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Abstract

In this paper we consider multi-dimensional Partial Differential Equations (PDE)
of parabolic type in divergence form. The coefficient matrix of the divergence
operator is assumed to be discontinuous along some smooth interface. At this
interface, the solution of the PDE presents a compatibility transmission con-
dition of its co-normal derivatives (multi-dimensional diffraction problem). We
prove an existence and uniqueness result for the solution and study its proper-
ties. In particular, we provide new estimates for the partial derivatives of the
solution in the classical sense. We then construct a low complexity numerical
Monte Carlo stochastic Euler scheme to approximate the solution of the PDE of
interest. Using the afore mentioned estimates, we prove a convergence rate for
our stochastic numerical method when the initial condition belongs to some it-
erated domain of the divergence form operator. Finally, we compare our results
to classical deterministic numerical approximations and illustrate the accuracy
of our method.

Keywords: Stochastic Differential Equations, Divergence Form Operators,
Euler discretization scheme, Monte Carlo methods

1. Introduction

Given a finite time horizon T', a real valued function z — wug(z), and an
elliptic symmetric matrix = ~ a(zr) € R4 which is smooth except at the
interface surface I' between subdomains Dy of R? (I' = D, N D_), we consider
the parabolic transmission (or diffraction) problem : find u from [0, 7] x R? to
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R satisfying
Buu(t,z) — V - (a()Veu(t,z)) =0, ¥(t,z) € (0,T] x (R?\T)
u(0,2) = ug(x), Va € RY (1)
(asVauy(t,.) —a_Vou_(t,.),v) =0 and uy (t,.) = u_(t,.) along T

(here v denotes the unit vector field which is normal to I" and points to D).

The objective of this paper is to provide an efficient stochastic numerical
resolution method for the solution of (1).

Parabolic equations involving V - (aV) have been a major preoccupation for
mathematicians in the fifties and the sixties. We may cite the pioneering works
of [42, 43], [7], and [39, 40, 41] that prove the continuity of the solution of the
Cauchy problem attached to V-(aV) and also the celebrated paper by [1], which
gives upper and lower Gaussian estimate bounds for the fundamental solution
of the operator V - (aV) (for a more modern perspective on evolution PDEs
involving divergence form operators of type V - (aV) see also [33]). In these
references assumptions on a are very weak (it is assumed to be measurable,
bounded and elliptic).

In the case where the matrix a is assumed to be discontinuous along the
regular boundaries of some nice disjoint connected open sets in R¢, but smooth
elsewhere, a refined analysis of the parabolic equation may be found in the
monograph [23]. The authors interpret the parabolic equation as a diffraction
problem with transmission conditions along the discontinuity boundaries, of the
type of (1), and investigate the classical smoothness of its solution.

When the underlying space is one-dimensional and the discontinuity is at
zero (I’ then reduces to the single point 0), the link between (1) and some
asymmetric diffusion process X is well known. More precisely one has that
u(t, ) = E*[ug(X¢)] where X is solution to the Stochastic Differential Equation
(SDE) with local time

a(0+) — a(0—)

dX; = o(X;)dW; + o/ (X;)dt + a(01) + a(0—)

dL}(X) (2)
where 02 = 2a and @’ denotes a function that coincides with the first order
derivative of a outside zero, and can be set at any arbitrary value at zero. In (2)
we have denoted W a standard one-dimensional Brownian motion (B.m.), and
LY(X) the symmetric local time of X at time ¢. Under mild conditions (2) has
a unique strong solution X, see [25]. Put in other words the operator V - (aV)
appears as the infinitesimal generator of the diffusion X solution of (2). Note
that the local time term in (2) is a singular term that reflects the discontinuity
of a along T = {0}.

For a study of the one-dimensional case one may refer to the overview [26],
[13], and the series of works [35, 36, 37, 29, 9, 10, 11, 12] [28, 8, 16, 27, 3] where
stochastic numerical schemes are presented.



Then if one constructs a scheme X approaching X (in law for example),
we will have that E*[ug(X ;)] approaches u(t, ). This provides some stochastic
numerical resolution method for the solution of (1). But none of the above cited
works on the one-dimensional case can be directly adapted to the multidimen-
sional case.

As a matter of fact, till now and up to our knowledge much fewer stochastic
schemes have been proposed and studied to tackle the multidimensional case.

A natural idea would be to regularize the coefficient a around the interface
I', and then to perform a discretized stochastic scheme on the classical problem
obtained by regularization (for smooth a® the process X in link with V- (a®V) is
some [t0 process with classical drift that can be approached by a standard Euler
scheme). But then there is a balance to find between the regularization step and
the discretization step. Such methods are less precise and less investigated (see
[46] for some elements in this direction; see also some of our numerical results
in Section 6).

For some results with no regularization procedure see [30], and [4] in the case
of a diagonal coeflicient matrix a constant outside the discontinuity boundary
['; see also [32], which attempts to interpret stochastically the deterministic
Galerkin method using jump Markov Chains.

In this paper we will propose a stochastic numerical scheme that allows to
treat the multidimensional case, when the matrix-valued diffusion coefficient
a is not necessarily diagonal, nor piecewise constant. We aim at treating the
discontinuity of a directly and use no regularization. The scheme we propose is
of Euler type; it can be seen as en extension to the multidimensional case of the
scheme studied in [37] (see some comments in Remark 4.4).

One of the difficulties of the multidimensional case is that the stochastic
process X naturally in link with the operator V - (aV) is more difficult to
describe than in dimension one. One knows that the operator generates such
a process X, which is Markov (see for instance [45]; on the Dirichlet form
approach see [17], in particular Exercise 3.1.1 p. 111). We still have the link
u(t,z) = E®[ug(Xy)]. But the Ité dynamic of X is difficult to establish and to
exploit. In the companion paper [14] we have been able to prove (in the case
R?= D, UD_ and a has some smoothness in D) that

t d t d
X} =y +/ Zokj(Xs)dWsJ + Zajakj(Xs)HxseDdS
() 0 =31
1 [t 1 [t
— 5/ ")/+7k(XS)dK5 + 5/ FY*,k(Xs)szv t Z 0. (3)
0 0

In this expression W is a standard B.m., we have o0* = 2a, the terms 4 j, are
some co-normal vectors to the surface I' = D, ND_, and K is the PCAF associ-
ated through the Revuz correspondence to the surface measure on I'. Equation
(3) is in some sense the multi-dimensional analog to (2), the singular term being

t t
now _% fo Y k(X )d K + %fo Vo k(X5)dKs.



However to infer from (3) an approximation scheme X for X is not easy.
In the afore mentioned works about the one-dimensional case, things are most
often achieved with the help of Ito-Tanaka type formulas, that allow to ma-
nipulate SDEs with local time. In the multi-dimensional case we have not
access to such a formula, and in addition we know less about the singular term
-3 Ot%r,k(Xs)sz +3 fot v—k(Xs)dK, than we know about L?(X) in the one-
dimensional case.

Thus we are led, in the present paper, to contruct a stochastic scheme X
such that E*[uo(X¢)] approaches u(t,z), but without seeking to approach X
by X. The idea will be to perform a standard Euler scheme as long as X does
not cross the boundary I'. But when the scheme X crosses the boundary we
will correct its position in a way that reflects the transmission condition in (1).
The contribution of the paper are the following.

I) We will first study the PDE (1). We will show that, when the initial
condition ug belongs to some iteration of the domain of V - (aV), this PDE has
a classical solution. Then we prove the existence of global bounds for the partial
derivatives of this solution (up to order four in the space variable) outside the
discontinuity boundary T, for all strictly positive times (and not just for times
t satisfying ¢ > e for some £ > 0), and all the way up to the boundary (not
only interior estimates). In our opinion these estimates are new (compared to
[23]) and have an interest per se. These estimates will be needed to perform
the convergence analysis of our scheme. The method we follow, in this PDE
oriented part of the paper, is combining the Hille-Yosida theorem with results
on elliptic transmission PDEs to be found in [38].

IT) We propose our scheme and study its convergence rate. More precisely
we prove that uniformly w.r.t. xg

(T, z0) — EIOUO(XQ)‘ < K/l

where h,, is the time step of our Euler scheme (see the precise assumptions and
statement in Theorem 5.1). Note that this rate of convergence is naturally slower
than in the classical smooth case (e.g. [22, 47, 2]) but is expected for these kind
of transmission problems with boundary issues. In this respect our result is a
slight improvement in comparison to the one obtained for the one-dimensional
transmission case in [37] and [3].

The paper is organized as follows. In Section 2 we present the notations
of the paper and our main assumptions. In Section 3 we define precisely and
study the parabolic transmission problem (1), proving in particular an existence
and uniqueness result for a classical solution, for which we get estimates for the
space and time derivatives. In Section 4 we present our scheme, and in Section
5 we analyse its convergence. Section 6 is devoted to numerical experiments.



2. General notations and assumptions

For two points x,3 € R? we denote by (z,%) their scalar product (z,y) =
Ty = E?:1 TilYi-

For a point 2 € R? we denote by |z| its Euclidean norm i.e. |22 = Y20 2% =
(x,x).

We denote by (eq,...,eq) the usual orthonormal basis of R?.

For two metric spaces E, F' we will denote by C(F; F') the set of continuous
functions from E to F and, for 1 < p < oo, by CP(F; F) the set of functions in
C(FE; F) that are p times differentiable with continuous derivatives.

We will denote by CP(E; F) the set of functions in CP(E;F) that have a
compact support.

We will denote by C}(E; F) the set of functions in CP(E; F) that are con-
tinuous with bounded p first derivatives (Cy(E; F') denotes the set of functions
in C(E; F) that are bounded).

If F =R, we will sometimes simply write for instance C(E) for C'(E;R), for
the sake of conciseness.

For any multi-index o = (i1,...,14) € N and z = (21,...,74) € RY, we
note 2* the product =i ...z% and |a| =iy + - +i4. So that for u € Clol(R?)
alely

oxre

we will denote or in short 0%u, the partial derivative 6%1 .0k LU
Ty

Ty

Let U C R? an open subset. We will denote by L?(U) the set of square
integrable functions from U to R equipped with the usual norm and scalar

product || - |[z2y and (-, <) r2(v)-
We denote H'(U) the usual Sobolev space W12(U), equipped with the usual
norm || - |[g1(yy. We will denote by D;v the derivative in the distribution sense

with respect to x; of v € L?(U).

We recall that the space Hi(U) C HY(U) can be defined as H}(U) =
Ce(U;R) = CL(U;R).

We denote H~1(U) the usual dual topological space of HZ(U).

For m > 2, we denote H™(U) the usual Sobolev space W™?2(U) C L*(U) of
functions having m successive weak derivatives in L2(U).

The notion of a C* domain U C R? with bounded boundary I' = 9U is
defined with the help of a system of local change of coordinates of class C* (see
[38] Chap.3 pp. 89-90).

From now on we consider in the whole paper that R? = D,UD_ with D and
D_ two open connected subdomains separated by a transmission boundary I'
that is to say

F:DJ,_QD_

(in addition we will denote D = Dy UD_ =R\ T C RY).

By an assumption of type "I' is bounded and C*” we will mean that both
Dy and D_ are C* domains, and that I' is bounded. Note that in that case we
shall consider D (resp. D_) as the interior (resp. exterior) domain. Note that
D_ is then unbounded (although its boundary is bounded).



Assume T is bounded and C2. We will denote v+ : H'(D+) — H'/?(T") the
usual trace operators on I' and H~'/?(T) the dual space of H/?(T") (see pp.
98-102 in [38]). We will denote (u,v)r the action of an element u € H~'/2(T")
on a element v € H'/2(T) (this can be thought as a surface integral).

In the sequel we will frequently note fi the restrictions of a function f to
D.. Besides, by an assumption of type ”the function f satisfies f+ € CP(Dy)”
(or 7f € CP(D4) N CP(D_)") we will mean that the restriction of f to Dy
(resp. D_) coincides on D (resp. D_) with a function f; of class C?(R%)

(resp. f-). So that for any 2 € I' we can give a sense for example to fy(z): it
is lim; s 2ep, f(2) = f+ (). B B
In the same time spirit we may note for f € C'(D1) N C(D-) and a point
yel
fly£) = lim  f(z) = fe(y).

z—y,z€D4
For u € CY(D4;R) N CH(D_;R) we denote V,u = (aa—fl, s %)* and, for
apoint y e I’
Veur(y) = lim  Vyu(z). (4)
z—y,z€D4

For a vector field G € C(D;RY) we denote by V - G () its divergence at point
z €D, ie. V-G(z)= Z'Z:l ‘?9% ().

For u € C?(D;R) and z € D we denote H[u](z) the Hessian matrix of u at
point x.

Let a(z) = (aij(x))ijef1,...,qy be a symmetric matrix valued and time homo-
geneous diffusion coefficient.

If a;; € CY(D;R) for all 1 < 4,5 < d and u € C*(D;R) we denote
Lu(z) =V - (a(z)Vzu(x)), VzeD. (5)

In the whole paper the coefficients of the function matrix a are always as-
sumed to be measurable and bounded by a constant A.

We will also often make the following ellipticity assumption

Assumption 2.1. (E) : There exists A € (0,00) such that
vz e RY, VEERY, AP < Fa(z)é. (6)
Note that under (E) we can assert that for any € D we have
ax () = PL(2)Ex(2)Ps () (7)

with Py (x) some orthogonal matrices and Ey(x) some diagonal matrices with
strictly positive eigenvalues.

Assume T' is C2. For a point 2 € T’ we denote by v(z) € R? the unit normal
to I' at point x, pointing to Dy. Assume the a;;’s satisfy (a+)i; € C(D4).



We define then the co-normal vector fields v (z) := a4 (z)v(z) and v_(x) :=
—a_(z)v(x), for z € T

Note that under (E) it is clear that we have
Veel, (yi(x),v(z)) >A>0 and (y_(x),v(z)) <—-X<0. (8)

Note that the notation v for the trace operators follows the usual one ([38]
for instance) and the notation vy for the co-normal vectors follows the one of
the paper [5]. But it will be dealt with the trace operator only in Section 3, and
with co-normal vectors only in Sections 4 and 5. So that these notations will
cause no confusion.

In order to study the PDE aspects we will consider the unbounded opera-
tor A:D(A) C L?(RY) — L?(R?) defined by

d
D(A) = {u € H'(R?) with > Di(a;;D;u) € L*(R%)}
ij=1
and
d
Yu € D(A), Au = Z Dl(aUDJu)
ij=1

We also introduce the iterated domains defined recursively by
D(AF) = {v e D(A* ') : Ave DAY}, k>2.

These iterated domains will help us to establish the existence of a smooth solu-
tion to (1). First, using a variant of the Hille-Yosida theorem (Theorem VII-5
in [6]), we will prove that if the initial condition wug is taken in D(A*), k > 2
there is a solution w to (1), which has classical smoothness in the time vari-
able and weak smoothness in the space variable: for example this solution lives
in C([0, T); D(A¥)) (we may speak of a semi-weak solution). Then we will prove
that if a has some additional smoothness in the domains D4, then a function v
in D(A¥) is of class H?¥ if restricted to D4 (but it is not necessarily of class H2*
on the whole space R?; see our Corollary 3.1). Using then Sobolev embedding
arguments we will get classical smoothness of the semi-weak solution u on each
subdomain Dy (see in particular the proof of Theorem 3.1).

3. The parabolic transmission problem

Let 0 < T < oo a finite time horizon. Let us consider the transmission
parabolic problem



ou(t,x) — Lu(t,x) = 0 Y(t,z) € (0,T] x D
(a4 Vyug(t,y) —a_Vau_(t,y),v(y)) = 0 V(t,y) € (0,T]xT (%)
(Pr)
u(t,y+) = wul(t,y—) V(t,y)€[0,T]xT
u(0,2) = wo(x) Vo € R%.

We will say that (¢,z) — u(t,z) is classical solution to (Pr) if it satisfies

ueC([0,T];C*(D4)NC*(D-))NC*([0,T}; C(D1)NC(D-))NC([0,T); C(RY)

(9)
and satisfies the following requisites. First, u satisfies the first line of (Pr), where
the derivatives are understood in the classical sense. Second, for all 0 < ¢ < T
the limits lim,_,,  ,ep, Vyu(t, z) satisfy the transmission condition () for all
y € I'. Note that these limits exist thanks to (9). Third, u is continuous accross
I (third line). Fourth, it satisfies the initial condition at the fourth line of (Pr).
The aim of this section is to prove the following result.

Theorem 3.1. Let a = (a;j)1<i j<da satisfy (E).

e Denote

ko — { L%J +2 ifdis even; (10)

13+ K211 12 fdis odd.

Assume that the coefficients a;; satisfy (ax)y; € CZ™ *(Dx) and T is
bounded and of class C**°=2. Then for ug € D(A*) the parabolic trans-
mission problem (Pr) admits a classical solution.

e Furthermore, if ug € D(AF) for k > ko, the coefficients a;; satisfy (ax)ij €
ka_l(Di) and T is bounded of class C?*, this classical solution u is such
that

we Chi ([O7T] . C"O)(Dy) N Cnm([)_)) , [d/a)<j<k

with n(j) = |2j — 2].

To prove Theorem 3.1 it requires to study in a first time the associated elliptic
resolvent equation, in a weak sense. More precisely, for a source term f € L?(R%)
we will seek for a solution u in D(A) of

u—Au=f (11)

(see Proposition 3.4 below).



Then the idea is to apply in L2(R?) a version of the Hille-Yosida theorem that
states that for ug € D(A*), k > 2, there is a solution u to 9% = Au, u(0) = uo,
living in C*=9 ([0, T]; D(A7)), 0 < j < k (see Proposition 3.6 below).

As we will have studied the weak smoothness of functions living in the
D(AF)’s (Proposition 3.5 and Corollary 3.1), we will be able to conclude that u
is in fact a classical solution by using Sobolev embedding arguments.

Remark 3.1. Note that in Theorem 3.1 we make no statement regarding the
uniqueness of the classical solution of (Pt). In order to prove uniqueness, a
reasonable strategy could be to show that any classical solution is in fact a semi-
weak solution living in C*9([0,T]; D(A7)), 0 < j < k. Such a semi-weak
solution is known to be unique (see the forthcoming Proposition 3.6): more
precisely two possible semi-weak solutions are equal at any time t for almost
every spatial point x ; then using the continuity of classical solutions we would
get the expected classical uniqueness result for the solution of problem (Pr).

In our opinion it is possible to fulfill this purely PDE program, but we have
chosen not to do so in this paper in order to avoid overburdening the exposition.
Instead we adopt another strategy and prove that uniqueness in the classical
sense holds as a consequence of the uniqueness in law of our stochastic numerical
approzimation scheme (that we build in the sequel) and its convergence towards
any classical solution of (Pr) (see the forthcoming Remarks 4.2 and 5.1 and the
statement of Theorem 5.1).

Remark 3.2. 1) In the classical situation with smooth coefficients studied for
instance in [15] Chap. 1 (or [31], Theorem 5.14), a unique classical solution to
the parabolic PDE exists as soon as the a;;’s are bounded and Hélder continuous
and satisfy (E), and ug is continuous and satisfies some growth condition.

Here we ask additional smoothness on the coefficients (a+)i;’s inside the
domains D4. Indeed, because of the discontinuity of a across I' we are led to use
a different technique of proof: unlike the parametriz method in the classical case,
this additional smoothness is required for the use of the Hille- Yosida theorem and
the Sobolev embeddings.

Note that with this methodology of proof these additional assumptions would
still be needed if our coefficients and the solution were smooth at the interface.
Note also that with this approach the assumptions on the initial condition ug
are understood in a weak sense (and are different).

2) Our result is also different from the one in [23] (Theorem 13.1; see also
[24]). In this reference the authors study the classical smoothness of the parabolic
transmission problem by studying first the smoothness of Oyu (to that aim they
differentiate with respect to time the initial equation). Then they study the
smoothness with respect to the space variable by using results for the elliptic
transmission problem, involving difference quotient techniques. But by doing so
they get estimates on subdomains of the form [e,T| x Dy with 0 < €. Here,
we manage to study the global regularity of the classical solution of (Pr) in the
whole domains [0,T] x D4.



8.1. Study of the associated elliptic problem and of the domains D(A¥)

In this subsection we establish the existence of a solution to (11) belonging
to D(A) and study its smoothness properties, together with the ones of functions
belonging to the iterated domains D(A¥), for k > 1.

We recall that the coefficients a;; are assumed to be bounded by A so that
we may define the following continuous bilinear and symmetric form, which will
be used extensively in the sequel

d
E(u,v) = > {aiDju, Div)raga), VYu,v€ H'(RY). (12)
ij=1
Let v € D(A). Using the definition of Au as a distribution acting on
C®(R%R), and the density of C°(R%R) in HY(RY) = HE(R?), one can es-
tablish the following relation, linking A and the form (12):

E(u,v) = (—Au,v) 2(ray, YU € H'(RY). (13)

8.1.1. Some results on weak solutions of elliptic transmission PDFEs

Here we gather some preliminary results on weak solutions of elliptic trans-
mission PDEs that rely mainly on [38] Chap. 4, pp. 141-145.

We recall that for u € L?(RY), we denote u, (resp. u_) the restriction of
u to D4 (resp. D_). It may happen that we use this notation for restricted
distributions also.

We introduce the following notation for the jump across I' of u € L?(R%),
with uy € HY(Dy) and u_ € HY(D_):

[ule = 74 (uy) =7 (u—).

If [u]lr = 0 we shall simply write y(u) = 74+ (us+) = y—(u—). We have the two
following lemmas (the proof of the first one is straightforward).

Lemma 3.1. Let v € L2(R%). Then, for any 1 < i < d, the distribution (D;v)+
is equal to D;(vy). As a consequence, if v € H(R?), then vy € HY(Dy).

Lemma 3.2 ([38], Exercise 4.5). Suppose u € L*(R?) with ux € H'(Dx+).
Then u € HY(R?) if and only if [ulr =0 a.e. onT.

We shall consider restricted operators and bilinear forms in the following
sense. We define A, : HY(Dy) — H~ (D) by

d
Voe H'(Dy), Apv= Y Di((at);Djv).
ij=1
We define A_ : HY(D_) — H~!(D_) in the same manner (note that we do not
specify here any domain D(A4)). Further, we define

d
gi(’lj,,l}) = Z /D (ai)iij’U, Dy, Yu,v € Hl(Di)
+

i,j=1

10



In the same fashion as for Equation (13), we have, for uy € H'(D) with
Aiui S L2(Di),

5i(ui,v):/D (—Asus)o, Voe HA(DL). (14)

Imagine now that in (14) we wish to take the test function in H* (D<) instead
of H}(D4). There will still be a link between Ay and €1, but through Green
type identities, involving co-normal derivatives and boundary integrals. We
have the following result.

Proposition 3.1 (First Green identity, extended version; see [38] Theorem 4.4,
point i)). Assume T is bounded and C%. Let u € L?*(R?) with uy € HY(Dy)
and u— € HY(D_). Assume Ajuy € L*(D+), A_u_ € L*(D—). Then there
exist uniquely defined elements BXu € H™2(T) such that

et = [ (A= (Brunw), . wemDy)  (5)

and

E (u_,v) = / (—A_u_)v+ (B;u,”y, (v))F , Yve HY(D.). (16)
The elements B in Proposition 3.1 are the one-sided co-normal derivatives
of uonT.
To fix ideas, note that under the stronger assumptions that the (a+);;’s are
in C}(Dy;R), and uy € H*(D4), we have

d d
B u=v"y4(axVuy) ZZ ai )ii Dj ui) on I

(note that as the (ay);;Djus’s are in H'(D,) the trace terms are correctly
defined in the above expression). Thus one understands that the change of sign
in front of the (-, -)r term between (15) and (16) is due to the fact that —v is
the outward normal to Dy and v is the outward normal to D_.

For details on the definition of B u under the weaker assumptions of Propo-
sition 3.1, see [38] pp. 116-117.

Finally we introduce a notation for the jumps across I' of the co-normal
derivative of a function w satisfying the assumptions of Proposition 3.1:

[Byu]r =Bfu—B;ue HV3I).
We have the following result.

Lemma 3.3 (Two-sided Green identity; inspired by [38] Lemma 4.19, Equation
(4.33)). Assume T is bounded and C?. Let u € HY(R?). Let f, € L?>(Dy) and
f- € L*(D_-) and assume

uy — Arus = fr on Di. (17)

11



Set f = fy + f—, then
(u, ) p2ray + E(u,v) = (f,v) L2Ra) — ([Byu]r, 7(1}))F . Yoe H'(RY). (18)

Remark 3.3. Note that in the above proposition uy € H'(Dy), thanks to
Lemma 3.1. Equation (17) means that (ux—Atus, 0)g-1(pyy,ai(py) = (f0) 2Dy
for all p € C°(D+;R). Therefore Axuy € L?(D+) and by Proposition 3.1 the
element [Bl,u}r is well defined. Then same remark holds for the forthcoming
Proposition 3.2.

Our notations being different from the ones in [38], we provide the short
proof of Lemma 3.3 for the sake of clarity.

Proof. Taking into account Remark 3.3 we can use Proposition 3.1, and sum-
ming (15) and (16) one gets for any v € H*(R?) (note that v (vy) =y (v_) =

V()

(1) p2) + Ex (s, ve) + - (umyv) = (f,0) 2y — ([Bou] s 1(0)

To complete the proof it suffices to notice that, thanks to Lemma 3.1, we have

Ex(up,vy) +E(u—,v) = Z /D a+)ij (Dju)+ (Div)+

3,j=1
+fD ~)ij(Dju)- (Div),}
= &(u,v).

O

We recall now results on the smoothness of weak solutions of elliptic trans-
mission PDEs.

Proposition 3.2 ([38], Theorem 4.20). Let G1 and G2 be bounded open con-
nected subsets of R?, such that G; C Go and Gy intersects T', and put

D, =G;NDs and T;=TNG; for j=1,2.

Assume that the set Gy is constructed in such a way that there is a C"1T2-
diffeomorphism between I's and a bounded portion of the hyperplane x4 = 0.
Assume (E).
Let v € N. Assume that the coefficients (a);; belong to C"1(D%;R).
Let fy € L?(Dy) with f+ € H"(D%). Let u € L*(RY) with v € HY(G2)
satisfying
U+ — Aiui = fi on Di

and [Byu]. € H2*"(T'). Then uy € H**"(D}).
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Proposition 3.3 ([18], Theorem 8.10). Assume (E).

Let v € N. Assume that the coefficients (ax);; belong to Cy ' (D;R). As-
sume I' is bounded.

Let fy € H"(Dy). Let u € HY(R?) satisfying

uy — Arus = fr on Di.
Let D', C Dy open subsets with D', C Dy and denote d, = dist(D’,,T).
We have that uy € H™2(D",), with
lutll 20y ) < O (lutl | gy + 1 flar 1))
where the constant Cy. depends on d, A\, d!, and

(0%
(B0 2, 10 e s O
Proof. In [18] this result is asserted with the assumption that D, C D, with
D!, compact. So that for the interior (bounded) domain D, the result is im-
mediate. On the unbounded domain D_ we claim that the same result holds
for non compact D’_, as in fact only the distance d’_ = dist(D’_,T") plays a role
in the proof. O

Thus, covering I' with open balls in order to use the local result of Proposi-
tion 3.2, and combining with the global result of Proposition 3.3, it is possible
to show the following theorem, that will be used extensively in the sequel.

Theorem 3.2. Assume (E).

Let v € N. Assume that the coefficients (a);; belong to C; ' (Dy;R). As-
sume T is bounded and of class C™+2.

Let fy € H" (D). Let u € HY(R?) satisfying

uy —Ayug = f1 on Dy

and [Byu] . € H2*"(T). Then ux € H**"(Dy).

3.1.2. Ezxistence of a weak solution to the resolvent equation and immediate
properties of functions in D(A®), k> 1
We have the next result.

Proposition 3.4. Assume (E). Let f € L*(R?). Then (11) has a unique
solution in D(A).

Proof. Let us note that the symmetric bilinear form on H!(R?)
(u,v) = (U, v) p2(ray + E(u,v)

is continuous and, thanks to Assumption (E), coercive. Thus the Lax-Milgram
theorem ([6] Corollary V.8) immediately asserts the existence of a unique u €
H'(R?) such that

Yo € Hl(Rd), <U,U>L2(Rd) +5(U,’U) = <f,’U>L2(Rd).

13



In other words we have for any ¢ € C2°(R%; R),

= —( Z Di(aijDju), p) -1 (wray, i1 (rty = ((f — 1), @) L2 (ma)-

ij=1

Hence the distribution Zijzl Di(a;;Dju) belongs to L?(R?), and thus u €
D(A). Finally, from the above relations we deduce

Yv € Hl (Rd), <u — Au, ’U>L2(Rd) = <f, 'U>L2(]Rd),
which implies (11). O

The proposition below gives properties of functions belonging to D(A). It
indicates that the solution u € D(A) of (11) encountered in Proposition 3.4
satisfies a continuity property and a transmission condition in a weak sense at
the interface.

Proposition 3.5. Let u € D(A). Then [u]r = [Buu]r =0 ae. onT.

Proof. Let u € D(A). As u € H'(R?) one gets by Lemma 3.2 that [u]r = 0 a.e.
on I'. Set now f =u — Au € L?(R?). According to Equation (13) we have

Yv € Hl(Rd), (u, U>L2(Rd) + E(U, ’U) = <f, U>L2(]Rd)u (19)

and this in true in particular for any v € C°(D4+;R). But using Lemma 3.1
one has for any v € C°(D4; R), that

d
E(u,v) = Z/D (a4)ij (Dyu)4 Dyv = Z/ (a4)ij (Dyus)Div = &4 (uy,v).
1,j=1 i,j=1
Using now (14) we see that (uy — Ayuy,v)r2p,y = (f+,v)r2(p,) for any

v € C°(D4;R). Proceeding in the same manner on D_ we finally see that
U+ — A:I:U:I: = f:t on Di.

Note that by construction f = fi + f_. Using now Lemma 3.3, and com-
paring (18) and (19), one gets ([Byu}r,ﬂy(v))r =0 for any v € H*(R?). Using
the fact that the trace operator is surjective, this implies that ([Byu] r w)F =0
for any w € H'/?(T"), which completes the proof. O

Thanks to Theorem 3.2 we can get as a corollary the following result con-
cerning the iterated domains D(AF), k € N*.

Corollary 3.1. Assume (E). Let k € N* and u € D(AF). Assume that the

coefficients (a)i; € CE*~1(Dy) and that T is bounded and of class C**. Then

U4+ € H2k(D:|:).

Proof. The proof proceeds by induction on k.
Let u € D(A) (case k = 1). We have [l’j’,,u]F

3.5. Thus in particular [l’j’,,u]F € H%(F). As in the proof of Proposition 3.5

= 0, according to Proposition
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we set f = u — Au and notice that we have u+ — Arus = fi on D4, with
fi eL? (Di)

Using Theorem 3.2 - remember that u is in H*(R?), (ay);; € CL(D4;R)
and I is bounded of class C? - we get that ux € H?(D4).

Suppose now that the result is true at rank k& — 1 we prove its validity at
rank k (k > 2). Let u € D(A*). As u € D(A) we have [B,u|, =0¢€ H2=3(T).
As Au € D(A*71) the quantity u — Au =: f satisfies f+ € H?*~2(D.), using
the induction hypothesis. But as we have ux — ALuy = f+ on Dy, one may
use again the smoothness of (a+);; and I" and Theorem 3.2 in order to conclude
that uy € H?*(D.). O

3.2. The solution of the parabolic problem (Pr)
8.2.1. Application of the Hille- Yosida theorem

We now use the Hille-Yosida theorem ([6] Theorems VII.4 and VIL5) in
order to prove the following proposition. Note that in Equation (20) below, the
time derivative is understood in the strong sense, while the space derivatives
are understood in the weak sense. Besides, by convention D(A°) = L?(R%).

Proposition 3.6. Assume (E). Let ug € D(A). Then there exists a unique
function
ue C'([0,T]; L*(RY) nC([0,T]; D(A))
satisfying
du
e Au, u(0) = up. (20)

Furthermore, let ug € D(AF), k > 2. Then,
ue C*([0,T); D(A7)), 0<j<k.

Proof. According to [6] it suffices to check that (—A, D(A)) is maximal mono-
tone. But thanks to Assumption (E) we immediately see that (—Av, v) 2 (ga) =
E(v,v) > 0, for any v € D(A), and thanks to Proposition 3.4 we have that for
any f € L?(R?) there exists u € D(A) solving (11). O

Using now Proposition 3.5, Corollary 3.1 and Proposition 3.6 together with
some Sobolev embedding theorems, we show Theorem 3.1.

8.2.2. Proof of Theorem 3.1
Proof. Assume d is even. Apply the result of Proposition 3.6 with k = kg =
[4] +2 and consider u solution of (20). We have that

ue ' ([0,T);D (A1)

with kg —1 = [ 4]+ 1. Using the result of Corollary 3.1 and combining Corollary
IX.13 p. 168 with Theorem IX.7 p. 157 in [6], we see that for any ¢ € [0, T

us(t,.) € H*28l (D) ¢ H*Y5(D1) — C*(Dy). (21)
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Assume now that d is odd. Apply the result of Proposition 3.6 with k =
ko= |3+ + L4/ 2JJ + 2 and consider u solution of (20). We have that

ue C' ([0,T);D (Ako*l))

with ko — 1= |2 + %J + 1. Using the result of Corollary 3.1 and combining
Corollary I1X.13 p. 168 with Theorem IX.7 p. 157 in [6], we see that for any
te€0,T]

+ Ldé2jJ

us(t,.) € H>2L3 (D1) < C*(Dy) (22)

since

ld/2] ld/2] d d d
L2+2L2+ J J>L2+2<2 5 > 2J2L3+L2J 2J22.

Let us now show that u solution of (20) (for the corresponding kg) is a
classical solution of (Pr).

First, it is clear that Lu coincides with Au on any bounded part of D
(the derivatives in the distributional sense coincide with the classical derivatives
thanks to the established smoothness of u). This shows the first line of (Pr).

Second, as for any ¢ € [0,T] the function u(¢,.) belongs to D(A), we have
using the result of Proposition 3.5 that

[u(t,)]p =0 ae onT; [Byu(t,.)]p=0 ae onT. (23)

Note that u(t,.) € D(A) implies that u(¢,.) are in H?(D+). So that the second
part of (23) reads

V' (v4 (a4 Vug(t,.)) —v— (a—Vu_(t,.))) =0 ae.

But as (a+Vus) € CH(D4;RY), we get

((a4+Vaus(t, ) (y) — (a=Vzu_(t,.))(y),v(y)) =0

for almost every y € I', and consequently for every y € I' by continuity. The
same argument applies to the first part of (23) and the second and third lines of
(Pr) are satisfied. Note that the constructed solution satisfies u(t,.) € C (R?)
for any time ¢ € [0, T7.

Now let k > ko. For [4] < j <k, we have 2j — £ > 0. Thus, for v € D(A47)
we have from Corollary 3.1,

v+ € sz(Di) — Cn(j) (Di)

with n(j) = |25 — g] Using again the result of Proposition 3.6, we get the
announced result. O
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8.8. Conclusion and consequences: boundedness of the partial derivatives

Going a bit further in the analysis, and using additional Sobolev embedding
arguments, we can state the following result.

Proposition 3.7. Assume (E). Let p,q € N with p+ |g/2] > 2. Let m =

[+ %], m' =m+1 and k = m' +p. Assume that the coefficients a;; satisfy

(ax)i; € Cgm,fl(Di), that T is bounded and of class C*™ , and that uy €
D(AF).
Then the classical solution u(t,z) of (Pr) constructed in Theorem 8.1 satis-

fies
u e CP([0,T); CH(D+)NCHD-)).

Proof. First, notice that it is easy to check that k is greater than the ko defined
in Theorem 3.1, so that it makes sense speaking of the classical solution of (Pr),
for ug € D(A¥).

This solution is constructed in the same way as in Theorem 3.1, in particular
by the mean of Proposition 3.6. So that one can assert that

ue CP([0,T]; D(A™)).

It remains to check that if v € D(A™), then vi € C{(Dy). First, note that
m > [47, and that one may easily check

(using in particular [2a] < 2[a]). So that if v € D(A™) C D(A™), we have, as
for the second part of Theorem 3.1,

ve € H*™(Dy) — C2=31(D.) c C9(Dy).

We claim that for any multi-index «, |a| < ¢, the partial derivatives 9%vy are
bounded. Indeed, using again Corollary 3.1, we get

v+ € H2m/(Di)7
so that for «, |a| < ¢,

9%y € H3T51-042(Dy ¢ H52(DL) — L®(Dy).

Here we have used the fact % — % - % < 0, so that one can use the third

embedding result of Corollary IX.13 in [6] (and again Theorem IX.7 for the
projection argument). The result is proved. O

From the above proposition we get the following control on the partial deriva-
tives of the solution to (Pr).
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Corollary 3.2. In the context of Proposition 3.7 we have

sup sup |8/0%u(t,z)| < 0o
te[0,T) zeD4

for any j < p and any multi-index o, with |a| < q.

Proof. By Proposition 3.7 any of the considered partial derivatives of u+ belongs
to the space -
C([0,T]; Cp(Dy)).

Let for example v € C([0,7]; Cy(D4)). We prove the continuity of the map
t = sup,ep, |v(t,2)], t € [0,T]. Let to € [0,7]. Using the reverse triangle
inequality we get for any t # ¢,

’ sup |’U(t7$)| — Sup |U(t0,$)| ’ < sup "U(t,fb)—’U(to,.I),
zeDy z€D z€Dy

and we get the continuity at tp, as v is continuous from [0,7] to C,(Dy)
(equipped with the supreme norm). Thus the desired continuity is proved,
and from this we can assert that

sup sup |v(t, z)| = sup [v(t",z)|
te[0,T] zeDy z€D4

for some t* € [0,T]. As v(t*,-) € Cy(D+) we have that

sup sup |v(t,z)| < co.
tG[O,T] 16D+

The result is proved. O

In the analysis of the convergence of our Euler scheme, we will use the above
corollary with p up to 2 and ¢ up to 4.

4. Euler scheme

4.1. Recalls on the projection and the distance to the transmission boundary and
further notations and premiminaries

In this subsection we adopt the notations from [5]. We have the following
set of geometric results.

Proposition 4.1 ([5], Proposition 1; see also [19]). Assume I' is bounded and
of class C®. Assume (E). Assume that the coefficients a;; satisfy (ay)i; €
CHDy).
There is constant R > 0 such that:
1. (a) for anyx € V{ (R), there are unique s = n)" (z) € T and F7+(z) <0
such that :
z =mpt () + F7 (@) (mp" (2)) 5 (24)

18



(b) for any x € ViT (R), there are unique s = m) (z) € I and F'-(z) <0
such that :
z=mp () + F' (a)y-(mp (@) (25)

2. (a) the function x — wl* (x) is called the projection of x on T' parallel to
Y4 : thisis a C* function on Vi (R) ;

(b) the function x — m~ () is called the projection of x on T' parallel to
Y : this is a C* function on ViF(R) ;

3. Let us set F7*:(x) = F=(z)|y (7% (2)) | the normalized version of F7*

corresponding to the unit vector field ¥+ : = +— gi—gi;‘

(a) the functions = — F7=(z) are called the algebraic distance of x to T
parallel to vx (to 7+ ) : these are C* functions on V7 (R). One has
F7+ 7 <0 on Vi (R) and F7=,F7'= <0 on V' (R).

(b) It is possible to extend FY+, F'+ and F'-,F'~ to CHR%R) func-
tions, with the conditions F'= F '+ > 0 on D1 and F7* F'* < ()
on D=.

4. The above extensions for F'= and F* can be performed in a way such that
the functions F'= and F” are equivalent in the sense that for all x € RY,

1 1 ~
—d(@,T) = — |F*()] < [F7*(2)| < 1 |F(@)| = exd(@, ) (26)
C1 C1

for some constant c¢; > 1.
5. Forx €T,

*

Y+ __v
VE* (z) ) (). (27)
Remark 4.1. Under the assumptions of Proposition 4.1 we have that the vector
fields v+ (z),x € T, are of class C*, and we have (8). Thus we are indeed under
the assumptions of Proposition 1 in [5].
We sometimes use the notation v(z) or v+ (z) even ifx ¢ T'. Forxz € VE(R),
we set v(z) = v(rp* (2)) and v+ () = o (7p* (2)) and for x ¢ VE(R), arbitrary
values are given.

Note that if u is a classical solution to the transmission parabolic problem
(P1) defined in Section 3, the transmission condition (x) can be expressed as

(@), Vaur (t,y)) = =(v- (), Vou_(t,9)),  V(t,y) € (0,T] xT.  (28)
This in fact will be the crux of our approach (see Subsubsection 5.5.2).
In the sequel, we will need the following result.

Proposition 4.2. Assume T is bounded and of class C°. Assume (E). Assume
that the coefficients a;;j satisfy (ax)i; € C(Dy).
Let & € ViF(R) and T € VT (R) be linked by the following relation :

T =l (&) - P @)y (ni (2)). (29)
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Then, there exists ca > 1 such that

L 4@ 1) < d@.1) < e d@,1). (30)
c2

Proof. Without loss of generality, assume for example that T € Vi (R) and
& € VI (R) are related by (29). Then we have

T —mpt (&) = —F7(2)y— (mpt (2)). (31)
and by uniqueness of the projection 7"~ (), we see that )" (&) = mp '~ (T)

(note that F~7=(Z) = F7+(%)).
We deduce that

éd(i D) < |E=@)| = |F7- @) % y-(mp " (@)] = [T — " (2)]

=T —m (@) < cad(@,T)

due to the same kind of relation as (26), but written for —y_ instead of v_.
Returning back to (31), we see that

(@ T) < [P @) b (e @) = 1P @) T < cad )

So that in view of (26) written for & and 4,

el @y 1 < a1 < 2@
R

But using (6) and (7), it easy to see that for any z € T,

2 2 2 72
X _ e _ A%
NE = [ eF = R

from which we deduce the result of the proposition. o

4.2. Our transformed Euler scheme

We are now in position to introduce our transformed Euler scheme.

Let us denote from now on At = h,, = % the time step (where n € N*) and
fix a starting point zo € R%.

The time grid is given by (¢}!)}_, with ¢} = % for 0 < k <n.

We denote by (AWjy41)}l_, the ii.d. sequence of Brownian increments con-

structed on (2, F,P) and defined by

AWk+l:Wtk+1_Wtk7 VOSkSTL
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© & = Xy, iteration point

Figure 1: Correction of our scheme when the path crosses the boundary I'.

Recall that o : RY — R?*? stands for a matrix valued coefficient satisfying
oo*(x) = 2a(z), Vz € D.

Set (Qa(x)); = div(z — (a1;(x), ..., an;(x))).

. n
Our stochastic numerical scheme (X Z‘)k is defined as follows (we omit
=0

the superscript n)

XO = X0
and for t € (tg, trr1], we set

X, = Xy, +0(Xe, ) (Wi — Wy, ) + 0a(Xe, )(t — t)  (standard Euler incrementation)

7tk+1 = th+1 if (ytk S E+ and thJrl S DJr)
or (Ytk € D_ and th“ € D,) ;

7tk+1 = W;+ (thﬂ) — P (thJrl)’Y* (W;Jr (thﬂ)) if 7% € va and thJrl €D_;

7'51c+1 = ﬂ—gi (th+1) - - (th+1)'7+(7r;17 (th+l)) if 7% € D_ and th+1 € D+ .
(32)

Remark 4.2. Note that by its construction the presented Fuler scheme enjoys
uniqueness in law.
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Remark 4.3. (Comparison with known results in the classical smooth case)

- Note that whenever a is smooth, the co-normal vector fields v© and ~~
are in exactly opposite directions and our problem becomes artificial.

Combining (32) with (24) and (25) shows that the construction of our
scheme ensures that th = X;, for k = 0,...,n in this particular and
artificial case (see also Figure 1 and observe that the isosceles triangle
becomes flat in this case). Thus, there is no correction when crossing the
boundary and — whenever a is smooth — our scheme reduces the classical
Euler scheme.

- Note also that at the crossing of the boundary our construction resembles
the so-called symmetrized Euler scheme constructed for the specific case
of reflected diffusions (see [5]). However in [5] (see also [19]) the purpose
of the construction is to forbid the numerical scheme from crossing the re-
flecting boundary (without undermining the convergence), contrary to our
framework where we let the scheme cross freely the transmission bound-
ary (the correction point remains in the same side as its corresponding
iteration point). Up to our current knowledge both problems — reflected
boundary problem and transmission boundary problem — cannot be treated
i a common framework. Still, we feel that both problems share the same
flavor and the reader might want to compare the picture of Figure 1 with
Figure 1 p. 881 in [5].

Remark 4.4. (Comparison with the results of [37] in the one dimensional case)

When the dimension d is reduced to 1 (one dimensional problem), the dis-
continuity surface reduces to a single point (say 0). In this case and when the
coefficient a = ayly>o, + a_l,<, is constant on both sides of the discontinuity,
it is remarkable that our Euler Scheme is exactly the same as the one described
in [37].

Indeed, in this one-dimensional context, let ¢(y) = (a—Iy>o + a4ly<o)y.
Note that ¢ is a bijective map from R to R. The Fuler Scheme constructed in
[37] is then defined by Xo = x¢ and for all k € {0,...,n},

X =¢ (Ye,)
where Yo = p(xq) and for all k € {0,...,n— 1}
?tk+1 =Y, + (a_o_,_]I?tk so T a+U—H7tk <0) Wiy = Wi )s
(see [37] for details - please take care that [37] is written for the right-hand

sided local time; the above computation is valid for the symmetric local time).
For example if p(X4,) <0 and Yy, ., >0, we get (because o~1(0) =0 and o~ !
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is continuous at 0 and also because X and Y share the same sign),
~ R | ~ - - k+1
th+1 =@ ((P(th) + (a—0+]IYtk>o + a"t‘U—HYtk <o) AWk )

0
~ X+ / (7)) (2)dz

o(Xt,)
(X +a-0ily, o +aroly, AWt

+/ =0 (<p_1)/ (2)dz
0

— — 1 — 1
= th — @(th)a + (@(th) —|— CL+O',AW]§+1) a_

— a—+Ytk =+ a—+O'7AWI§+1,
a_ a—
which turns out to be the corresponding case stated in (32) in this one-dimensional
context. This correspondence is valid in all the other cases.

Hence, our transformed Euler Scheme may be viewed as some kind of multi-
dimensional generalization of the Euler Scheme presented in [37] (up to second
order terms if the coefficient a of the operator is not piece-wise constant).

5. Convergence rate of our Euler scheme

The purpose of this section is to prove the following result.

Theorem 5.1. Let 0 < T < oco. Assume (E). Let m' = [2+ 4] + 1 and
k=m'+ 2. Assume that the coefficients a;; satisfy (a+)ij € Cgmlfl(l_)i) and
that T is of class C*™ . Let ug : R* — R be in the space D(AF). Let u be a

classical solution of (Pr).
We have that for all n large enough,

sup [u(T,z0) ~ Eup(X7)| < K+/hn, (33)
IoeRd

where the constant K depends on d, A\, A, ug and T'.
As a consequence of the above and under these assumptions, there is unique-
ness of the classical solution u of (Pr).

Remark 5.1. Note that the uniqueness of u appears as a consequence of the
uniqueness in law of our numerical scheme (Remark 4.2) and of the conver-
gence (33). This is in the spirit of the last statement of Theorem 5.7.6 in [21]
where the uniqueness of the solution of parabolic PDFEs is proved by the mean
of a Feynman-Kac representation formula involving a diffusion X which enjoys
uniqueness in law.

Remark 5.2. In Theorem 5.1 the assumptions on a(x) and T involving the
integers m' and k are here in order to use Corollary 3.2, which ensures that
we will have supye(o 7y, zep, |07 0%u(t, )| < oo for any j < 2 and any |a| <
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4. This control on the derivatives on u s what we need in order to lead our
convergence proof. In fact if there is a way to get this control under weaker
assumptions on a(x) and T' our methodology of proof would lead to a convergence
theorem stated under these weaker assumptions.

The rate of convergence in Theorem 5.1 is of order v/h,,. This order is much
slower than the order h,, achieved for the standard Euler scheme applied to SDEs
with smooth coefficients (see [47] and [2]). However this rate y/h,, improves very
slightly the results obtained in [36]. This is due to the methodology of proof
where we manage to use smooth discounted occupation times for the scheme
around the interface instead of discretized occupation times involving harsh
indicator functions.

Unfortunately we have not been able to prove a second order transmission
boundary condition as the one derived in Lemma 3 p. 883 in [5] for the case
of the symmetrized Euler scheme for reflected diffusions. This explains the
reason why we do not achieve the rate h,, as in [5]. Note that the rate \/h,
seems confirmed by numerical 1D tests performed in [35] and is classical for
transmission problems.

Note that similarly to the results obtained for the symmetrized Euler scheme
for reflected diffusions in [5], our convergence result holds uniformly with respect
to the starting point xg.

In the sequel of this section we focus on proving (33).

5.1. Preliminary results

Lemma 5.1. (see [5] Lemma 1 p. 883)

Consider an Ité process with uniformly bounded coefficients dU; = b.dt +
ordWy on (Q, F,P). There exist some constants ¢ > 0 and K (depending on
p > 1, T and the bounds on o, b) such that, for any stopping times S and S’
(with 0 < S <S8 <§<T) and anyn >0,

2

P| sup |Ui—Us| >n| < Kexp <—cn—> ; (34)
te[s,s’] 0

E| sup |U, —UP| < K6P/2, (35)

te[s,S’]

We have when X, € D

Ytkﬂ = thﬂ + [F’H (th+1):| (”Y+(7T1A1+ (th+1)> + - (ﬁvj (th+1)))

and when X;, € D_

Kin = Kos + [F(Ro)] (300 R + 9= (7 (Re))
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This shows that (Yt)ogtg:r behaves like a continuous semimartingale on each
of the intervals [tg,tg41)-

We now aim at finding the differential form for (X;)o<i<7-

Using Tanaka’s formula (remember that we are using the symmetric local
time), we have

L1 ¢ N 1 .
d[F’H(Xt)} :_/0 ]IF7+(Xt)<od (F’H(Xt)) +§dL?(F’Y+(X))
t t
PN 1 O
:_/0 ]IFV+(Xt)<oVF7+(Xt)dXt_/O ]IFV+(Xt)<o§Tr H[F"+](Xy)a(Xy,)| dt

1 N
+ 5dL,?(W+ (X)).
Moreover, using Remark 4.1 we may and will write that
(3 (2 (Roe)) + 7= (2 (R))) = (14 (Kri) +9-(Ris))

which allows to apply Ito’s formula to (X;)s, <r<t, .. along the vector fields v,
and y_ without having to differentiate the co-normal projections.

Hence, applying these differentiations when X;, € D, we find that for
any t € [tk,tk+1),

0%, = ax, + T (Rang(r (£0) + [ (£0] (9 (0 +90) (R0,

+ 3T [Hby 41 1(%0)a(K,0)] )
T (0| V (0 +70) (K0)a(Ke,) (VE™ (X))t
+ (4 +7-) (R)VFT (R)dX,
T ()20 (05 +7) (K05 T [HIF)(R0)a (K, )] dt (36)
and a corresponding equality holds also true for X;, € D_.

Lemma 5.2. Under the assumptions of Theorem 5.1, for all ¢ > 0, there exists
a constant K (T) such that

n—1 ~ N
d*(X,,,T
hn E7 ) [exp <—CM>] < K(T)v/hn (37)
i=0 fin

uniformly over xo € R?.

Proof. The idea is to use the occupation times formula. Using successively
(26) and the inequality (30) of Proposition 4.2, we have d (Z,T") > %d (z,T) >
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L_| 7+ (2)| so that

X, T
Aiy1 = E* leXP <_C%>]

cicC2

‘FV+ t )
< E* |exp o I~
B |0162|2h Xfi+1eD’
2
+E% |ex cu T
P |0162| h z+1eD+
= Al + AL (38)

We concentrate on term Al "1 as both terms are treated in a similar manner.
Set ¢ = ¢/2c3c3 > 0 and g(x) = exp(—2c’xz?/h); it is easy to check that
lg(2)| + Vhlg'(x)] + hlg" (z)| < K(T)exp(—c'z?/h). Hence, for t € [t;,tir1],
[t6’s formula yields that
- . 2
F+ (XTZH)
hy

E™ exp | —2¢

< K(T) [E% exp (—
)|

1 tit1 ,
+ I /t ds E*° exp ( c I )} .

We integrate this inequality with respect to ¢ over [t;, ;41] to get

- ~ 2
Fre(XE)

b,

tit1
hn Af ) < K(T) / dsE* exp | —c
¢

7

(39)

(for possibly some new constant K(T)).
Observe that from (27),

A(F+(X™), F (X)), = VE (XM)a(X}) [VFW (X”)r ds > Ads.  (40)
Indeed, using the Cauchy-Schwarz inequality and |v(Z)] = 1, we have that
YV E+ (2)a(T) {Vﬁ"m (j)} Y v (@)a@v()  (v(@),a@)v(2))

(&), 4+(2))? (v(z), \Zggzgg\>2
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which justifies (40).

It readily follows from the occupation times formula that
R Y2 . . .
dy exp (—c'h—) joud {A;“Ly (FW (Xf‘))} . (1)

n

ha Aty < K(T) /

—R

Now

[y, (B (X)) - ot (B ()]
= omno [ (Frep,) —v) (P o)
-/ Lo gy (7752 ]
<o (P2, —) = (P ) - ) |+ K@,

Therefore, Z?:_Ol E®o [Li’i+1 (I:"W (X")) - L}, (I:—'W (X"))] < K(T) uniformly
in |y| < R since the sum is telescoping. Moreover, the result of Lemma 5.1
ensures that this inequality is uniform w.r.t zp. We can thus conclude that
b, Z?:_Ol Al < K(T)vhy, uniformly w.r.t zo.

The sum h,, Z?:_ol A;_ is treated similarly. The proof of the Lemma is
complete. O

5.2. Error decomposition
In all the sequel xq is arbitrarily fixed.
For all 0 < k <n set
e =T — 1},
The proof of Theorem 5.1 proceeds as follows (we omit the superscript n).
Since u(0,2) = ug(z) for all z € R? and u(T, z¢) = E*°u(T, X,), the discretiza-
tion error at time T can be decomposed as follows:

€7 = |u(T, o) — E*ug (X7)|

n—1 . o . — (42)
- ’ ZE Cu(T — ty, Xv,,) — E*u(T — tk+1’th+1) )
k=0
and thus
n—1
< | 3B {ul0e o) — 001, Ko)
Pt (43)

+u(9k+1aytk) - u(okJrlaYthrl)} ‘

The rest of this section is devoted to the analysis of

n—1

> E(T) — Sk)

k=0

3
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where the time increment T} is defined as
Tk = u(ﬁk,ytk) — u(9k+1,7tk) (44)
and the space increment is defined as

Sy = u(9k+1,7tk+1) — u(0rr1, X¢,)- (45)

5.8. Estimate for the time increment Ty
Remember the definition (44) of T}, and that 6, =T — t;. We have

{u(@k, X)) — u(9k+1,7tk)} ]Iytk en,
= hn0uu(Ors1, Y, )]Iytk en.
+ hi /[011]2 8ftu(9k+1 + araghn, Xt oy dagdas ]IytkeD+
=T, +R}.
Similarly,
{u(@k, X)) — u(Ors1, ytk)} Hytk eD.
= hpOiu(Ok11, Ytk)]l?tk eD_
+ hi /[o » 8t2tu(9k+1 + araghp, X4, )ay dajdos HX% eD_
=T, +R;.
In view of Corollary 3.2 and Remark 5.2 we have
E™|R} + R, | <Ch.
From the preceding we deduce
E* T}, = E™0pu(Or1, X¢, )hn + O(h3). (46)

5.4. Expansion of the space increment S
Let Sk be defined as in (45). Set
Ak+17 = ythA — ytk
A’;-HY = thJrl — Ytk-

and recall that A (/W =Wy, ., — Wy,.

Proposition 5.1. o
B (A, X)%| < C(a)hly!/2. (47)

Proof. This is a consequence of the result of Lemma 5.1 combined with the fact
that |(z)®| < |z|l®! for any = € RY. O
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We emphasize that, due to the definition of our stochastic scheme, Aﬁk +17
does not coincide with X, i X, when X, ., and X, do not belong to the
same region, which explains the two notations A and AF.

We need to introduce the four following events:

t, € Dy and Xt

Gt =X € D4,
Q. = [ztk € D_ and )§tk+l € é_], (48)
Qf~ =[X,, €Dyand Xy,,, € D_],
Q" =X, €D_and X,,,, € D{].

In view of the definition of our stochastic numerical scheme we have

On ", A X = A X

Therefore
Sk]IQIjJr - <Ak+17, Vmu(ﬁkﬂ,ftk» ]IQ;Jr
1 — _
+3 (AkﬂX) Hu](Or 11, X1,) A1 X Tt
9u
+ Z (Lp1X) 8—(9k+1,th)]Irz,j+
\O¢| 3 ol
d A X Olu 0 X Apr1 X) T
52 k1 )8—( ks X iy + 8011 X) T+

loe|=4

-
Similarly,
Silg-— = (Dk1 X, Vou(Orp1, X)) Lo -

1 — —
+3 (AkﬂX) Hiu](Or11, X1,) Apir X Ty
o3 —
+ Z (D X)™ 5 2 Ok X, Lo~
\Otl 3 ol
0*u — —
d§ ORIV o gz Ot Xy €081 X) L -

o =4
=: S,;*l + 8,2+ S, P+ S
We now use that QT UQ, ~ =Q— (- UQ, ™). Notice that Q- UQ, *

belongs to the o-field generated by (W;) up to time tx41. In view of the first
line of (32) and the fact that EXt« AW}, 1 = 0, we get

hn

B0 (S + 577 = B [(0a(Ky), Vau(Ohs1, Koy )]

[<A’;+1X7 vmu(ek-‘rl ) ytk)> H.Q;rfLJQ,ZJr} :
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Proceeding similarly and conditioning (Ak +1X )2 w.r.t. the past of (W) up to
time t;, we obtain
1 —
E*(SF+2 48,72 = FE™ [Tr[eH[u]o™] (Ok41, X1,)] hn

1., - _
— SE™ [(A% 1 X HIu) 01, Xo) A0 X Ipp g

and since E*° (Ag11W)* = 0 whenever |a| = 3,
xT —— 1 - 8311, J—
E U(S];L+3—|—Sk 3) — Z — |:(A§c+1 ) %(GkH,th)]

1 —.. 0% —
p> ol {(A’;H ) pa Okt X anuoﬁ]'

We have, combining the results of Corollary 3.2 and Proposition 5.1,

1 # — asu — 3/2
> JE7 [(Bn X)* a?wm,th) <Chy/”. (49)

lor|=3
In addition, and for the same reasons, we have
E™|S; T + 5, 7t < Ch2.
To summarize the calculations of this subsection, we have obtained

E*0 Sy, =

B Lu(Oh41, Ko ) + B [ (S = (85, %, Vou(ri1, X0) ) Top-iop+ ]

B [ (AL ) WO B0,

93
+|Z a'(Aiﬁ»l ) 8 (9/@-‘,—1,th)> HQ;7UQ;+j| +O(hi/2)
al=3
= B Lu(O41, X Jhn + EORYY —EORY + O(hi)?).
(50)

We now estimate the remaining terms EIURS) and EIDR,?).

5.5. Control of the term EIURS). Ezxpansion around a well chosen point in T’

On the event 2~ we have that X, , and X, are close to I'. On this

event, we also have that X;, ., € D_ and X, € D;. Remember our definition
of (F7+(z), m" (z)) for z € D_.
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5.5.1. Decomposition of E“RS)
As the function u is continuous across the surface I' at point 71" (z), we get
B ((Sk = (AL X, VaulBrin, Xuy) ) Toy- |
=B [(u(Ors1, Xtps) — w(Orp1, 71" (X, 1,))
(O, 7 (X)) = w041, X0, ) ) Ty
— [EZ%o |:<A’;+17, Vmu+ (9k+17 7'(';Jr (th+1))> H_erf:|
—E7 (8], X, Vau(Ohin, X) = Vot O, 7 (1)) T |

so that

E® ((Sk — (A}, X, vzu(ekH,Ytk))) HQT]
=L+ LT+ L,
where
L= (B (R = m (R )y Vo (B, m (Ko ) |
_E" [(Ytk — 1l (Ko )y Vous (Orsr, 1t (Xig, 1)) HQH

—E*° [(AQHX Votuy (Oki1, 0" (Xey,y))) Eg;f} }

1 _\2 N ~
L272 - {/ dg Z %EZO |:(th+1 - 77;+ (th+l))a

0

|a|=2
Oy, i (X Koy r — 72 (K, ) T
Xaxa( k+1, T ( tk+1)+§( tht1 T ( tk+1))) Q):r*
! 1-— ? x ~ % «
_/(; dg Z %E 0 [(th - 7‘-12+ (th+1))
loe|=2 ’

0“u B — 5
Kt Ol (i) + 6oy~ (i) L ||

k

and

LZ?B = {EIO |:<A§c+177 Vauy (9k+177tk) — Vaouy (9k+17 ﬂ—lz+ (th+1))> HQ;*] } .

5.5.2. Canceling the term L:_l using the transmission condition
Observe that due to the fact that

(th - Wi‘H (th+1)> + (th+1 - th) = th+1 - Wi‘H (th+1)'

31



we have that
L =B | (K = 72 (i), Ve B, 7 (X))
—<th+1 — it (th+1), Vot (O, Tt (th+1))>) Hn,j*}
= B [ (X 0) (7= (R ), Vi O, 7 (X))
(O (T (R )y Ve Ot 72 (X)) T |
=0,
where we have used the vector problem solved by (F7+,m.") and Equation (28)

(i.e. the transmission condition (x) and the definition of vy (z)).

5.5.3. The term L:72

We now turn to the term L:fz.

The term LZ'_Q is the sum of two terms. These two terms are treated
similarly, so we concentrate only on the first. Let o such that || = 2. We have
that

E®o [

(Ytk - 7T;+ (th+1))a} HQk**:| < ClEzo “Ytk - 7T;+ (th+1)|2 HQ;’}
o ﬁ |2
< B [|AL X P g |-

The same kind of treatment can be performed for the second term of Lg_2.
Conditionning w.r.t F;, and applying the Cauchy-Schwarz inequality in the
conditionnal expectation, we find using the result of Lemma 5.1,

|L;:_2| S CEmo |:]E}-tk |:’A2+17’4j| 1/2 ]P)]:tk (Q;:_)l/2:|
1/2

< Chy, EPP7% ()

5.5.4. The term Ljf~*
For the term Lg_?’, we may perform a Taylor’s expansion to the term

Voug (Ort1, X1,) — Voug (Opgr, T (th+1))-
Using Corollary 3.2 and the Cauchy-Schwarz inequality, we find that
L7 < OB || 84, XK — i (K ))] Ly |
< CE™ || AL X Tgp- | (51)
Finally, as for the term Lz_z, we find that
L8] < Cha BB ()2
Using the same method for the other side Q,T', we find that

EPR < ChaE™ (P70 (0F7)% + P (7)17).
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5.6. Summing up

The term IE””OR,(f) can be estimated using the same techniques used in the
previous section and we omit the details.
Using now the fact that d;u — Lu = 0, we finally find that

n—1
€ < Cha B Y (PP (7)) P+ PP () 7) + 0VRe (52)
k=0

Observe — using the result of Lemma 5.1 — that

_ . 1/2
PP ()2 = Pu (th €D, X, € D_)

- . _ _ 1/2
< P (||th+1 _thH > d(thvl—‘))

< Kty (1£CD)

and the same kind of inequality holds true for P7t (Q,;Jr) 1 2,
Finally,

&0 < K(T) hy, ExOZexp< (‘)}it’" )>+C\/ "

and we conclude the proof of Theorem 5.1 using the result of Lemma 5.2 (note
that if we sum up all the dependancies of our constants, we indeed have that K
in (33) depends on d, A\, A, ug and T).

6. Numerical experiments

In the forthcoming Examples 1 and 2 we have d = 2 and consider PDEs in a
bounded spatial domain Dy = Dy U D_ UT to be given by the open unit disc,
ie.,

Do = {(z1,22) €ER: 2% + 23 < 1}.

The boundary of Dy is thus the unit circle 0Dy = {(x1,22) € R : 23 + 23 = 1}.
The subdomains D and D_ are defined by

Dy ={(z1,22) € D withxe >0} and D_ = {(z1,22) € D with 23 < 0},

so that the interface is I' = {(z1,0) € R* : —1 < 21 < 1}. We recall the
notation D = D, UD_.

Note that the forthcoming parabolic problem (Pt bounded D,) Of Example 2
is then posed in a bounded domain, unlike in our theoretical study. But we have
found that convenient for numerical purposes.

The diffusion matrix is defined by

a(r) = at(2)lzep, +a—(z)lep_,
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with
ai(:v) = P;Ei (I)Pi

where Py are rotation (therefore orthogonal) matrices

= () o))

sin(f1)  cos(f1)

(for 04 € [0,27)), and Ey(z) are diagonal matrix-valued functions

. Ali + €120 0
Ei (JJ) - ( 0 )\i + €4 T2

where A} ;A3 > 0 and ex < A\ for i = 1,2. Note that this ensures that a(z)

satisfies the uniform ellipticity assumption (E).
Wetaket%r:%,t?,:%,/\ﬁrzl,)\izf),)\l:2,A%:3,e+20.5and

e_ = 1.9. This gives
_ 1 (5405, 4 L 419 V3
“*W_z( 4 5405z ) “‘“”‘2( VB 919y, )

Performing our Transformed Euler Scheme.
We have the Cholesky decompositions 2a4 () = oio%(z), with
@)= ( V3E05m 0
T =N 4/\5F 0515 /5+ 0515 — 16/(5+ 0.522)

3+ 1972 0
o_(x) =

By JE 192 (34192, - 3/(44 + 30.425)

and

so that 2a(z) = oo*(x) with o(z) = o4 (2)leep, + 0_(z)l,cp . Besides we

have
da@) = % VLep. +( 0 VLos
W=\ 0.25 ) =D+ 0.95 ) €D

Note that when the scheme crosses the interface I', we compute the quantities
T (Xe,,,) and F7#(X,, ) in the following way (we will detail the procedure
for " (thﬂ) and F+ (thﬂ)). Recall that we have

th+1 - W;H (th+1) =Pt (th+1 )7+ (7"-1?r (th+1))'

But here v = (0,1)* so that for any x € T

1 4
1+(@) =3 5+ 0.525
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and (ml* (th+1))2 = 0 so that (thﬂ -t (th+1))2 = (th+1)2' This yields

and then

A <> _ ’Y A
W;H(thﬂ) = ( (thﬂ)l F(;(thﬂ) X 2 ) '

Then we have everything in hand to perform our Tranformed Euler Scheme X.

Comparing with an Euler scheme applied on regularized coefficients.
A natural method with which to compare our tranformed scheme is to regularize
first the coefficients and then to perform a standard (i.e. not transformed) Euler
scheme. More precisely consider the operator

C?*(RLR) S f s L5f =V - (a°V, f) = Tr [H[f]a®] + (0a°)* V., f

where a® is some smoothed version of a (¢ is the regularization step, see the
following discussion about its choice). Then L€ is the generator of the solution
of the SDE

dX; = o%(X[) dWy + [0a°](X7) dt, (53)

where 0°(0¢)* = 2a°. The process X¢ may be approached by a standard (i.e.
not transformed) Euler scheme YE, with time step h,,.

Let h,, be fixed. In fact ¢ will be chosen in function of h,. We are first
inspired by the random walk approach proposed in [46]. In this later paper
Equation (3.11) indicated that e has to be proportional to the square root of the

. L . . /4
space discretisation step. Then, using a scaling argument we choose e = hy/ .
Then we set
0"(2) = a(@) L0y e + A% (@)L}, <.

where
sy = L[ B 0TEHm(E +12) Lr2+mE-8) )
2 %4’24—%2(%—%) 2 _0.7e + z2(5 + 1.2)

Note that the thus defined coefficient a® is continuous and piecewise differen-
tiable. Then we have da® = da(x)1 4,5 + 0A®(2)1|4,)<. Where

0A% () ( -2
() = 15 16e ),
&= +06

and 2a°(z) = o°[o]*(x) with 0°(z) = 0(2)1|5,5c + E°(2)1)z,)<c and X°(x)
being equal to

VE = 0Te +as(E +12) 0
V3 2_3 V3 2 _v3y)?
g t2tea(C ) 29 _ u _ (Frtn2-48)
VA 07 taa(Z +1.2) \/ s —0.7e +22(5 +1.2) 3 —0.Te+wa(gr+1.2)
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With these coefficients it is easy to perform a standard Euler Scheme on the
SDE (53).

We will compare both methods on the two following examples. Benchmarks
will be provided by a deterministic approximation of the solutions of the PDE

of interest.

Example 1. We wish here to treat the elliptic transmission problem

Lo(z) = 0 Vz € D
(a4 Vv (y) —a-Vev_(y),v(y)) = 0 vyeTl
(5'%,bounded Do)
v(y+) = wvly-) vyerl
v(ix) = f(x) V€ dDy.

We take the function f to be
f(z) =sin(3z1) + cos(4xz).

Consider then on one side our study of the convergence in the parabolic case, and
on the other side the Feynman-Kac representation for elliptic PDEs available in
the smooth case (see for instance Theorem 5.7.2 in [21]). One can hope that

B (f(Xr)] o v(a),

where X denotes our scheme and 7 = inf{t > 0: X; ¢ Do}.

We thus compute a Monte Carlo approximation of E*[f(X~=)] on one side
(with N = 10° paths). Note that in this Monte Carlo procedure we have
used a boundary shifting method, on order to reduce the bias introduced by
the approximation of the exit time 7 = inf{t > 0 : X; ¢ Dy} by T (see [20]
Subsection 5.4.3, and the references therein).

On the other side E*[f(X_.)], with 7° = inf{t > 0 : X, ¢ Dy}, provides
another approximation of v(z) (note that we use again a boundary shifting
method).

Benchmarks are provided by the software FREEFEM with which we com-
pute an approximation of v(z) by a finite element method, using around 1.5x 108
triangles and 7 x 10° vertices (finite elements basis consists of polynomial func-
tions of order 1). Indeed we observe that with this space discretization order
the finite element method is at convergence.

Table 1 shows the results. We provide 95% excess confidence intervals

for B [f(X )] and E*[f(X.)]. It seems that our Transformed Euler scheme
converges quicker to the benchmark than the standard Euler scheme applied on
regularized coefficients. Indeed we notice that the value at convergence provided

by FreeFem tends to be in the confidence intervals for E*[f(X=)], while it is not
~-€

the case for E*[f(X=)].
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Transformed
Euler Scheme
(hn, =10"",n=2,4,5,6)

Euler Scheme on
regularized coefficients
(hn, =107, n =4,5,6)

Finite Element
by FREEFEM
(7.10° vertices)

Point =

z=(0,0.5)"

-0.1207

[-0.117842;-0.115607]
[-0.119072;-0.116820]
[-0.119918;-0.117666]

[-0.138615;-0.136341]
[-0.122637;-0.120408]
[-0.122415; -0.120183]
[-0.121583;-0.119353]

z = (0.9,0.05)%

0.92527

[0.915922;0.917244]
[0.922148;0.923478]
0.923188; 0.924518]

0.825931;0.827528]
0.923715;0.924973]
[0.924720:0.926020]
0.924739:0.926039)]

7= (—0.3,-05)"

-0.745461

[-0.738013;-0.734145]
[-0.741029;-0.737169]
[-0.744675;-0.740819)

[-0.736531;-0.732709)
[-0.747555;-0.743703]
[-0.747606;-0.743746]
[-0.747759;-0.743899]

Table 1: Approximated values of the solution v(z) of (EX, . . Do) at points z =

(0,0.5)*, (0.9,0.05)*, (—=0.3, —0.5)* computed with a finite element method (7.10° vertices), a
standard Euler scheme applied on a regularisation a® of a, and our tranformed Euler scheme
(we provide confidence intervals for these two last values; we use N = 10 Monte Carlo
samples, and different values of hy).

Example 2. We now turn to some parabolic example (with the same matrix-
valued coefficient a). We consider the following problem (Pr bounded Do) :

duult,z) — Lu(t,z) = 0 Y(t,z) € (0,T] x D

(a1 Vauys(t,y) —a-Vau_(t,y),v(y)) = 0 V(t,y) € (0, T xT (%)
u(t,y+) = wu(t,y—) V(t,y)€[0,T] xT
ult,z) = 0 Y(t,z) € (0,T] x Dy
w(0,2) = wuo(z)  Va e Dy

Here we will take T'= 0.1 and
up(z) =10 (1 — |a:|2)

Note that ug belongs to Hg (Dy) and is therefore compatible with the uniform
Dirichlet boundary condition in (Pt bounded D, )- But it does not belong to the
domain D(A), as it does not satisfy the transmission condition (*).

Nevertheless one can hope that

E*[uo(X ;) 1<z | — ult, )

hn,—0
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Point x Finite Element / Euler Scheme on Transformed
Crank-Nicholson regularised coefficients Euler Scheme
(4.5 x 10° vertices, (h, =10"", n=14,5,6,7) (h, =10"", n=4,56,7)
300 time steps)
x=(0,0.5)* 2.26288 - -
[2.26438;2.27807] [2.2769;2.29062]
[2.25639; 2.27025] [2.26869;2.28255]
[2.2554;2.26920)] [2.25928;2.27314)]
x = (0.9,0.05)* 0.2564 - -
[0.266988;0.27232] [0.261169;0.266501]
[0.260363;0.265695] [0.256141;0.261473]
x = (-0.3,-0.5)* 4.24525 - -
[4.227519;4.241921] [4.231419;4.245821]
[4.232609;4.247011] [4.237629;4.252031]
x = (0,0.05)* 4.02857

[4.026754:4.042286]
[4.017114;4.032646]
[4.017064;4.032596]

[4.03105;4.04655]
[4.024784:4.040316]
[4.021594;4.037126]

Table 2: Approximated values of the solution u(T' = 0.1,2) of (Pt bounded D,) at points
z = (0,0.5)*,(0.9,0.05)*, (—0.3, —0.5)*, (0,0.05)* computed with a finite element / Crank-
Nicholson scheme method (4.5 x 10® vertices, 300 times steps), a standard Euler scheme
applied on a regularisation a® of a, and our tranformed Euler scheme (we provide confidence
intervals for these two last values; we use N = 10% Monte Carlo samples, and different values
of hy).

(here we use for example Theorem 4.4.5 in [20] and use again the notation T of
Example 1).

Again we compute a Monte Carlo approximation of E®[ug(X;) 1;<=] on one
side and of E*[ug(X;) 14<7 ] on the other side (with N = 10° paths and using
again the boundary shifting method).

We use FREEFEM to compute an approximation of u(t,x) by a finite el-
ement method (discretization in space) and a Crank-Nicholson scheme (dis-
cretization in time), using around 9 x 10° triangles and 4.5 x 10° vertices, and
300 time steps (we are at convergence).

Table 2 shows the results, for t = T'. We provide again 95% excess confidence
intervals, this time for E%[uo(X;) 1y<7] and E”[ug(X,) 1;<7 |. Again it seems
that our transformed Euler scheme converges slightly quicker to the benchmark.

Example 3. Here we want to apply our scheme to a 3D example coming
from Electromagnetism. In order to lighten the computations made by the
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PDE solver that we use as a benchmark (FreeFem again), we will focus on a
stationary PDE.

Our example is inspired by the field of Electro- and Magnetoencephalogra-
phy (EEG/MEG). We follow [44] for the exposure of the equations governing
the electric potential distribution (vector field E) and the resulting magnetic
induction (vector field B) generated in the brain.

These equations come from the quasistatic approximation of Maxwell’s equa-
tions. When the permeability of the electric medium is that of the free space
i.e. the permeability is constantly equal to ug, these equations read

VxE=0, V.E=2
€0

for the electrical part and
VxB=uwuj V-B=0

for the magnetic part. Here p is the electric charge density, € is the permittivity
of free space and j represents the total electric current density (in addition Vx
denotes the curl operator, applied to any vector field).

Here j is produced by neuronal activity and in bioelectromagnetism it is split
into two contributions, i.e.

= jp +Js,
where j, and j, are respectively the primary and the secondary current.

The secondary current is a passive current that is the result of the macro-
scopic electric field on charge carriers in the conducting medium. By Ohm’s law
one has

ab = js

where a indicates the conductivity profile of the conductive medium.

Now, since the curl V x E equals zero, there exists a potential function v
such that E = —V_ v and thus —aV,v = js. Applying the divergence operator
to the curl V x B one gets

0=V-(VxB)=V-(u0j) =poV-(=aViv+jp).
Hence, the electric potential function v solves a Poisson equation of type
V- (aV,v)=V-j, in Dy C R (54)
where Dy stands for the space volume of the conductive device.

In our example, we will consider that Dy = (=5,5) x (=5,5) x (=5,5),
that is Dy is a 3-dimensional cubic domain. We will consider that the medium
inside Dy is composed of two materials with different conductivity profiles, one
to be found above the horizontal plane, the other one below. With our notations,
D+ = {($1,$2,£L‘3) € Dy, x3 > 0} and D_ = {(1‘1,$2,$3) € Dy, x3 < 0}
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The conductivity coefficient is thus given by the matrix valued function
a(ac, Y, Z) = a+HzZo + a—Hz<o

1 1 1 1 1 -1 -1
1 2 2 anda_ == -1 2 0
12 3 2\ -1 0 3

From Gauss’s reduction, for any « = (21, 2, 23)* we have 20*ax = (z1 + 22 + x3)2—|—
(z2 + 23)% + 23 and 22%a_x = (z1 — 29 — 903)2 + (22 — 23)? + 23, which shows
that a4 and a_ are symmetric positive definite matrices.

We assume that V - j, = —1 (this means that we assume that the primary
current is smooth and non singular).

We thus aim at solving

1
where we have chosen a4 = —

—Lu(z) = 1 Vo e D
0,source=1 <a+va+ (y) - a*vmv* (y)a V(y)> = 0 \V/y el
(€T bounded Do)
v(y+) = v(y—) Vyel
U(CC) = 0 Va S 8D0

(note that we choose the uniform Dirichlet boundary condition while the uni-
form Neumann boundary condition is physically more relevant, cf [44]; up to
our knowledge performing efficient stochastic numerical schemes for Neumann
boundary value problems remains a challenging problem, even in the case of
smooth coefficients, cf for example [34]).

In order to perform our stochastic numerical scheme one first notice that

1 00 1 0 0
cr=1110 ]}, o= -1 1 0
1 11 -1 -1 1
satisfy 2a = 0,07 and 2a_ = 0_o*. Here we have clearly da = 0.

Besides the co-normal vector fields are constant with

FYJr(CC) =7+ = (1a273)*7 FY*(I) =7-= (LO’ _3)*

In particular, for any (z1,z2,z3)* € D_, we check that the projection decom-
position along y* simplifies to

2 . .
(1'1,1'2,1'3)* = (xl - %7 To — %7 0) + % (17273)

which shows that F7+ ((z1,z2,23)*) = 23/3 and

T 2x *
7'1';+ ((l‘l,xg,xg)*) = (wl — 33, To — ?3, O) .
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Point x Finite Element Transformed Euler Scheme

(3.5 x 106 vertices) (hp, =107, n =3,4,5)
estimated mean and stand. dev. (sd)
x =(0,0,0.05)* 6.13578 6.14868 (sd: 4.25)

6.154155 (sd: 4.257)
6.15108 (sd: 4.25)

z=(0,0,—0.1)" 6.1138 6.127855 (sd: 4.247449)
6.134545 (sd: 4.258)
6.136085 (sd: 4.268)

T =(2,21) 181464 4.84222 (sd: 3.82653)
4.83942 (sd: 3.811)
4.83677 (sd: 3.816)

T =(2,2,4.75)" 0.657751 0.6620455 (sd: 2.09)
0.655707 (sd: 2.083)
0.6576685 (sd: 2.09)

Table 3: Approximated values of the solution v(z) of (Sg'slfglurﬁi{i}D) at points z =

(0,0,0.05)*,(0,0,—0.1)*,(2,2,1)* and (2,2,4.75)*, computed with a finite element method
(3.4 x 10° vertices), and our tranformed Euler scheme (with N = 10 Monte Carlo samples,
and different values of hy,).

Similarly for any (x1,x2,x3)* € D4 the projection decomposition along v~
reads
Z3

1,0,-3)"
3(77 )

x *
(‘/'[‘.:1.7:'[:27x3)>k = (xl+?37x270) -

which shows that F7= ((z1,z2,23)*) = —x3/3 and

xX *
m (21,2, 23)7) = (201 + ?3, Z2, 0) .
Thus it is easy to compute at each time step 7" ()A(tkﬂ) and F= ()A(tkﬂ) and
again we have everything in hand to perform our Tranformed Euler Scheme X.

Table 3 shows the results.

To demand a very fine space discretization in FreeFem is computationally
very costly and we have not been able to achieve such computations on the
machines at our disposal. Consequently we are not sure that the result given
by FreeFem is at convergence (the number of vertices indicated in Table 3 may
seem high, but in fact this corresponds to a quite coarse discretization of the
cube Dy = (—5,5)3, as we are in 3D; the error is expected to be of order 1071).

Thus when testing the numerical stochastic scheme we have limited ourselves
to hy, = 107° (also h,, = 107> was already time demanding, on this example).
Also we have not computed confidence intervals, as we are not sure that the
benchmark provided by FreeFem is totally relevant.

Note though, that the results presented in Table 3 show some coherence: it
seems that both methods tend to converge to a common value.
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