of i (F(uf, uf) = fuk)}uk]
+k > B lloxl{vn (F(uf,uf) = f(uf)) = vi i (F(uf, uf) = f(uf)) bu]
uf >ul
=k Y Blloxcl{vk o (Fuf,u}) = f(uk) = of i (F(uf, ufe) - f(uf)) ]
U >ul
+k Y Bllow vt i (F(uf,ui) = f(uf)) = vk o (F(ufe,uf) - f(uf)) ]
up>ul
k3 ol B v (uk (P, ) = F(ai) = uf (Fluk,uf) - ()
(K,L)eZ,
— o e (e (P ) — () = (P i) = £}
(4.3.10)

We recall the function ® defined in (3.3.16) by ®(a) = / sf'(s)ds; an integration by parts
0
yields, for all (a,b) € R?

b b
Q) ~®(a) = [ s/ (s)ds = b(7 (1) = Flab) = a(F () = Flab) = [ (1(s) = F(a,b))ds.
(4.3.11)
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Next we rewrite Bs in the form
B3 = B4y — Bs

where

B =E [ > Howal{vies ( [ —F(u’;@u’z»ds)

(K,L)ET, Ui (4.3.12)
+oh ( [ s - F(uz,u;z))ds)
ur,
Bs=E| Y Moxl(vf, —of o {®(uk) - <I>(u’£)}] (4.3.13)
(K,L)T,

so that Bs = By — Bs. We show below that Bs = 0. Indeed, we deduce from (4.2.6)

[( > k\OKL!(

klow.r / o / V<$vt>-nK,Ldv(x>dt> {®(u) —cp(wz)}]
K,L)eZ, nk oKL

Bs=E [ { (/n:H k/a (z,t) - nK7Ld’y(a;)dt> D(ul)
</ (n+1) k/UKL ‘ny gedy(z )dt) d>(u,’—j)}

= [Z Z CD /n(n+1)k/a v(a:,t)-nK,Ldv(:p)dt]

KeT LeN(K k

> d(uf) /n+1 /le xt)]dxdt]

KeT

I
e

Before continuing with the proof of Lemma 4.7, we recall the following auxiliary result:

Lemma 4.8 Let G : R — R be a monotone Lipschitz continuous function with Lipschitz
constant Cg > 0. Then there holds

> =(G(b) = G(a))*, (4.3.14)

for all a,b € R.

Lemma 4.8 coincides with Lemma 3.11 in Chapter 3. Next we search for a lower bound for
Bs = B4. We deduce from Definition 4.3 and Lemma 4.8 that for all a,b € R, we have

b b 1 9
/a(f(t)—F(a,b))dtz/ (F(a,t) = F(a,a))dt = 3 (f(a) = F(a,b)) (4.3.15)

a
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and
b b 1 9
/ (f(t) = Fa,b))dt > / (F(t,0) = Fa,b)dt > o (f(b) — F(a,h)) (4.3.16)
a a 1
Multiplying (4.3.15) b 2 d (4.3.16) b i d adding the two i liti
ultl 1mn L. an L. an a m € TWO 1nequallties
plymg Yy F + F Yy F+ B g q

yields:

[0 - Femarz st (@) - P+ G0 - Fan)?] . @san

We can deduce from this inequality that

Bs=By>k Y |okxr

(K,L)ET,
UE’K n o, n n \\2 no.n ny\2
+ gy (Pl = £()? + (P ) = 1)’}
(4.3.18)
We have thus obtained a lower bound for Bs.
Next we study Bj.
k?
> b= g Bl X lowallvicn (Fuf ) = F (i)
KeT KeT LeN(K)
(4.3.19)

v
We define A = F(u},u}) — f(u}), B = F(u},u}) — f(uk), (= n#, and deduce

Vg T VLK
from Cauchy-Schwarz inequality that
2
( Y lorol{vk A- UZ,KB})
LeEN(K)
2
= ( > loknl(vi +vi ) {¢A—(1- C)B})
LeN(K)
< Z lok Ll (Vi L + VT k) Z ok, Ll(Vic  + 07 g ){CA+ (1 - ¢)(-B)}?
LeN(K) LeN(K)
< > okl +vik) Y. okl (Wi +vE g ){CA+ (1-¢)B*}
LeN(K) LeEN(K)
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Since (v 1 + 7 )¢ = Vi g and (v [ +0F ) (1 =) = v} j, we obtain the following esti-
mates
]{32

Y Bi<)y, 3R] ( 3 raK,L\<v?<,L+vz,K>>

KeT KeT LeN(K)

xE[ > lor vk p(F(uf,uf) = f(uf)? + 0} g (F(uf,uf) — f(uk))?}
LeN(K
" (4.3.20)

Using the fact that, in view of (4.2.7),

Y lowil(v p + % k) < VIOK] (4.3.21)
LeN(K)

which together with the mesh properties (4.2.2) and the CFL condition (4.3.1) implies
k |OK]| a’h 1 1
<

— o v o <kV < — = ,
|K| LG%K)‘ K,L|( K,L L,K) |K| V(F1+F2) a2h F+ B

(4.3.22)

so that

S Bs Y Mowal B[t {(P ) - £050) + (Flueo) — £}

KeT (K,L)EZ, (F1+ B

et { (Pl — SR + (P ) — 1))

Using (4.3.18) and (4.3.23), we deduce
> (Bi—Bs) = (Z Bl> — B3 <0,
KeT KeT

which we substitute in (4.3.8) and also use the Definition of D in (4.3.9) and the inequality
(4.6) to obtain:

> EIE[(uf)?) < Y IK|B[(uf)?] + D [KB[(WET - Wi)?] Elg® (u)]

KeT KeT KeT
< Y IK[E[(uk)?] 4+ M7 Y K| E[(WET = WE)?]
KeT KeT
< Y IK[E[(uk)?] + kAo M,
KeT

We deduce from the inequalities :

S IK|E[(uk)?] < > IK|E[(uf")?) + kAoM,,

KeT KeT
Y IK[E[(uf )] < Y K| E[(uf?)?] + kAoM,
KeT KeT



4.3. A priori estimates

SO IK|E[(uge)?) < D7 K| E[(u%)?] + kAo M,
KeT KeT

that

S IKIE[(uf)’] < > IK|E[(uf)?] + nkAogM;  for all n € {1,2,...,N},
KeT KeT

which implies that

HUTJCH%‘X’(O,T;L?(QXTUZ)) < ||U0H%2(Td) +TA0M92-

As a consequence, there holds

lurkl|Z2(xqr) < TlluolZaipa) + T2 AoMy.

4.3.1 Weak BV estimate

Lemma 4.9 Assume that hypotheses (H) hold. Let T be an admissible mesh in the sense of
T
Definition 4.2, T >0, N € Nt and let k = — satisfy the CFL condition

N
(1-¢)a2h
k< VAL (4.3.24)

for some £ € (0,1). Then we have the following estimates

1. There exists a positive constant C1, depending on Ao, T', o, ug, §, C¢ and My such that

N-1

S kY S lowalB o (Pl ) - f(ai)

n=0 KeT LeN(K) (4.3.25)

+ oL g A F (u, ufe) = fui)}?| < Oy

2. There exists a positive constant Cy € R depending on, T', &, ug, &, F1, F» and Cy such

that
N-1

k o E [vE max F(c,d)— f(d)) + max F(c,d) — f(c
Sk S lowal |k i (PO S s (e S0

1
+ o ma, d) — F C,d —+ ma. c —Fc,d SCh_5
bR {(C’d)EC(u)E,u?()(f( ) ( )) (C,d)GC(u)fi,u?()(f( ) ( ))} 2

(4.3.26)

145



4. A FINITE VOLUME SCHEME FOR A FIRST ORDER CONSERVATION LAW WITH A NON-MONOTONE
FLUX FUNCTION INVOLVING A QQ-WIENER PROCESS

Proof: 1, Multiplying the equation (4.3.4) by kul, also using (4.3.7) taking the expectation
and summing over K € T and n=0,1,..., N — 1 yields

Z > IKIE[(ui™ — uf)uf]
n=0 KeT
N—-1

Z kY EL Y lowoHvk p (Fluk,ul) — f(uk)) = vf i (F(ul, ufe) = f(uf)) buk]

KeT LeN(K)

+
2 3
.i o

Z |K|E[(WE™ = Wi)ulg(ufk)],
0 KeT

n=
which we rewrite as A + B = D with

N-—
Z\KIE W )]
KeT

kY > IUKLIE{UKL( (uie, uf) = f(uf)) = vE i (F(uf, uf) — f(ufk)) bu]

n=0 KeT LeN (K
1

,_A

UJ

Note that the term D = 0 since u’ is independent of the increment (W}?Fl W) and

since by (4.2.11), EIWE — Wg] = 0. Applying the formula ab = 1[(a + b)? — a® — b?] with
a= u}?’l u} and b = u} we obtain:
A—_*Z O IKIE[(uft = uf)?] + 5 ZZ!K\E 2= (uf)?)
n= OKGT n=0 KeT (4327)
=~Z S IK[E[(upt! —uk)’] + 5 ZrK\E (u)? = (uk)?),
n=0 KeT KET

where we set

1 N=
-3 Z X IR Bl — )’
and ;
Z\KIE ug)? = (uy)?] > —3 > IK[E[(u})?]. (4.3.28)
KeT KeT

Next, we substitute into A;. Also using (4.3.7) and the fact that W™ — WZ and any function
for ul, u}, v 1 and v} g are independent, we deduce that

=—fZ Zrm{ (Wit = Wi )2g (uf) |

n=0 KeT

L ( 3 |UK,L|{UT&,L<F<U?(,uz>—f(u’;a)—vz,K<F<uz,u?<>—f<u?<>>}) }

|K‘ LeN(K)
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It follows from the CFL condition (4.3.24), the mesh properties (4.2.2) and (4.2.7) that

k 1-¢
= > okl (i + 0 k) < : (4.3.30)
|K| ' g , F+ F

LeN(K)

Using a similar idea of (4.3.19) and (4.3.20), we deduce that

S o ( > |aKLHv%L<pxu%uﬁ»—;ﬂﬂ%))—v2K<F@£;u%>—qu%»})

KeT LeN(K)
< Z K] ( Z |UK,L’(U?(,L+’UZ,K))
KeT LeN(K)

xE [ > low pl{vie p(F(ufe,uf) = fuk))? + o g (F(uf, ufe) — f(UTf()V}]
LeN(K)
AR
=23 (75)

E[ > |UK,L‘{U?(,L(F(U?(7U%)_f(u?(»z"i_vz,K(F(uzvunK)_f(unK))2}]

n n
Upe >UT

> lorl{vie (F(ufe, ul) = f(ufe))? + o g (F(ul, uf) — f(U%))2}] ]

up >ul
- Z <F1+F2)

E{ > low vk L (F(ufe, up) = fug))? +vf g (F(uf, ui) — f(uf)?}

n n
Upr>Up

> low Lol i (F(uf, ufe) = £(ul))? + vk (F(ufe, up) = £(uf))?} ]

U >u ]
<1-¢, ok,
2 (K D)L, Fy + Fy
ma e, d) — f(e))* + ma; F(e,d) — f(d))?
{ s (Fled) = f0)F +  max (0 >f<»}

—H)ZK{(cd) max (F(e,d) — f(c)® + max (F(c,d) —f(d))Q}]

,d)€C(uT u) (e,d)eC(ul u)

where we define

C(a,b) = {(c,d) € [min(a, b), max(a,b)]?: (d — c)(b—a) > 0}
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Therefore

€C(ulut) (c,d)eC(uly,uf)

2
x E [v?(,L {(c,d) max  (F(c,d)— f(c))*+ max  (F(c,d) — f(d))2}

(e, d)eC(u} ut) (e, d)eC(u umk)

+UZ,K{ max (F(c,d) — f(c))’+  max (F(C,d)—f(d))z}]

where we recall that Z, = {(K,L) € T?: L € N(K) and u}% > u}}. Next we substitute (4.6)
and (4.3.28) to deduce that

A=A+ Ay
1
> — ~ (Juoll3a ey + TAoMZT)
1-¢ = ok .1
_ -5 Z k Z P RLLT
2 "0 (KD F) + Fy

x B

Vi1, {(c,d) max  (F(c,d) — f(c))* + max  (F(c,d) — f(d))2}

€C(ulut) (c,d)eC(ul,uf)

+UZ,K{ max (F(c,d) = f(c))’+  max (F(ad)—f(d))?}]

(c,d)eC(ul u) (c,d)eC(ul ul)

We now consider the term B. We remark, in view of (4.3.9) and (4.3.11) that

N-1 N-1 N-1
B:ZZBQZZB3ZZB4
n=0 n=0

n=0 KeT

so that by (4.3.12),

= uf ufe
B=Y % ¥ |aK,L|EHv?<,L |5 () = Fluie ) ds o e (f(s)—F(u%,uzz))dsH
n=0 (K,L)EZ, YK UL

(4.3.31)

Next we search for a lower bound for B. Let a,b € R In view of the monotonicity properties
of F, the following inequality holds for all (¢,d) € C(a,b):

b d d
/a(f(s)—F(a,b))dSZ/c (f(s)—F(a,b))dsZ/c (f(s) = F(e,d)) ds.
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We now use again the monotonicity of F' and Lemma 4.8 to deduce that for all (¢,d) € C(a,b):

b d d 1 9
| @) =Flamds= [ (1(s) = Fle.d) ds = [ (Ples) = Fle,d) ds = 5= ((0) = Fle.d))
’ ‘ ‘ (4.3.32)
and
[ 66 = Flan)ds > [ (76) - Flesa)ds > [ (F(s,d) ~ Fle.d))ds 2 1 (F(@) - Fle.)?
(4.3.33)

respectively, taking the maximum

Fy
Multiplying (4.3.32) b 2 and (4.3.33) b
ultiplying (4.3.32) by =% (4.3.33) by p—¢
for (¢,d) € C(a,b) and adding the two inequalities yields:

b 1 2 2
)~ Fab)ds > g Lc’dl)ré%?a’b)(F(C’d)—f(C)) + o max (Ple.d)— f(@)°].

Taking the sum over n, we deduce from substituting the inequality above into (4.3.31) that

B>n§::k ZE 3(F + F)
UK - { c,d engzt‘);“L Fled) = f(C>)2 * (C,d)éga}i,uZ)(F(c’ d) - f<d))2}

+vz,K{(cd)max (Fled) - 1P+ max <F<c,d>f<d>>2}]
3

,d)EC(ul ul) (e,d)eC(ul u)
(4. .34)

Therefore, since A+ B =0,

||U0”%2(Td) + TA()M;

ZmZk > lok,Ll

n=0 (K,L)ET,

x E
,d)€C(ul ult) (c,d)eC(ul,uf)

v;z,L{(cd)max (Fle.d) = f(0)*+  max <F<c7d>—f<d>>2}

+vz,K{(cd)max (Fle.d) = f()*+  max <F<c,d>—f<d>>2}]

d)€C(uy uf) (c,d)€C(ut ,ul)
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which, in turn, implies the bound

N-1
k Z lok, L]

n=0 (K,L)eZ,

x E | vk ma F(e,d) — f(e))* + ma; Fle,d) — f(d))?
K,L{(c,d)ec(u@uz)u ) s (Fled) S ))} .
+o? F(e,d) — 2y F(e,d) — f(d))?

vL,K{(C’d)erggu?u@( (c;d) — f(c)) (c,d)é?&é,u;)( (c,d) — f(d)) }]
Scla

where the positive constant Cy depends on Ag, T', Cy, My, &, Fy, F> and HuoHLz(Td). We then
use a reordering of the summation to deduce that

> loxilE [K {(Fufe,uf) = Fuf)? + (Fule,up) = f(up)?}

(K,L)eT,
+ 07 i { (F(uf ufe) = f(ufe))? + (P, ufe) — f(uf))?}

=3 > okl B R {F(ufe, uf) = F(uf) Y+ of i {F (uf, uf) = fuf)Y’]
KeT LeN(K)

which together with (4.3.35) implies

N-1

ST kY Y lownlB R {F (ufeul) = £(uf)} +of s {F (uf, ul) = f(ufe)}?] < Ca.

n=0 KeT LeN(K)

This completes the proof of Lemma 4.9, 1.

Proof of 2: Now we estimate the term

N—-1
T2 = { k Z |UK,L| E [U?(,L {(c,d) max (F<Ca d) - f(c)) + max (F(Cv d) - f(d>)}

n=0 (K.L)ETn €C(ul ut) (c,d)eC(uly,ul)

€C(ul u) (c,d)eC(ul ,ul

+UZ7K{(C7d)maX (f(c) = F(e,d)) + max )(f(d)—F(c,d))}]}

We denote by

I = ma F(c,d)— f(e))+  ma F(c,d) — f(d
' (c,d)eC(u}’(Iz,uz)( (&:4) = 7(e) (C,d)ec(u}’(lg,uz)( (c;d) = f(d))
and
Tp=  Dax c)—F(c,d))+  max d) — F(c,d
2 (c7d)eC(uz7u?{)<f( ) ( )) (c,d)ec(uz,ufk)(f( ) ( ))
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We deduce from the Cauchy-Schwarz inequality that:

2
N-1
—9 n
=Yk X |O’K,L|E[UK7LT1—|—UZ’KT2})
n=0 (K,L)eZ,
N-1 N-1 (vn T1‘|‘Un T2)2
<Xk Y lokalir i) | x [ Xk 2 |aK,LrE[ Ty ]
n=0 (K,L)EI, n=0 (K,L)eZ, Yk,L T VLK
N-1 N-1
< k Z lox Ll(Vic, L + V7 k) | ¥ Z k Z ‘O'KL’E[U%,LTE_"UE,KT;} )
n=0 (K,L)eZ, n=0 (K,L)€Z,
(4.3.36)
where we have applied the Jensen inequality
v 1+ vy kT 2 VL 9 VI K 2
n n < n n Tl n n TZ‘
Vi, T VLK Vi, T VLK VgL TV K
K
It follows from (4.2.2), namely |0K| < |‘2h’ that
@
N-1
Z k Z lok Ll(Vie,L + v k)
n=0 (K,L)EIn
N-1
Z Z ‘UK L|UKL
—0 KeT LeN(K (4.3.37)
Z |OK |V
KeT
TV|TY|
azh

Moreover, we remark that

Tf§2{(cd)max (F(e,d)— f(e)®*+  max  (F(c,d) — f(d))?

,d)EC(ul ult) (c,d)eC(ul,ul)

T2 <2 max F(e,d) — f(e))* + max F(e,d) — f(d))?
; {(c’d)ec(uz’u}%)( (¢,d) = f(c)) (C’d)ec(uz’u?()( (c,d) = f(d))
which we substitute into (4.3.36) to deduce that

o _2TV|TY

T2 < a2|h ‘ Z k Z ’UK,L‘

=0 (K,L)€Tn

x B

Vi L, {(C 2 max  (F(c,d) — f(c))* + max  (F(c,d) — f(d))Q}

,d)€C(uf ult) (c,d)eC(ul,uf)

+7 i {(C . max  (F(c,d) — f(c))* + max  (F(c,d) — f(d))Z}] )

d)eC(uf uf) (c,d)eC(up i)
(4.3.38)
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Substituting (4.3.35) into (4.3.38), we deduce that

d
o 2TV|T)

C

which combined with the definition of T~ implies

N-1
{ EY aKLLE{m;L{@m)max (Fle,d) = f(e)) +  max (f%ad)—f«n>}

n=0 (K,L)EIn €C(uful) (exd)€C(un un)
2
+ 07 max c)—F(c,d)) + max d)—F(e,d
R {(C,d)EC(uz,u’;{)<f( ) ( )) (c,d)EC(u’Z,u’;{)(f( ) ( ))}] }

2TCy|T4V
<—)\
- a%h

This concludes the proof of Lemma 4.9, 2.

4.4 Convergence of the scheme

4.4.1 A time-continuous approximation

We define @i as the continuous in time stochastic process

_ t—nk
anc(t) =ufe = == X lowal (vie o P (ufesup) = of P (u )
LeN(K)
+9(ufk) (Wi (t) = Wg)
t v F(ul ul) — o} o F(u?, u (4.4.1)
:u}Q—/ Z 0%z K,L (ug L)‘K| LK (u} K)ds
"k LeN(K)

t
+ [ olui)dwic(o).

on the domain Q x (nk, (n + 1)k). In this way, dx(nk) = u% and ax((n+ 1)k) = v, We
define the time-continuous approximate solution a7 on () x T x (0,7T) that:

ar(x,t) =ux(t") for ze€ K and te (nk,(n+1)k). (4.4.2)

Next we estimate the difference between the time-continuous approximation 7 and the finite
volume solution wy j which is defined in (4.2.16).

Lemma 4.10 Let ug € L?(T?) and T be an admissible mesh in the sense of Definition 4.2.

T
Let k = N satisfy the CFL condition (4.53.24). Then there exists C € R" depending on T, Cy,
Fy, Fs, &, V and ug such that

lur s = a7 4122 (0qr) < Clh+ k). (4.4.3)
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Proof: There holds
lur k= a7 k1 22(0%07)
N— n+1
[ |

— v i (F(uf, ufe) — f (uf ))}>+g( ) (Wi (s) — W}?))Q]dxds

Z lox Ll{vi,p (F(uf,up) — fuk))

LeN(K)

= il /n(nﬂ)k Z / E [gZ(u?()(WK( )—W}é)z} deds

n—=0 /nk KeT K
N-l r(nt+1)k s—nk

+ / Z / E [(m Z |O-K,L|{U7IL(,L (F(u?(au%) - f(u?{))
n=0 /nk KeT 'K LeN(K)

2
—vf i (F(ug, uf) = f(U’;%))}) ] dds

s—nk:

x> low vk (F(ufe,uf) = f(uf)) = of g (F(ulf, uf) - f(u?())}] ,
LeN(K)

so that
N-1 n+1
Jurs = iralisacen = X [ 3 [ B[k Wicls) ~ W] s
n=0 "k KeT
N-1 n+1 5
> / 2 / K Z ok, L{vi r (F(uk,ur) — f(uk)) (4.4.4)
" Ker LENTK)

ol (P ) — FR))) ) [

where we used the fact that

E [Wi(s) — W] = 0. (4.4.5)

We remark that (4.4.5) can be proved in the same way as (4.2.11). Applying the counter part
of (4.2.13)

S IK|E[(Wic(s) = Wi)?| < (s —1") Ao,
KeT

153



4. A FINITE VOLUME SCHEME FOR A FIRST ORDER CONSERVATION LAW WITH A NON-MONOTONE
FLUX FUNCTION INVOLVING A QQ-WIENER PROCESS

for all s > nk, we deduce that

/n ok / Wic(s) = Wi)?| deds

KeT
N-1 (n+1)k 4.4.6
SZ/k (s —t")AoMds ( )
n=0 """
<TAoM?k
Moreover
N-1 (nt+1)k nk
L e R 2 (F(ufe ) - 1)
n=0 7"k KeT K LEN(K)
2
— v} g (P, ) f(u;;))}) }dxds
N—1 kK| o )
< Z k Z K2 EK Z (F(ufe,ur) — f(uk))
n=0 KeT LEN(K)

o (Pl )~ Sk} |

As it has been done in (4.3.19) and (4.3.20), also using the inequality (4.3.22), we deduce that

Z’“ ) KK|

T2
n=0 KeT ’K‘

BI( X lowal (v (Flufe ) = £(uk)) — v e (Fluh, )~ f Wf?”}ﬂ

LeN(K)
N-1 ]{72
<> k), K| > okl + vl k) | X
n=0 KeT LeN(K)
B 3 (P uf) = ()P + o e (Pl ufe) = £(03))?)]
LEN( )
F1+F2 Z Z Z ‘UKL|X

n=0 KecT LeN(K
n n n n n n . n n\\2
E {{UK,L (F(uf,uf) — f(UK)) + ol i (F(up,ug) — f(uk)) }}
a’h
<o
=1 V(F1 + F2)2
where we have also used (4.3.24) and (4.3.25). Therefore
a’h

2 2
Ik = v kllz20xgr) < TAMGh + Cryp—py.

(4.4.7)

CHa?
Finally we set C' = max(TAOMQQ, V(Fli—}OjFV) to deduce the result of Lemma 4.10.
1+ I
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4.4.2 Entropy inequalities for the approximate solution

In this section, we show entropy inequalities satisfied by the approximate solution and use
them in the proof of convergence of the numerical scheme. In order to obtain these entropy
inequalities, we first derive some discrete entropy inequalities satisfied by the approximate
solution. We first assume that F' is a Godunov flux, namely:

min_ f(s) ifa<b

FG(a,b) = { *€l@?) ‘ (4.4.8)
m[%x] f(s) if a >b.
se€|b,a

For all (a,b) € R? we denote by s(a,b) € [min(a,b),max(a,b)] a real number such that
FY(a,b) = f(s(a,b)). We recall that F"(a) = [;n'(s)f(s)ds and define the associated
entropy numerical flux G by G(a,b) = F"(s(a,b)) for all a,b € R. Note that for all a € R,
G(a,a) = F"(a).

Lemma 4.11 (Discrete entropy inequality) Assume that hypotheses (H) hold. Let T be an
T
admissible mesh in the sense of Definition 4.2, N € INT | let k = N be the time step and
assume that
k
7 —+0ash—0. (4.4.9)
Then P —a.s in Q, for allm € A and for all ¢ € C:
N-1
=3 Y [ i) = n(uio)e(e,nk)do
n=0 KeT 'K
N-1 (n+1)k
+ Z/ > / F(u)v(z,t) - Veo(x,nk)dzdt
n=0 /nk KeT K
N-1 (n+1)k (4.4.10)
3 [ [T )il nk)aWic (1) do

where for all P-measurable set A, E[14R*"] — 0 as h — 0.

As it has been done in Chapter 3, one can prove a relation based upon the It6 formula, which
is applied to the function @k (¢).
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Lemma 4.12 For alln € A, there holds:
n(ix ((n+1)k)) = n(ix (nk))

e ke O (ufe, ) — v P ()
== [ @) Y ol ’
n

dt
K LeN(K) |K’
(n+1)k (4.4.11)
+ /. n' (a7 k() g(uk )Wk (t)
1OOA1 d2(n+1)k”- t))g* (ul)dt

P —a.s in Q).

Remembering that d(nk) = u?, ax((n+1)k) = uxH

= u' ", and using (4.2.8), after multiplying
(4.4.11) by |K|p}, one deduces that P —a.s. in Q),

ZZ!KI@K (ufch) —nufk)]

n= OKET

)k
=— Z > @K/ W (@ryt) Y okl

n=0 KeT

X {v}% L (FO (g uf) = flufe)) = vf i (FO(uf, uf) = f(uf)) Yt (4.4.12)

(n+1)k
£ Skt [ @)t
0 KeT

n=

#3350 S 5 ([ entoa) i [ s

m=1 n=0 KeT
= L/ (z,nk)dx

The equation (4.4.12) can be written in the form A" = —BF!  Ckh 4 DRI with

Next we recall the formula

=S

¥

ZZ\K!sOK (uft) = n(uf)]

n= OKGT

S5 doftanao

KeT

x> lowcl{vier (FO(ug,uf) — f(uf)) = vf i (FO(uf, uf) — f(uf)) Yt

LeN(K)

—o Jnk KeT
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Since the terms A*" CF' and D*" are identical to those in Chapter 3, we only study the
term BFh

Study of B*": we decompose B*" as

Bkt = phh _ prh . (peh _BEMY L (BM gl 4 gl (4.4.14)
where
N-— (n+1)k q
Bhh — / )
M FRIE
n G/.n n n G/i.n . n
X Z ’UK,LHUK,LF (ufe,uy) —UL,KF (uf, uf) yp(w, nk)dzdt
LeN(K)
-1 (n+1)k 1
Z Z/ |K|/ Z ’UKLHUKLG(quuL)_ULKG(uLvuK)}QO(x nk)dzdt
n=0 K&T LeN(K)
Lk (n+1)k
By =— / / F(uk)v(z,t) - Vep(x,nk)dzdt
n— 0 KeT K

We first prove that for any measurable set A, E {1A(Bk’h — Ekh)} — 0 as h — 0. For almost
allwe O, all K €T and all n € {0,1,..., N — 1}, there exists (- (w) € R such that

Bhh _ b _ Zz/nﬂkulﬂ/[?? ar k(1)) — ' (k)]

n=0 KeT nk
x> ok pl{vik p FO (ule, up) —vf o FO(ulf, uf) Yo (o, nk)dwdt
Le/\/( )
(n+1)k 1 P .
—Z Ol T W AL ICRORL )
X Z ‘O—K,LHU?(,LFG(U?OU%) —UZ,KFG(’M%,U?{)}()O([I;,nk)dl‘dt
LeN(K)
=1+ p”
where we set
N-1 (n+1)k 1 t —nk
— "R x,nk)|dzdt

n=0 KeT nk

> lorl{vk L(FC (ufe, ul) — f(uk)) — v}k (F (ul, ufc) — f(u}?))})

LeN (K
(4.4.15)
(n+Dk q
SX [ e [ B GRs) (Viee) - Witk
n=0 KeT " ® (4.4.16)

x> low vl LFC (uhe, ul) — o ko FO(uf, uf) Yo(a, nk)dadt
LeN(K)
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k
Let A be a measurable set, we first study E [1 ATlh k} Note that here the assumption 7 —0

as h — 0 is crucial. Using Cauchy-Schwarz inequality, the assumption (4.2.2) on the mesh and
the estimate (4.3.25), we deduce that

B 1477
N-1 (n+Dk 1 nk
1An§::OK T/k i (gK) |K‘ o(z,nk)dzdt
2
X( > Li{vk, (FG(U%,Uﬁ)—f<U”K>)—vZ,K(FG(UE,U%)—fWk))}) ]
LeN(K)

< " lloolleplloo Z > Tw ( > IUK,LI(U}?,LJer,K))

n= OKeT LeN(K)

XE[ > !UK,LHUF%,L(FG(U%U%)—f(u}?))2+v$,K(FG(U’£aU?<)—f(U’i‘())Z}]
LEN(K)

< 1" loollelloo Z > fV\aK!

n=0 KeT ‘

xE[ > IaK,L\{v%,L(FG(u%uﬁ)—f(u%))2+v2,K(FG(u2,u?<)—f(u%))Q}]
LeEN(K)
k

!
< Ciln lollelloo =57V,
which tends to 0 as h tends to 0; the constant C is the same as that in (4.3.25).

Next we estimate the term E [1 AT Qh k} . Using Cauchy-Schwarz inequality, the assumption that
divv = 0 and the weak BV estimate (4.3.25),

(B [1473"])”

_ (E LS X [ e [ @e (Vi) Wik}

n:K'Tk

2
X Z |O-K,L|{U?(,LFG(U?(?U7LL) - vszFG(uz,u}})}gp(:c,nk:)dxdt})
LEN(K)

N-1 n+1
<6 3 [ [ Gitiste P

n=0 KeT /nk
Z Z (n+D)k 1
x E / —
n—0 KeT ’ "k K]

« ((WK(t) CWik(nk) Y

2
’UK7L‘{U?(,LFG(u7IL(7uz) - UE,KFG(UTleu?()}> dt]
LeN(K)
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2 "2 2 - (nt1)k 1
<Nl lln"I3C5 lur elliaxq) * E

n=0 KeT ’"k K]

2
|0K,LHU?(,LFG(U?<7 uy) — Uz,KFG(U%7 U?{)}) dt]

x((WK() Wi (nk)) >

LeN(K)

N-1 (n+1k [ o o 2
> loxnl{vik L F9 (ufe,ul) —of  FO(up,uf)} | | dt

LeN(K)

N-1 kQ 2
<C T B ( > IUK,L\{U%,L(FG(U%U’E)—f(u}?))—vZ,K(FG(UEU”K)—f(U%))}) di

LeN(K)

N-—1 kQ
<C il Z ok Ll (Vk L + VT k)

LeN(K)

xE [ low L [{vfe L (FC (ufe, ) — f(uf))® +0f i (FC(ul, uf) — f(u}?))Q}]

which tends to 0 as h tends to 0; C is a constant which depends on ¢, n, Cy, T', ug, &, F1, F>
and Ag.

We show below that B+ — B™* > 0 almost surely. First we remark that

Z (’U?(,L - v}f,K)F"(u}%) = Z (’U}L(,L - vZK)f(u}?) = 0.

LEN(K) LeN(K)

we recall that for all K € T, F(uf, ul) = f(ul) and G(u},uf) = F"(u}). This permits
us to rewrite B"* — BhE as:

e 32 o PO ) — )~ (Glaat) = )

n= OKGT LeN (K

~ [n’(u}?)(FG(uE wie) = £(ue)) = (Gu ) ~ P ))] } [ ol mbyda,
(4.4.17)
Let K,L € T and suppose that u? < u}. We first study the sign of n/(u’%)(FE(u%,u}) —
fu)) — (G(u%,ul) — F1(u})). Using the fact that F' is a Godunov numerical flux, we know
; n ,mn n ,mn G(,m ., n) — n ,n\) — mi
;jhlft there exists s(uf, u}) € [uf,u}] suchthat F< (uf, up) = f(s(uf, uf)) = mingepn n) f(2).
us

0 (ufhe) (FC (ulfe,up) — f(ufe)) — (Gulfe,uf) — F'(uf))
= (uge) (f (s(ufe,u)) — f(ug)) = (F"(s(uf, up)) — F"(ulk))
:Li(uwmf’ () (ul)dt — Sl IAGL
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= [ ool ) - @)
s(ulult)
= [T o e+ £l ) ) o s ke )
s(ulult)
> [ et 61t 4+ (e ) 0 () = o (s )}
>0

Similarly one can show that 7/ (u%)(FY (u},u%) — f(u})) — (G(u},u}) — F(u%)) < 0. In-
deed, since u? > ul, there exists s(u?,u’%) € [u?%,u?] such that F¢(u?, ulk) = f(s(u},u?)) =
maxXeyn ,n) f(t) and we have

i) (F ) — (k) — (G i) — F )
= () (F (s ) — 7)) = (F7(s () — F ()
= [ o i) - @)

)] (4.4.18)

from which we deduce that for almost all w € (), Bhk _ B > 0.

Next we prove that for all measurable sets A, we have that E [1A(Bh’k — Bfk)} —0ash—0.
Using the fact that

Z lok Ll (Vi — o k) F"(ug) =0,

LeN(K)
we deduce that
—hk N k
BY= 5 S 3 lewal{vha(Glukou) ()

LEN(K) (4.4.19)
— v (Glu u) = F(ui))} [ plamk)da
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so that, B = T’f’k — Tg’k, where

-y ¥ | I’Z||0K,L|{v?<,L<G<u?<,uz> ~ F(uf)

n=0 (K,L)eT, (4.4.20)
_Ug,K(G(uLvuK }/ x,nk)d
and
k n n n n
S gl vl n (Glufe, ) = F7 ()
n=0 (K,L)€T, (4.4.21)
— o} (Gl i) = F(i)} [ plank)do.
Similarly,
Wk 1 (n+1)k n
By = / FM(u)v(x,t) - Vae(z, nk)dxdt
K T nk K
N- (n+1)k
= - Z/ F(uf) div|v(z, t)p(x,nk)]|dxdt
n=0 KeT nk K
N-1 (n+1)k
-y / () (e, 1) - pip(e, mh)dy (x)dt
n=0 K€T LeN (K nk OK,L
N-1 (n+1)k
= [ [ k) P v(e,) i ady (@)
n=0 (K,L)eT, *"* TK.L
N-1 (n+1)k
=Y [T [ ek P )yt - nic sy (a)d
n=0 (K,L)eT, *"* TK.L
— o g
where
S S [ aGo) - oG
v uwh,ul) —v u?,u
Y o, ok e LKL ML) T VLK GNE Uk (4.4.22)
— F(uf)v(x,t) - ng p}o(z, nk)dy(z)dt
S S [ ao) - o
v [ G(uf,ut) — vt wG(ul, ulh
g, o e LD O ML) T VLK GNE U (4.4.23)

— F(up)v(z,t) - ng 1 ho(x, nk)dy(z)dt
h.k

We need to estimate the terms ]T’fk — Tlhk| and \Tgk - T
them as follows:

To that purpose, we rewrite

ik h.k
Ty =T
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=2 > Kokil{vik o(Gluf,uf) — F'(uk)) = v} x(G(ul, ufc) — F"(ufk))}

n=0 (K,L)€Z,
1
< (et [ elynk)dy
&

+Z >k {vi 0 (G(uf, up) — F'(uk)) — v x (G(uf, uk)
0 (K,L)eZ, “°K.L

p(z,nk)dy(z)}
’UKJ/‘ OK,L

— F'(uf)) bo(x, nk)dy(z)

N— (n+1)k
= [ [ kGl )~ f kGl )
n OK,L

n=0 (K,L)eZ, *"¥

— F''ul)v(z,s) -ng }o(z,nk)dy(z)ds

= klor L{vi 1 (Gul, up) — F"(uf)) = v re (Gul, uf) — F"(uf))}

p(x,nk)dy(z)}

’UK L‘ OK,L

(n+1)k

P Y ) / | v s) mwen = @~ )] (o nk)ay(x)ds.

We also have that
Thr — rhk

=2 > hlokl{vi n(G(ufe,up) — F'(u})) — v} g (G(ul,ufe) — F"(ul))}
n=0 (K,L)eZ,

x {|2| | oty nkyy - ,UK1| / y w(x,nk)dv(w)}

+ Z Z F(u}) /n+1 /JKL [v(a:,s)-nKL — (v?(,L —vZ,K)] o(z,nk)dy(z)ds.

(K,L)EZ,

In order to estimate [T — Tlhk| and \T;’k - Tzh’k\, we need to bound the following quantities:

G(U?ouz - Fn(u?()vG(u?(aug) - Fn(urLl)
G(U7LL7U7IL{) - Fn(u?()v G(UTLL’U?() - FH(UTLL)
1 1
ol k) (@) = e [y mk)dy,
lok Ll Jox 1 |K| /K
and
N-1 (n+1)k
> OX P [ [ M) k- ks~ v )] el nk)dy (@)
n=0 (K,L)eZ, nk OK,L
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Let us start with G(ult,u}) — F"(u%). Set (K,L) € Z,; then u} > u} which implies that
f(s(ufe, u})) = max;cpn ony f(t) and hence

Gufe,up) — F(ug) = F(s(uje, uf)) — F7 (uf)
uKuL , , (4424)
—/ f'(s)ds.

First case: fs v uL)n’(t)f’(t)dt > 0. Integrating by parts, we obtain with d such that
f(d) - mlnté[s(uK,ug),u";(] f(t) :

s(u u)
[ wwrwar

=- /s:i " 0" () [F(t) = f(s(ufe,ul))dt + [ () (F(£) — f(s(ufe,ul)))]LE
< (ug)[f(ug) — f(d)] = ' (s(ulfe, up))[f(s(ufe,ul)) — f(d)]
<[ loo | f (uc) = F()] 4 N1 [l oo | f (s (i, uf ) = f(d)]
<2/ [loo| £ (s(ule, uf)) = f(d)]
SQ”"/H"O(C,d)eHcl&)i ) |F¢(d, c) — FE(d,d)],
since f(s(uf,uf)) = maxyefsun un).q £(t) = FO(d, s(u, uf)).

(ul,ul) , , o
Second case: / n'(t) f'(t)dt < 0. Similarly we have:
un

K

s(u u)
[ awrwar

n
K

- /u;z 0" (O () = f(s(ufe, wp))]de + [ (0 (F () = F(s(ufe, up )

n on s(ufu)
s(ul,ult)

0 (whe) [f (uke) — f(s(uk,ul))]

- ||"7/HOO|FG(U7I’L(7U7IL() - FG(UT;O S(U?(au?/)”

117l FC(d,c) - f(d
(Al (Cﬁd)enclaéu%)l (d,c) = f(d)],

AVARAVENV]

since f(s(uf,uf)) = maxie(sun un)un) f(1) = FC(ule, s(ule, ut)).

We deduce in both cases that we have:

!G(U%UE)—F"(U%)I§2H77'||oo o) B2 IFG(d c) = f(d)]. (4.4.25)

Similarly, one can show that for all (K, L) € Z,

IG<U%,U’}<)—F"(U%)\§2lln’Hoo max IFG(c d) — f(d)| (4.4.26)
c,d)eC(u? ul.)
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|G (ufe,uf) = F1(up)] <201l max  |[FE(d,c) - f(c)] (4.4.27)
(c,d)eC(ul,uly)

Gl ) - PO <2l max  (FO(ed) - S0 (1429
(c,d)GC(uL,uK)

1 1
We now estimate the term 7/ o(z,nk)dy(z) — —/ ©(y,nk)dy. Using the regular-
|UK L| OK,L ‘K| K
ity of ¢, we deduce the bound

1 1
‘ oo, k) (@) = [ oy, nk)dy| < 2]Vl (4.4.29)
Uk,L‘ OK,L ‘ | K
Next we estimate the term
n+1
>y e [ vt min (e = o) oo k) )

n=0 (K,L)€Z,

which is equal to

N-1 (n+1)k
> Y w0
n OK,L

n=0 (K,L)eZn k

1 (n+1)k
klok, L] Jnk

/O'KL{ v(z,s) —v(Z,t)} -ng dy(z )dt] (z,nk)dy(x)ds.

Using the regularity of v, we deduce that there exists a constant ¢(v) only depending on v,
such that

1

- < e(v)(k + h). (4.4.30)
klok.1]

(n+1)
L7 vt~ @) n s ()
nk oKL

Using the fact that divv = 0, we deduce that

(n+1)k
Lo L.
(nt+1)k 1 (n+1)k )
p— t .
/nk /aK </~c|aK,L| /UKL/ —v(z,t)} ng 7(:6))

x [p(x,nk) — (o, nk)] dy(z)ds,

{v(@,s) ng.r = (Vi 1 = vF k) e (@, nk)dy(z)ds

from which we deduce

(n+1)k
Lo [ tves) nis = (v =i ) Yele,nk)dy (o) ds
n OK,L

<e()|lplloch®klow 1.
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Therefore, there exists a constant C' which only depends on v, ¢, ug, T', Cy, a,, 7 and f, such
that

(n+1)k

NZ > ) |

— (KL)I nk

<Ch22k‘z Z |O‘KL||F77 )’

n=0 KeT LeN(K

<Ch? Z > k|oK||uf|

[ vtes) mics = (ke — v Jp(e nk) ) ds

n= OKET

C

<OnY S HKIl]
n=0 KeT

<Chllut kllwax0,1))

<Ch.
(4.4.31)

Similarly, we deduce that for some constant C which only depends on v, ¢, ug, T', Cy, o, 1
and f, there holds

N-1 (n+1)k

> Y P

n=0 (K,L)€Z,
<Ch

k

[ vl s) mics = (k= v k) ) ds

(4.4.32)

Next we compare B to BM*. We recall that B - BM* = (Tr* - k) — (T* - T3k, Us-
ing (4.4.25), (4.4.26), (4.4.29) and (4.4.31), we deduce that for some constant C' only depending
on v, @, uo, T, Og7 a, 1, f that

1

|T}1L —Thk| <szk|aKL|h<UKL max |FG(d,C)—f(d)|
=0, (edeCtu vie) (4.4.33)

+o%; max  |F%c,d) - f(d)]) + Ch.
7 (ed)eC(up uy)

It follows from (4.4.27), (4.4.28), (4.4.29) and (4.4.32), that there exists a positive constant C

only depending on v, ¢, ug, T, Cy, &, 0, f such that

N-1

h,k n

T3t 24 <0 X Y Howal(vfy  max  [FO(do) - £()
n=0 ITIL% (c,d)EC(uL,uK) (4 4 34)

+ 0% max FG e,d) — f(c >-|-C’h_
r (C»d)EC(uz,u’;{)’ (c,d) = f(c)]

Combining these two inequalities and using the weak BV estimates (4.3.25) and (4.3.26), we
deduce that for some positive constant C' only depending on v, ¢, ug, T', Cy, &, 1, f for almost
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all w
B"" — Bl
N-1
<C > > klok.rlh
n=0 TRk
X | v max FC(d,c) - f(c)| + max FC(d,c)— f(d (4.4.35)
(vhadmox | [FOe) = fle)l+  max  (FO(d.c) — f(d)}

oy max  FOed) = @[+ max  1FO(ed) = f(@}) + Ch

c,d)eC(uf ul) (c,d)eC(uf ul)

<Chs3.
We conclude that for all measurable sets A, E [I,L\(Eh’lg — B?k)] —0as h—0.

In order to show the convergence of the finite volume scheme, we apply the following result,
which states that any general monotone numerical flux can be split into the sum of a Godunov
flux and a modified Lax-Friedrichs flux (also known as Rusanov flux).

Lemma 4.13 [9] Any numerical monotone flur F (i.e. any numerical flur satisfying Defi-
nition 4.3) can be written as a convex combination of a Godunov flux and a modified Laz-
Friedrichs flux as follows: For any a,b € R, there exists 6(a,b) € [0,1] such that

F(a,b) = 0(a,b)F(a,b) + (1 —0(a,b))F5E (a,b), (4.4.36)
where F¢ is a Godunov flur (cf. (4.4.8)) and F5F is a modified Lax-Friedrichs fluz with

parameter D = max(Fy, Fy) satisfying:

FEF (a,b) = W —D(b—a). (4.4.37)

Note that since D is fixed independently from a and b, FﬁF s a fluz-splitting type scheme.

Proof. We give the proof in the case that a < b, the case that b < a can be proved similarly. If
a < b, one has F%(a,b) = f(c) where c € [a,b] is such that f(c) = min{f(d),d € [a,b]}. Then
using the fact that F'(c,¢) = f(c) and the monotonicity properties of F', one deduces that

F(a,b) < F(c,b) < F(c,c) = f(c) = F9(a,b).
On the other hand, the property 2 of Definition 4.3 implies
F(avb) > F(ava) —F- (b_a) > f(a) -D- (b_a)

and
F(a,b) > F(b,b)—F,-(b—a) > f(b) —D-(b—a).

Adding this two inequalities leads to

1
F(a,b) > o (f(a) + (b)) = D~ (b—a) = F" (a,b).
Therefore F(a,b) is a convex combination of F%(a,b) and F5F(a,b), which concludes the
proof of Lemma 4.13.
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Lemma 4.14 Lemma 4.11 holds for a general monotone flux F', with the same assumptions.

Proof. In order to adapt the proof of Lemma 4.11 where we have used the fact that F' was
Godunov numerical flux, we use the decomposition

F(a,b) = 0(a,b)F(a,b) + (1 —0(a,b))F5" (a,b).

First we give a definition of the entropy numerical flux G, which uses the above decomposition:
for all a,b € R

G(a,b) = 0(a,b)G%(a,b) + (1 —0(a,b))GE (a,b),
where G%(a,b) = F"(s(a,b)) and GEF (a,b) = w —D(n(b) —n(a)). In order to prove
that B"* — Bk > 0 almost surely, we split the sum into two terms:
Bhk _ phk

= Z Z > 0(ufe, up) { v o (uhe) (FC (ufe, ) = F(ufe)) = (GO (e, uf) — F7(uf))]

n= OKET LeN(K)

ol o (u5e) (P (g ) = () = (GO i) = F(ui))]} [ ol k)

+ZZ| > (1= 0(ujup)

n=0 KeT LeN( )
x {vhe o[ (whe) (FBT (wle, uf) = f(ufe)) = (GB (whe, uf) = F7(uf))]

— o gl i) (P (i) = (i) = (G (i) = F(ui))]} [ o(amb)da

In order to treat the first sum, we apply the same argument as in the proof that Bk Bk >0,
whereas the second term can be dealt by using similar argument to the one used in the proof
of Proposition 4 of [8], since we recall that the modified Lax-Friedrichs scheme belongs to the
family of flux-splitting schemes. For example, considering n'(u%)(F5F (uf,u?) — f(u%)) —
(GB (ue,u) — F7(uf)),
LF LF
' (uk)(Fp" (ui,up) — f(uk)) = (Gp (uhe,up) — F(uk))
1

=n’(U?<)(5(f(un )+ f(uf)) — D(up — uf) — f(uk))

~ (5 (P (u) + F7(u)) = Dln(u) = () — F(u)
= (i) (G R) = F(aie)) = Dl = i) ) = (5 (F" () = F7(ui)) = D) = (i) )

:/( wic =1/ () (576 = D) ) ds
h,k

In order to prove that for all measurable sets A, E [1 A(B
0, we split again the sum into two parts:

—h,k
B"" — Bk

— B?k)] tends to 0 as h tends to
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4. A FINITE VOLUME SCHEME FOR A FIRST ORDER CONSERVATION LAW WITH A NON-MONOTONE
FLUX FUNCTION INVOLVING A QQ-WIENER PROCESS

|K]/ Z O(uf,ut )oK, L

X {UK,LG (UK,UL) - UL,KGG(uLa U?{)} ‘P(%”k)dxdt

N-1 (n+1)k
+ / / Z (W, up)E"(up)v(z, t) - Veo(x, nk)dzdt
n=0 KeT ’nk Card LeEN (K
N-1 (n+1)k 1
+ / / Z O(ug,up))|ok Ll
n=0 KeT "k K] LEN (K

X {UK,LGD (uKa UL) - UL,KG%)F(UEU?()} 90(% nk?)dxdt

N-1 (n+1)k
2> /nk Card( / Le%% . (1 = O(ufe, up)) " (ug)v(z,t) - Vop(z, nk)dzdt

To conclude, in order to treat the sum of the first two terms, we apply a similar argument as

in the proof that Bhk _ Bk > 0, whereas the sum of the third and the fourth term can be
dealt by using similar arguments as the one used in the proof of Proposition 4 of [8], since the
modified Lax-Friedrichs scheme belongs to the family of flux-splitting schemes.

We can then deduce from the discrete entropy inequality 4.11 the following Continuous entropy

inequality

Lemma 4.15 (Continuous entropy inequality on the discrete solution) Assume that hypotheses

_ T
(H) hold. Let T be an admissible mesh in the sense of Definition 4.2, N € NT | let k = N
be the time step and assume that

k
7 —0ash—0. (4.4.38)

Then P —a.s in Q), for all n € A and for all p € C:

/ n(up)e(z,0) dx+/ / (ur ) Orp(z,t) dxdt+/ / F'urk)v - Vep(z, t)dzdt
/ / (ur )9 (ur i) p(x, ) dWr(z, t)d

+ - Z)\ // (ur k) g* (ur 1) p(, t)e2, (v)dzdt

Rk,h
(4.4.39)
where for all P-measurable set A, E [lAﬁk’h} —0ash—0.
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4.4. Convergence of the scheme

Proof. The main difference with the proof of Lemma 3.14 is the definition of the term F" in
the definition of the term I3,

T
Iy=F {1/4 ( | [ Py Vgt tydude
0 T

_ Z Z /n+1 / F'urk)v-Vap(z, nk:)d:ndt)]

n=0 Ke7 ’nk

The main idea is to use the fact that f is Lipschitz continuous with Lipschitz constant C'y and
that f(0) = 0. Indeed

T
E [1,4 (/ / F'ug )V - Vap(z, t)dadt
0 JTd
N-1 (n+1)k

— Z Z / Fl(ug)v - Vyp(z, nk‘)dxdt)”
N-1 n+1)k
= 'E [1,4 (Z / - / Fl(ug)v- (Vae(z,t) — Vxnp(x,nk:))dxdt>H
= KeT

N-1 (n+1)k
vy [ KB ) ) [Vl cht
n KeT

Iy =

n=0 k
N—-1
VI ool Vaprllook 3k 37 K B[]
n=0 KeT
N—-1
VOt oo IVaertllock D k> IK|E[Juf]]
n=0 KeT

VO [loolVaptllook - A/ TIT ur k| L2(0xTax (0,7
—0as h—0.

As a conclusion, we have proved the following result

Theorem 4.16 (Convergence to a measure-valued entropy solution of Problem (4.1.1)) As-
sume that hypotheses (H) hold. Let T be an admissible mesh in the sense of Definition 4.2,

T
NeNt | letk = N be the time step and assume that

k

7 —0as h—0. (4.4.40)
There exist a function u € N2(0,T,L*(T? x (0,1))) N L>®(0,T; L2(Q x T x (0,1))) and a
subsequence of {ur i} which we denote again by {wr y} such that {ur} converges to u in the

sense of Young measures. Moreover u is measure-valued entropy solution of Problem (4.1.1)
in the sense of Definition 4.1.
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Appendix A

Synthese

Ecole doctorale

un'VerS|té | de mathématiques

PARIS-SACLAY i Hadamard (EDMH)

Titre: Méthodes de volumes finis pour des équations aux dérivées partielles déterministes et
stochastiques

Ecoulements a densité variable en milieu poreux

Nous considérons un milieu poreux contenant a la fois de I’eau douce et de 'eau salée; plus
précisément nous étudions un systeme couplé décrivant l'interaction entre ’écoulement et le
transport dans un milieu poreux. Nous résolvons le systéme suivant

q= —k(vp —plc)g) dans ID x (0,7),
8/{;(; + V- (qp(c)) =0 dans D x (0,7, (A.0.1)
Qﬁp(gj)c) +V. (qp(c)c — p(c)DVc> =0 dans D x (0,7).

avec les conditions initiales et les conditions aux limites correspondantes. La porosité & est
le rapport des vides (espaces vides) sur le volume total. Dans la premiere équation (A.0.1),
la loi de Darcy, q est la vitesse de lécoulement, p la pression, k la perméabilité, u la viscosité
dynamique, et g la gravité.

Une caractéristique essentielle du schéma SUSHI est qu’il permet d’utiliser des éléments de vol-
ume qui ne se correspondent pas. En particulier, nous pouvons appliquer un maillage adaptatif
de carrés ou de cubes de différentes tailles dans les tests numériques. Les fonctions inconnues
varient fortement dans certaines parties du domaine alors qu’elles sont presque constantes
ailleurs. Nous raffinons le maillage dans les régions de fortes variations des fonctions inconnues
alors que nous fusionnons des éléments dans les zones ou elles ne subissent que de faibles vari-
ations. Ceci permet de réduire le nombre des inconnues (qui dépendent du nombre d’éléments
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et de cotés d’éléments de volumes) et de diminuer le temps de calcul. Apres chaque raffinement
ou déraffinement, nous devons nous appuyer sur de nouvelles données pour le maillage et pour
les fonctions inconnues.

Nous effectuons des simulations numériques pour le probleme d’une interface en rotation, le
probléme de Henry en dimension deux d’espace et le probléme de bassin salé (saltpool) en
dimension trois d’espace, en nous inspirant de calculs effectués par Hilhorst-Vu Do-Wang [37]
a ’aide méthode de volumes finis standard.

Dans une deuxiéme partie nous prenons également en compte le transfert de chaleur. La chaleur
peut étre récupérée a partir de ’eau souterraine. Selon ’application, la chaleur récupérée peut
étre utilisée pour la production de chaleur ou pour la production d’électricité. Le chauffage
géothermique permet a la fois de remplacer le chauffage conventionnel et la production d’eau
chaude. Nous étudions un systeme couplé décrivant l'interaction entre ’écoulement et le trans-
port dans un milieu poreux, ou la densité et la viscosité dépendent de la concentration des
especes a transporter, aussi bien que de la température. Plus précisément, nous résolvons
un systeme de trois équations paraboliques non linéaires pour la concentration de sel C, la
température @ et la charge hydraulique h.

Un logiciel commercial tres utilisé pour la simulation du transport d’un soluté multi-especes et
du transport de chaleur est le code SEAWAT [48]. Il combine les logiciels MODFLOW pour le
calcul de I'écoulement et MT3DMS pour la résolution numérique des équations de transport
de soluté. Le couplage entre I’écoulement et le transport est effectué a ’aide de résolution
successives de 1’équation pour ’écoulement par MODFLOW et de I'équation de transport
par MT3DMS. Les deux logiciels MODFLOW et MT3DMS s’appuient sur une méthode de
différences finies et la solution est donnée par les valeurs moyennes assignées au centre de
chaque maille. Le logiciel SEAWAT utilise également cette structure.

Nous proposons un code unique qui utilise la méthode de volumes finis généralisée fini SUSHI.
Les éléments de volume, en dimension d’espace deux ou trois, peuvent étre tres généraux et la
structure du programme est beaucoup plus simple puisqu’elle s’appuie sur un code unique au
lieu de deux codes couplés. Nous montrons les résultats de premiers tests numériques en fin de
chapitre. Nos calculs portent sur un modele proposé dans la documentation de SEAWAT. Le
domaine spatial est donné par une section transversale bi-dimensionnelle d’un aquifére captif
coOtier initialement saturé d’eau de mer relativement froide a la température de 5 °C. De 'eau
douce plus chaude a la température de 25°C' est injectée dans 'aquiféere cotier le long de la
frontiere de gauche pour représenter le flux d’eau provenant de l'intérieur des terres. L’eau
douce chaude s’écoule vers la droite jusqu’a atteindre la frontiere avec l'océan. La frontiére
de 'océan est soumise a des conditions hydrostatiques basées sur la densité de fluide calculée
a partir de la salinité de ’eau de mer a 5 °C. Des conditions de flux nul sont assignées aux
limites supérieure et inférieure du domaine. Ce probléme est une représentation simplifiée de
ce qui pourrait se produire dans une plate-forme cotiere de carbonate. Nos résultats sont tres
proches de ceux de SEAWAT.



Il s’agit d’un travail en collaboration avec Danielle Hilhorst et Huy Cuong Vu Do.
Simulations numériques de 1’équation de Burgers stochastique

Nous effectuons une étude numérique de ’équation de Burgers non visqueuse avec un terme
source stochastique. Nous considérons le probleme sur le tore de dimension un, avec des
conditions aux limites périodiques et une condition initiale prescrite

ou 0 [u?

ou le terme source stochastique g est de moyenne spatiale nulle: / gdx = 0. Nous appliquons
1

un schéma de volumes finis combinant une intégration en temps de type Euler-Maruyama avec
le flux numérique de Godunov.

Nous présentons des résultats de simulations numériques effectués a 1’aide de la méthode de
Monte-Carlo. Comme le terme source G}’ est stochastique, nous effectuons un certain nombre
de réalisations pour chaque « et [ fixés. Nous comparons les résultats de réalisations uniques
et la moyenne empirique des réalisations avec la solution numérique déterministe (¢ = 0).
Les résultats numérique montrent que pour une seule réalisation, quand 'amplitude a est
grande, la solution est dispersée autour de la solution déterministe; d’autre part, le terme
source stochastique posséde un effet de diffusion qui lisse le choc de la solution déterministe, et
plus 'amplitude « est grande, plus l'effet de diffusion est fort. Nous obtenons également des
résultats numériques en temps long, et observons que pour « et § fixés, la moyenne empirique
converge vers la moyenne en espace de la condition initiale. Quand « et 8 sont plus grands, la
moyenne empirique converge vers cette valeur plus vite. La variance empirique se stablise vers
une valeur qui dépend de « et 3; plus « est grand et § est petit, plus cette valeur asymptotique
est grande.

Ce travail a été écrit en collaboration avec Emmanuel Audusse, Sébastien Boyaval et Danielle
Hilhorst [3].

Convergence d’un schéma de volumes finis

Un sujet d’intérét essentiel est la convergence de méthodes numériques pour la discrétisation
de lois de conservation stochastiques. Nous étudions le probléme

{du +div(vf(u))dt = g(u)dW (z,t), dans Qx T x (0,T), (A.0.3)

u(w,x,0) = up(x), pour tout w € O,z € T?,

Apres avoir présenté la définition d’une solution faible entropique & valeur mesure du probléme
(A.0.3), nous appliquons une méthode de volumes finis avec un schéma amont pour la discrétisa-
tion de ce probleme, et nous notons {ur x} la solution discrete. Nous présentons des estimations
a priori pour le terme source discret et pour la solution discrete {u7 ;} ainsi qu'une estimation
BV faible. Puis nous prouvons deux inégalités entropiques vérifiées par la solution discrete
apres l'avoir interpolée en temps. Nous démontrons que {ur;} admet une sous-suite qui
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converge vers une solution faible entropique & valeur mesure au sens des mesures de Young
quand le diametre maximal des éléments de volume et le pas de temps tendent vers zéro. Ce
travail étend des travaux de Bauzet-Charrier-Gallouét [8] dans lequel ils considérent une loi
de conservation avec un terme source multiplicatif faisant intervenir un mouvement Brownien
unidimensionnel.

Il s’agit d’un travail en collaboration avec Tadahisa Funaki, Danielle Hilhorst et Hendrik We-
ber.



Appendix B

Glossaries

T¢: d-dimensional torus
ID: Space domain in the numerical tests

(T,E,P): A space discretisation with the set of control volumes T, the set of the edges
£ and the set of points P

(Q, F,P): Probability space which consists of the sample space (), the set of events F,
and the probability measure P

E[Y]: Expectation of random variable YV
Var[Y]: Variance of random variable Y

N (p,0?): Gaussian distribution with expectation p and variance o, the corresponding
1 (z—p)?

(& 202
2

probability density function is given by f(z) =
e

ii.d: A sequence of random variables is independent and identically distributed (i.i.d)
if each random variable has the same probability distribution as the others and all are
mutually independent.

Card(A): Cardinality of the set A, i.e. the number of elements of set A.

14: Characteristic function of the set A, i.e. 14(z) = 1, if z € A and 14(z) = 0,
otherwise.

IN, Z, R: natural, integer and real numbers

INT, Z*, R": positive natural, positive integer and positive real numbers
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