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Abstract

In this paper we prove an approximation result for the viscosity solution of a system of
semi-linear partial differential equations with continuous coefficients and nonlinear
Neumann boundary condition. The approximation we use is based on a penalization
method and our approach is probabilistic. We prove the weak uniqueness of the
solution for the reflected stochastic differential equation and we approximate it (in
law) by a sequence of solutions of stochastic differential equations with penalized
terms. Using then a suitable generalized backward stochastic differential equation
and the uniqueness of the reflected stochastic differential equation, we prove the
existence of a continuous function, given by a probabilistic representation, which is
a viscosity solution of the considered partial differential equation. In addition, this
solution is approximated by solutions of penalized partial differential equations.
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1 Introduction

Let G be a C? convex, open and bounded set from R?, and for (t,2) € [0,T] x G we
consider the following reflecting stochastic differential equation (SDE for short)

X+ K,=x —|—/ b(X,)dr —|—/ o(X,)dw,, s e [t,T],
t t

with K a bounded variation process such that for any s € [t,T], Ks = / VX )d K]
t

and |K[; = / I¢x,eocyd|K|y ) . where the notation |K|, , stands for the total vari-
t

ation of K on the interval [¢, s].
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Penalization method for a nonlinear Neumann PDE

The coefficients b and o are supposed to be only bounded continuous on R? and
oo™ uniformly elliptic. The first main purpose is to prove that the weak solution (X, K)
is approximated in law (in the space of continuous functions) by the solutions of the
non-reflecting SDE

Xl=zx+ /ts (X)) —n(X]! — wa(X7)] dr + /ts o(X)dW,, sel[t,T],

where 7z is the projection operator. Since for n — oo the term K7 = n f:(X? —
wa(X]))dr forces the solution X to remain near the domain, the above equation is
called SDE with penalization term.

The case where b and o are Lipschitz has been considered by Lions, Menaldi and
Sznitman in [11] and by Menaldi in [14] where they have proven that E(sup ¢, 77 [X:' —
Xs|) — 0, as n — oo. Note that Lions and Sznitman have shown, using Skorohod
problem, the existence of a weak solution for the SDE with normal reflection to a (non-
necessarily convex) domain. The case of reflecting SDE with jumps has been treated by
Laukajtys and Stominski in [8] in the Lipschitz case; the same authors have extended
in [9] these results to the case where the coefficient of the reflecting equation is only
continuous. In these two papers it is proven that the approximating sequence (X"),
is tight with respect to the S-topology, introduced by Jakubowski in [6] on the space
D (R4, R?) of cadlag R¢valued functions. Assuming the weak (in law) uniqueness of
the limiting reflected diffusion X, they prove in [9] that X™ S-converges weakly to X.
We mention that (X™) may not be relatively compact with respect to the Skorohod
topology J;.

In contrast to [9], we can not simply assume the uniqueness in law of the limit X,
and the weak S-convergence of X" to X is not sufficient to our goal. In our framework,
we need to show the uniqueness in law of the couple (X, K) and that the convergence
in law of the sequence (X", K") to (X, K) holds with respect to uniform topology.

The first main result of our paper will be the weak uniqueness of the solution (X, K),
together with the convergence in law (in the space of continuous functions) of the penal-
ized diffusion to the reflected diffusion X and the continuity with respect to the initial
data.

Subsequently, using a proper generalized BSDE, we deduce (as a second main result)
an approximation result for a continuous viscosity solution of the system of semi-linear
partial differential equations (PDEs for short) with a nonlinear Neumann boundary con-
dition

n

% (t,x) + Lu; (t,x) + fi (t,z,u(t,x)) =0, ¥V (t,z) € [0,T] x G,
881:: (t,z) + hi (t,z,u(t,x)) =0, ¥ (t,z) € [0,T] x OG,

u; (T,x) = g;(x), Vo € G, i = 1,k,

where L is the infinitesimal generator of the diffusion X, defined by

) 52 0
I : Z(U(> o ())U()m + Zbl()% ,

(2]

and OQu;/On is the outward normal derivative of u; on the boundary of the domain.
Boufoussi and Van Casteren have established in [3] a similar result, but in the case
where the coefficients b and ¢ are uniformly Lipschitz.
We mention that the class of BSDEs involving a Stieltjes integral with respect to the
continuous increasing process |K |[t,s] was studied first in [16] by Pardoux and Zhang;
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the authors provided a probabilistic representation for the viscosity solution of a Neu-
mann boundary partial differential equation. It should be mentioned that the continuity
of the viscosity solution is rather hard to prove in our frame. In fact, this property
essentially uses the continuity with respect to initial data of the solution of our BSDE.
We develop here a more natural method based on the uniqueness in law of the solution
(X, K,Y) of the reflected SDE-BSDE and on the continuity property. Similar techniques
were developed, in the non reflected case, in [2], but in our situation the proof is more
delicate. The difficulty is due to the presence of the reflection process K in the forward
component and the generalized part in the backward component.

Throughout this paper we use different types of convergence defined as follows: for
the processes (Y"), and Y, by Y —~ Y we denote the convergence in law with re-

spect to the uniform topology, by Y % Y"™ we mean the convergence in law with
J1

respect to the Skorohod topology J; and by Y % Y we understand the weak con-

vergence considered in S-topology.

The paper is organized as follows: in the next section we give the assumptions, we
formulate the problem and we state the two main results. The third section is devoted to
the proof of the first main result (proof of the convergence in law of (X", K™) to (X, K)
as n — oo and the continuous dependence with respect to the initial data). In Section 4
the generalized BSDEs are introduced, the continuity with respect to the initial data is
obtained and we prove the approximation result for the PDE introduced above.

2 Formulation of the problem; the main results

Let G be a C? convex, open and bounded set from R¢ and we suppose that there
exists a function ¢ € CZ(R?) such that

G={zecR: ((z) <0}, 0G = {z € R*: ¢ (2) = 0},

and, for all « € 9G, V/ (z) is the unit outward normal to 9G.

In order to define the approximation procedure we shall introduce the penalization
term. Let p : R? — R, be given by p (z) = dist?(z, G).

Without restriction of generality we can choose /¢ such that

(VE(x),6(x)) >0, Vo € RY,

where ¢ (z) := Vp (x) is called the penalization term.
It can be shown that p is of class C! on R¢ with

1 1 _
5(5 (x) = §V(dist2(x, G)) =z —7ma(z), Yo € RY,

where 75 (z) is the projection of = on G. It is clear that § is a Lipschitz function.
On the other hand, z ++ dist* (z, G) is a convex function and therefore

(z—2,6(x)) <0, Vo € R%, Vz € G. (2.1)
Let T' > 0 and suppose that:
(A} b:R?Y— R and o : RY — R4 are bounded continuous functions.

Remark 2.1. In fact we can assume that the functions b and ¢ have sublinear growth
but, for the simplicity of the calculus, we will work with assumption (Ay).
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(As) the matrix oo™ is uniformly elliptic, i.e. there exists ay > 0 such that forall z € R4,
(co™)(x) > ag 1.

Moreover, there exist some positive constants C;, i = 1,2, a € R, B € R} and ¢ > 1
such that

(A3) f,h:[0,T] x R x R¥ — R* and g : RY — R* are continuous functions and, for all
.2’ € R, y,y € RF, t,t' €[0,T],

@) (' —y ftay) - ftoy) <aly -y,

(@) |h(t', 2" y') = bt z,y)| < B ([t =t + 2" — 2|+ |y —yl),
(ii) [f(t,2,y)] +[h(t,2,y)| < CL (1 +Jyl),
) lg(@)] < Co (1 [=[7) -

(2.2)
(iv

Let us consider the following system of semi-linear PDEs considered on the whole

space:
ou??

ot

(t,x) + Lul (t,z) + f; (t, z,u” (t,2)) — (Vul(t,z),nd(z))
—(Vl(z),nd(x)) h; (t,z,u" (t, 7)) =0 (2.3)
up (T, x) = gi(x), ¥V (t,2) € [0,T] x RY, i =1,k ,

and the next semi-linear PDE considered with Neumann boundary conditions:

061;1 (t,z) + Lu; (t,2) + f; (t,z,u(t,2)) =0, ¥ (t,2) € [0,T] x G,
% (t,x) + hi (t,z,u(t,z)) =0, ¥V (t,z) € [0,T] x OG, (2.4)

u; (T,x) = g;(x), Vo € G, i = 1,k,

where L is the second order partial differential operator

" o2 0
L= 5 ;(0(') o ('))ij(')m + ZZ: bi(')aE )
and, for any = € 0G
6ui
‘on
is the exterior normal derivative in x € 0G.

Our goal is to establish a connection between the viscosity solutions for (2.3) and
(2.4) respectively. The proof will be given using a probabilistic approach. Therefore we
start by studying an SDE with reflecting boundary condition and then we associate a
corresponding backward SDE. Since the coefficients of the forward equation are merely
continuous, our setting is that of weak formulation of solutions.

(t,x) = (VL(x),Vu; (¢, z))

For (t,z) € [0,T] x G we consider the following stochastic differential equation with
reflecting boundary condition:

S S
(i) Xb*+ KS"=a+ / b(XE")dr + / o(XE®)dW,
t t

(id) Kﬁv””:/ VXL K], (2.5)

t

(iii) K", :/t Lixtecogyd [ K |y, Vs € [t,T],
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where |K**[;,  is the the total variation of K** on the interval [s, ] L

We denote by k%* the continuous increasing process defined by kL* := |K tvm|[t}s]. It
follows that

kT = / (VO(XE"),dKE") (2.6)
t

Using the penalization term § we can define the approximation procedure for the re-
flected diffusion X.

Under assumption (A1) we know that (see, e.g., [7, Theorem 5.4.22]), for each n €
IN*, there exists a weak solution of the following penalized SDE

Xten gy / [b(X 5™ —nd(XE™)] dr + / S(XEPM)AW, , Vs € [1,T]. (2.7)
t t

Let s
Kbon ::/ né(XE5™)dr
ts (2.8)
kb .= / (VO(XEom), dKETY s € [t T].
t

We mention that (see, e.g., [7]) the solution process (Xévm*”)se[t 7] is unique in law under
the supplementary assumption (A,).
Here and subsequently, we shall denote by V and V":

Vi =g / b(X " )dr + / (X ") AW,
. S ¢ . (2.9)
Vst,a:,n = +/ b(X:f’x’”)dT +/ O‘(Xﬁ’x’n)dWT7 Vs € [t7T].
t t

Hence (2.5) and (2.7) become respectively
X"+ KD =VE" and XPO" 4+ KDP" = VPO Vs e[t T].

Definition 2.2. We say that (Q,F,P,{F},.,,W,X,K) is a weak solution of (2.5) if
(Q,]—',]P, {}"S}s>t) is a stochastic basis, W is a d'-dimensional Brownian motion with
respect to this basis, X is a continuous adapted process and K is a continuous bounded
variation process such that X, € G, Vs e [t,T], and system (2.5) is satisfied.

The main results are the following two theorems. The first one consists in establish-
ing the weak uniqueness (in law) of the solution for (2.5) and the continuous dependence
in law with respect to the initial data.

Theorem 2.3. Under the assumptions (A; — A,), there exists a unique weak solution
(Xo, Kg%) sepp ) of SDE (2.5). Moreover,

S

(Xt726,77,, Kt,a:m) * ()(157;707 Kt7w)

u

and the application
[0,T] x G > (t,z) = (X"*, K"7)

is continuous in law.

n—1
lFor 0 < s < t < T, the total variation of Y on [s, ] is given by Yl W) = sup{ >0 Yy, (W) —
’ A Lizo

Y:, (w) |}, where A: s =1tg <t; <--- <ty =tis a partition of the interval [s, ¢].
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Once this result for the forward part is established we then associate a BSDE involv-
ing Stieltjes integral with respect to the increasing process k%® in order to obtain the
probabilistic representation for the viscosity solution of PDE (2.3).

The next result provides the approximation of a viscosity solution for system (2.4) by
the solutions sequence of (2.3).

Theorem 2.4. Under the assumptions (A, — As), there exist continuous functions u™ :
[0,7] x R — R¢ and u : [0,T] x G — RY such that u™ is a viscosity solution for system
(2.3), u is a viscosity solution for system (2.4) with Neumann boundary conditions and,
in addition,

lim u™(t,z) = u(t,z), ¥ (t,z) € [0,T] x G.

n—oo

3 Proof of Theorem 2.3

We shall divide the proof of this Theorem into several lemmas. First of all we recall
that the existence of a weak solution is given, under assumption (A1)' by [12, Theorem
3.2].

For the simplicity of presentation we suppress from now on the explicit dependence
on (t,z) in the notation of the solution of (2.5) and (2.7).

We first prove an estimation result for the solutions of the penalized SDE (2.7).

Lemma 3.1. Under assumption (A,), for any ¢ > 1, there exists a constant C > 0,
depending only on d,T and g, such that

E (supsem |Xg|2‘1) +E (supse[tﬂ |Kg|2q) +E[K™], 5 <C, ¥neN. 3.1)

Proof. Without loss of generality we can assume that 0 € G. From It6’s formula applied
for |X|* it can be deduced that

S

Xz Ry =P 2 [ b ez [0 (X0 dW)
t t

t
+/ lo(X)|dr, s €[t,T).
t

Write 7,,, :=inf {s € [t,T] : | X?| > m} AT, m € IN*, and by the above,

SATm

SATm SATm
Xn 242 / (X2, dK™) < C + |22 + C / X7 dr + 2 / (X0 (X7)dW,),
t t t

setT].

Here and in what follows C' > 0 will denote a generic constant which is allowed to vary
from line to line.
Therefore

SATm q
(|X:W|2 + / <X:f,dK:f>) <c(1+]a)+C ( /
¢ t

SATm
/ (X7, 0 (X1) dW,)
t

SATm

q
IXl‘IQdT>

q
+C

)

and

TATm q
Bsup,ei (X0, P+ [ OCaD) <€ (14 1)
t

q (3.2)

SATm TATm
+C IE/ SUDye(t,1] X% dr + C Esup,cp,q / (X7, 0 (X)) dW,)
¢ t
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By Burkholder-Davis-Gundy inequality we deduce

TATm q SATm ) ) q/2
Esup, gy / (X2, 0 (X2)dW,)| < CE / X2 2 o (X2 du
t t
SATm q/2 SATm
<CE / |X]j\2du <C (1 + ]E/ SUPyelt,r] \X3|2q d?‘) ;
t t

and (3.2) yields
Esupre[t,sATm] |X7?:L|2q < C <1 + |1,|2(I =+ E/ Supue[t,r/\Tm] |X17|2q dT’> ) Vs € [t7T] ’
t
since from (2.1) applied for z = 0 € GG, we have

/S (X1 dK) = n/s (X1 6(X))ydr > 0.
t t
From the Gronwall lemma,
ESup,.c; sar] IX"* < C (1 + |x|2q) ,VnelN.
Taking m — oo it follows that
Esup, ¢, 7] |IX"* <C,VneN. (3.3)

Once again from (3.2) and (3.3) we obtain

E (/T <Xﬁ,dKf>>q <C (1 + mzq) .

We have that there exists ¢ > 0 such that the ball B (0,¢) C G, and, for z = 5% €
@, inequality (2.1) becomes :

5|K3—K;L|§/ (X dK) , Vt<u<ov<T,

u

and by the definition of total variation of K", it follows that

B (|K"[f, ) < E(/tT (X7, dK™) )q <C.
O

Lemma 3.2. Under assumption (A,) the sequence (X', K, k), r) is tight with re-
spect to the S-topology.

Proof. In order to obtain the S-tightness of a sequence of integrable cadlag processes
U™, n > 1, we shall use the sufficient condition given e.g. in [10, Appendix A] which
consists in proving the uniform boundedness for:

oV (™) +E( sup [U2]),

s€[t,T]
where
m—1
CVr(U™) i=sup > B[[B[UE,, - U/ (3.4)
T =0
EJP 18 (2013), paper 102. ejp.ejpecp.org
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defines the conditional variation of U”, with the supremum taken over all finite parti-
tionsm:t=tg<t1 <---<t,, =T.

Using Lemma 3.1, we deduce that there exists a constant C' > 0 such that for every
n € N*

ovr () + E( sup |K21) < E (K| ) + E( sup [K2]) <€

Since k" is increasing and [ € C? (R?), then there exist constants M,C > 0 such that
for every n € IN*

T
CVr (k")+E( SE%]ugm) < 9 (k7)) :2E(/t <V£(Xﬁ)7dKf>)
selt,

< 2]E( sup |VA(X])|- |Kn‘[t,T])
sE[t,T]

<2ME (|Kn‘[t,T]>
<2MC.

By the definition of V", assumption (A;) and the fact the conditional variation of a
martingale is 0, we obtain for each n € IN*,

CVr (V") < CVy ( / b(X}f’I’”)dr> +CVr ( / o(Xﬁ’”’")dWr>
t t

vy ( /t 4 b(X}f””’")dr) <E ( /t " bt dr)

<(T-t)yM<C
Therefore (see also Lemma 3.1), there exists C' > 0 such that for every n € IN*

CVr (X™) + B( sup. IX21) < CVp (V) + OV (K) + B( sup. xr) <c.
sEe(t, selt,

O

Lemma 3.3. Under the assumptions (A, —A,), the uniqueness in law of the stochastic
process (X ) e, 1) holds.

Proof. Let (Q, F,P,{F;},~,,W, X, K) be a weak solution of (2.5) and f € C*? ([0, 7] x G).
We apply Itd’s formula to f (s, X,):
af s
Fex)=rwa [ (vny)exydr— [ (905 0 x0), 9000 db,
t t
(3.5)

+f VL (X)) 0 (X,) W)

Since oc* is supposed to be invertible, we deduce, using Krylov’s inequality for the
reflecting diffusions (see [18, Theorem 5.1]), that for any s € [¢,T],

of
E L
. (8r + f)( )
1
a+1
(/ / det (oo™ af Lf) o drdx) 0.
EJP 18 (2013), paper 102. ejp.ejpecp.org
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Thus, equality (3.5) becomes

S

Fs.X0) = F )+ [ (B4 L0) X0 Lxeapdr = [ (Vaf () VECK) b,

“‘/S (Vof (r,X,),0(X,)dW,) , P-as.

Therefore

f(s,Xs)—f(t,x)— /t (g—f + Lf) (r, X)) 1{x,eqydr

is a P-supermartingale whenever f € C'2 ([0,T] x G) satisfies
(Vaf (s,x),VL(x)) > 0,Vz € 0G.

From [21, Theorem 5.7] (applied with ¢ = —¢, v := V¢ and p := 0) we have that
the solution to the supermartingale problem is unique for each starting point (¢, z),
therefore our solution process (Xs)se[t 7] is unique in law. O

Remark 3.4. Following the remark of El Karoui [5, Theorem 6] we obtain the unique-
ness in law of the couple (X, K), since the increasing process k depends only on the
solution X (and not on the Brownian motion). The uniqueness is essential in order to
formulate the issue of the continuity with respect to the initial data.

Lemma 3.5. We suppose that the assumptions (A; — A,) are satisfied. Then

(i) (X" EK") —— (X,K),

u

(ii) k" —— k.
u
Proof. (i) First we will prove the convergence:

(X", K") == (X, K). (3.6)

We shall apply [9, Theorem 4.3 (iii)]. We recall that we have the uniqueness of the weak
solution. For any n € N, s € [t,T], let H? := z € G and the processes Z! := (s, Wy). Our
equation can be written as

X" =H" +/ ((bo) (XE5™),dZP) K™, Vs € [t,T).
t

The processes Z" satisfy the (UT) condition (introduced in [20]), since for any discrete
predictable processes U™, U™ of the form U} = Uy + Zf:o U, respectively Ul' = Uy +

Sk Ur with [U7], U] <1,
q q
/ Unds / omaw,
0 0

q q 2
[ s [Coraw.
0 0
E.
§2q2—|—2E/ |U;L‘ ds <2q(qg+1).
0

<2E

2
+2IE

2
E

Therefore the assumptions of [9, Theorem 4.3] are satisfied and thus we obtain that

*

X”T>X.

Using once again [9, Theorem 4.3 (ii)] and definition (2.9) we deduce that

*

(X7, X0 XP VM) = (X, Xy, Xa, s V)

m)
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for any partition t =ty < t; < --- < t,,, = 7. The above convergence is considered in
law, on the space (R%)™ x D([0,7], R?) endowed with the product between the usual
topology on (R?)™ and the Skorohod topology J;.

Hence

(X" V") = (X, V),

since (X™, V™), is tight.

It is known that the space D([0, 7], R?) of cadlag functions endowed with S-topology
is not a linear topological space, but the sequential continuity of the addition, with
respect to the S-topology, is fulfilled (see Jakubowski [6, Remark 3.12]). Therefore

K'=V" - X" %H/—X:K.
In order to obtain the uniform convergence? of the sequence (X", K "),, we remark that,
since V", V are continuous and V" % V, this convergence is uniform in distribution:
1

|ZAL— g

Using the Skorohod theorem, there exists a new probability space (Q, F, ]f’) on which
we can define random variables V, V™ such that

| VA T Ve R VNES

and

Let X" be the solution of the equation
Xn +/ nd(X™Mdr =V, s e[t,T],
t
X" be the solution of .
Xn +/ nd(X™Mdr =V, s e[t,T],
t
and denote s .
K" = / nd(X™)dr, KT := / nd(X™)dr.
t t
It is easy to prove (see, e.g., [8, Lemma 2.2] or [22, Lemma 2.2]) that

2§|Vs”—17s|2+2/ (V= V) = (v -
t

<

therefore

S

sup | X7~ X7[* < sup [V Vil" 4 sup |V - Vi (1K i) + 1K ). (B.7)
s€t,T] s€[t,T) s€t,T]

law

Since (X", K") ==~ (X", K™) and | K™ ;1,71 is bounded in probability by inequality (3.1),
|R "|t,r] is bounded in probability. Applying [8, Theorem 2.7], it follows that |K ", is
also bounded in probability.

4We are thankful to professor L. Stominski for his useful suggestion in the proof of this part.
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But )
sup |Vs" — VS‘ 220,
s€t, T
therefore, from (3.7),
sup | X7 — X7rP 2 0. (3.8)
s€t,T]

On the other hand, let X be the solution of the Skorohod problem
X+ K, =V,, se[tT].

It can be shown (see the proof of [12, Theorem 2.1] or the proof of [17, Theorem 4.17])
that ) )
sup | X7 — X,|” 250,
set,T]
therefore, from (3.8),
sup ‘X? - Xs|2 LN
set,T]

Since K, =V, - X,, Kl =V - X7 se|tT],
(X", KM% (X, K),

and X X
(Xm K™y 222 (X, K™,

the conclusion follows.

S

(#4) In order to pass to the limit in the integral / (VU(X,),dK,), we apply the stochastic

t
version of Helly-Bray theorem given by [23, Proposition 3.4]. For the convenience of
the reader we give the statement of that result:

Lemma 3.6. Let (X", K") : (O, F",P") — C([0,T],R%) be a sequence of random
variables and (X, K) such that

(X", K") —— (X,K).

)
u

If (K™),, has bounded variation a.s. and

sup IP (|K”|[O > a) — 0, asa — oo,
nelN* ’

then K has a.s. bounded variation and
T T
/ (X", dK") %/ (X,,dK,), asn — oo.
0 u 0

Returning to the proof of Lemma 3.5, the conclusion (ii) follows now easily, since k
and k™ are defined by (2.6) and (2.8) respectively. O

Remark 3.7. Let the assumptions (A, —A,) be satisfied. Then the weak solution (Xﬁv”")se[t’T]
is a strong Markov process. Indeed, taking into account the equivalence between the
existence for the (sub-)martingale problem and the existence of a weak solution for re-
flected SDE (2.5) (see [5, Theorem 7]), we obtain that the weak solution (X;‘“””)Se[t}T]
is a strong Markov process since the uniqueness holds (see [5, Theorem 10]). In our
situation, this equivalence can be obtained by using Krylov’s inequality for reflecting

diffusions.
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The following result will finalize the proof of Theorem 2.3.
We extend the solution process to [0, 7] by denoting

XL =2, KL =0, Vs € [0,1). (3.9)

Lemma 3.8. We suppose that the assumptions (A, —A,) are satisfied and let (X", K!*) scpp 1

be the weak solution of (2.5). Then (X?, Kﬁ*m)se[tﬂ is continuous in law with respect

to the initial data (t, ).
Proof. Let (t,x) € [0,T] x G be fixed and (t,,z,) — (t,x), as n — co. We denote
(X7 K2) 1= (Xin K),

We will prove first that the family (X", K™) is tight as family of C([0, T],R¢ x R%)-valued
random variables.
Applying Itdé’s formula for the process X! — X

~, where r is fixed and s > r, we
deduce

X - xp =2 o - X oean—2 [ o - X ak) + [l (e du
o[- o G amy)
<o [ (- xpo s [l (P a0 - X2 0 (C) aw)
since X", X" € G and
/S (z — X", dK™) :/S (z— X" VO(X")dk" <0, YV0<r<s, VzeGq.
Therefore, using that b, o are bounded functions and G is a bounded domain,

B(1x7 = X717) < Cls— '+ CB(supocgyy [ (X5 = Xpoo (xpyawy) )|
<Cls—rl+oB( [ 1xg - X2 lo (X)) (3.10
<Cls—r[*+Cls—r]? §Cmax(\s—r|47|s—r|2>.

Concerning K, we remark first that
KM — Kn = /Sb(X{j) du + /Sa (XM dW™ — (X7 — X7
Hence
s 8
B(IK7 - K2) < CB(|x7 )+CE(/T (X7) du)

8
+CE( supye / (X;;)dwg)

<C X(|$*’I"‘ |sfr\)+0|sfr\ JrC’]E /|O’ X”)\ du)
<C (|s—r\ ,|s = )
(3.11)
EJP 18 (2013), paper 102. ejp.ejpecp.org
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Observe that the constants in the right hand of the inequalities (3.10) and (3.11) do not
depend on (¢,z). Therefore, applying a tightness criterion (see, e.g. [17, Cap. I]) we
deduce that the family (X*%, K*7) is tight (viewed as a family of C([0, 7],R? x R%)-valued
random variables) with respect to the initial data (¢, z).

Taking into account the above conclusion and the Prokhorov theorem, we have that
if (tn,xn) — (t,x), as n — oo, then there exists a subsequence, still denoted by (¢, x,,),
such that

X" = XtnTn T> X, K":= Kinon T> K, asn — 0o.

It remains to identify the limits, i.e. X —=% X% and K —%2 K,

By the Skorohod theorem, we can choose a probability space (Q, .7:", ]15) (which can be
taken in fact as ([0, 1], Bio,1j u) where p is the Lebesgue measure), and (X'", K", VV")
(X K, W) defined on this probability space, such that

(X K" W) 222 (X K" W (X, K, W) 22 (X, K, W)

and
(X” K™ W") (X K W) as n — oo.

It is not difficult to see that (W", F, wr.x" ) and (W,EW X) are Brownian motions.
We now define,

1% ::x—|—/ b()A(f)dr—i—/ o(X™M)dW" and
t t

Vii=a+ / b(X,)dr + / o(X,)dW, , s e [t,T].
t t

Arguing as in the proof of [1, Proposition 12] (see also [19, Chapter III-3] for more
detalls) it can be shown that f : X ”)dW” and ft X ™)dr converge in probability to
ft o(X,)dW, and respectively j . ~)dr. Since o and b are bounded, we deduce using
the Lebesgue theorem that this convergence holds in Lq(Q) for each g > 1. Therefore,

E( sup |V” \A/s}q) — 0, as n — 0o,
se(t,T)

If V™ is defined by
V= :C+/ b(X;L)dr—i—/ o(X)dWw?
t t

then X' + K7 =V, P-a.s. And it is not difficult to see that

(X" K™ W, V) 222 (X7 K W V™) on €([0,T], R x RY x RY x RY)

and
X+ K=V, as.
which yields, passing to the limit, that
X, + K,=1V,, as.

Then the coupled process (X's, K <) is a solution of (2.5) corresponding to the initial data
(t,x). Taking into account the uniqueness in law of the solution (X'*, K%) ¢ 1) (see
Remark 3.4) we deduce that the whole sequence (X7, K)seit,m) converges to the pro-
cess (X%, Kb") e, and therefore the continuity with respect to (¢, ) follows. O
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4 BSDEs and nonlinear Neumann boundary problem

Let us now consider the processes (X% ", kL%"),«.<r and (X7, kL)< <7 given by
relations (2.5) - (2.8), for (t,x) € [0,T] x G.

For the proof of Theorem 2.4 we associate the following generalized backward
stochastic differential equations (BSDEs for short) on [t, T:

T T T
ver =g [ X i - [ o an - [ hex v

4.1
and respectively the BSDE corresponding to the solution of (2.7) @y
T T

veer = g+ [ g i viema - [yt
) . ; (4.2)

_ / h(?“, Xﬁ,w,n7 Yi,l‘,n)dkﬁ,.’l},n ,

S
where . .
M;{t’x = / O-(X,f,x)dWr , Ms)(t,wm — / O’(X:’w’n)dWr (43)
t t

are the martingale part of the reflected diffusion process X%* and X%*" respectively.
We assume for simplicity that the processes (X1®™, Kﬁvwvn)se[t’T] and (X57, K?m)se[t,T]
are considered on the canonical space.

We recall that the coefficients f, g and h satisfy assumption (Az). Then, given the pro-
cesses (X7, ky™™) o, @nd (X3%, k07) (o), this assumption ensures (see [16]) the
existence and the uniqueness for the couples (Y/*", Ugs™") ;7 and (Y7, Ug®) cp,
respectively. Arguing as in [3], one can establish the following result.

Proposition 4.1. Let the assumptions (A, — A3) be satisfied.
Let (Y}, U™ scer) and (Y, U ) s,y be the solutions of the BSDEs (4.2) and

S S

(4.1), respectively. Then

*

jft, N n{t, s E[t, s
( x 77., x 77., x 77.)

(Yt,r’Mt,:E7Ht,r) ;
where

s s

tx,mn . t,x,n xbtam tax,n . t,x,n t,x,n t,x,n

Mben = / UtengMX T glten = / h(r, Xtom yten)ggten,
t 0

Mbe / UtedMX"T | Hb = / hir, X1%, Y50 ) dkb* (4.4)
t 0

and MX""" and MX"" are defined by (4.3).

. t t
Moreover, we have that lim Y,""" =Y,"".
n— oo

Remark 4.2. The solution process (Y;’”C)se[t,T] is unique in law. Indeed, following [4,
Theorem 3.4], it can be proven that, since the coefficients b and o satisfy the assump-
tions (A;—A,) and the solution process has the Markov property, there exists a deter-
ministic measurable function u such that the solution Y>* = u(s, X'*), s € [t,T] dP ® ds
a.s. The conclusion follows by Lemma 3.3 and the uniqueness (as a strong solution) of

Y.
In the following, we extend X% K%* to [0,T] as in (3.9) and (Y%* U%%) by denoting

YT =Yh UM =0 and MX":=0,Vs€[0,t).
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Proposition 4.3. Let (t,,xz,) — (t,z), as n — oo. Then there exists a subsequence
(tny, Tn, )kew Such that Ytri on T> yte,

Proof. The proof will follow the techniques used in [3, Theorem 3.1] (see also [15, The-
orem 6.1]).
It is clear that

T T
Y= g0 [ () £ X Vi = [ U X
- (4.5)
—/ h(r, X[rtn Yiomydklr*n s € [0, T).

For the proof we will adapt the steps from the proof of [3, Theorem 3.1].
Step 1. The solutions satisfy the boundedness conditions (for the proof see, e.g., [16,
Proposition 1.11]):

E(supep,py [Yir*n |?ds < C, vt € [0,T], Vn € N

T
D4E [ (U a )
t

T
E(sup,eqn [V ) +E [ |[U4*0(Xi)|Pds < €. e € 0.7),
t

where C' > 0 is a constant not depending on n.
Step 2. To obtain the tightness property with respect to the S-topology it is sufficient
to compute the conditional variation CVr (see definition (3.4)) of the processes Yn:tn,
Mtn®n and H'»®» respectively; we recall the notation (4.4) for the quantities M?»-n
and Hinon,

As in [3, Theorem 3.1], after some easy computation we deduce that there exists a
constant C > 0 independent of n, such that

CVrp (Yhon) 4+ E(Supse[o,ﬂ Yo |) +E( SUPsefo,7) [ M |) +CVp (H' )
+E<Supse[o,T] |H§"’z"|> < C, Vn e IN*.

Step 3. The above condition ensures (see [10, Appendix A] or [3, Theorem 3.5]) the
tightness of the sequence (Y tnn Min:@n Hin:%n) with respect to the S-topology. There-
fore there exists a subsequence, still denoted by (Yin:%n Mtn@n [tnn) and a process

(V, M, H) € (D ([0,T],R¥))” such that

*

(Xtmﬂ?n Ktn,rn, thfbn Mtnazn th,In)
’ ’ ’ ’ UxUxSxSxS

(Xt Kt Y, M, H),  (4.6)

weakly on (C([0, T}, R%))2 x (D([0,T], R¥))°.
In order to pass to the limit in (4.5) we use the continuity of f, [6, Corollary 2.11],
the Lipschitzianity of h,

tn,T * t,x
knn u)k’7

and we apply [3, Lemma 3.3]; we precise that the conclusion of this lemma is still true in
the point T, hence there exists a countable set ) C [0,T") such that, for any s € [0, T]\ @ ,

T T
Y; = g(X’;“J) + / ]l[t,T] (’f‘) f(?“, X’f”vavT)dT - (MT - Ms) - / h(’f‘, Xﬁ7w7 YT)dk”‘ .
s s

Since the processes Y, M and H are cadlag, the above equality holds true for any
s €[0,T).
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We mention that MX"" and M are martingales with respect to the same filtration.
Indeed, M, is FX""Y-M_adapted and, moreover, M is an FX""-¥-M.martingale (for the
proof see [10, Lemma A.1]).

Let now ¢, be a bounded continuous mapping from C([0, s], R%) x D([0, s], R¥)2, p €
C>=(R%) and

L= L300 e + Y ()
2 y J 8.131'8.13]' P 6$i
be the infinitesimal generator of the diffusion process Xi»%»,
From It6’s formula we obtain that

(p(Xﬁ"’x”) — o(xy) —/ L(p(Xﬁ”"t”)dr—i-/ V(p(Xﬁ""x"')dKﬁ""’”"
t tn

bn

is a martingale.
Therefore, for any 0 < s1 < s5 < T,

soViy,

E |:’L/)51 (th,mn’ Yt"’m",Mtn’m") ((P(X§;7Tn) _ (p(X;:’T") _ / L(,O(X:"’xn)d’r

s1Vty,

s2Vit,
+ / vgo(X:m%)dKﬁm“n)] =0, Vn.

$1Vitn

It can be proved, using (4.6), that

soVin,
lim,, s o0 E[wﬁ (th7xn7ytn~,xn,Mtn7xn) ((p(Xz;m"xn) _ LP(X';;L,acn) _ / L@(Xf"’x”)dr)}
s1Vin
_ _ saVt
= B[, (X0, V00) (X)X — [ Lpxpnyar).
s1Vt

On the other hand,

s2Vit,

lim,, oo E[wsl (th7mn7Ytn7In,Mtn7mn)/

51 Vin

it

sa Vit

_ E[%l (Xt ¥, M) /

s1Vt

Ve (XE)dK L],

by [23, Proposition 3.4].
Therefore

sa Vit

E[un, (X7, 00) (p0085) - o5 - [

s1Vt

L@(Xﬁ’x)drﬂ

+/52W Vi (XET)dK )| = 0.

s1Vt
Using It6’s formula we see that

sa2Vt

E [wsl (Xt Y, M) w(xﬁ@)def”} =0

s1Vt

and therefore MX"" is a FX""V-M_martingale. o
Now since Y** and U"* are FX “-adapted, M"* := [, UL*dMX"" is also FX""Y M.
martingale.
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Let us take 0 < s1 < 59 < T. It6’s formula yields

|}/St1,m - 5781‘2 + ([Mt,z - M]Sz - [Mt@ - M]51) = |}/stz:C - 1752|2

S2 _ _
+2/ (YPr =Y, flr, XEPYP5) — f(r, XE7,Y,)) dr

S1

T

S2
+2 / (Y% Ty b, X5 V) — B, X7, F,)) dkb®

S1

9 / LY Y, d(ME - B1,))

S1

ED) S2
SV~ Val +2av 8 [V VR k) <2 [ (V= B d M~ )
S1 S1
since / (V1" — ¥, d(ME® — M,)) is a FX"°Y-M_martingale.
t

Hence, from a generalized Gronwall lemma (see, e.g., [13, Lemma 12]), by taking
so =T, we deduce the identification

Y4 =Y and M%® = M.

4.1 Proof of Theorem 2.4
Let us denote
u(t,x) ==Y """ and  wu(t,x) =Y. (4.7)

Hence, u" and u are deterministic functions since Y%" is adapted with respect to the
filtration generated by X*®" and Y* is adapted with respect to the filtration generated
by X%*.

First we prove that the functions «" : [0,7] x R? — R¢ and u : [0,7] x G — R4
defined by (4.7) are continuous. We will show only that the function u is continuous.
Let (tn,z,) — (t,x) € [0,T] x G, as n — oo. From the proof of Proposition 4.3, we can
extract a subsequence still denoted (¢, z,), such that

*

tn,Tn tn,Tn tn,Tn tn,Tn
(Xtnown tnotn yilnstn pftnn)
UxUxSxS

(Xt,x’ Kt,m’ Yt,m’ Mt,z) .
We know from [3, Lemma 3.3] applied for ¢t = T, that

T T
/ h(r, Xton Ytern) ggtee / h(r, XE%, Y1) gk in law, as 7 — oo,
0 0

Using [6, Remark 2.4], we see that M;"I — M;m in law, since Mt»%n % MbHE,
Hence we can pass to the limit in

T
n,Tn nsTn nsTn T T tn,Tn
w(tn, Tn) = Yttn = Yot = g(XtT )+/ L,y () £, Xlmotn Yo )dr — M
0

T

_ / h(7"> X;fwcn , Yinmmn)dk:nvmn
0

and, as in the the proof of Proposition 4.3, we deduce that the limit of u(t,, z,) is
t r i r
T x x 5T ,T T T
g(X’JL )+/ ]l[t,T] (T) f(rv X'ﬁ’ aY]vs" )dT - MT _/ h(T’, Xf 7Yf~, )dkf

0 0

=Y9' =Y =u(t, ).
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It is easy to show that, even if b and ¢ are only continuous functions, the proof from [16,
Theorem 4.3] (see also [15, Theorem 3.2] for nonreflecting case) still works in order to
show that the functions «" and u defined by (4.7) are viscosity solutions of the PDEs
(2.3) and (2.4) respectively.

Finally, as a consequence of Proposition 4.1 we deduce the solution u of the deter-
ministic system (2.4) is approximated by the functions u", i.e.

lim " (¢,7) = u(t,z), ¥ (t,z) € [0,T] x G.

n—oo
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