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Abstract

We study here explicit flux-splitting finite volume discretizations of multi-dimensional nonlinear scalar
conservation laws perturbed by a multiplicative noise with a given initial data in LZ(Rd). Under a sta-
bility condition on the time step, we prove the convergence of the finite volume approximation towards
the unique stochastic entropy solution of the equation.
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1 Introduction

We are interested in the Cauchy problem for a nonlinear hyperbolic scalar conservation law in d space
dimensions with a multiplicative stochastic perturbation of type:

{ du + div(vf(u))dt g(w)dW in QxR x (0,7),

u(w,z,0) = wuo(z), weQ,zeR?, (1)

where div is the divergence operator with respect to the space variable (which belongs to Rd), dis a
positive integer, T' > 0, v € R? and W = {Wi, F4;0 < t < T} is a standard adapted one-dimensional
continuous Brownian motion defined on the classical Wiener space (§2, F, P). As mentioned by [Kim06],
by denoting Q = R? x (0,T) this equation has to be understood in the following way: for almost all w in
Q and for all ¢ in D(Rd x [0,7))

/ﬂ;d uo(z)p(x,0)dr + /Q u(w, z,t)0rp(z,t) + v f(u(w,z,t)).Vap(z,t)dxdt

- [Q fotg(u(w,x,S))dW(s)Btgo(x,t)dxdt. -

In order to relieve the presentation of the paper, we omit the variables w,z,t and write u instead of
u(w, z,t).

Note that, even in the deterministic case, a weak solution to a nonlinear scalar conservation law is
not unique in general. The mathematical stake consists in introducing a selection criterion in order to
identify the physical solution. In the present work we consider a stochastic version of the entropy condition
proposed by KRUZHKOV in the 70s, the one used in [BVW12] and presented in Section

We assume the following hypotheses:

Hi: uo € L2(RY).
Hy: f:R — R is a Lipschitz-continuous function with f(0) = 0.
Hs: g:R — R is a Lipschitz-continuous function with g(0) = 0.

Hy4: g is a bounded function.
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Remark 1 (On these assumptions)

. Hi to Hz are used in [BVWIZ] to prove the well-posedness of Problem and also to show all the
results presented in this paper. Note that one can assume by convenience that f(0) =0 without loss
of generality.

. 9(0) =0 is a technical condition coming from [BVWI2] and is also used in the present work to show a
priori estimates on the finite volume approximate solution.

. Hy is probably a technical assumption, it is particularly used in the proof of Proposition[]] to show the
convergence of the term denoted Sg’k. As a consequence, it is also implicitly required to ensure the
validity of the main result of the paper stated in Theorem[3

1.1 Former results

Only few papers have been devoted to the study of scalar conservation laws with a multiplicative stochas-
tic forcing. Let us mention the work of FENG-NUALART [ENOQS]|, where the authors introduced a notion of
strong entropy solution in order to prove the uniqueness of the entropy solution. Using vanishing viscos-
ity and compensated compactness arguments, they established the existence of strong entropy solutions.
Note that the use of compensated compactness arguments reduced their study to the one-dimensional
case and to genuinely nonlinear flux functions. The authors concluded to the uniqueness of stochastic
entropy solution by comparing a strong entropy solution with a stochastic entropy solution.

In the recent paper of CHEN-DING-KARLSEN [CDK12]|, the authors proposed a generalization of the work
of FENG-NUALART to the multi-dimensional case. They identified a class of nonlinear stochastic balance
laws for which uniform spatial BV bound for vanishing viscosity approximations can be achieved. More-
over they established temporal equicontinuity in L' of the approximations, uniformly in the viscosity
coefficient. They particularly proved that this stochastic problem is well-posed by using a uniform spatial
BV-bound.

Using a kinetic formulation, DEBUSSCHE-VOVELLE [DV10] proved the first complete well-posedness re-
sult for multi-dimensional scalar conservation laws set in a d-dimensional torus and driven by a general
multiplicative noise. As an extension of this work, in a recent paper HoFrMANOVA [Hofl4] presents a
Bhatnagar-Gross-Krook-like approximation of this problem. Using the stochastic characteristics method
the author establishes the existence of an approximate solution and shows its convergence to the kinetic
solution of [DV10].

Under assumptions H; to Hs and by the way of Young measure-valued solutions, BAUZET-VALLET-
WitTsBoLD [BVW12] proved a result of existence and uniqueness of the solution to the multi-dimensional
Cauchy problem in L2(Q x Q). Since the method consists in comparing a weak measure-valued entropy
solution to a regular one (the viscous solution in this case) and not to a strong one, the authors could
consider very general assumptions on the data. In the present work, we will use their theoretical results.

In BAUZET-VALLET-WITTBOLD [BVW14] the authors investigated the Dirichlet Problem for equation (1
set in a bounded domain D of R? with homogeneous boundary conditions. They proved a result of exis-
tence and uniqueness of the stochastic entropy solution by using the concept of measure-valued solutions
and Kruzhkov semi-entropy formulations.

Concerning the study of numerical experiments for scalar conservation laws with multiplicative noise,
there is also, to our knowledge, few papers and none of them proposes a convergence study for a space
and time discretization of the problem. Let us cite the work of HOLDEN-RISEBRO [HROI| where a time-
discretization of the equation is proposed by the use of an operator-splitting method. They proposed a
result of pathwise convergence to prove the existence of pathwise weak solutions to the Cauchy problem
for in the one-dimensional case.

In the recent paper of BAUZET [Bauld], a generalization of the work of HoLDEN-RIsEBRO [HRI]] is pro-
posed in a bounded domain D of R?. The author proved that the pathwise weak solution obtained in
[HR91] is the unique entropy weak solution of the stochastic conservation law and that the whole sequence
of approximation given by the time-splitting scheme converges in L? (2x Q) for any finite p. As previously,
the convergence study only concerns a time-discretization of the equation. Note that the main result of
such a paper is obtained by using the theoretical study of BAUZET-VALLET-WITTBOLD [BYWI4].

Let us mention the paper of KROKER [Kro08| where the author studied well-posedness of a scalar conser-
vation law perturbed by an additive random noise term. In a first part, they proposed a full time-space
finite volume method in one and two spatial dimensions but without any convergence study. In a second
part, numerical experiments are realized on a few model problems. Note that the stochastic (Itd) part of
the equation is approximated by the Euler-Maruyama method.

In the recent work of KROKER-ROHDE [KR12| the authors were interested in a method of handling the
finite volume schemes for the approximate solution of the Cauchy problem for a hyperbolic balance law
with random noise and investigated on a space-discretization of the equation. For a class of strongly
monotone numerical fluxes they established the pathwise convergence of a semi-discrete finite volume



solution towards a stochastic entropy solution. The main tool was a stochastic version of the compen-
sated compactness approach. It avoids the use of a maximum principle and total-variation estimates but
restricts the study to the one-dimensional case and to the use of genuinely nonlinear flux functions.

1.2 Goal of the study and outline of the paper

The aim of this paper is to fill the gap left by the previous authors by introducing a convergence result
for a both space and time discretization of multi-dimensional nonlinear scalar conservation laws forced by
a multiplicative noise. More precisely, under assumptions H; to Ha, we introduce a flux-splitting finite
volume scheme for the discretization of Problem and show that the finite volume approximate solution
converges in LY (Qx @) for all 1 <p <2 to the unique stochastic entropy solution of the equation.

Note that the main difficulty of this study is to choose suitable tools of the finite volume framework
compatible with the stochastic one and the restrictions brought by the noise. As we will see thereafter,
there is essentially three main constraints to keep in mind:

. Firstly, the use of classical Kruzhkov’s entropies seems difficult for the discrete entropy inequalities
since the stochastic version of the entropy formulation contains a new term involving the second
order derivative of the entropy (see Definition . Although this new term is nonnegative, it is
unfortunately not in the good side of the inequality and can’t be removed of the formulation. In
this way, passing to the limit as in the deterministic case to get a formulation with Kruzhkov’s
entropies is not possible here. This point restricts the available technics of the deterministic finite
volume framework to the one involving smooth entropies. Hence we followed some ideas of the paper
of CHAMPIER-GALLOUET-HERBIN [CGH93| and adapted them to the stochastic case to show the
convergence of the method. In such a paper, the authors were interested in the discretization of a
nonlinear hyperbolic equation and proved the convergence of the solution given by an upwind finite
volume scheme towards the unique entropy weak solution of their problem using smooth entropies.

. Secondly, due to the construction of the Itd integral, an explicit discretization of the noise term seems
to be a more natural choice than an implicit one, see Remark [7]

. Thirdly, note that since the increments of the Brownian motion are not L, even if ug € L™ (R?) a
L7 .+ bound for the finite volume approximate solution is not possible, see Remark

The paper is organized as follows. In Section [2] we recall the definition of a stochastic entropy solution for
(1)) proposed in [BVW12] and the main result of their paper. In Sectionwe define the flux-splitting finite
volume scheme used to approximate the stochastic entropy solution of Problem , Then, we give the
main result of this paper, which states the convergence of the approximate solution towards the unique
stochastic entropy solution of the equation. We also give a few examples of classical flux-splitting finite
volume schemes. The remainder of the paper is devoted to the proof of this convergence result. For the
sake of readability, the proof will be established only in the case of a nondecreasing flux function f, which
leads to an upwind finite volume scheme. But the extension to the case of a general flux-splitting scheme
is straightforward. In Section [4] we present firstly the upwind finite volume scheme used to approximate
the solution of our problem. In a second time, several preliminary results satisfied by the finite volume
approximate solution denoted wy ) are stated. Then in Section [5| we present a result of convergence of
uT,, towards the unique stochastic entropy solution of Problem (1)).

1.3 Notations

First of all, we need to introduce some notations and make precise the functional setting.

. Q=R¥x(0,7).

. Throughout the paper, we denote by Cy and Cy the Lipschitz constants of f and g.

. |z| denotes the euclidian norm of z in R* and z.y the usual scalar product of & and y in R

. Forp=1,dor d+1, ||.||~ denotes the L*(R?) norm.

. V =|v| € R denotes the euclidian norm of v in R%.

. EJ[.] denotes the expectation, i.e. the integral over Q with respect to the probability measure P.

. D" (R?x[0,T)) denotes the subset of nonnegative elements of D(R? x [0,T)).

. For a given separable Banach space X we denote by NE(O,T,X ) the space of the predictable X-
valued processes (cf. DA PraTo-ZaBczYK [DPZ92] p.94 for example). This space is the space
L2((O,T) x Q,X) for the product measure dt ® dP on Pr, the predictable o-field (i.e. the o-field
generated by the sets {0} x Fo and the rectangles (s,¢] x A for any A € Fy).

If X = L*(R%), one gets that N2(0,T, L*(R%)) c L*(Q x Q).

. A the set of any C*(R) convex functions such that the support of n” is compact. Note that it implies
in particular that " and 1’ are bounded functions.



. F" denotes the entropy flux defined for any a € R and for any smooth function 7 € A by
a
F"(a) = f n'(0)f'(0)do. Note in particular that F” is a Lipschitz-continuous function.
0

2 The continuous problem

Let us recall the definitions and the result introduced in the paper of BAUZET-VALLET-WITTBOLD
[BVWT12|. These results are obtained under hypotheses H; to Hs.

Definition 1 (Stochastic entropy solution)

A function u of N2 (O,T, LQ(Rd)) nL” (O,T; LQ(Q x Rd)) is an entropy solution of the stochastic scalar
conservation law with the initial condition uo € L*>(R?), if P-a.s in Q, for any n € A and for any
peD"(R*x[0,T)

0 < /Rdn(uo)cp(:c,O)dm+/;zn(u)atga(m7t)dxdt+_[QF"(u)VAVch(x,t)dxdt

+/(;T/H;d ﬂ/(u)g(u)@(x,t)d:ch(t)+%/(;gQ(u)n”(u)@(x7t)d$dt_

Remark 2 As mentioned in Section the stochastic version of the entropy inequalities limits ourselves
to the use of smooth entropies. Indeed, one is not able to get a formulation with Kruzhkov’s entropies due
to the second order term [, g>(w)n” (u)edxdt.

Remark 3 Any entropy solution in the sense of Definition[]] is a weak solution, i.e. it satisfies the weak
formulation (See [BYW12] Remark 2.6 p.669).

For technical reasons, as in [BVWI12|, we also need to consider a generalized notion of entropy solution.
In fact, in a first step, we will only prove the convergence of the approximate solution to a measure-valued
entropy solution. Then, thanks to the result of uniqueness stated in Theorem [I] we will be able to deduce
the convergence of the approximate solution to the unique stochastic entropy solution of .

Definition 2 (Measure-valued entropy solution)

A function u of N2 (O, T, L? (Rd x (0, 1))) n L™ (O,T; L2(Q x R? x (0, 1))) 18 a measure-valued entropy
solution of the stochastic scalar conservation law with the initial condition ug € L? (Rd), if P-a.s in §Q,
for any n e A and for any ¢ € ’D*(Rd x [O,T))

0 < .[Rd n(uo)gp(az,O)dm+fQfoln(u(.,ﬂ))@tcp(x,t)dﬂdxdt+_[QfolF"(u(.,B))v.vxnp(x,t)dﬁda:dt
[0 L st e ndsdsav (@ + 5 [ g el 8)) e, pdade.

And the main result of [BVW12] is

Theorem 1 Under assumptions Hi1 to Hs there exists a unique measure-valued entropy solution for the
Problem and this solution is obtained by viscous approximation. Moreover, it is the unique stochastic
entropy solution in the sense of Definition[d]

Remark 4 The unique stochastic entropy solution of Problem given by Theorem satisfies the initial
condition in the following sense: for any compact set K ¢ R?

ess lim [/ lu(w, z, t) - uo(:v)|dx:| =0,
>0+ K

see [BVWI2] Remark 2.7 p.670.

Remark 5 Following VALLET [Val08] Section 6.1, if we assume in addition the following hypotheses
(i) 0<uo(z) <1 for almost all x in R

(ii) suppgc[0,1].

then we can show that 0 < u < 1. Indeed, thanks to the Ité formula, this mazimum principle is direct for
the viscous solution u., then it is conserved at the limit for w.

3 Main result

In the sequel, assume that assumptions H; to Hs hold. Let us first give a definition of the admissible
meshes for the finite volume scheme.



3.1 Meshes and scheme

Definition 3 (Admissible mesh) An admissible mesh T of R for the discretization of Problem is
given by a family of disjoint polygonal connected subset of R such that R? is the union of the closure of the
elements of T (which are called control volumes in the following) and such that the common interface of any
two control volumes is included in a hyperplane of R, It is assumed that h = size(T) = sup{diam(K), K ¢
T} < oo and that, for some a € RY, we have

ahl<|K|, and |9K|<L1h%, VKT, 3)
«

where we denote by
. OK the boundary of the control volume K.
. |K| the d-dimensional Lebesgue measure of K.
. |0K| the (d - 1)-dimensional Lebesgue measure of OK .
. Ek the set of interfaces of the control volume K.
. N(K) the set of control volumes neighbors of the control volume K.
. K|L the common interface between K and L for any L e N(K).
. & the set of all the interfaces of the mesh T .
. |o| the (d - 1)-dimensional Lebesque measure of the interface o, for any o € £.

. NK,o the unit normal to interface o, outward to the control volume K, for any o € Ex .

Consider an admissible mesh 7 in the sense of Definition [3] In order to compute an approximation of u
T * . -1
on [0,7] we take N € N* and define the time step k = Ve R}. In this way [0,T] = | [nk, (n+ 1)k].

n=0
The discrete unknowns are uf, n € {0,...,N -1}, K € T. The set {u%,k € T} is given by the initial
condition,

1
0 _
Ug = I /Kuo(a:)da:,VKe T. (4)

The equations satisfied by the discrete unknowns u%, n € {0,..., N-1}, K € T, are obtained by discretizing
Problem . For the discretization of such a problem, we consider the following flux-splitting finite volume
scheme: we write f as the sum of a nondecreasing function denoted f; and a nonincreasing one denoted f2
(note that such a decomposition is always possible, since the flux-function f is supposed to be Lipschitz-
continuous):

For any K € T, any n € {0,..., N -1}

K n n n n - n n
Bl —upy e 3 lol| (v (fi(ui) + fo03)) - (vonseo) (i) + fa(ui)

oe&

o=KIL (5)

n Wn+1 —W"
- [Klg(ui)

where W™ := W(nk) Vn € {0,...,N —1}. The approximate finite volume solution w7 ; may be defined on
QO xR*x[0,T) from the discrete unknowns u%, K € T, n € {0,..., N — 1} which are computed in :

ur p(w,z,t) =uk forweQze K and t € [nk, (n+ l)k)7 (6)

where {u%, K € T} is determined by .

Remark 6 (On the measurability of the approximate finite volume solution) Let us mention
that using properties of the Brownian motion, for all K in T and all n in {0,..,N -1}, uk is Fpk-
measurable and so, as an elementary process adapted to the filtration (Ft)is0, Tk 15 predictable with
values in L*(R?).

Remark 7 (On the explicit choice in the stochastic integral) We chose in the present work an
explicit discretization for the stochastic term, as it is generally done for the discretization of SDEs and
SPDEs. Note that with an implicit discretization of such a term, the scheme may be ill-posed if g is
nonlinear.



3.2 Main result

We now state the main result of this paper.

Theorem 2 (Convergence to the stochastic entropy solution) Assume that hypotheses H1 to Hy
hold. Let T be an admissible mesh in the sense of Deﬁmtion@, N eN" and k=% € R} be the time step.
Let ur ) be the finite volume approximation defined by (@ and @ Then ut ) converges to the unique
stochastic entropy solution of in the sense of Deﬁm’tion in LT (2xQ) for any p<2 as h tends to
0 and k/h tends to 0.

Remark 8 Under the CFL condition
2
a“h
k<(1-8)—— 7
(-O¢7 (™)

one gets for & = 0 the Lf"Li,x stability of wr i stated in Proposition p@, and for some & € (0,1) the
“weak BV estimate stated in Proposition@p@ In the deterministic case, condition @ for some € € (0,1)
is sufficient to show the convergence of wr i to the unique entropy solution of the problem, whereas in the
stochastic case this condition doesn’t seem to be sufficient to show the convergence of the scheme, that is
why we assume the stronger assumption k/h — 0 as h — 0. Note that this hypothesis on k/h is perhaps
technical, and as mentioned above, it is not needed for the deterministic case (that is g =0). It is used
here for proving the convergence to 0 of two new terms (denoted respectively Tlhk and TQhk in the proof
of Proposition 4) brought in the discrete entropy formulation by the stochastic noise. It is a quite weak
hypothesis (with respect to the usual deterministic CFL condition @), since k[h can goes to 0 as slowly
as we want, and unfortunately we are not able to see, by using numerical simulations, if it seems to be a
necessary condition.

Remark 9 This theorem can easily be generalized to the case of a stochastic finite dimensional perturba-
tion of the form g(u).dW where g takes values into R and W is a p-dimensional Brownian motion.

Since every Lipschitz-continuous function can be decomposed as the sum of a nondecreasing function
and a nonincreasing one, for the sake of readability we will only prove this theorem in the case where
the flux f is a nondecreasing Lipschitz-continuous function. In this case, the Scheme leads to an
upwind finite volume scheme (see Equations (8)). Note that the extension of the proof to the case of
a general Lipschitz-continuous flux function is straightforward. Some preliminary results on the upwind
finite volume approximate solution will be established in Section [ and the proof of Theorem [2] will finally
be given in Section

3.3 Examples of flux-splitting finite volume schemes

Here are some classical examples of “flux-splitting schemes” for which the convergence result of the present
paper holds:

e The most simple example corresponds to the case where the flux function f is monotone, which
leads to an upwind scheme, see Equations below.

e The Engquist-Osher scheme concerns a convex or concave flux-function f. In this case either f is
monotone and it comes down to the previous case, or f’ vanishes in a unique interval of R. In the
second case R is the union of two intervals and f is monotone on each of them, which leads to a
natural splitting.

e The modified Lax-Friedrichs scheme in the sense of [EGH00|, whose generalization in the case of an
hyperbolic system is called the Rusanov scheme, corresponds to a decomposition of the flux in the
following way: f = f1 + f2 where fi(z) = f(z)/2+ Dz and f2(z) = f(z)/2 - Dz, with 2D > Cj.

4 Preliminary results on the finite volume approximation

Assume in the sequel that the flux function f is additionally nondecreasing. In this way, the flux-splitting
scheme is reduced to the following upwind finite volume scheme:
For any K € T, any n € {0,...., N -1}

K " " " " Wn+1_Wn
Bzt gy + 3 lolvmco fu2) = Klg(ui) """

o€ (8)

1
uj = M‘/Kuo(:c)dm,



where W™ := W(nk) Vne{0,...,N —1} and uj denotes the upstream value at time nk with respect to o.
More precisely, if o is the interface between the control volumes K and L, uy is equal to u if v.ng o >0
and to u if ving . <0.

The approximate upwind finite volume solution w7 is as previously defined on 2 x R? x [0,7T) from the
discrete unknowns uy, K € T, n€{0,...,N — 1} computed in :

urp(w,z,t) = uy for we Q,z e K and t e [nk, (n+1)k). (9)
Note that since divv = 0, the finite volume scheme can be rewritten as follows:
K n n n n n Wn+1 - Wn
Bl iy o 3 lolvnseo (£0u2) - £i)) = KlgCui) "
ocefi (10)

1
ug = ﬁfKuo(z)dﬂc.

4.1 Stability estimates

Let us state several results on the finite volume approximate solution ur  defined by and @D

Proposition 1 (L{°L2 , estimate) Let T > 0, ug € L*(R?), T be an admissible mesh in the sense of
Deﬁm’tion@, N eN* and k = % e R} satisfying the Courant-Friedrichs-Levy (CFL) condition

a’h

k<o
v

(11)

Let ut i be the finite volume approximate solution defined by (@ and (@
Then we have the following bound

c2r/2
||U7',kHL°°(0,T;L2(Q><Rd)) <efal! lluoll 2 ma)-
As a consequence we get

TC? 2
HUT,kHiZ(QxQ) <Te” "9 |uollp2 gay-

Proof. Let us show by induction on n € {0,.., N — 1} the following property:
> IKIE[(uk)*] < (1 + kCg)"|[uol|Z2(zay- (Pn)
KeT

First one has

KZE:T|K‘E[(U(}<)2] K§T|K|E|:(|Il(|‘/Kuo(x)dm) ]

2
||U0||L2(Rd)-

Set n € {0,..., N —1} and assume that (P,) holds.
Since for any o € £k, uy = ux if ving,» >0 and uy = uf if v.ng » <0, the formulation of the scheme
is then equivalent to

IN

K n n _ n " " Wn+1_Wn
Blgt —upy e 3 lolvne) (£ - 1)) = IKlgGui)
)
Let us multiply this scheme by u%. We get, by using formula ab = %[(a+ b)? —a® - b?] with a = ulF* —u’%
and b= ul,
K n n n - n n n
Bl —widuie = = 3 Joltvnmo) (Fi) - fui) ik
)
K n n n n
+%Q(UK)(W tew YUK
1|K| n+ly2 n \2 n+1l n \2 _ - n n n
o g LR = i)’ - R i) = = 3 lol(vanse)(F(uk) - £ (ul) Juk
oe€
U:KI\(L
K n n n n
gyt - wm
K n n K n n - n n n
- Bty - @) = Blap cu)? -k 3 lolvnmo) (i) - Fui) ik

o€
o=K|L

K g (uf ) (W™ =W .



n+1

Using we can replace (v - u%)? and this gives by taking the expectation

r 2

Blefrn? - i) Ll % 2 lolvmsco) (£(uE) = (k) + guf (W - W)
o=K|L

~KE| Y Jol(vano) (£(uk) = f(uf) )uke | + | KIE[g(ui) (W™ - W™ uk]

| K ]
s (st ) | [+ 450 :
=i E|| 2 lelvmse) (£uk) - S i) B [(9(uic))]
o=K|L

~kE| Y ol(vnro) (f(uk) - F(uf) )uk

oefx
o=K|L

Using Cauchy-Schwarz inequality and Assumptions on the mesh we get

L") - @i sy B|| 3 lelnn) (£ - i) (z |a|<v.nK,a>)

i
~kEz| X ol (£ = 1) ue [+ LB (007
o':KIfL

k| 3 fol(vno) oy (P - k) = (k) - £k
o-:K}fL

I B (g r)?)

where we have used that

Z lo|(v.ink,s)” < VIOK|
oefx
VIK]
o?h

Moreover, consider the function ®(a) = f sf'(s)ds defined for any a € R and note that 0 < ®(a) < Cya’.
0

Using the technical Lemma 4.5 p.107 in [EGHO00] on monotone functions which states that for any a,b € R
we have

b 1 )
J 16 = F@s| > 5o [0 - F@),

and therefore since f is supposed to be nondecreasing
b(f(b) - f(a)) > [f(b) f(@)]* + ®(b) - (a).
one shows that (thanks to the CFL Condition )

B(uf) - ®(uie) + [£(u) = (i) ke - 5og [FCai) - Fi)] >0

In this way
@E[(u?gl)z—(“?{f] < k|K|C E[( %) ] Zg: |0’|(V.’I’LK,U)7E|:(I>(’U,’Z)—(I)(u’;()].
o= KI\(L
Note that
g ol(v.ni.o)” E[@(uf) - ®(ui) ] = g 0| E[(v.nr,o) @ (u}) - (ving.e) @(uk)].
o-:K}|<L JU:EKI\(L



By summing on each control volume K and using the fact that divv = 0 we obtain

KZT ; jol(voni.o)” B[ @(uf) - @ (uk)] = 2 “|o|v.n.o E[®(u})] + |ofv.nk.. E[®(ufk)]
;:GKIFL frg;fIL

I
™
S

s

3

S
Q
oo
iy
<
=3

+
S

s

3
=

Q
=
=
<
X3

> 2 lol(vnko)E[®(uk)]

KeT o€k
KEE:TE[(I)(UK)][KdiV(V)d:L‘
=0.

In this way, using (P,) we get
¥ IKIE[(ui)*] < 31K+ kG E[(uk)?]

KeT KeT
< (1+kCg)™ Hluo||Z2 (gay-

We deduce that (Pn+1) holds, and we conclude by induction that

c?r/2
Lo (0,T;L2(QxRd)) S € ¢ / 2ol 2 (ra)-

lur k
This gives the L;° Li,x stability of the approximate solution. As a consequence, we have
2 & 2
n
lurillizoxoy = 2 O kIKIE[(uk)’]
n=0 KeT

c?r 2
Te~s ||u0||L2(]Rd)'

IN

Remark 10 (On a L7, , estimate) As mentioned in Remark@ if one is concerned by the modeling of
fluid flow in porous media, if the stochastic entropy solution u has to be a saturation, one gets that 0 < u < 1
as soon as hypotheses (i) and (i1) (of Remark|3) are fulfilled. Note that if we assume that uo € L™ (R%)
with 0 < up < 1, this bound does not hold for the approzimate solution ur i, and this approzimation is
even unbounded in L™ (Q x Q). This is due to the fact that the increments of the Brownian motion are
not bounded.

For example let {u}L{,K eT,ne{0,...,N - 1}} be given by the finite volume scheme @ with d=1, v =1,
f(x) ==, g(z) =2(1 -2)1[p1(z), 0<e<1 and assume that for all K € T, u} =1—¢€. Then

ug =1l-e+g(l-e)W"

Denote by a = g(1—¢€) > 0. Since W' ~ N(0,k), P(W*' > £) >0 and so P(uj > 1) > 0. Indeed, we can
even prove that uy; does not belong to L™ ().

4.2 Weak BV estimate

Proposition 2 (Weak BV estimate) Let T be an admissible mesh in the sense of Deﬁnition@ T>0,
N eN* and let k = % € R} satisfying the CFL condition

(1-§)a’h
k222 12
for some € € (0,1).
Let {u?(,K €eT,ne{0,...N - 1}} be given by the finite volume scheme
Then there exists C1 € RY, only depending on T,uo,&,Cy and Cy such that

N-1
>k Y ol vansa B[ (£(uk) - £(u})] < Cu.
n=0 oge€

o=K|L

Let T >0 and R > 0 be such that h < R, we take N € N* and define k = % e Ry. We also define

Tr = {K € T such that K c B(0,R)}. Then there exists C € R}, only depending on R,d,T,a,uo,&,Cy
and Cy such that

N-1 1/2
Yk Y ol Vool B[ |f(uk) - f(u)|] < or7,
n=0

oe€
o=K|L



where ER denotes the set of interfaces of Tr.
Proof. Multiplying the first equation of by ku, taking the expectation and summing over K € T
and n=0,..., N -1 yields A+ B = C with

A= Z Z \K|E[(u"+1—u7}()u}§]

KeT n=0

B= Z Zkkf\(v NK,o) Z E[f(u[,)uK]

KeT n=0 o€k
= Z_: klo|(v.inko)” > E[(f(”%)‘f(“ﬁ))u?(]
KeT n=0 ;7:615(1‘2

- 3 3 IKIE[g (i uk (W - W] <o

KeT n=0

Note that the term C' is equal to 0 since g(uk )uk is Fnr-measurable, it is therefore independent of the
increment W™ — W™,

Using the formula ab = 3[(a +b)? - a® - b°] with a = ui™" - uj and b= u% we get

=5 Z Z |K\E[( K- uk) ]+* > IK[E[(ux)? - (uk)’],

Ks'Tn 0 KeT

and using the Scheme gives

N-1 k

K]

A =

I\DM—‘

K |E (g<u;z)<wn”—vv">— 5 IUI(VﬂK,a)’(f(u}%)—f(ul’)))

o€
o=K|L

KeT n=0

S IKIBI) - ()]

KeT
= A1 + Az.

Since 2 |Ili,|g(uK)(f(uK) f(u})) is Fnr-measurable it is therefore independent of the increment W"*' -
W™, so that

A = 1 & k|K\E[(g(u7}())2]+ﬁE ( Z |a|(v.nKU)(f(u’f()—f(uz)))2
2 KeT n=0 |K| rff81|< 1
1 N=L n 2 k - n ny\2
=PI HKIE[(9(u3)"] + (1-6) & . loitvnce) E[(fuie) - F(ur))’]

o=K|L

where we have used an argument similar to one used in the proof of Proposition 1| (under the CFL

Condition (12)), namely

k2 - noy u“ 2 ﬁ o|l(v.n - un _ un 2 ol(vn ~
P (J;K lol(vani.0)”(F(ulk) - f( L))) ¢ Lb| 5 oo i s (U;{' . )
T o=K|L
< |§(||8K\V Zg: |U\(V.nK,U)’E[(f(u%)_f(uz))z]
o= KI\(L
= 0o, X lol(vnsco) E[(FuR) - ()]
o=K|L

10



In this way, thanks to Proposition [1| there exists C' > 0 which only depends on T, C, and [luollr2(may such
that

A > -9 Y Tk Y lolvao) E[(k) - Fi)] - 5 T KI5 3 IKIE] ()]

KeT n=0 oefk KeTn 0
o=K|L
_ 2 1 1
> -0 % Tk S lolvan) B[k - 1)) - Jllunliacen - 3TCF ol
KeT n=0 o€k
o=K|L

C.

NM—!

> (1 &) KZTZO k3 lol(vann) B[ (f(ui) - £(u))"] -
o= KTL

N-1
We now study the term B= > Y k > |U\(v.nK,g)_E[(f(u}L<) - f(uz))u%] Let us introduce again
KeT n= el
o=K|L

the function ® defined on R by ®(a) = f sf'(s)ds. Using again the technical Lemma 4.5 p.107 in
[EGHO0], and the same arguments as in the proof of Proposition I we get

B > KgTZOk % lol(vinue o) B[(£(uk) - fui)’]
o=K|L

Therefore, since A+ B =C

1=~
--C,
2Cff KeT n=0 o-eé'K 2

which, in turn, gives the existence of Ci € R}, only depending on T',Cy, Cy, & and lluollr2(ra) such that

N-1

_OkKZT % lol(vanio)” B[ (f(uke) - f(uf))*] < €,
U:KI|(L

or equivalently

N-1
Sk Y ol o B[ (f(uk) - f(uf))’] < C
n=0 Uz;(ﬁL
Set R > 0 be such that h < R and define the set Tg = {K € T such that K c B(0,R)}.
Using Cauchy-Schwarz inequality, we finally get

2

S %Y Moltvnse) B[l k) - £ > %Y Hol(vaneo) Bl (i) - £(ui)f]

KeTRp oe€g n=0 KeTRp oe€g n=0
o=K|L o=K|L

IN

1> f/c|a|(v.m<,[,)-

KeTgp o€ n=0

o=K|L

< CvT Z ‘8[(‘
KeTg

< avript o1
« KeTn

< Cﬂ/Tlhd_”B(O’R)‘
«a ahd
c

S ClVT%,

1/2

for some constant ¢ depending only on |B(0, R)|, and thus with C' = (C1VT 55 )/~ one gets

N-1
Yk Y ol Voo B[ f(ui) - f(ui)]] < OB,
n=0 sl

o=K|L

which concludes the proof of the proposition. m
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4.3 Convergence of the finite volume approximate solution

First of all, note that the a priori estimates on ur j only provide (up to a subsequence) weak convergence
for uwr . Moreover, due to the nonlinearity of f and g, one needs compactness arguments to pass to
the limit in the nonlinear terms and these arguments have to be compatible with the random variable.
The concept of Young measures is appropriate here and the technique is based on the notion of narrow
convergence of Young measures (or entropy processes), we refer to BALDER [Bal00] but also to EYMARD-
GaLLouiT-HERBIN [EGH95].

Thanks to the a priori estimate stated in Proposition [I] the approximate finite volume solution wur x
converges (up to a subsequence still denoted w7 ) in the sense of Young measures to an “entropy process”
denoted by u in L2(Q xQx (0, 1)) Precisely, given a Carathéodory function ¥ : Qx Q xR — R such that
U(.,ur k) is uniformly integrable, one has:

E[fQ \I/(.,uT,k)dxdt] »E[fQ follll(.,u(.,a))dadxdt].

We recall that a function ¥ : Q x @ xR - R is a Carathéodory function if for almost any (w,z,t) € Q x Q
the function v — ¥(w,z,t,v) is continuous and for all v € R, the function (w,z,t) » ¥(w,z,t,v) is
measurable.

Remark 11 (On the measurability of u) Since ur i is bounded in the Hilbert space N (0, T, L (Rd)),
by identification one shows that ur ) — f01 u(.,a)da weakly in L?(Q x Q) so that fol u(.,a)da is a pre-
dictable process with values in L*(R%). The interesting point is the measurability of u with respect to all
its variables (w,x,t,a). Revisiting the work of PaNov [Pan96] with the o-field Pr ® L(R?), one shows
that u is measurable for the o-field Pr @ L(R?x]0,1[), thus u € Nf,(O,T, L*(R%x]0, 1[)) See Appendiz
A.3.3 p. 707 [BYW1Z].

Remark 12 (L°°(O, T; L?(Q x R x (0, 1)))) regularity of u) Since the sequence of approxzimate solu-
tions ur k is bounded in L™ (0,T; L*(Q de)) according to Proposition following [BVW12] Remark 2.4
p.667-668 we show that u e L=(0,T; L*(Q x R? x (0,1))).

Note that if one is able to show that u is a measure-valued entropy solution of Problem in the sense of
Definition 2] then, using the reduction result of [BVW12] stated in Theorem i} we will be able to conclude
that all the sequence w7 j converges in Li.(Qx Q) to the unique stochastic entropy solution of in the
sense of Definition [1} Since u satisfied the regularities required by Definition [2| it remains to show that
u satisfies the following entropy inequalities:
Ve A, VoeD (R x[0,T)) and P-a.s. in Q

0 < /Rﬁ(UO)tp(m,O)dx+fQ/01{U(u(.,a))attp(:v,t)+F"(u(.,a))v.vzap(x,t)}dadmdt
+[0T [Rd‘[01n’(u(.,a))g(u(.,a))ap(m,t)dadxdW(t)
o [ [Pt @), Ddadadr.

This is the aim of the next section.

5 Convergence of the scheme

We propose in this section entropy inequalities satisfied by the finite volume approximate solution and aim
to pass to the limit in these formulations in order to show the convergence of the scheme. For technical
reasons, one needs to consider a time-continuous approximate solution constructed from wr j, denoted
vT,k in the sequel.

5.1 A time-continuous approximation

Set K €T, ne{0,..,N -1} and consider vk the stochastic process defined on Q x [nk,(n + 1)k] from
the discrete unknowns u% by :

vic(w,s) = uK|K’|”“ 52 lol(vnuea) (£(u3) = £ (i) + g (ui (W (s) = W (k)
_ n s —f(u’g)_f(u?() s n
- ks [ D e R [ guioaw e). (13)

12



In this way, vk (w,nk) = u% and v (w, (n+1)k) = uF.

Let us now define the time-continuous approximate solution vr , on Q x R x [0,7) by
vrk(w,z,t) = vk (w,t),weQze K and t € [0,T). (14)

We now estimate the difference between the continuous approximation v7 j and the finite volume solution
UT k-

Proposition 3 Let ug € L>(R?) and T be an admissible mesh in the sense of Deﬁmtion@ N e N* and
let k = % € R} satisfying the CFL Condition .

Let vr i be the time-continuous approximate solution defined by and , and ur, be the finite
volume approximate solution defined by @) and @

Then there exists C1,Cs € R} independent of h and k such that

< Clh+ Czk

||,

Proof.

llur ke - qukHiQ(QxQ)

N-1 r~(n+l)k n ny S—nk - n n :
- > [ E[(ng)(W(s)W )=k 2 (v (f(uarf(ux))) ]dxds

g€

i KTNf L [g(uK)W W(s)))]w[(ﬂ‘g"k > |a|(v.m<,g)‘(f<uz)—f(um))Q]dxds

oefx

IN

Ty |K|kQC§E[(u}§)2]+k%|8K\V > \U\(v.nx,g)_E[(f(ug)—f(u}L{ )2]

KeT n=0 el

h2 hd—l B 2
K ilaney + Y 3 k(- €)%a 4V202 "V Y Jol(vas) E[(f(u?)—f(uzz)) ]

KeT n=0 « ol

IN

IN

2 2 1 202 B n n 2
KOsl +h G £ Bk 3 leltvnme) 5| (168 - Sk |
KeT n=0 ocefk
%Ch

IN

2 2
kCgHuT,kHw(QxQ) +h

where we have used the constant C; given by Proposition ]

5.2 Entropy inequalities for the approximate solution

In this section, an entropy estimate of the approximate solution is proved (Proposition , which will be
used in the proof of convergence of the numerical scheme (Theorem . In order to obtain this entropy
estimate, some discrete entropy inequalities satisfied by the approximate solution are first derived in the
following proposition.

Proposition 4 (Discrete entropy inequalities) Assume that hypotheses Hi to Ha hold. Let T be an
admissible mesh in the sense of Deﬁnition@ N eN* and let k = % € R} be the time step and assume that

%»()ashao. (15)

Then P-a.s in Q, for any n € A and for any ¢ € D*(Rd X [(),T)):

N-1

SY [ O - nui)) o nkd
n=0 KeTg v K
Nl (n+1)k

* Z f f F(ug)v.Vap(x,nk)dzdt
n=0 KeTr
Nob (n+1)k

t2 2 f fn(uK)g(uK)<p(:c nk)dzdW (t)
n=0 KeTp YNk
1 N-1 (n+1)k v 2

*3 2 / f n (uk)g” (ux)p(z, nk)dzdt
2 n=0 KeTr nk K

> R" (16)

where for any P-measurable set A, E[lARh’k] -0 as h - 0.
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Proof. The proof of this proposition will be separated in two steps: in the first one we will show that
inequality 1) holds for a convenient R™* and in the second step, we will prove that for any P-measurable
set A, E[IARh’k] —-0as h—0.

Let T >0, uo € L? (Rd), T be an admissible mesh in the sense of Deﬁnition NeN" and k = % eR;. We
assume that k/h - 0 as h — 0, in this way we can suppose that the CFL condition

k<(1—£)a2h
oV

holds for some £ € (0,1). In this manner, the estimates given by Proposition [1f and Proposition [2| hold.
Consider 7 € A and ¢ € D" (R? x [0,T)), thus there exists R > h such that suppy ¢ B(0,R - h) x [0,T7].
We also define Tr = {K € T such that K c B(0,R)}.

Step 1: Let us show that inequality holds for a convenient R™*.
The application of It6’s formula to the process vk defined by Equation and the function F': (¢,v) €
[0,7] x R~ n(v) € R on the interval [nk, (n + 1)k] yields P-a.s in

n(vk((n+1)k)) = n(vK(nk))+fn:"“)kn’(v;((t)) zgj \J|(v.nK7g)’wdt
[ e )g i )aw ()
1 (n+1)k

oo [ o @)g (k). (a7

1
Let us multiply Equation 1| by |K|ek, where ¢ = Il / @(z,nk)dx, and sum for all K € T and
K
n€{0,...,N —1}. One gets P-a.s in

N-1 N-1 (n+1)k
> ¥ e -n@io]IKlek = Y X [T x®) T lel(van) (Fd) - Fi))dtok
n=0 KeTg n=0 KeTp Jnk o€k
N-1 (n+1)k , n n
e 2 [ o e )gti)aw o]k
n=0 KeTp ¥ "
N-1 (n+l)k 2. m n
rp o 2 [ ke whodirieh

This can be written as A™* = Bv* 4 ¢M* 4 DMF where

N-1

AR 3 S In(uE ™) - (i) ] 1K
n=0 KeTr
hok g (n+Dk - n n n
B = 3w [T k) T lol(vaue) (£(u) - f(ui))dtg,
n=0 KeTg oefi
h,k Nl (n+ k U n n
= r [ e )g(ui)dw (DK gk,
n=0 KeTg Y1k
h,k 1N71 ( Dk " 2 n n
= 2 X e [ k() (ui)dtK o
n=0 KeTp

Let us analyze separately these terms.
1. Study of A™*: we note that —A™* is equal to the first left hand side term of inequality .

2. Study of B"*: we decompose B™* in the following way

h,k h,k Hh,k Hh,k h,k h,k
Bk = Bk _ gk gk _ phik gk

where
. N-1
B"* - k' (ui) 3 lol(vani.o ) (f(ug) = f(uk)) ek
n=0 KeTp oefi
N-1

BYt =% S kY lol(vanus) [F7(ul) - F7(uk) ok,

n=0 KeTp oefik
Firstly, note that

N-1

h,k h,k
B"* — Bl

> kY [ vaes) [ (i) (£(u3) - S (ui) - (F" (ul) = F"(u)) [k

n=0 KeTr o0efk
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Since f and 1’ are nondecreasing one gets

W L) ~ )] - [ )~ P )] = [ i) s = (27 of (517" ()i

L7 (0 i)~/ () ()
07

xﬁ

IN

thus B"* - BI"* <0.

. . h,k .
Secondly, since divv =0, B;"" can be rewritten as

N
B =SS kS lofvina P )k

-1
n=0 KeTr oefk

By denoting z, the center of the edge o and ¢ the value ¢(x,,nk), note that since nk,, = -np o if
o=K|L, and ug =ufk if v.nkg,, >0 and ug = uf if v.ng,, <0, one gets
N-1

2 2 kD lolvink o F'(ug)ps =0,

n=0 KeTr oefgk

and so

N-—

B == S kY Jolvak,o F"(ul) [¢k — 5],

n=0 KeTr oefk

-

which can also be rewritten as

N-1
B == N kY Jolvank o F7(uk) [0k - pa] + RV,
n=0 KeTrp o€k
where
N-1

> 2 kX lolvink e [F'(uk) - F"(ug)] [k - ¢5].-

n=0 KeTrp oefg
Using again the fact that divv =0, BT ** is also equal to

h,k
R} =

N-1
B{l’k = Z k( Z UV.nKyggpg)F"(u%) +R§L’k.

n=0 KeTg el
In this manner, B]"* can be rewritten as B"* = T/"* + R"* where

N-1

Bt = Yk Y Y [ vakep(enk)dy@)F (ug) + Ry,

n=0 KeTpoeEx 77
and

N-1

B - SEY S

[\J|V.nK,ggoZ—fv.nK,Ugo(x,nk)dw(x)] F"(ufk).
n=0 KeTRr o€k g
Moreover,
N-1
Ky oy

N-1
/v.nK,Jcp(:c,nk)dfy(m)F"(u?() =k Z Z f v.nk,se(x,nk)dy(z)F"(uy)
0 KeTr o Y9 oK

n=0 KeTgr
N-1

-k > deiv(vap(m,nk))de"(u?()

n=0 KeTp
N-1
=k > / F"(uk)v.Vee(x,nk)dz,
K

n=0 KeTR

and in this way

N-1
BUF =RV AR S kS

n=0 KeTg

/ F"(uk)v.Vepo(x,nk)dz.
K
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Finally,
Bk _ ghik +B?,k

. N-1
BMF _ BMF L RIVE L RIR Yk f F"(uy)v.Vap(x,nk)dz.
n=0 KeTp

Rk
B

IN

3. Study of C"*: we decompose C™* in the following way
Ok ook _ Gk Gk

where

~h,k = (n+1)k reon n
et =y [T gk, nk)aw (t)da. (18)
KeTgr n=0 n

4. Study of D™*: we decompose D™* in the following way
Dhk = phik _ ek | phak

where

D - 12 S [ g @i e mkydt, (19)

2 0 KeTg

Since P a.s in Q, A"F = B"F 4 0"k 4 DMF e get

N-
—AME . Z K; fKFn(UK)V Vap(x, nk)dw+C
€/rR

n=0

hk

Shk h,k h.k hk | Rhk h.k h.k h,k
Btk _ vk gk _cohk L DE_p -R""-Ry,

WV

i.€e.

-Y 2 [ R - nwi) e (@ nk)da

n=0 KeTr
1

(n+1)k
+ > / f F"(uy)v.Vap(x,nk)dzdt
n=0 KeTr
1

+ Z L(nﬂ)k/I;n'(u?{)g(u%)w(m,nk)dxdW(t)

k
(n+1)k "y n 2/, n
> [ | o iog’ (i) (e, nk)dadt

n
Shk hk | Ahk hk | ~hk h,k h,k h,k
B -B*""+C"-C""+D" -D"" -R;"" -Ry",

one finally gets inequality by choosing
RIK — Bk _ ghik | Ghk _ ook | Pk _ phak R};,k 3 R;,k' (20)

Step 2: Let us show that for any P-measurable set A, E[lARh’k] —-0ash—0.

Consider A a P-measurable set and let us analyze separately the convergence of E[l A( Bk _ Bhv’“)]7
B1a(C* - "), B[1a(D" = D") | B[1a(RY")] and B[1a(R5")]

1. Convergence of E[lA(Bh"C - Bh’k)]
Note that here the assumption k/h — 0 as h — 0 is crucial.

‘E[lA(Bh’k*Bh’k)]‘= B z sl " () o () Y % lolvnuce) (7() - f(uK))goK]

N 1 (n+1)k "o " ~ N N N

=|E > /k Lan" (€&) {vx (s) —uik }ds Y |ol(v.nk,o) (f(ua)—f(ux))SOK]
| n=0 KeTr o€l

<|E z ) / BTG v (; ol(vanic.o) (F(ul) - f<uK))) ]

N-1 n+l)k
. E[H:OK;R a [ i) (W (s) - W (k) s

) ol(vnie) (F(ui) = F(uie)) P ]

:Tlh,k +ji;h,k7
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We analyze separately T 1h * and TQh ** Note that in both cases, we use the constant C; > 0 given by the
weak BV estimate of Proposition |2| and the assumption on the mesh.

E[f > 1 [ 0 ( > IUI(VﬂK,a)(f(uZ)—f(u}?))) go;z]

n=0 KeTp oefi

=h,k
|T1 ‘ =

<" flooll el oo Z Z k|K|( > |a(v.nK,a))( > |a|(v.nK,a)E[(f@?)—f(u}z))?])

oefx o€

<" oo liplle0V Z > k|K||aK| > lol(vani.o) B[(£(ug) - F(ui))’]

0 KeTgr oef i
" k& - n n\\2
<A'lslel=V ozg Xk 2 % lol(vinso) E[(f(u3) - f(ui))’]

k U

gf oo ooic
I ool @lleo —5 C1
—0as h—0.

=R,k |2
|T2 =

E[z S [ L L nk i (€ )ai) (W (5) - W (o)} S |o|<v.nx,a)'(w)”

n=0 KeTr K ocef i |K‘

N-1 (n+1)k "oom a2
<FE Z Z ﬁ(/k |1A77 ({K)go(x,nk)g(uKﬂ dsdx
n=0 KeTr n

N (n+l)k B ny _ n 2
Z I [ ’W(s) Wnk)] S lol(von.s) (W) dsdx]
n=0 KeTg oef i
" = |0K|
VI IRl Clllur iz onay 2k 3 T 2 leltvne)” E[(f(us) - f(ui))’]
kC1V
< 2 I I % O3 T uol 2 o
— 0 as h - 0.
In this way,

E[14(B"* - B"")] >0 as h >0,

2. Convergence of E[lA(C’h’k - Ch"“)]

‘E[lA(é’“’“ -]l =

oy ;j fK 14 f 77 (v (t)) =7 (uK)]g(uK)SO(l',nk)dW(t)d$:|

r [K§R S [ [ 0 ) -0 o) (o) - () dW(t)dw]

" [,QZTR 3 o [ ) - ot et t)dW(t)dx]

h,k h,k
=57+ 855",

Using successively Cauchy-Schwarz inequality on 2 x B(0, R) and It6 isometry one gets

hok _
Sy =

E[K; Z%leA fnim)k {n’(vx(t))n'(U%)}g(u%){w(wvnk)w(w,t)}dW(t)dm]

9 1/2
< VBB z[z S| (L ”“{n'(vK(t»—n'(u@}g(uz){so(x,nk)—so(w,n}dvv(t))]dm]
KeTr

n=0

-VIBOR) S

n=0

1/2
A [ [{n'(vK(t»—n'(um}QgQ(uz){so(x,nk)—sa(r,w}?]dtdm]

< VRVIBORRCle-ll 3 K T IKE )"

’ 2
<VEVIB(O, R)12C, |l@tllool 0 lloe Te" %o |[uo | 2 (ga)
—-0ash—-0.
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Note that here Assumption Hy4 on the function g is important:

2

(52" -

[n b e 1A/ f {’7 (vk(t)) =n (UK)}Q(’U«K)SD(CC,t)dW(t)dx]

2

N[ Loy Lm0 - st ot paw 0]

asony [ ([T er0-vtroletroseoao) |a

B(0,R)
“1BO.R) [ [ B[ 7)o (a0} 6 )6 (,0)fitda

<|BO, R)[l¢]2In" 1% 9] % o7k -
— 0 as h — 0 using Proposition [3}

2
(2xQ)

In this way,
E[14(CM" = C"™")] > 0 as h > 0.

3. Convergence of E[lA(Dh’k - Dh’k)]

‘E[IA(Bh,k _Dh,k):” _

(n+1)k ” .
[KETR?J L i i - s <uK>so<x,nk>dmt]

/N

L glelellolin” (7.0 - 1" (v )Lt (x B0, R)x(0.1))
2
— 0 as h - 0 using Proposition

4. Convergence of E[IA (Rh k)]

Thanks to the weak BV estimate stated in Proposition one shows that E[IAR;LJC] — 0as h — 0.
Indeed,

|B[1aRMM| = B

N-
Z 2, lak 3 lolvinko [F"(U%)—F"(u?)][w}?—%]]

n=0 KeTp oef

Z > Lak X lol(vinio)” [F" (uk) - F"(ug)] [w’%—w?]]

n=0 KeTp el

N-1
<ezloln'looh 30k 3 3 lol(venio) E[1f(ug) - f(uk)]]

n=0 KeTroefk

Aeeh SE Y T |a|(V.nK’0)‘EH/u:?< () F (5)ds

n=0 KeTroefk

h /
N/ Izl 7]
—->0as h—-0,

where C' is the constant given by Proposition [2}

5. Convergence of E[lA(RZ’k)]
By denoting x, the center of the edge o, let us recall that Rg’k is equal to
N-1

kY > I:‘O'|V.7LK70<,D(£E'U,’N,]€)—‘/U\V.TLKYUL,D(.T,nkJ)d"}/(J?)] F"(uk).

n=0 KeTroefk
Using the regularity of ¢ we have for all x € o
o(z,nk) = p(zo,nk) + @' (x5, k) (x - To) + (z - o )e(x — T5),

where €(z — z,) > 0 as x — zo — 0. In this way,

RYP = —Nz_:lk > [/;v.nK,a{gal(a:a,nk)(x—a:g)+(a:—a:a)e(ac—xg)}d’y(m)]F"(u?().

n=0 KeTroefk
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Since z, denotes the center of the edge o,
[ o) (@~ o) dy () = 0.

Moreover,
<|olhe(h),

[ @-zo)e(a-a0)d(x)

where €(h) - 0 as h - 0. Thus,

N-1
B[1ARYM) < VY S S kE[|F"(uk)|]lo|he(h)
n=0 KeTr o€
, N-1 hd
< VO |ee(h) > k;E[Iuﬁél]

n=0 KeTr

SO Y 3 KRBk

n=0 KeTr

IN

IN

v ., _
che(h)HuT,kHLl(Qx(O,T)xB(O,R))
- 0as h—-0.

To summarize, we proved in this second step that E[l ARh’k] — 0 as h — 0 which concludes the proof of
the proposition. m

The following proposition investigates the entropy inequalities which are satisfied by the approximate
solution w7 .

Proposition 5 (Continuous entropy inequality on the discrete solution) Assume that hypotheses
Hy to Hs hold. Let T be an admissible mesh in the sense of Deﬁm’tion@ N eN* and let k = % e R} be
the time step and assume that

%—>0a5h—>0. (21)
Then, P-a.s. in Q, for any n € A and for any o € D*(Rd x [O,T)):
‘[]Rd n(uo)p(z,0)dz + /Q n(ur k)t (z, t)dedt + /Q F"(ur i) v.Vap(z,t)dzdt

T ! 1 "
v L retur et dedW (@) + 5 [ o (ur g (ur ), Odede
> RM (22)

where for any P-measurable set A, E[lARh’k] -0 as h - 0.

Proof. The proof of this proposition will be separated in two steps: in the first one we will show that
inequality holds for a convenient R"* and in the second step, we will prove that for any P-measurable
set A, E[lARh’k] —-0as h—0.

Let T >0, uo € L? (]Rd), T be an admissible mesh in the sense of Deﬁnition NeN and k = % eR}. We
assume that k/h — 0 as h — 0. Consider 7 € A and p € D*(R? x [0,T)), thus there exists R > h such that
suppy ¢ B(0, R - h) x [0,T[. We also define Tr = {K €T such that K c B(0, R)}.

Step 1: Let us show that inequality 1) holds for a convenient R™*.

Note that the first term of inequality given by Proposition |4 can be rewritten in the following
way:

DY [n(u’%“)—n(u}?)]ngo(x,nk)dx

n=0 KeTRr

:fkT fRdﬁ(uT,k)%(Lt—k)dde 3 A”(U%)W(“f’o)d%

KeTr

Indeed, thanks to the discrete integration by part formula

N N-1
Z an(bn —bn-1) = anby — aobo — Z bn(an+1 — an)
n=1 n=0
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and by using the fact that for all z in K ¢(x, Nk) =0 we get

N-1

> > [ i) e(enk) - ¢, (n-1k)) do

n=1 KeTr

== % [ i) - nio)] e nkyde

=0 KeTRr

+ 0y f}{n(u%)tp(%Nk)—W(U?()<P(x:0)dx

KeTgr
1

T
/ [ n(ur k) pe(z, t — k)dedt =
k R4

3

N-—

-3 > [ i) - n(aio)] et nk)de

n=0 KeTg

- ¥ [ ez, 0)de.

KeTp YK

By denoting

h,k
i

/(;T /u;d ' (ur k) g(ur k) p(z, t)dzdW (t)

1 "
DI = 5 [ wr g (ur )l et

one gets from inequality 7 inequality with R™* defined by

Bhk Rh,k+f n(uo)p(z,0)de -~ 3 fn(u(}()cp(a:,o)d:r
R4 KeTg K
T
+Ln(uT'k)¢t(x7t)dxdt_ﬁ fRd n(ur k) ee(x, t - k)dzdt

N-1 (n+1)k

>y [

n=0 KeTg 7Yk

+[ F"(ur )v.Vap(x,t)dedt - f F"(ug)v.Vap(z,nk)dzdt
Q K

FOR G DIk i,
where C™* D"* RM* are given respectively by , , in the proof of the previous proposition.

Step 2: Let us show that for any P-measurable set A, E[IARh’k] —-0as h—0.

Thanks to Proposition 4l we know that for any P-measurable set A, E[IARh’k] — 0 as h — 0. Then it
remains to study the convergence of the following quantities:

Ella (/}Rd n(uwo)p(z,0)dx - Kz;_ /Kn(u(}()np(a;,O)dx)],

E ilA(/Q n(uﬂr,k)got(@t)dwdt—‘/kT‘/Rd 17(U7—7k)<pt(a:,t—k)dxdt)],

N-1 (n+l)k
Ef14 fF"(uT,k)v.chp(x,t)dxdt— > / F"(uk )v.Vap(z,nk)dzdt ||,
i Q n=0 KeTg 7"k K

E[lA(C{L’k _ C’h,k)] and E[lA(Df’k 7 ﬁh’k)],

Let us analyze separately the convergence of these terms as h — 0.

- u?( T, T
1. Converg; fE[lA(fRdn( 0)p(z,0)d K;Rf}{n( )e(2,0)d )]

Since uo € Li,.(R?), one shows that this term tends to 0 as h — 0.

T
2. Convergence of E [lA (/ n(ur.x)ee(z, t)dxdt — f fd n(ur k)ee(z, t - k)d:vdt)]
Q ko JR

Using the regularity of the function ¢ and the a priori estimate on w7 i, one shows that this term tends
to 0 as h - 0.

N-1 (n+1)k

>y f

fF"(u?()v.Vmcp(a:,nk)dmdt
n=0 KeTp ¥ "k K

Using again the regularity of the function ¢ and the a priori estimate on ur i, one shows that this term
tends to 0 as h — 0.

3. Convergence of E |:1A (/ F"(ur )v.Vap(z,t)dzdt —
Q
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4. Convergence of E[IA(Cf»k _ C’hk)]
Using Cauchy-Schwarz inequality on 2 x B(0, R) and It isometry one gets

hok  Ahk _ = Dk, n _
’E[IA(C1 -C )} = |E|1la 7;) K;RLLk ' (uk)g(uk ) {e(z, nk) gp(a:,t)}dW(t)daz]
N=L n+l 2 1/2
< ZO IB(O,R)I(KZ; fKE[(fn: >kn,(u§)g(u“}){¢(x,nk)—gp(m)}dW(t)) ]dx)
N-1 1/2

> \/7|B(O,R)|(K;R Jo L | (st et - o) ]dtda:)
VRVIBORIC el 3 (5 1E[50°]) "

KeTg

’ 2
VEVIB(0, R)[Cyllptl|oo I loo T 5 2 o] 12 g
- 0as h—0.

/N

IN

5. Convergence of E[lA(DiL”C _ [)hk)]

1E|:NZ_:1 Z f(nﬂ)kleAn"(u?()gQ(u}L()[go(x,nk)—@(w,t)]dxdt]

Rk bk
‘E[lA(DI b )] 2| 20 Koty Ik

N

1 "
2kl oo lg]l% Il TIB(O, R))]
- 0as h-0.

To summarize, we proved in this second step that E [1 Af%h’k] — 0 as h — 0, which concludes the proof of
the proposition. m

5.3 Proof of the convergence

And we prove now the convergence of the finite volume approximation w7 ; to the stochastic entropy
solution of Problem .

Theorem 3 (Convergence to the stochastic entropy solution) Assume that hypotheses Hq to Hy
hold. Let T be an admissible mesh in the sense of Deﬁm’tion@ N e N* and let k = % € R} be the time
step and assume that

%—>0a3h—>0. (23)

Let ur 1 be the finite volume approzimation defined by (@) and (@) Then ur i converges in L} (£2x Q)
for any 1 < p <2 to the unique stochastic entropy solution of in the sense of Definition .

Proof. Let 7 be an admissible mesh in the sense of Definition |3 N € N* and let k = % e R} be the time
step such that k/h — 0 as h — 0. Consider A a P-measurable set, n € A, ¢ € D*(R? x [0,T)), thus there
exists R > h such that suppy c¢ B(0, R—h) x [0,T[. We also define Tg = {K € T such that K c B(0,R)}.
Let us multiply inequality by 14 and take the expectation. This yields:

E[lA fRd n(uo)cp(x,O)dx] +E[1A-/Qr](ur,k)cpt(w,t)dxdt] +E[1A /Q;F"(urk)v.vxap(x,t)dxdt]

+E[1A /(;T/H;d n’(uTyk)g(uT,k)gp(x,t)dach(t)] + %E[lA fQn/I(UT,k)g2(uT,k)<.0($7t)dirdt]
s B[LAAM, (24)

To show the convergence of ur ; towards the unique stochastic entropy solution of our problem, we aim to
pass to the limit in the above inequality. Thanks to Proposition [f] we know that for any P-measurable set
A, E[lAf%h’k] — 0 as h — 0. Thus it remains to study the convergence of the left-hand side of . Recall
that thanks to the a priori estimate stated in Proposition uT, converges (up to a subsequence denoted
in the same way) in the sense of Young measures to an “entropy process” denoted by u in LQ(Q x@Qx (0, 1))

(see Section [4.3).
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1. Study of E[IA ‘/Qn(uT,k)got(x,t)dxdt]

Note that U : (w,z,t,v) € Qx Q xR » 1a(w)n(v)ei(x,t) € R is a Carathéodory function such that
U(.,ur ) is bounded in L?(Q x Q), thus

E[IA /Qn(uT,k(x,t))w(a:,t)dxdt] - F [1A L fol n(u(:r,t,ﬁ))d&pt(x,t)dxdt] as h — 0.

2. Study of E[lAf F"(ur,k)v.vzap(x,t)dxdt]
Q

Since F"(wr ) is bounded in L*(2 x Q), using the same arguments as previously, we obtain

E [1,4 /Q F"(ur,k)v.vzw(x,t)dmdt] - FE [1,4 fQ /0-1 F"(u(:ﬁ,t,B))V.VI(p(x,t)dﬂdxdt] as h - 0.

T
3. Study of E[IA /0 ./]Rd n'(uT’k)g(ur,k)go(:c,t)d:ch(t)]

By denoting VU : (w,z,t,v) € A x Q xR = n'(v)g(v)¢(z,t) € R, thanks to Proposition |1} ¥(.,ur ) is
bounded in L*(2 x Q), and therefore W(.,ur ) converges weakly (up to a subsequence denoted in the
same way) in L?(Q x Q) to an element called .

But, for any ¢ € L*(2xQ), (w,z,t,v) e Ax QxR = ¢(w,z,t)¥(w,z,t,v) is a Carathéodory function such
that (¢W(.,ur)) is uniformly integrable. It is based on the fact that for any subset H of Q x Q,

1/2
fH|¢\I/(.,uT,k)|d:cdth<c(\|\1/(.,uT,k)\|L2(H))UHdedtdp] .

Thus, at the limit,
1
f vodrdtdP = [ f W(.,u(., 8))dBdrdtdP.
axQ axQ Jo

1

By identification, (., ur %) — f U(.,u(.,B))ds weakly in L*(Q2x Q). Using now the linear continuity of
0

the stochastic integral from L*(Qx Q) to L?*(£2 x R?), which implies the continuity for the weak topology:

[ grdeav @~ [ [ e 5))g0u5)pdsaw (e) weakly in (xR,

As 1alp(o.r) € L*(2 x R?) one gets at the limit

Bl [* [ wrmgture@ odeaw )] - Bl [ [ [ ol gt 6)gCat, 0o, Ddsdzaw (1))

1 "
4. Study of §E[1Af n (uT,k)gQ(uT,k)ga(x,t)dzdt]
Q

Since ¥ : (w,z,t,v) € Qx Q xR = 1" (v)g*(v)p(z,t)1a(w) € R is a Carathéodory function such that
U(.,urr) is bounded in L*(Q x Q), at the limit we get:

%E[IA/Qn"(ur,k)QQ(ur,k)cp(x,t)dasdt]—>%E[IAfQ/01n"(u(a:,t,ﬁ))gz(u(a:,t,ﬁ))np(a;,t)dﬁd:rdt].

Finally, by passing to the limit in inequality , we obtain:
For any P-measurable set A, for any 7 € A and for any ¢ € D*(R% x [0,T))

1
0 < E[lA f n(uo)go(m,())d:c] +E[1A f f n(u(:ﬂ,m6))g0t(x7t)dﬁdxdt]
R4 Q Jo
1
+E[1A f f F"(u(m,t,ﬁ))v.vzgo(ac,t)dﬂdxdt]
Q Jo
T 1
B[ [ [ [ 0 et B)g(a(a.t,B))e(a. ) dBddw (1)
1 1 s
wB[Lag [ [ " (a1 8)g" (u(e, . 8))e(e, dBdrdt].
Hence u is a measure-valued entropy solution in the sense of Definition Thanks to Theorem |1} u is
the unique stochastic entropy solution in the sense of Definition [[] and we denote it by u. Hence, all the

sequence of approximate solution ur j converges to u in LZIDC(Q x Q). In addition, since ur ) is bounded
in L?(Q x Q), all the sequence converges in L?. (Qx Q) for any 1<p<2. m

loc
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