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Approximation of reflected SDEs in non-smooth
time-dependent domains and application to fully
nonlinear PDEs with Neumann boundary condition on
time-dependent domains

Manal JAKANI *

June 6, 2023

We consider a class of reflected SDEs in non-smooth time-dependent domains with
time sections that are increasing with time. We provide a strong approximation for this
type of equations using a sequence of standard SDEs. As a consequence, we obtain an
approximation scheme for the associated generalized BSDEs in this markovian setting using
standard BSDEs. As a by-product, we get an approximation by a sequence of standard PDEs
for the solution of a system of PDEs with nonlinear boundary conditions on time-dependent
domains.

Keywords: Reflected SDEs, Time-dependent domains, Generalized BSDEs, Viscosity solution of
PDEs, Nonlinear Neumann boundary conditions.
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1 Introduction

Letd > 1, T > 0 be fixed, and let D’ be a bounded open connected subset of R+ We will refer
to D=D'N([0,T] x RY), as a time-dependent domain. For ¢ € [0, 7], the time sections of D are
defined by D; = {x: (t,x) € D} and are assumed to be convex and increasing in time. We deal with
the normally reflected SDE in time-dependent domain of the following form: V¢t < T,

X, =xt Jyb(r.X,)dr + [3 0 (nX,)dW, + [i(r.X,)d|A

r

_ (1.1)
X €Dy, |Al= fé X{x,eanr}d|A|’ < .

This class of reflected SDEs has been introduced by Costantini-Gobet-El Karoui [5] for smooth time-
dependent domains. Then, in the case of SDEs with oblique reflection in non-smooth time-dependent
domains, existence of weak solutions has been established by Nystrom-Onskog [ 12]. This result has
been generalized by Lundstrom-Onskog [9], the authors proved the existence and uniqueness of a
strong solution for obliquely reflected SDEs in non-smooth time-dependent domains. In the previous
papers, the results of existence and uniqueness are obtained mainly by solving Skorohod problem.
The aim of this work is to provide an approximation scheme for the reflected SDE (1.1) using stan-
dard SDEs. This problem has been considered by Lions-Menaldi-Sznitman [8] and by Menaldi [10]
where an approximation is given in convex time-independent domains when b and ¢ are Lipschitz.
The same domain was considered by Bahlali-Maticiuc-Zalinescu [ ] when the coefficients are only
measurable, the authors established a weak convergence result. In general time-independent do-
mains, Ren-Wu [ 5] extended these results to the case where the domain may have corners.
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In this paper, we are able to extend similar results of convergence to the case of not necessarily
smooth time-dependent domains whose time sections are increasing with time which constitutes
the main result of this paper. As an application, we consider the following generalized backward
stochastic differential equations (BSDE for short): Vi <s < T,

T T T

Y = h(X;") + / Frn X5 Y 7% dr + / v (r XN Y d A, — / ZL5dw,, (1.2)
This class of BSDEs has been first introduced and studied by Pardoux-Zhang [14]. Moreover, the
authors showed that if (X", A"™) is the solution of a normally reflected SDE in a smooth time-
independent domain, then the solution of (1.2) provides a probabilistic formula for u which is a solu-
tion of a system of PDEs with nonlinear Neumann boundary conditions on smooth time-independent
domain. Based on this connection between BSDEs and PDEs, and the approximation by standard
SDE:s of reflected SDEs in regular convex time-independent domains, many authors studied the con-
vergence in the S-topology of the approximation of the generalized BSDE (1.2) associated with a
reflected SDE in a regular convex when the driver function f does not depend on z. Then, they give
an approximation (by standard PDEs) for the associated PDE with nonlinear Neumann boundary
conditions on smooth time-independent domain (see e.g. [4, |, 2]). A recent paper by Bahlali-
Boufoussi-Mouchtabih [3] treats the case where the driver function is allowed to depend on the
variable z. Moreover, the authors provide a strong approximation for the generalized BSDE using a
sequence of standard BSDEs. Then they use it to obtain, once again, the approximation by standard
PDEs for a PDE with nonlinear boundary condition on time-independent regular convex.
Using the approximation for the normally reflected diffusion (1.1) that we give in the first part of this
paper, we get an approximation for the associated generalized BSDE (1.2) when randomness stems
from (1.1), using a sequence of standard BSDEs. As we know that (see Jakani [0]), the solution
of the generalized BSDE (1.2) provides a solution for the following PDE with nonlinear Neumann
boundary condition on the time-dependent domain D'n ([O7 T] x R4 ): Vi=1,...,m,

ui(t,x) + Lu;(t,x) + fi(t,x,u(t,x),o " (t,x)Duu;(t,x)) =0, (t,x) € D'N ([O,T) X Rd);

du;
Jn
u(T,x) = h(x), x € Dr,

(t,%) + yi(t,xu(t,x)) = 0, (t,x) € (D'\D') N ([0,T) x RY);

(1.3)

where the operator .% is defined by .% = 1Tr(c6")D2,(.) + b Dx(.) and at a point (¢,x) € ID we
set % = (1i(t,x),D,(.)). We then obtain an approximation for the PDE with nonlinear Neumann
boundary condition on time-dependent domain (1.3) by a sequence of standard PDEs defined on
[0,7] x RY.
The paper is organized as follows: In Section 2, we define the geometry of the domain considered
in this paper and we collect some existing results on reflected SDEs in time-dependent domains.
Section 3 is devoted to the results of convergence, we propose a sequence of standard SDEs for
which we establish a priori estimates and we show that it converges to the solution of the reflected
SDE in the time-dependent domain D. Then, in Section 4, we use the approximation of reflected
SDE:s in a smooth time-dependent domain to provide an approximation for both generalized BSDEs
associated with reflected diffusions in time-dependent domains and PDEs with normal derivative
and nonlinear Neumann boundary condition defined on time-dependent domains.

2 Preliminaries and formulation of the problem

2.1 Geometry of the time-dependent domain

Letd > 1, T > 0 be fixed, we follow the notation of [9] and we let D’ be a bounded open connected
subset of R!*?. We will refer to D = D' N ([O, T] x R? ), as a time-dependent domain. Given D and
t € [0,T], we define the time sections of D as D; = {x: (t,x) € D}. We assume that:

D, # &, and that D; is open and convex for every ¢ € [0,7T]. 2.1)



Our basic assumption is the following:
D, C Dy, whenevert <t', t,t' € [0,T]. 2.2)

Let ¢z € [0,T], the boundary of D, will be denoted dD;. Then, define N(¢,x) the cone of unit inward
normal vectors at a boundary point x € dD; which is nonempty thanks to assumption (2.1). Note
that under this assumption, the domain may have corners which does not rule out the possibility of
several unit inward normal vectors at the same boundary point.

Now, let (-,-) denote the standard inner product on R¢ and |x| = (x,x)l/ 2 be the euclidean norm of
x€R?. Forx € R? and r > 0, let B(x,r) and S(x, r) denote the ball and sphere of radius r, centered at
x, respectively, i.e. B(x,r) = {y € R?: |x—y| <r} and S(x,r) = {y € R? : [x—y| = r}. We assume
that there exists a radius ryp > 0 such that the exterior sphere condition holds for all time-sections of
D. This implies that for any ¢ € [0,T], we have:

B(x—roti(t,x),r0) C D, (2.3)

whenever x € dD; and 1i(¢,x) € N(t,x). This is equivalent to say that
L 1 —
(=2 1(,%)) + 5[y = >0,vx€ ID;,y €Dy, @4
0

whenever i(¢,x) € N(t,x) forr € [0,T].
Unless otherwise stated, we fix 1i(¢,x) in N(z,x) and we assume that:

i ¢ (R {0,1}), (2.5)

where ‘gbl 2(R!*4 {0,1}) denotes the space of bounded functions that are continuously differen-
tiable once with respect to the time variable and twice with respect to the space variable and having
bounded derivatives.

Then, let us recall the temporal variation of the domain d(¢,x) := yieng ly —x|, V¢ €[0,T], x € R? that

is assumed to satisfy for some p € (1,00),
d(.,x) € #'([0,T],[0,%0)), (2.6)

for all x € R, where #17([0,T],[0,0)) denotes the Sobolev space of functions whose first order
weak derivatives belong to L”([0,T]) with Sobolev norm uniformly bounded in space and such that
the first weak derivative d,d(z,x) is jointly measurable in (¢,x).

Remark 2.1 Thanks to assumption (2.1), the exterior cone condition assumed in [ 9] which is weaker
than the uniform sphere condition (2.3) holds, i.e, there exists a constant p € (0,1) such that

U B(x—E&ri(t,x),Ep) C DS Ve € 10,T], x € 9D;. 2.7
0<E<p

It follows, that the interior cone condition is satisfied as well:

U B(x+&n(t,x),Ep) C Dy, Vi €[0,T],x € dD;. (2.8)
0<E<p

Moreover, by Remark 2.2 in [9], there exists & =1 —1/p € (0,1) and K € (0,00) such that for all
s,t €[0,T], x € RY, .

|d(s,x) —d(t,x)| < K|s—1t|* (2.9)
Recall the function I(r) = sup sup inf |x —y| introduced in [5], then by Remark 2.4 in [9], the

5,6€[0,T)xeD YD1
|s—t|<r

condition (2.9) is equivalent 1o 1(r) < Kr%,



Now, recall that for any ¢ € [0,T], D, is convex. Then for each ¢ € [0, T], we have for all y € RY\ D,
at least one projection of y onto dD; along N(¢,-) denoted 7(z,y) which satisfies:

d(t,y) =d(y,D;) = |y—=(t,y)| and 7(t,y) =y, Vy € D;.

Let D be a time-dependent domain satisfying (2.1) and (2.2), then we have the following lemma
which is an adaptation of Lemma 3.1 in [ 1] to our case:
Lemma 2.1 Foranyt € [0,T],andy,y € R, we have:

(@) (Y =y,y—7(t,y)) <0,y €Dy

(b) Y =yy—m(t,y)) </ —x(t,y),y—7(t,y)),y € Ds;

(c) |x(t,y) ==,y < |y—VI.
Furthermore, there exists Py € Do and 1 <y < oo depending on d(Py,dDy) such that:

(d) (y—PRy,y—mn(t,y)) > %\y— n(t,y)|, foranyy € R and t € [0,T].

2.2 Reflected SDEs in time-dependent domain

Let (Q,.%,P) be a fixed probability space on which is defined an n-dimensional Brownian motion
W = (W,)o<i<1, Where . = (% )o<i<r is the completed filtration of (o(W;,0 < s <t)),<7 with all
P—null sets of .#. Let b: [0,7] x RY — R and 6 : [0,T] x RY — RY x R" be two continuous
functions. Now, let D be a time-dependent domain satisfying (2.1), (2.5) and (2.6). Then, let us
recall the notion of reflected SDEs in the time-dependent domain D as well as some related results.
We start by recalling the definition of the solution:

Definition 2.1 (Lundstrom-Onskog [9]) A strong solution of the reflected SDE in D driven by W
and with coefficients b and o, direction of reflection along # and initial condition x € Dy is an
Fr-adapted stochastic process X; which satisfies P-almost surely, whenever t € [0,T],

X, = x+ [3b(rX,)dr + f3 0 (rX,)dW, + J3i(r X )dIA

_ (2.10)
X, €Dy, A= [(; X{x,eaD,}d|A|r < oo

We introduce the following assumptions:

(a) The functions b and o are Lipschitz continuous with respect to x, i.e., there exists a positive
constant C such that

b(t,x) —b(t,x)| +|o(t,x) — ()| < Clx—x|, Y(t,x,x') €[0,T] xR xR, (2.11)

(b) The functions b and ¢ are of linear growth in (¢,x), i.e., there exists a positive constant C such
that
|b(t,x)| + |o(t,x)| < C(1+ |x]), V(t,x)€[0,T]x RY. (2.12)

Next, we recall the following result of existence and uniqueness of the solution of the reflected SDE
(2.10) under the above geometric setting:

Theorem 2.1 (Lundstrom-Onskog [9]) Under assumption (a), the reflected SDE (2.10) has a unique
strong solution.

Moreover, it has been shown in [6] that the solution satisfies the following properties:

Proposition 2.1 There exists a constant C such that for all x,x' € Dy,

E[ sup | X=X |*+ | |AY, — A ] <Clx—x|*. (2.13)
o<t<T

Moreover, for each i > 0, t € [0,T], there exists C(u,t) such that for all x € D,

E[e“N < c(u,1). (2.14)

4



3 Approximation of reflected SDEs in time-dependent domains

Let D be a time-dependent domain satisfying (2.1)-(2.6). From now on we assume that the functions
b and o satisfy assumptions (a) and (b). Let x € Dy, we introduce the following penalized SDE:
Vn>1,Vt€[0,7T],

! ! !
Xt":x—l—/ b(r,X,”)dr—i—/ o(r,x,")dw,—n/ (X" — 7(r,X"))dr: 3.1)
0 0 0
Note that if X" ¢ D;, the vector 7% is an element of N(z,m(¢,X")). Then the penalized
1 4

SDE (3.1) can be written as:
X! = x+/0tb(r,X,")dr+/0t o (X" dW, + A",
where A" and |A"| are given by:
A= [ nx = mtr X ar
and

t t 1
], = / n|X" — 7(r,X")|dr = / n|X" — 7(r,X")|dr = / nd(r,X")dr.
0 0 0

3.1 A priori estimates

Proposition 3.1 Under assumptions (a) and (b), for any g > 1,¥t < T, we have:

supE [ sup |X/'[*?+ sup |A"[{] < . (3.2)
n>1  0<t<T 0<t<T

PROOF. From Itd’s formula, we have: V¢ € [0,T],
X" — Po|* + 2n/0t<Xr" — P, X! — (1, X"))dr = |x — Po|* + /O[ lo(rX!")|*dr
+2/0t<x;1 —Po,b(r,X,”)>dr+2/0t (X" — Py, o (1, X"))dW).
Recall Lemma 2.1 -(d), then there exists Py € Dy such that for some 1 < ¥ < e, we have:
(X7 = R0 X = (X)) = X7 = (X)) (33)
This implies that:

! 1 1
Zn/ <X;’—P0,X;’—n(r7x;l)>drz2;7/ X" — 7(r,X")|dr.
0 0

Besides, from assumption (a), we deduce that for some constant M > 0 depending on the Lipschitz
constant of » and o, we have:

|b(rn,X)| < |b(r,Po)| +M|X! — Py, 34

16(rX")| < |6 (r,Py)|+M|X! — Py. (3.5)

Therefore,
1 t t
\X,”—P0|2+2n;//0 X! — 7(r, X" |dr < |x—P0|2+(M2—|—M—|—1)/0 X" — Py|%dr

ot ! ot
+/ |b(r,P0)\2dr+/ |o(r,P0)\2dr+2/ (X" — Py, 0 (r, X)) dW,.
JO 0 0



Then from the boundedness of Dy and thanks to assumption (b), we get:
2 L ' 2
X!~ R +2n /0 X" — 2(r,X")|dr < Cpy o.px+C /0 X" — Py|%dr
t
+ 2/0 (X" — Py, (r,X"))dW,,
and we have for g > 1,
1 t !
X7 =R (2 | o= w( X)) < Cop o +C [ X2 PoPar
0 0
3
+c|/0 (X — Py, 6 X)) dW, |7, (3.6)

First, let us examine the term |X" — Py|?4. By taking the supremum over [0,7] and the expectation,
we get:

E[ sup [X" — Po*7] < Cpy .o+ CE| /O sup |X! — Po|*dul 3.7

0<r<t 0<u<r

+CE[ sup ]/Or<XL’]—Po,cr(u,X;’)>qu|q].

0<r<t

From BDG inequality, it follows that:

r 1
E[ sup \/0 (X7 — Py, 6/(u, X"))dW,|] gCIElH/O X7 — Ry (X Pdr| 4]

0<r<t

4 q
gC]E[|/O (X" = Ro* + |o(r,x")[*)dr| ]
1 1
< CE[ [ %7~ RPldr+ [ |o(nX)a].
0 0
Again, using (3.5), we deduce from (3.7) that:

r
E[ sup X!~ PPY] < CpyopatC [ B[ sup X2~ Pof]dr
0<r<t 0 Osusr

Finally, we apply Gronwall’s lemma and we obtain: Vg > 1,

E[ sup |X!—P|*] <C, Wt<T,

0<r<t

which implies that

E[ sup |Xt"|2q] <C,Vn>1.

0<t<T
Moreover, with the use of the latter estimate and taking into account (3.6), it follows that: Vg > 1,

E[ sup [A"[] =E[ sup (/tn|X,"—7r(r,X,”)|dr)q} < 1}/C, Vn>1.
0<t<T 0<t<T JO 2

3.2 Uniform control of the distance

In this part, we are interested in the uniform control of d(z,X"). Note that assumptions (2.1) and (2.6)
do not ensure the smoothness of the boundary. Inspired by [1 1], we use a smooth approximation of
D that allows to apply Itd’s formula with a function involving the distance. More precisely, we recall
the following lemma from the same work:



Lemma 3.1 Let € > 0, there exists a €*-smooth time-dependent domain D, C D' satisfying (2.1)
and (2.2) such that:
h(Dy,De ) < €,¥t € [0,T], (3.8)

where h stands for the Hausdorff distance, which is defined by:
h(F,G) = max(sup{d(y,F):y € G},sup{d(y,G):y € F })
for any two sets F and G of R%.

Thanks to Lemma 3.1, we deduce that the cone of unit inward normal vectors at each boundary
point of Dy is reduced to a unique vector that we denote Rg. Then for 7 € [0,7] and x € R\ D, the
projection of x along Tig (¢,x) will be denoted 7, (¢,y). Note that 7, satisfies:

Te(t,y) =y, ¥y € Dg s, V1 € (0,71,

and
de(tv)’) :d(vaE,t) = |y7ﬂ8(t7y)‘7vy€Rd7VI € [O,T]

Proposition 3.2 Let (X"),>1 be the unique solution of the penalized SDE (3.1). Then for any p > 2,
there exists ¢ > 0 such that Vn > 1, we have:

Cc

E[ sup d(,X")"] < —=, (3.9)
0<i<T nz
and
T c
E[ / d(r.xMPdr] < <. (3.10)
0 nz

First we shall recall some properties of the projection 7, as stated in the following lemma which is
borrowed from [11].

Lemma 3.2 Let D¢ be a smooth approximation of D satisfying (3.8). Then, there exists a constant
¢ >0, such that, ife € (0,1), y e R and t € [0, T], we have:

(l) |7r(t7y)77r8(tay)| S Cmin( £2+8d5(y7t);\/5(1+d€(y7t)); £2+8d(y7t))’
(ii) |7m(t,y) — 7w (t,y)| < c\/€/de(t,y) whenever de(t,y) > €.

PROOF OF PROPOSITION 3.2. We establish a uniform control of d¢(¢,X;). This will be done using
1t6’s formula with the function @¢(¢,y) := (de(¢,y))? = [y — me(2,¥) |7, ¥Yp > 2, which is continuously
differentiable with respect to y and for which the derivative with respect to the time variable exists.
Now, recall Lemma 3.1, then (D¢ );>0 is increasing in time and by definition of ¢, we have:

0@ < 0.
Using It6’s formula and thanks to the previous remark, we get: V¢ € [0,T],
0c(1.X) < 0e0XE) + [ D9l XX+ 5 [ dugels XX? X)),
< 0e0) + [ (0u9els X)) b5, X5+ [ (01065, XD). 0 (5. X)W
[ @uelo X)X = R XD+ 3 [0 (5. X020l X005, X0

First, note that Lemma 3.2-(i) gives the following boundedness from above of ¢¢(0,x):

p
0:(0,x) = |x — m(0,x)|” = |7(0,x) — e (0,x)|” < P/ €2+ €d(x,Dy) = (ce)P.



Next, for the term involving d, ., we observe that:

0ue(1,) = c((de(1,x)°) ¥

= 2 00 1,3 x (de(e,2)2) *

— px (x— e (£,%)) x (de(t,x))" .
Then by taking the norm, we get:

10,06 (£,X1)] < pde(t,X")P 1.
Note that for any ¢ > 0, there exists C; depending on ¢; and p:
(s, X0 (s, X0)| < cande(s, X002 + oL b(s, X, (3.11)

Then we obtain the following inequality: Vc; > 0,

t t
[ (el X0, bls. X ds < p [ delo, X2 Ib(s. X ds
JO 0

t C t
gcln/ dg(s,x;*)PdH—ll/ b(s,X")|Pds.  (3.12)
0 ’ nP=* Jo ’

‘x”;() coincides with 1ig (#,x) the unit normal vector pointing toward the interior
x— e (2 ,x)]|

of D¢, whenever x € dDg; for each ¢ € [0,T] and null elsewhere. Hence, we can see that,

Next, note that —

OxPe (2, x) = 8,(( — phig (¢, x)de (t,x)p_l)
= 7pﬁg(t,x)ax<(dg(t,x)2)%) — plde(t,x))P 19 Mg (1,x).

Taking into account the smoothness of D¢ and the boundedness of D', the derivative d,1i¢ is bounded.
Thus, by taking the norm there exists a constant ¢ > 0 independent of € such that:

1 1 t
3 | (070u0e0) (s X0)ds < [ [epde(s.X2)" " +eplp = 1)de(s, X)) 0. X7) Pas.

Similarly, we can see that for any ¢, c3 > 0 there exist C2,C3 > 0 depending on ¢; and c¢3 respectively
and p such that,

G
cpde (s, X")P~! < conde (s, X")P + —|6(s XM)|?P,

and
cp(p—1)de(s,X}")" 2|0 (s, X]')|* < c3nde (s, X]')Pds + Z o (s, X)|”.
n 2
Therefore, the following upper bound holds: Vc¢3,c3 > 0,
%/OI(GTc?xx(ng)(s,Xf)ds <(c2+c3)n / de(s,X])Pds + 7/ |o(s, \2pds
)|Pds.
Now, let us examine the term involvmg the penalization term,
—n/ot <o Qe (5, X"), X! —m(s,X}) > ds = —np/otdg(&xs”)pds
_np / e (5, X072 (X0~ T (5, X0), e (5. X2) = (5, X)) gy (550 )l

“np / de (s X0 e, X0, e (5. X0) = 7L(5. X)) Xy ey (5 X0 ).



On the one hand, Lemma 3.2-(ii) yields:
= p [ e, X020 = X0, el X0) = TS XD ) (5 X0
< npevE [ dels X0 21K = el X0 de (5. X0) 2y oy (X0
< npc\/E/Ot dg(s,XS”)L{lds.
This implies that, for any ¢4 > 0 there exists C4 > 0 depending on ¢4 and p such that:
[ =p [ e, X200 = (5, X0), e, X0) = 75 X)L ) (X0
< C4n/ de(s,X)? ds+C4n%
On the other hand, the second term can be dominated as follows:
np [ el X2 = e X e (5,X2) = 75 X1 = 2y ) (0K

!
< np\/g/ de(s,X]')" " (1+de (s, X)) )ds
0

1
< cneP2.

The last line follows from Lemma 3.2-(i). As a conclusion, we have:

4 |
e (t,X]") + (p—cl —cy—c3 —C4)I’l/ e (s, X])ds < (c”—|—C4n5)8”+cn£”7%

C
/|bsX" |”ds+/ 2o, x0) + 2,
nz

o (s, X;)|7 ) ds

+ / (0,96 (5,X1), 5 (s, X )dW}). (3.13)
0

It suffices to choose ¢y, ¢z, c3 and ¢4 positive such that p —cy —cp —c3 —c4 > 1. Then, by taking the
expectation, there exists C > 0 depending on cy,¢3,c3,c4 and p such that:

!

E[dg(t,X,")p +n/ dg(S,X:l)pdS:| < (c"+C4n217)£p+cn£”_%
0

C

p=2
nz
r [0,

+ [/Ot(Ib(s,X;’)\”+\c(s,Xs")\”+Ic(s,X;’>|2”)ds]- (3.14)

By taking the supremum over [0, 7] and by recalling (3.2) and assumption (b), we conclude that:

L c
sup E[de(t,X")?] < (cp+C4n2P)£p+cn£"_% +—5,Vp>2.
0<i<T nz

Next, using B-D-G inequality there exists ¢ > 0 such that:

E|[ sup | <x(p8(s X!, 0(s, X )dW;)|] <cE/ de (s, X!)P o (5, X0")|ds]

0<t<T
< C5IE[/ nde(s,X]')Pds] + T:E[/ |o(s,X]")|Pds], Ves > 0,
0 n 0

where Cs > 0 is independent of n. Hence, from (3.13) and (3.14), we conclude that there exists ¢ > 0
such that

L C
E[ sup de(t,X")] < (c? +C4n2/’)8p+cn£p_% +—=5,Vp>2.
0<t<T nz
Finally, since h(D;, D¢ ;) < €, we have d(s,X") < d¢(s,X]') + €. Then, it suffices to take the limit as
e —0.



3.3 Convergence of the Penalized SDE
First, we show that (X"),>; is a Cauchy sequence as stated in the following proposition:

Proposition 3.3 Let (X"),>] be the solution of the penalized SDE (3.1). Then, for any p > 1,
lim E[ sup [X'—X/"|"] =0. (3.15)

mn—ee t0<<T

PROOF. Let m,n > 1 and 0 <t < T, by applying Ito’s formula to |X” — X |?, we get:
X=X =2 [0 =X bl X — bl X+ 5 [0l X~ (s, X2 s
0
!
—2n/< _ XX <s,xg)>ds+2m/0 (XI— X" X" — (5, X"™))ds

42 / (X7 — X", (0(5,X") — 6 (5, X)) dW,).
Using the Lipschitz continuity of b and o, we deduce that:

t 1
X=X Seng || X7 =X s —2n [ (X —XPX) (s, X)) ds

t t
F2m [X7 XX = (s XI5 +2 [(X =X (0(5,X) = (s X)aWe). (316)
0 0
Note that,
— (X =X X — w(s, X)) = —|X) — w(s, X))
X! —m(s, X))
X" — xmy s s
K0 70X~

By recalling the exterior sphere property (2.4) and using the Lipschitz continuity of 7 w.r.t. y, we
deduce that:

>d(s,Xs”) - <n(s,X;") _ XM X! n(s,Xs”)>. (3.17)

!
—2n/ (X=X X' — (s, X))ds < cn/ |7 (s, X") — m(s,X™)|*d(s,X")ds
0
+on / d(s,X")d(s,X")ds

t
<en / d(s,X")|X" — X" 2ds +2n / d(s, X")d(s, X™)ds.
0

We do likewise with the third term in the right hand side of (3.16). Then, we obtain the following
inequality:

X=X < M [ xR,
where M"" is a local martingale and the processes H"" and W"" are defined by:
H™" :=2(m+n /dsX” (s,X")ds
Wi i=cp o (1 +nd(s,X]') +md(s,X]")).

Then thanks to Stochastic Gronwall’s inequality (see e.g. Lemma 2.3 in Ren-Wu [15], Theorem 4 in
Scheutzow [16]), we get'

E[ sup [X] —X["e™ 5 (Hnd(sXe) (s Xr))ds]
0<t<T

T 1
< 3E[(n+m) /0 d(s,X")d(s,X")ds] 2

< cE[ sup d(t,X,m)/ nd(s,X")ds+ sup d(t,X") / md(s Xm)ds]
0

0<t<T 0<t<T

< c(E[ sup d(t.X™) + sup d(1,x")])? x (E[n/o d(s,x:’)ds+m/o d(s,X")ds])?.

0<t<T 0<t<T

10



Recall Proposition 3.1, then from (3.2) we deduce that E[n fOTd(s,XS”)ds] =E[|A"7] < c. This

implies that,

T T

E[n/ d(s,XS")ds+m/ d(s,X")ds| <c
0 0

On the other hand, from (3.9) it follows that for p > 2, there exists ¢ > 0 that may change from line

to line such that:

V-

(IE[ sup d(¢,X;")+ sup d(t,X,”)])7 < (IE[ sup d(¢,X;")+ sup d(t,X,")]p) g
0<t<T 0<t<T 0<t<T 0<t<T
1

< C(E[ sup d(r,X")]" + [ sup d([’X’nﬂp)E

0<1<T 0<1<T

1 1 \2%
§C(ﬁ+72>2p~
m 2 n 2

Therefore, the following holds: Vp > 2,

Sb,o,r n m 1 1 L’
E[ sup X' —X/"[e” 2 (1HA"r+A"Ir)] Sc( - 72)2, o
0<t<T m> n’z

First, observe that: Vx > 0,

sup [X" — X" = su X"—X’”( . I )
p IX ;| p |X; | X{;M X{E*M(HIA”HHA’”H)M}

0<t<T 0<t<T 7 (1+|/\"\T+\Am\T)<K} 5

.
PEL (A" +A™ )

1
< sup [X['—X"|) +— sup X —X"|e” :

0<i<T {ramrpaameenh} - Ko<i<r

By taking the expectation, we obtain: V& > 0,

=

1 1
E[ sup |Xt"—X,’"|} < (E[ sup |Xt”—X,m\])2(]ID[1+|A"|T+|A'"|T 21n(;)])

0<t<T 0<t<T
1/ 1 1 \%
+E<E+§>
L ERLH|A 7+ A" 7]\ 1/ 1 1 \%
S(E[Sup |th_Xth)2( [ 1 ]) +*( =y p*Z)p'
0<t<T 11’1(;) K\m= n a2

Thanks to the estimate (3.2), there exists a constant ¢ > 0 independent of n and m such that Vk > 0,
1 N3 1/ 1 1 \%
B sup 57— x0) < o( ) P L (L)
[0§z§T| el In(1) K\t gt

It follows that:
limsupE | sup X' —X/"|] =0.

mn—eo  0<I<T

Again from the estimate (3.2), we can see that for any p > 1 the family (|X' — X/"|”),., is uniformly
integrable. Therefore, the following convergence holds: Vp > 1,

E[ sup [X"—X/"|’] — O.

0<t<T m,n—oo
It follows that (X"),> is a Cauchy sequence in the space .#? defined by:

% = {(W)o<i<r F:-progressively measurable such that E[ sup | y; [P] < oo},
0<i<T

then (X"),>| converges.

To conclude this section, we show that the limit of (X", A"),>; is the solution of the reflected
SDE (2.10).

11



Proposition 3.4 For any p > 1, we have:

lim]E[ sup \X,"fX,V’] =0. (3.18)

e 0<<T

PROOF. Let n > 1, by applying Itd’s formula to |X" — X;|?, we get:
X" —X,|? = z/ﬂt<xs” — X, b(s,X]') — b(s,X;))ds + % /Ot |6 (s, X]") — o (s, X,)*ds
+2/OI<XS” X, (0(5,X) — 0 (s,X,))dW,) + 2/OI(XS" —X,)dA" 2 /OI(XS” _X,)dA,.
The Lipschitz continuity of » and ¢, implies that;
X=X < e [ X0 = XPds 2 [ (X=X, (005, X0) — 0, X))
— 20 [0 =X X2 = (s X+ 2 [ (X2 XA (.19)
Then, by repeating the same calculus as in the previous proof, we obtain:
—2n /OI<XS” — X5, X — (s, X)))ds < cn/ot |7(s,X") — (s, X;)|2d (5, X" )ds
+2n /O (s, X")d(5,X,)ds
< cn/otd(s,XS")\XS" —XS|2ds—|—2n/0td(s,XS")d(s,Xs)ds.

Since (X;)o<:<r is the solution of the reflected SDE in the time-dependent domain (2.10), then
X; € D,. This implies that d(¢,X;) = 0 for any 0 < 7 < T. Therefore, the inequality (3.19) becomes:

X~ X,[2 < M +c/0t(l +nd(s,X"))|X" —Xs\zds+2/0t(Xs" —X,)dAs,
where M™ is a local martingale. Besides, note that
X! —X| <|XP—m(s, X))+ 7(s, X)) — X,| <d(s,X]) +c,
since 7(s,X!") and X; belong to the bounded set Dy.
It follows that,
X" — X, 2 gM,"+c/ot(1+nd(s,XS”))|XS"—Xs|2ds+c/ot(1+d(s,XS”))d|As|.

Again thanks to Stochastic Gronwall’s inequality (see e.g. Lemma 2.3 in Ren-Wu [15], Theorem 4
in Scheutzow [16]), we get:

‘b,o,r n T 1
E[ sup |X" —X!"*|e” PFLJ) nd(s.X; )dS] < 3CE[/ d(s7Xs”)d|A|S] 2
0

0<t<T

D=

< cE[ sup d(t,X")|Alr]
0<I<T
1

< c{(E[ sup d(t.X")?])7 x (E[|Alr])7}E, p>2,g> Tand -+ L =1,
0<t<T P 9

Thanks to (2.14) and (3.2), we deduce that the right hand side tends to zero as n — co. The remaining
of the proof is similar to the proof of Proposition 3.3.

Note that the above convergence implies the convergence of A" to A as stated in the following
corollary:

12



Corollary 3.1 Forany p > 1, we have:
LmE[ sup [A] —A,|’] =0. (3.20)

n—ee  “0<<T

PROOF. Recall that
AP A =X — X + /O (b(X,) — b(r,X"))dr + /O (6(rX,) — (1, X"))dW,.
Then using the Lipschitz continuity of b and o, we get: Vp > 1,
AT — AP < |XM—X,|P + (/Ol(b(r,Xr) b(r,X"))dr) +|/ o(rX,)—o(rX])dw,|".

By taking the expectation, together with the use of B-D-G inequality and the convergence (3.18), we
obtain the result.

Remark 3.1 It should be pointed out that the smoothness of the direction of reflection (2.5) and
the assumption on the boundary of the domain (2.6) are not required to obtain the convergence
of the approximation (3.1). However, in case these conditions are not satisfied, the existence and
uniqueness of a solution of the reflected SDE (2.10) as well as its properties are not ensured within
the geometric setting of Lundstrom-Onskog [9]. In another framework, when the SDE (2.10) is
reflected in D C R which is assumed to be at least -time-dependent domain, the cone of unit
inward normal vectors is reduced to a unique element and the time sections of D satisfy the uniform
exterior and interior sphere condition. Therefore, the existence and uniqueness of the solution of
the reflected SDE (2.10) within this geometric setting as well as the estimate (2.14) follow without
the need for the assumptions (2.5) and (2.6) (see Theorem 3.2, Theorem 3.4 and Proposition 3.5 in
Costantini-Gobet-El Karoui [5]). Moreover, with this type of regularity, the control of the distance
d(t,X]") is obtained without resorting to the approximation of the domain (3.1).

Remark 3.2 In the case of time-independent domains, the estimates (3.2) coincide with the esti-
mates obtained for the approximation of reflected SDEs in regular convex domain given in Bahlali-
Maticiuc-Zalinescu [ 1] and Menaldi [10]. We also note that the convergence results (3.18) and
(3.20) are similar to the results of convergence obtained in time-independent domains: for convex
domain (Menaldi [10] and Slominski [17]) and for non-convex domains (see e.g. Lions-Sznitmann
[7] and Ren-Wu [15]).

4 Application to generalized BSDEs and PDEs with boundary
condition on non-smooth time-dependent domains

Let D be a time-dependent domain satisfying (2.1)-(2.6). In this section, we give an application of
the results obtained in the previous section by providing an approximation of generalized BSDEs
when the underlying process is a reflected diffusion in a time-dependent domain. This approxima-
tion consists of a sequence of standard BSDEs associated with standard diffusions. Therefore, by
considering the associated PDEs we also get an approximation of PDEs with boundary conditions on
a time-dependent domain using a sequence of standard PDEs defined on R?. However, this requires
an additional smoothness condition on the domain. From now on, we assume that the cone of unit
inward normal vectors at each boundary point is reduced to a unique element 1 that is assumed to
satisfy (2.5).

Remark 4.1 By assuming that i is unique at each boundary point, we note that Lemma 2.2 in
Boufoussi-Casteren [4] can be generalized to the case ¢ € %bl ’2(R1+d). The result is based essen-
tially on the convergences (3.18) and (3.20). In fact we have: ¥p > 1,

limE[ sup |/ o(r,X,),dA,) /((b(r,X,"),dA:’)]p} =0.

n—=e 0<<T
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Therefore, by taking ¢ :=H(.,.), we get:

n—yoo

TimE| sup y/ /t<ﬁ(r,X,”)7dAf>\ J = Jime[ sup [IA") ~[A]"] =
©0<t<T 0

Now, let (¢,x) € D be fixed, we define (X;™, Ay™),<s<r as the unique solution of: V¢ < s < T,

Xt =x+ [To(n X )dr+ [P o(n X )aW, + [PH(r, X ) d| A,

- x| s “4.1)
Xx EDS? |A |S*f0%{xﬁﬁx€

|At,x|r.

d
oD}

Then, let m > 1 and let us introduce the following functions:
f: (tax7yaz) S [07T] X Rd x R™ x Rmxn — f(f,X,y,Z) = (.fi(tax75;7zi))i:1

V. (t’x7y) € [OvT] X Rd X R" — W(t’xvy)) = (wi(tvxay))i:],..-,m € Rma
hix e R s h(x) = (hi(x))iet...m € R

44444

From now on, we make the following assumptions:
(Hp) The function £ is continuous and is of polynomial growth.

(H) (i) (t,x)— f(t,x,¥,z) and (¢t,x) — y(t,x,y) are uniformly continuous with respect to
(¥,z) and ¥ respectively.

(i) (t,x) — f(#,x,0,0) and (¢t,x) — y(z,x,0) are of polynomial growth.
(iii) f and y are Lipschitz continuous with respect to (¥,z) and ¥ respectively.

(l”> Hﬁ < 0 such that <y_)_}a W(t?x7y> - lll(tax7)7)> S ﬁ ‘ y_)_} |2‘

4.1 Associated BSDEs

Now, let (X;‘X,Ag’x),gng be the unique solution of the reflected SDE (4.1), then we introduce the
associated multidimensional generalized BSDE: Vr < s < T,

T T T
Ystvx:h(X}’x)—s-/ FrnX5 Y20 dr—l—/ w(r. ,Xfx,Y’x)d\A’*X|r—/ Zdw,, 4.2)
N s

N

which has a unique solution thanks to Theorem 1.6 in Pardoux-Zhang [14] that we denote (Y, Z"*).
Moreover, the following estimates hold:

T T
B| sop [P [ InPans+ [ e <o @3
t1<s<T t t

Next, let n > 1 and let X’**" be the unique solution of the penalized SDE: Vr < s < T,
X" = x4 S b(r, XM dr + o XM AW, + AT
AP = —n [(X - w(n X)) (4.4)
|At,x,n|s — f(‘)vn|XS7x,n _ E(S,X;’X’n”dr.
Then, consider the associated sequence of standard BSDEs: Vn > 1,V < s < T,
T T
Yst-,x.n _ h(X;’x’”) +/ f(r’thx,n, Yrt’x‘",Zf,’x’n)dr—i— / W(,,?Xrl-,x.,n7thx,n)dlAt,x,nlr
N JS

T
- / 255 aw,. .5)
N

We first give the estimates for the penalized BSDE:
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Proposition 4.1 Letn > 1 and (Y'™" Z""*™") be the solution of the the penalized BSDE (4.5). Then,
we have the following estimates: ¥n > 1,

T T
B s (0 o [ Pl [z ] <c @6)
1 1

t<s<T
where c is a constant independent of n.

PROOEF. From Itd’s formula, we have:

T T
Yot [ 12 P = IBOGE R 2 [ f X Y 2 dr
S A

T T
+2/ <Yrt,x,n) l[l(r, Xi,x,n, Yrt’x’n)>d‘/\t’x’n . — 2 / <le’x’n,Z£’x’ndWr>.
N JS

Besides, using assumptions (H;)(ii) — (iv), we have:
(FEP5, F(RXE V) < (X, 1)
< [FS (1 K+ )
c
< {4 VP |2 @)
1

+lzp

and

(VY XEE V) < (R (0 X, FER) =y XE,0) o (VS (X0, 0)
< ﬁ|Y:71,n|2 Jrcz\Yr’m,n'Z + %{1 + |X£,x,n|2)}'

Note that the constants ¢; and ¢, can be chosen such that (—f8 —¢2) > 0 and (1 —c¢;) > 0. Therefore,
the equation (4.7) yields,

[dr < c{l1+ \X;’x’"|2

T T
P (B er) [ PN+ (1) [ 11
S N
[ eRars [ xeRaae )y ve [ g par—a [ e zenaw,)
S g JS 4 " N g s g T "

Next, using the estimates (3.2)and by taking the expectation, we get:
T T
B[P (B —ca) [ PN, 4 (1) [ 125 Par] < 1
N N

T
FE[ sup XPE A+ [ Par ).
s

t<r<T

Then, thanks to Gronwall’s lemma, we obtain:

T T
sup E[[Ye* P+ [y Paiat=r),+ [ |1z Par] <.
A S

t<s<T

Finally, it suffices to apply BDG inequality to conclude.
The convergence of (Y'*" Z%™"),~ is stated in the following proposition:

Proposition 4.2 Let (Y'5" Z'*") 1 and (Y'*,Z') be the unique solutions of the sequence of BS-
DEs (4.5) and the generalized BSDE (4.2) respectively. Then, the following convergences hold true:

T
limE [ sup |¥i — ¥R [ ||z~ Z|Par] =o. “3)
t

n=ree N <s<T

15



Remark 4.2 The convergence (4.8) was established in Bahlali-Boufoussi-Mouchtabih [3] when
(Xst’x,Ats’x),@gT is the solution of the reflected SDE (4.1) in a regular convex time-independent do-
main. The proof is very technical and relies essentially on the results of convergence and properties
of the penalized SDE (4.4) established in [, 4, 17] and the properties of the reflected SDE in a
regular convex time-independent domain that can be found in [7, 18, 10]. The properties of the
solution (Xé"x,A?x)tgng and the results of convergence obtained in Section 2 and Section 3 are the
generalizations of these results within our geometric setting. Therefore, the proof of Proposition 4.2
can be obtained by mimicking the proof of Theorem 6 in Bahlali-Boufoussi-Mouchtabih [3 ], we omit
any further details.

4.2 Associated PDEs

Now, we are in a position to get an approximation of PDEs with nonlinear Neumann boundary
condition on time-dependent domains. Let us set D = D N ([0,7] x RY). Then, following the
notation of Lundstrom-Onskog [9], let us recall the spaces:

D°=D'n([0,T) xRY),
oD = (D'\D')n ([0,T) xRY).
Next, let us consider the following system of PDEs: Vi=1,...,m,

Ohui(t,x) + Lui(t,x) + fi(t,x,u(t,x),o " (t,x)Dyu;(t,x)) =0, (t,x) € D°;

%
on
u(T,x) = h(x), x € Dr,

(t,x) + yi(t,x,u(t,x)) =0, (t,x) € ID; 4.9

where the operator .% is defined by .¢ = 1Tr(c6")D2,(.)+ b Dx(.) and at a point (¢,x) € ID we
set % = (fi(t,x),Dx(.)). Let u : D~ R™ be the deterministic function defined by Y the solution
of the multidimensional generalized BSDE (4.2) as follows:

wit,x) =Y Vi=1,....m. (4.10)

It follows from Theorem 2 in Jakani [0], that u is a viscosity solution of the system of PDEs with
boundary condition of Neumann type on time-dependent domain (4.9) in the sense of Definition 2.2
in Jakani [6].

Finally, let (Y"*" Z"*"),~| be the unique solution of (4.5), it is well known that the sequence of

deterministic functions ("), given by u"(t,x) = ¥/™" for any n > 1 is a viscosity solution of the

following PDEs system: Vx € RINOLt<T,Vi= 1,...,m,
Ol (t,x) + Lull (t,x) + fi(t,x,u" (t,x), 0" (t,x)Dyull(t,x))

—ni(t, x, 1" (t,x)) (12, x), x — 70(t,x)) =0, (4.11)
u"(T,x) = h(x).

As an application of the approximation provided for generalized BSDEs (4.5), we obtain an approx-
imation for the system of PDEs (4.9):

Proposition 4.3 The following convergence holds: ¥(t,x) € D, Vi=1,...,m,

lim o (¢,x) = u; (¢, x). (4.12)

n—soo

PROOF. Let (t,x) € D, then from the definition of (u)i=1,...m and (4;)i=1,._m, it follows that: Vi =
1,....m,

. n 2 . t.x.n,i t,x,012 . t.x,n,0 t,x,0|2
A —U; = T — 7 < T — ™ = V.
Tim [uf! (1,x) — it x)* = lim |Y; /A ,}ggoE[ZSSgETIK Yo =0
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