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Viscosity Solutions of system of PDEs with
Interconnected Obstacles and nonlinear Neumann
Boundary Conditions

Brahim BOUFOUSSI * Said HAMADENE Manal JAKANTI *

January 25, 2021

Abstract

This paper investigates the Hamilton-Jacobi-Bellman system of equations asso-
ciated with the m-states optimal switching problem in finite horizon when the state
process lives in a connected bounded closed domain. We show existence and unique-
ness of the solution in viscosity sense of the system. We use systems of general-
ized reflected backward stochastic differential equations with oblique reflection and
the Feynman-Kac representation of their solutions in the Markovian framework.

Keywords: Generalized Reflected Backward stochastic differential equations, Viscosity solu-
tion of PDEs, Variational inequalities, Nonlinear Neumann Boundary conditions, Optimal switch-
ing.

1 Introduction

The purpose of the present paper is to provide existence and uniqueness of continuous
viscosity solution to the following system of m-variational inequalities with interconnected
obstacles and nonlinear Neumann boundary conditions: Vi = 1,...,m, Vt € [0,T),

rmin{ui(t,x) — r?;llx(uj(t,x) —gij(t,x)); — o (t,x) — Lu(t,x)

. —fit,x, (uk(t,x))kzlwm,GT(x)Dxui(t,x))} =0, xeD;

%L;l(t,x) +yi(t,x,u'(t,x)) =0, x € ID;
u(T,x) = hi(x), x € D,

(1.1)

where the operator .Z is given by

1
L = ETI’{(O'GT)D)ZM.} +b'D,.
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and at a point x € dD,
d 43¢ 9
5; = (Vo) Dx.) = .Zax,( )8x,

This system of equations is of Hamilton-Jacobi-Bellman (HJB for short) type associated
with the optimal switching problem when the state process X, which is a diffusion with
generator .%, is constrained to live in a bounded connected domain D := {¢ < 0}.

Optimal switching models often arise in the analysis of industrial projects related to
investment in electricity and valuation of energy storage (see e.g. [3,4, 5,7, 11, 13, 14] etc).
In a standard optimal switching problem, a decision maker controls a dynamical system over
time by choosing successively its working modes from a discrete set. Therefore a switching
strategy is given by o := (1,, 6,),>0 Where T, are stopping times such that 7, < 7, and 6,
is a random variable with values inJ := {1,...,m}. Attime 1,, the decision maker switches
the system from its current mode 6,_; to another one 6,. When the system is in mode i at
time s and works a short period of time ds, it provides a profit f;(s, @)ds. On the other hand,
switching the system from mode i to mode j # i at s costs g;;(s, ). Therefore the problem
of the decision maker is to look for a strategy a* which maximizes the performance I'( )
which is equal to the yield provided by the system when it runs under the strategy ¢. This
problem turns into the solvability of a system of backward stochastic differential equations
with oblique reflection (see e.g. [15, 16, 17, 18] etc) of the following form: Vi=1,...,m
Vit <T,

Y =&+ [ fils)ds+ K — Ki = || Z}dBs;
Yi 2 m;;lX(YJ —gl]([)),

fo {r/ - max (v/ —gz,( ) }dK] =

Then, both optimal performance and optimal strategy are provided by Y = (Y1,....,Ym).
In the aforementioned works, when randomness stems from a standard diffusion process
X' ((¢,x) € [0,T] x R¥) solution of the following standard SDE:

dXI* = b(s,X!™)ds + 6 (5, X(¥)dBy, s € [1, T] and X, = x (12)

(i.e. fi(s,®) = fi(s, X" (®)), gij (s, ®) = g;;(5,X;” (w)) and the bequest &/ (@) = h;(X;" (®))
for any i, j) the Hamilton-Jacobi-Bellman system of equations associated with the switching
problem takes the following form: Vi=1,...,m

min{ui(t,x) _maX(”j(va) _gij(tvx)); _alui(t7x) —fu’(hx) _fi(tﬂx)} =
. J#i (1.3)
u'(T,x) = hi(x).

The solution (ui )i=1,...,m is nothing but the value functions of the switching problem (see
e.g. [7, 14]). The process X'* of (1.2) is unconstrained and roughly speaking lives in R¥.
However in real life, there are several situations where X is constrained to stay in a given
bounded domain D. Let us give two examples.

The first one is related to the interest rates in economies. For instance, assume that
the process (X;);<r stands for the evolution of the interest rates in several economies. The
central bank of each economy acts in such a way to keep the interest rate in some bounded
domain for the well being of the economies. Now assume there is an investor who holds a
capital which he/she invests in one of the economies and switches it, from one economy to



another, according to the return of the investment. This return depends also on the interest
rates in these economies. Therefore the investor will make his investment strategy also
according to X'~ which is constrained to stay in a bounded domain.

Another example is related to electricity production. Indeed, consider a hydro-power
station with a dam and several working modes. Let us denote by X; the level of water in the
dam at time ¢, which is obviously a stochastic process. For safety reasons the water level
should not exceed a specific level £;. On the other hand, for operational reasons this level
should not be below another level . Thus at each time 7 one should have X; € [(y,¢,] by
evacuating water when X; is prone to overlap ¢; and stopping production when X; reaches
fy. As a consequence, the working mode of the station is chosen according to parameters
which include the level of water X in the dam which is a constrained stochastic process.

To deal with switching problems which look like the previous ones is the main motiva-
tion of this article.

So assume that X', instead of satisfying (1.2), satisfies the following equation:

X" = b(X!¥)ds + 0(XI)dB, + Vo (XF)dAY, s € [1,T];
X;./x E D and A[Sx = j; X{X;xegD}dAr 7S e [t7T]’ (14)
X" =x, for s<t,

A" is an increasing process and a part of the solution. The gradient V@ (x) coincides with
the unit normal pointing towards the interior of D := {¢ < 0}. The assumptions on b, ¢
and ¢ will be specified later. The term V¢ (X X0 x)dAS represents the damage faced once the
state process X" hits the boundary of D, otherwise, it is null as long as X’ € D.

In the case when randomness comes from this constrained Markov process X' solution
of (1.4), as previously highlighted, the HIB system associated with the switching problem
is the system of PDEs with Neumann boundary conditions (1.1).

To deal with the switching problem when X'+ is a solution of (1.4), we are led to study
the following system of reflected generalized BSDEs with oblique reflection:

Vi=1,..,m,Vs € |[t,T],

ltx_h( IX)+J‘ f,(rX Y Z”x)dr—kf ll/l(VX;x,Yltx)dAtx—FKltx Kltx
— | z""dB;;
A mQX(Ysj’t’x —8ij(5,X:7));
J7F1
Jo (e = max (1 — g5, X07)) YRS = 0.
J71
_ (1.5)

In the above system, the quantity y;(r, X, ¥;""*)dA}" stands for the payoff generated
by the system when the constraint X’* € D is not satisfied.

The main contribution of our work, is to provide existence and uniqueness of continuous
viscosity solution (u’) icy for system (1.1). As a by-product, we obtain that for any i € J and
s € [t,T], u/(s,X;™) is the optimal payoff when at time s the system is in working mode i.

The paper is organized as follows. In Section 2, we consider the following system of
reflected generalized BSDEs which is more general than the one in (1.5) since we do not
assume any particularity of randomness: Vi =1,...,m, Vt < T,

V=& [ fils, Y Z)ds+ J wils Y)dAs + Kf — K] = [ Z3dBy;
Y’ njng(Y —8ij(1)); (1.6)
Jo ¥/ - maX( ! — gij(1))}dKi =0



We first show the existence of a solution (Y?,Z!, K');c; to system (1.6) using a scheme ob-
tained by Picard iterations. Then, we establish the link between the components Y iiel,
of the solution and the value functions of the switching problem. This link will allow us to
show uniqueness of the solution of system of RGBSDEs (1.6). The last section is devoted
to study the system of PDEs (1.1). We define the notion of a viscosity solution for that sys-
tem, then provide a comparison result between its sub-solution and super-solution. Finally,
we show that there is a solution (u"),-:17,,,7m of system (1.1), this solution is given by the
Feynman Kac representation, that relates the PDEs system (1.1) to the generalized RBS-
DEs system (1.6) considered in the second section, namely for any i € J, Yy = ui(s,Xf ’x),
Vse[t,T).

2 System of Generalized Reflected BSDEs

2.1 Assumptions and notations

Let (Q,.%,P) be a fixed probability space on which is defined a standard Brownian motion
B = (B;)o<i<r for a fixed finite horizon T' > 0, and .# = (.%;)o<,<r be the completed fil-
tration of (0(B;,0 < s <t));<r with all P—null sets of .%,. Let (A;);>0 be a continuous
one-dimensional increasing .%;-progressively measurable process such that Ao = 0 . Let us
introduce the following spaces:

A% = {(W)o<i<r F-progressively measurable process such that E[ i | w; | dr] < o};
? = {(W)o<i<r Fi-progressively measurable process s.t. E[ sup | y; [?] < oo};
0<t<T

a* = {(K;)o<i<t F:-adapted continuous increasing process s.t. Ko = 0, E[K?] < oo}.
In this section, we consider the problem of existence and uniqueness of a solution for sys-
tem (2.1). For this objective, let us introduce the following assumptions:
Assumptions (A1):
Let m be a positive integer, i € J and p > 0;
(Hy) &' is a random variable in L2(Q, %7, P, R), satisfying E(eH47 | £ ) < oo.
(Hy) fi:[0,T] x Qx R" x R4 —s Rand y; : [0,T] x Q@ x R — R s.t.

(i) fi(.,-,¥,2) and y;(.,.,y) are progressively measurable.

(ii) E [ et | £:(2,0,0) | dt < 4o0 and E [ et | y;(2,0) |> dA; < -oo.

(iii) f; and y; are Lipschitz continuous with respect to (¥,z) and y respectively.

(iv) 3B < 0 such that (y — ') (wi(r,y) — wi(2,y) < B | y—' |-

(v) For any j # i, fi(t,,z) is non-decreasing in y;, whenever the other components
are fixed.

(H3) For any i, j € J, we have:



i) gij: [0,T] x @ — R is continuous w.r.t. , non negative such that g;; = 0.

ii) § > max (&7 — gi;(T)).
J#
iii) g;; satisfies the non free loop property, i.e., Viy, ..., i, such that iy # is, i1 = i
and card{ij,...,ix } = k— 1, we have:

8iriy + -+ &y > 0.

The assumptions (H) ), (H) (i) — (iv) are frequently encountered in the study of GBS-
DEs [20, 22] then carried on in the reflected version [25, 26]. The difficulties usually faced
in multidimensional Reflected BSDEs with interconnected obstacles, include the depen-
dence on the whole vector ¥ in the generators f;. This can be overcome with the use of the
monotonicity condition (A1) (H>) (v) first introduced in [16]. Also, hypotheses (H3) were
considered in [7, 15, 16, 17] etc. Those assumptions on the costs are actually reasonable.
In fact, the first point is necessary so that additional costs will not be charged for staying in
the same mode. (iii) reminds that if we go from a mode i, then making successive switches
all the way along back to the same mode is not free. Finally, the assumption on the terminal
values shows that there is no interest in making switches at time 7.

2.2 Existence and uniqueness of the solution

The current section outlines two fundamental results of our work. It focuses on existence
and uniqueness of a solution for system (2.1).

Theorem 2.1 Assume that assumptions (Al) are fulfilled. Then the system of generalized
reflected BSDEs (2.1) below has a solution: ¥i=1,....m, Vt <T

Yiefz,ziejfZ»d,Kieﬂz;
=&+ f fils, Yo, Z)ds+ J wils,Y)dA, + K} — K — | ZidB;
Yl mix(Y —g,-,-(t)); 2.1
J
Jo 3 = max(v — 35(1) K =

Proof: The proof extends loosely in the same direction as in [16] and requires various steps.
Step 1 : Iterative scheme.
Let us set

&= max |&], f(s,y.2)= max X Jils,3,a,2)s Wls,y) = max i(s,y);

i=1,...m i=1,. i=1,..,
é: :I'lilinm‘gil, [(Smyaz):izl?inmf‘i(svya"wva)v E(Say):izl?inm%(‘g?y)'

Consider the following standard GBSDEs: Vi < T

Ye.7? Z e 02

Yo =&+ [T F(s.Y, Zy)ds+ [T W(s,Y,)dA, — [T Z,dBs, ‘
and

YeS? ZenH, 03

Y, =&+ [T f(s.Y,Z)ds+ [T w(s,Y,)dA, — | Z,aB;. '

5



By Theorem 1.6 [22], the generalized BSDEs (2.2) and (2.3) have unique solutions.
Next, for i = 1,...,m and n > 1, we set Y'¥ =Y and we define recursively Y via the
following GRBSDEs whose solutions exist and are unique thanks to [26]:

Yyin e o2 zin ¢ pprd Kin ¢ g2,

Y :€i+ﬁTﬁ(s ylnl i ’ngn l 7 )ds+f, wils, i,n)dAs_'_K;n_Kth
—j, ZMdBy, Vit <

Yl">m§X(Y” ' gij(0)), VI<

R 37— g0 =0
\

2.4)
Note that (Y,K = 0,Z) is also a solution for the following GRBSDE:
Y, =&+ [T F(s,Y,, Zy)ds + [ W(s,Y,)dA;+Kr — K, — [ Z,dBy;
Y, > I?QX(Yz —&ij(1)); (2.5)

fO {Yf max( gU( ))}df, =0

Remark 2.1 For i = 1,2, let Y' be the unique solution of a one-dimensional generalized
reflected BSDEs with data (&', f', w',S"). Note that, according to [26], Y is obtained as an
increasing limit of a sequence of solutions of standard generalized BSDEs. Then, it is not
difficult to see that if E' < &2, f1 < £2, y! < y? and S' < §?, we get:

Y <Y? vt €[0,T], P-as..

It suffices to consider the associated approximations and to apply the comparison result for
generalized BSDEs (see Theorem 1.4 [22]).

Fix i € J, by Remark 2.1 and the monotonicity condition on f;, we can deduce by induction
on n, that .
y <y <yt <y (2.6)

Then we conclude that the sequence (Y*"),~o converges pointwisly to Y*.
Step 2 : We show that forany i€ J and n > 1,

. T
E(sup v [z szs>gc. @)
0<t<T 0
Leti=1,....m,t <T and n > 1, we see that
| ¥ < max {| Y, |,| Y},

then
| sup 117 P < [max{ sup (1, s 172} 28)

0<t<T 0<t<T 0<t<T

So as to identify the limit, we are supposed to establish some estimates with the use of the
ones stated in Proposition 1.1 [22]. We have in particular:



T
E[sup y?,|2+/0 \Ytlszt]S <|§P+/ £(t,0,0) yzdt+/ tO)\sz,>

0<t<T
T
]E[sup Y, >+ \Ytlszt] (m%/ £(¢,0,0) yzdt+/ tO)\sz)
0<t<T 0
(2.9)
which implies that
. T
]E[ sup | ¥ |2+/ |y |2dA,] <C. (2.10)
0<t<T 0

We apply Itd’s formula to | ¥ |2, we get,
Y P4y 2 P ds =] E P42 [TV fils, YLy Ly 2 ds
2 [T YW, (5, V" dA, +2 [T V" dKE — 2 [T vi"Zi" aB,.

Taking the expectation in both sides yields

. T . .
B R) e ([ 120 Pas) =2 D)
T . . .
+2E (/ Ys”"f,-(s,Ysl’”1,...,YS”",...,YS’"’”1,Z§’")ds>
t

T . T o .
12K </ Ysmwi(S,Ysl,n)dAS) +2E </ Y;Jtd[(év”) .
f t

Using asumptions (i), (if) and (iv), we get for C;,C,C3 > 0:

. T _ '
B (1 p) e ([ 120 Pas) <BQE P+ e+ eos (s |1 P)
t

0<t<T

T . o .
+2F </t M || (yln=t Lyt yin il ymas Ly |y | ds>

T . T . T .
ron([ 1z Pas) ([ piurpan)ver( [ v )
t t t
r R 2 1 r 2 1 in in |2
£ ([ 1600 Pas)+ 48 ( [ 10 Faa) + 2 (k7K P).
Q2.11)
From (2.4), we have:
K;‘:n_Kti,n :Yti,n_él‘_ftTfi(S’Ysl,nfl"“’Ysi,n7“"Ysm,nfl,zé,n)ds_j}T l[/j(S,Ysi’n)dAS
T —in
+ [ Zs"dB,

taking the expectation and using (2.10), we obtain by standard computations the follow-
ing estimate for K3 — K;":

. . T .
B (1K K" P) <cy [1 L E (/ | Zin H2ds>] |
t

7



r .
where C; > 0. Back to (2.11), we use (2.10 ) to conclude that E </ | Zo" 12 ds) <C,
t

where C does not depend on n, then the estimate (2.7) holds true.

Step 3 : Monotonic limit result.

Fixi=1,...,m,t <T and n > 1. Recall (2.6) and (2.9), then as Y’ converges increasingly
to Y, we have:

. T
E[ sup | Y, |2+/ Y/ sz,] <cC. (2.12)
0

0<t<T

By dominated convergence we get

T .
IE(/ DAL \2dt> — 0. (2.13)
0 n—oo

Also, we showed in the previous step that (Zi’")n>1 are bounded in 772 and so are

(Fils, Yy Lyt ZE) s in L2([0,T] x Q). In order to apply Peng’s mono-
tonic limit theorem [23], let us note that the equation satisfied by Y*" can be rewritten as
follows:

t ) _
r /tm (5,Y))dA; = Yg" — /0ﬁ(s,YSl’"_],...,Ys“”,...,Y;”’”_],Z;’”)ds
t ) ) ‘ -
- [(wls i — iy - K+ [z, @14

Since y; is non-increasing w.r.t. y, the process fo'{l//i(s,Yf’") — (s, Y])}dA; is increasing
for each n > 1. Hence, using the estimate (2.12) together with the properties of both f;
and y;, we can apply Theorem 2.1 in [23] to the process Y™ — [; w;(s,Y!)dA;, which
converges increasingly to Y’ — [; W;(s,Y/)dA,, with Y’ is cadlag. Therefore, the limit Y’ —
Jo Wi(s,Y])dA, has the following form:

. o
/w, VdA, = Vi — /f, K;+/ ZldB,, 2.15)
0

where K' is cadlag and denotes the weak limit of f;{w;(s, Y™ — wi(s, Y!) }dAs+ K. More-
over, Z' is the weak limit of Z*"* in .22, which also happens to be the strong limit in L? for
p € [1,2). Then we have:

oo
]E</ |z — 71 |pdt)j>0,VpE[l,2).
0 n—ee

We can use exactly the same techniques as in the proof of Theorem 2.4 in [23] to show
that ) fi(s)ds = [; fi(s, ?j,z;i)ds. Furthermore, from (2.6), (2.10) and (2.12), we get by
dominated convergence theorem applied to the sequence ¥;”" in L*([0,T] x Q,dA, x dPP)

T
E(/ |y Y’\sz,>—>0 (2.16)
0

n—oo

Then the Lipschitz continuity of y; implies
T . . T . .
B ([ 1w vty Pan ) <me( [0 -v Pan) o
0 0 n—oo

This also means that K is the weak limit of K*". In addition, K’ inherits the following
properties from K"



« Ki =0and E(K}") < +oo,
* K'is increasing.
It follows that Y/ satisfies:

Y =&+ [T fi(s, V2, Z)ds + [T yi(s, Y)dA, + K — Ki — [T ZidB;

Y, Zr?g(ﬁj—gu(t)). @.17)

Now consider the following system:
él + ft fl(S7Ysl’ " ~s )" ,Y:”,Zé)ds—{— sz %(&?j)dAS +I€;‘ - Ktl - ftTZE'dBS;
Y’ > max(¥/ - g;(1));
J#

Jo [} —max (¥ — gi;(1))]dKi = 0.
(2.18)
Note that the barriers in the above Generalized Reflected BSDEs are cadlag, this is a particu-
lar case of the work by Ren-El Otmani [25]. Let (Yi Vi I?i) i=1,..,n be their unique solutions.
By the comparison result [25], we have Yti’" < ¥} which implies that ¥/ < ¥;'.

We next show that ¥/ < ¥/'. To this end, we apply Tanaka-Meyer’s formula to the semi
martingale (¥ —Y,')o<,<r whose terminal value is equal to 0, we obtain:

T =¥ == [ ggr ye opd(Ti—Yi)

- [?C{yl yt >0}(Y Y) +X{)”{?L—Yx2<0} (Ysi_ysi)ﬂ - %L?

l<s<T
Here, the non-negative process (L?)tg stands for the local time of ¥/ — ¥ at 0. Then,

(=¥ <~ T 251y sapd(Ti— )
= LTX{)?V’;—YS’;>O}{ﬁ(S>Ysla"aysia 7Ysm72;) _fl'(sﬂylv aYslv 7YmaZ;)}dS
I g v oy (Wils T — wi(s, YO YA+ [ 25—y soyd (Ri—K)

- L
I 251 v (7~ Zi)dB,.

The Skorokhod condition in system (2.18) shows that ftT Xy —yi >0y (Ki—K!) <0.

In fact, s

T . ‘ T . T i
/t Xy —yi. >0}d(K§ —K;) = /[ Xy —yi 0y dKs — /t Xy —yi ~0)dK.

The inequality in the system (2.17), implies that ¥ j, > max(Ysj, — gij(s)) whenever Y j, >
s o s
Y’ , then dK! = 0 on the set {f’j, — Y;, > 0}.

From assumption (A1) (H;) (i ) one can observe that y; (s, ¥?) — yi(s,Y!) is negative
since ¥/ > Y}, which implies that [;" Xipi —yi oy L Wi(s, V) — wi(s, Y)) }dA; < 0. Then

. . T . -
(Ytl_Ytl)+§ft X{)?Y’;—Ygf>0}{ﬁ(s7y;l7'-7Yslv"?Ysmvzl) fl( 7 o s> 7Ym Zl)



+fi(s, Y LYY ZE) — fi(s, Y)Y L Y™ Z0) Vs
—Jr Xy —vi >0 (Z; —Z})dB;
<My oy (= Y) s
I R v sy Xz (5. Y0 Z) = fi(s, Yo ZON(Z- 24) N (Z— Zi)ds
- J! Xz —yi >0} (Z; - Z})dB.

Set M, = [} )({Zé?ézg}[ﬁ(s,ﬁ,2£) — fi(s, Y5, Z)](ZL — Z)'dBs,t < T. By Girsanov’s theo-
rem, as f; is Lipschitz continuous with respect to z, the process

t . N . - .
Bi=B~ [ Ay (.7 2) ~ (. T 202~ Z) st < T

is a Brownian motion under P, where d = £(M)7dP and &(M), = e~z It follows
that:

P =Y < EF [ Mgy i ooy (5 = Y))Pds) = EP ([ asr v y(Z) — Z))dB),

EF|J

t

IN

TM¥!—Y])*tds).

N

By Gronwall’s Lemma, we have (¥} —¥/)™ =0 P —a.s.. As P and PP are equivalent, we get
P-a.5.Vt <T,Y/ <Y/ and then Y/ =Y'.

Then we use classic arguments to show that we have also K' = K'P-a.s. and Z! = Z'
dt x dP-a.e., which means that (Y, K, Z) satisfies the following system: Vi=1,....m,Vt < T,

Ytl = éi—i_ftTfi(s??S?Z;)ds—i_ftT I//i(S?Ysi)dAS +K§“ _Kti - j;Tva.dBS;
Y/ > maX(Y/ —8ij(1));

Jo [Y’ —max(Y — gi;(t))|dK! = 0.
J#i

Step 4 : K’ and Y/ are continuous.
As (K; ),>0 is a non-decreasing process, AK! > 0. Suppose there exists i; such that AK >0
then AY,"" < 0. But
1 = max(vf — gau(0)
Then there exists i» € J~ 11} such that

V=P =g (1) > X > max (v = gie(0)).

This implies that
AY? < 0 and AK* > 0.

By repeating the same procedure in the finite set J, we can find a loop iy,...,i, = i} such
that ' _ ' ' . o
Y =Y2 =i, (1), Y2 =Y — g (t),, Y,/ =Y g (1),

[ [ [

10



p—1
By adding member to member in the above equations, we get Y g;;,,,(t) = 0, which con-
k=1

tradicts the non-free loop property. Therefore, K’ are continuous and Y’ as well.
As a result, we can rewrite our system by deleting the limits in Skorokhod condition:
Vi=1,...mVt<T,

V= T fils, Vo Zi)ds + [ wils, Yi)dA + K — Ki - [ ZidB,,
Y/ 2 max(¥; @(f)% (2.19)
Jo ¥/ — max(¥ —g;;(1))JdK; = 0.

J#i

We next prove uniqueness, by providing a representation for the solution of system (2.1).

Theorem 2.2 Under assumptions (Al), the solution of system (2.1) is unique .

Proof:
For u > 0and A > 0, let .#Z lf ,(A) denote the set of progressively measurable processes

(pr)o<i<T St
T T
PNz, ) = E (/o A py |2 dt+/0 A p, |2 dAt> < oo,

To begin with, we shall stress that Y’ € ///ﬁjL (A),Vi=1,...,m, where (Y%);c; solves the
system (2.1). In fact, by assumptions (H;), (H,)(ii) and (H,)(iii), we know that ¥ and Y
the solutions obtained by Theorem 1.6 [22] for the generalized BSDEs (2.2) and (2.3) are
both elements of .# 5 5 (A), then we conclude using ¥ < Yi<Y.

Now, let ii = (ui)izl
Vi=1,...mVt<T,

sy

m be an element of .Z 5 5 (A) and consider the following system:

Yu,i c y27 Zu,i c %Z,d’ Ku,i c %2;

Y= G [ s, 2 s+ T wi(s,ul)dAs + Kyt~ K — [ 23 d B,

v > mgx(Y,”’j —&ij(1)), (2.20)
JFi

Jo D" = max(v* = gi; (1)K = 0.
JF1
A switching control « is a pair of subsequences (7,,6,),>0, Where 7, are stopping
times such that 7, < 7, and 6, is a random variable with values in J := {1,...,m}. If

P[t; < T,Vn > 0] =0, we say that o is admissible.
Leti e Jandt € [0,T], we define a class of admissible switching controls by:

@tl = {OC = ((Tn)n207 (Gn)nEO) €9,00=1i,7%=0,7 >t and E(G%)z < oo}?

where 2 denotes the set of admissible switching controls and G¥ is the cumulative switch-
ing costs up to time s, expressed by:

G;x = den—l,en(fn)%[l’ngs]a s <T and G% = }g%G? = Zg9n7179n(fn)x[fn<T].

n>1 n>1

11



Let o = ((4)n>0,(6n)n>0) € Z/ and define:

£ = Z ¢ e"l[rngkrm [

n>0
fa(t,,2) =Y fo,(t, U .2) Xjg <<ty (2.21)
n>0
Yo l(t, ua) = Z Yo, (s, uen)X[r,,gt<rn+1 [-
n>0

Let us consider the following switching equation:

PY E( sup |P*|?) <o and Q% € %4,

0<t<T
P = £ [ fols, @, 02)ds + [T Wals,u®)dA, — [T Q%dB,— (G — G&), 1 <T.

(2.22)

In the above equation, £%, f, and y,, are respectively the reward received at time 7', the

running reward received on D and the additional reward once the limit of the domain is

reached while adhering to the strategy o.

By setting up F;X := P* — G, we get a Generalized BSDE with standard generators and

a terminal value satisfying E[(§% — G%¥)?] < . All together with the adaptedness of G%,

there exists a unique solution (P%, Q%) for (2.22) thanks to [22].

We go back to System (2.20), to write the equation of Y/ between ¢ and T; :

. . T . . . T . Tl .
yii —yi 4 / Fi(s, @, Z0)ds + K5 — KM+ / Wi(s,ul VA — / 7" dB,
t t t

, , T T , ,
=Y, Ao =1 + Y5, Xjry<1) + /t fals, w5, 2%)ds + /t Vo (t,us)dAs + Ky — K
T
- / 7%4B,,
t

where we have used (2.21) and by noticing that Z% = Zf’eox[rogsql[ =Z"" on [t,71]. Then,
as Yo' 2 max(Yy! — gij(n1)) > Yir® — gio, (11), we get
Ji

Y > (Y — g6, (1)) Xy <1y + ETO Ky —r) + [T fa(s, uy, ZE)ds + [ Wo(s,ul)dA;
+KY — K" — [M Z%dBy;
> Yo" o) + 7 s, 105,28 )ds + [ s, ul)dAs + (Kz' — Kz)
— ;2 Z%dBy — gi6,(T1) Xjry<1) + Kb — K" + E% o1,

where we used the equation for Y% between [7],7,]. Repeating the same procedure as
many times as necessary, we get

Y > & [ f(s w5, Z8)ds + [ wals,ul)dAs — G + Rff — [T 22dB,

where K¥ =K' — K" + ¥ (Klrl,,’f'f - K;’n’e”), which is non negative. Thus
n>1

Y > &0 [ fo(s, w5, 28 )ds + [ wals,ul)dAs— G — [T Z2dB.
We then use the equation satisfied by (P*, Q%) to get

Y= (P = G) = [ [fals, 05, 28) = fa(s, w5, Q) ds — [ (2% — Q% )dBy.

12



Once again, thanks to Girsanov’s Theorem there exists P, s.t. dP = &(M)7dP, where

S(M)t = eM’_%<M>’ and M, = fOZX{Z?‘%QQ‘}[fO!(SaiS)aZ?) _fa(S,Z,Q?)](Zg - Q;X)_]st.
Then

Y = (P =GP = [ (2% — 0%)dB,

where B, :B,—féx{zg¢Qg}[fa(s, s, Z%) — fo (5,145, 09)](Z% — Q%) ~'ds, t < T is a Brow-
nian motion under . Tt follows that

B (¥~ (B* = G&) | #) 20,
Finally, as €(M), is a non-negative martingale, we obtain for all @ €
Y > P*—G%, P-as..
Our purpose is to give a representation for Yt”’i as follows:

Y, = esssup(P* — GY).
acg}

Consider the strategy o* = (1, 6,),>( defined by:

n’»>n
T =0,0; =1,
0r
u,0, _max( k —ge* i(S)}IAT, 6 +1 _argmax(Y 89,”/( n+l)>
J#6; TR

n

T*

v =inf{s > 1, ¥

n

we need to show that o* is an admissible strategy under which Y*/ is optimal. Let us
first prove that:

1) P[tf < T,Vn>0] =0,
2) E(G%)? < oo.

We proceed by contradiction assuming that P[7) < T,¥n > 0] > 0. By definition of ¥, this
means that

Tnt1 T+ n+1

6 _ b,
P[ve® =y g (T510), 6; # 670, V0= 1] >0,

Since J is finite, there exists a loop iy, ..., i, ix+1 = io such that i; # iy and a subsequence
(ng)g>1 such that

P |:Y;_i7il = YT’Qim —gi,,im( an) = Sk Ng > 1 i = l():| > 0.

g+l Mg+l

Consider now 7 = lim " 7, this implies that
n

P |:Y’L%il = Y‘:'l’iHl — 8 (T)J = 07 '-'7k7 7ik+1 = 10} > 07
which leads to

P[gioil (T) + .. +giki0(r) = 0] >0,

13



that contradicts the non free loop property, then P [t} < T,Vn > 0] = 0 holds.

We turn to rewrite the equation for Y*/ under the strategy o* and Skorokhod Condition
u,0; u,0%

which means that K, — K. =0for 7, <s< 7"

o 41> resulting in

; * T’T T; * T; * *
Y/ =&« +/t fa*(s,ﬁS,Zf‘)ds+/t Vo (s,u’ )dAsf/t Zy dB;— Gz, Vn> 1.

By taking the limit, we get
7 * T T * T * *
= [ s Z0ds+ |y (sl )~ [ 2 dB - GF
t t t

This implies that E(G% )? < o since we have (if,Y* Z%) € ///i/l (A) x 2 x % 1t

follows that o* € 2/ and Y"" = P* — G®'. As a conclusion, we have

Y1 = esssup(P — G,

acy}

that gives the uniqueness of the solution for system (2.20).

Now, let us introduce the following mapping:
(i) = (Y )izt ,..oms
where i € ‘//il (A), the objective is to show that & is a strict contraction on .//a’i/1 (A)
equipped with the norm ||.| A2, (A

DR 2 )
Let us set, for i and V in ///u,l(A)'

Fi(s,z) = f,-(s,ﬁs,_z) \/ﬁ(s,?fs,z),
lPi(S) = V’i(svufv) v l//i(savls);
and let (Y, K,Z) be the unique solution of the system below: Vi =1,...,m, Vt < T,
Vi=&t [TF(s,Z)ds+ [ Wi(s)dA; + K — K — [T ZidB,
Vi > vi_ ..
Y; /Hllilx(yz gl]([))7 (2.23)
Jo ¥ —fg.ljgl?i(Y/ —gij(t))}dK; =0.

We define now the following equation of switching:
_ T . T T _
P = §“+/ Fa(s,Qf‘)ds—i—/ ‘Pa(s)dAs—/ Q%dB; — (G} — GY).
t t t

We know that ¥ = esssup(P¥ — G¥) = B¥ — G* , where «* is the optimal strategy. Next,
acy;

we use Proposition 2.1 to prove that Y%/ < ¥ and Y < V',

For o € 7', let (P*, Q%) be the unique solution for (2.22) and (P'*,Q'%) the solution to the

same generalized BSDE with data (fy(.,V,,.), We(.,v')). Then we have

PY _G¥ <YW <§i—=Pp¥ _G¥ and P'* —G¥ <YV <¥i=p% _G*,
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It yields
|y iy | <| PY —P* |+ | P¥ —P'¥ |, (2.24)
We want to efpress || yui —yv H///il (4 in terms of || & —V H///,fx (a)- To start with, note that
P% —P¥ Q% — Q%) is the unique solution for the following generalized BSDE.
q g8

T ~ * — * T *
PP = [P (5,08) = for (0,0 s+ [ o (s) = v (s, A
t t
— (0 — Q¢ )dBy, Vi <T.
Under the assumptions (H>) (i) and (H)(iii), by Theorem 1.6 [22] and the remarks therein,
(fo eHsHAAs (paT _ paty (% Q% )dBy) is a uniformly integrable martingale, a fact

that will be used in the sequel.
By Itd’s formula applied to e#/+*4 | P& — P |2 we have: Vr < T,

0T

2ds

MR | PO — ot 2 4 [T ehs AL 00" — 92
=2 [T et tM(BX — PA)[Fy (5,0%) — fopr (5,5, Q)] ds
— J[T MR | PO PO 2 g3 [T HTAA(PE — PO (Wi (5) — Yo (5,4 )|dA,
— A J[ eHs A | PO — PE |2 dA =2 [ e TAA(PE — pX) (O — QX )dB;.

Then by taking the expectation and using the fact that | xVy—y|<|x—y

, weobtain:Vt < T,

Bl 44 | P~ P 4 B[ ehs+ 24|08 - 0F ]

+UR[f eI | P — PO 2 ds| 4 AR[ [T ets A | PE— P2 dA,
< OME[[;" et A (PE — PE){|| it =V || +]|10F — 0 ||}ds]
F2ME(T ehstAA | PO — P ||| i~ | dAy).
Hence, Vt < T,
[t 44 | po _ pac 2] _HEU«[T CHSHAA G — 0| 2s]
+.“EU;T oM HAA, ’Psa* —Psm 2 ds] +7LEU;T GHSHAA, |}~)Sa* —PSO‘* ) JA,

<E[f, et T | PY — pE 2 ((qM? +2M?)ds + gMdA, )]
T — — T ~ ok *
+ B M [ G =T |? (ds+dA)] + SELf, et A 0F — 0F | ds.

As E[ett+2 | pa* _ pa” 2] and B[] estA4|| 0% — 0% ||2ds] are non-negative, and by
choosing u = 14+ gM? +2M? and A = 1 + gM?, where g > 4 we obtain: Vt < T,
B[] et t3 | B — P

2ds+ [T eHstAA | PO P 2 gA,]
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<SR[ et A G—V |2 ds+ [T et A | G-V |2 dAy),

We proceed likewise to obtain the inequality with P* — P’ @ Finally, we go back to (2.24)
and we obtain: V¢ < T,

EUtT eHsTAAs ‘ thw . YSVJ 2 ds+ ftT eHSTAA, ’ YSMJ _YSVJ |2 dAS]

< AR[J) et tAAe | it | ds+ [ e M || =7 |2 dA].
We deduce that @ is a strict contraction on ///i 5 (A) provided p > 1+ gM?* +2M?* and

A > 1+ gM?. Hence, it has a unique fixed point which gives the uniqueness of the solution
for system of generalized reflected BSDEs (2.1).

We end this section by giving a comparison result for generalized reflected BSDEs
systems:

Proposition 2.1 Let (Y');c; and (Y');c; be respectively the unique solutions to the general-
ized reflected BSDEs system (2.1), with respective data ((§")ics, (fi)ies, (Wi)ics: (8if) i, jyer)
and ((§"ies, (Fi)ier, (W)ies; (i) jyer)- If for any i€ J, & < &', fi < fi wi < Wi and
8ij > 8ij, then we have: _ .

Y <Y Viel, Vit<T,P—as..

Proof: We apply Remark 2.1 to the increasing approximation schemes (2.4) which con-
verge respectively to (Y);c; and (Y);c;. Then we deduce the comparison by taking the
limit.

3 System of PDEs with Interconnected Obstacles and nonlinear
Neumann Boundary Conditions

This section is devoted to the existence and uniqueness of solution in viscosity sense for
system of PDEs with interconnected obstacles and conditions on the boundary. To begin
with, let D be an open bounded subset of RY, such that D = {¢ >0} and dD = {¢ =0}. The
function ¢ is in CZ(R?) and satisfies | V¢ (x) |= 1 whenever x € dD, and V¢(x) coincides
with the unit normal pointing towards the interior of D. Then the interior sphere condition
holds (see [22] and the references therein) i.e. there exists » > 0 such that for any x € dD
and y € D we have:

|y —x > +r(Vo(x),y —x) > 0. (3.1)

Let (t,x) be in [0,T] x D and (X;™,AY™),;<s<r the solution of the reflected SDE below:
dX;" = b(X;")ds+ o(Xy " )dBy+ Vo (X M)dAY", s € [t,T];
AV = [ Xixireapy dAT s € [1,T); (3.2)

X =xs<rt;

where A’*is increasing, the functions b : RY — R¢ and ¢ : RY — R?*“ are Lipschitz.
Note that (X, Ay™),<s<7 is valued in D x R, .
The following proposition is borrowed from Pardoux-Zhang [22]:
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Proposition 3.1 For eacht € |0, T], there exists a constant C such that for all x,x' € D,

E[sup | X" =X ') <Clx—x|*,
t<s<T

E[sup |AY —AY [ <Clx—x[*.

t<s<T

Moreover, for all p > 1, there exists a constant Cp, such that for all (s,x) € [t,T] x D,
E(| A7 P) < Cp(1+17),
and for each L > 0, s € [t,T), there exists C(WL,s) such that for all x € D,
E(e") < C(u, s).

Suppose now that the data ((&;)ies, (fi)ies, (Wi)ies, (8if) (i, jyes2) of the system of GRBS-
DEs (2.1) take the following form:

&i(o) =h(Xr"(0));
fi(®,s,x,5,2) =fi(s X”((O) ¥,2); (3.3)
vi(®,s,x,y) =yi(s, X, (@), y);
8ij(@,s,x) =gij(s, X (@)

The following assumptions are an adaptation of the ones introduced in the first section
once one is in the Markovian framework:
Assumptions (A2):
Letie{l,...,m}and u >0,
(Hy) Let f; : [0,T] x Dx R" x R™*? —s R and ; : [0,T] x D x R — R be such that
(i) fi(t,x,0,0) and y;(r,x,0) are jointly continuous.

(i) (t,x) — fi(t,x,¥,z) and (¢,x) — y;(¢,x,y) are uniformly continuous w.r.t. (¥,z)
and y respectively.

(iii) f; and y; are Lipschitz continuous w.r.t. (¥,z) and y respectively.
(iv) 3B < 0 such that (y — ) (wi(r,x,y) — wi(t,x,y)) < B [y = .

(v) fi(t,x,¥,z) is non-decreasing w.r.t. y; for j # i, whenever the other components
are fixed.

(Hy) For any j € {1,...,m}, we have:
e g;; :[0,T] x D — R is continuous, non-negative such that g;; = 0.

e g;; satisfies the non-free loop property, i.e.,¥(¢,x) € [0,T] x D, Vij,....,ix such
that ij # i, ij = iy and card{ij,...,ix} = k— 1, we have:

8iiy (1,%) 4+ ...+ 8i_yi (£,x) > 0.
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(H3) h; : x — h;(x), is continuous s.t. ;(x) > n}l;llx(hj (x) —gi;(T,x)), Vx € D.

These assumptions, in combination with the properties of the solution of (3.2) (see [21]),
show that Assumptions (A1) are well satisfied. Then by Theorem 2.1 and Theorem 2.2, for
any (7,x) € [0,T] x D and i € J, there exists a unique solution (¥, Ki'™, Zi""*),<s<7 to the
following system:

Y = h(Xp) [ X T2 e [ (X YA K K
- fST Z)l’J’dera

YSiWC > T?il?((Ysj’t’x N gij(S,X§’x)),

Jo {rt - mix(Yqj T gii(s, X)) JdK" = 0.
J71

On the basis of the studies conducted on generalized reflected BSDEs [26], and several
works on multi-switching problems, amongst them [15], the HJB system associated with
our switching problem is the following: Vi=1,...,m,

min{u (¢, x) —IIjlilx(uJ'(t,x) g1 (1,%)); — it (1,) — Lu (1, %)

— (.2, (W (%) Jizms (0T D) (2,%))} = 0, (1,%) € [0,T] x D;
(ZL;(Z‘,X) +yi(t,x,ul(t,x)) =0, (t,x) €[0,T] x dD;
' (T,x) = hi(x), x€D,

(3.4

where the operator . is defined by .# = ;Tr(66 " )D%.+b'D,., and at a point x € dD,

d
% =(Vo(x),Dy.) = 21%()6)3% ‘

=

Since we are interested in finding a function (uj, ..., u,) which solves (3.4) in viscosity
sense, we are led to recall some definitions introduced in [6].

Definition 3.1 For a locally bounded function u : [0,T] X D — R, we define its lower semi-
continuous envelope u, and its upper semicontinuous enveloppe u* as follows:

u(t,x) = lim  u(t,xX') and u*(t,x)= Tlim u(,x).
(¢ ) —(t.x) (l’:X’)/—;(t,X)
t<T <

Definition 3.2 (Subjets and Superjets)

(i) For a lower semi continuous (Isc) (resp. upper semi continuous (usc)) functionu : [0,T] X
D — R, we define the parabolic subjet J*~u(t,x) (resp. superjet J**u(t,x)) of u at (t,x) €
[0,T] x D, the set of triples (p,q,M) € R xRY x S¢ s5.t. for any (t',x') € (0,T) x D, we
have:

1
u(t',x') > u(t,x)+ p(t' —t)+ (g,x' —x) +§<x’—x,M(x’—x)> +o(|t' —t|+|x —x?)

(resp. u(r',x') su(r,x)+p(r’—t)+<q,x’—x>+%<x’—x,M(x’—x)>+o(!t’—r |+ ¥ =2 ).

(ii) For (t,x) € [0,T] x D, we define the parabolic limiting subjet 72_u(t,x) (resp. the
C g e ., 524
parabolic limiting superjet J~ u(t,x)) as follows:
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jz*u(t,x) ={(p,g,M) € R xR xS : I(t,1, Xp, Py g, My,) €[0,T] x D x R x R? x §¢
5.8 (Pns@nyMn) € J*~u(tn,%n) and (tn, X, P, g, My) — (1,%,p, ¢, M) as n— oo},
(resp. j2+u(t,x) ={(p,q,M) € RxRY xS I(ty, X, Pu, g, My,) € [0, T] x D x R x R x S¢
(Pn> @ My) € T u(tn,x,) and (to, X, Puy @n, My) — (t,%,p,q,M) as n — «}),

where S is the set of symmetric real matrices of dimension d.

We are ready to give the definition of viscosity subsolution and supersolution that we
will adopt throughout this section.

Definition 3.3 (Viscosity solution)
(i) A function (uy,...,un) : [0,T] x D — R™ such that for any i € J, u; is Isc (resp. usc), is
called a viscosity supersolution (resp. subsolution) to (3.4), if for any i € J, we have:

min{u;(z,x) —Hjl;llx(uj(t,x) —gij(t,x));

—p—b(x)'q—3Tr[oc " (x)M] — fi(t,x, (ux(t,X))i=1....m, 0 | (x)q)} >0,
(t,x) €[0,T) x D, (p,q,M) € 727u,-(t,x);

min{u;(t,x) — r?ix(uj(t,x) —gij(t,x));—p— b(x)Tq — %TF[GGT(X)M]
_fi(tvxv (uk(t>x))k:17---,m> GT(X)CI)} \ {_<V¢(x)7Q> - V/i(tvxv ui(tvx))} > 0’
(t,x) €[0,T) x D, (p,q,M) € T ui(t,x);

u(T,%) > hi(x), x€D.

3.5
(resp.
min{u;(t,x) — m;x(uj(t,X) = 8ij(t,%));
JF#i
—p—b(x) g —5Tr[cc T ()M] — fi(t,x, (ux(t,X))e=1...m, 0 (x)g)} <0,
(t,x) €[0,7) x D, (p,q.M) € 7 ui(1,x):
min{u;(t,x) — m;lx(uj(t,x) —gij(t,x));—p— b(x)"q— %TV[O'GT(X)M] (3.6)
JF#i

_fi(taxv (uk(tax))kzl,-.-,maO-T(X)Q)} A {_<V¢(x)7CI> - wi(t7xﬂ ui(tvx))} < 07
(t,x) €[0,T) x D, (p,q,M) € T u;(t,x);

u;(T,x) < hi(x), xe€D.)

(ii) A locally bounded function (uy,...,un) : [0,T] x D — R is called a viscosity solu-
tion if (U, ..., tms) (resp. (Ui, ...,u},)) is a viscosity supersolution (resp. subsolution).
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3.1 Uniqueness of the viscosity solution

In this paragraph, we deal with the uniqueness of the solution to system (3.4). It will be
obtained by the comparison between subsolutions and supersolutions of the PDEs system
(3.4):

Theorem 3.1 If (u;)ic; and (V');c; are respectively subsolution and supersolution of (3.1),
then for any i € J .
u; <v', on[0,T] xD.

Proof: The proof will be obtained in two steps. ' '
Step 1 : We first assume that there exists a constant A such that A < —m.(maJxC]{), (C]Jc
JE

being the Lipschitz constant of f; for j € J) and verifying:
Vi €T, VE,X, V1,5 eeey Vi1, Vit 1y -y Y, Vs ¥, 2, if ¥y >y then

fi(taxayla < Yi—1,Y, Vit 1, "'7ym7Z) _fi(t?xvyla-'-ayiflayayl#la -"aylmz) < )L(y_Y) (37)

Let (u;);es and (vi)ie ; be respectively subsolution and supersolution to the system (3.4). We
first construct an approximation u¢ and v', such that uf — u; and v, — v/ uniformly as € — 0,
then we are going to show that they are respectively subsolution and supersolution for two
PDE:s systems that will be given explicitly. Next, we show that uf < vi,, which would permit
to conclude that u; < vi. We recall the following lemma, from [6]:

Lemma 3.1 Let v be in C(dD,RY) satisfying —(V¢(x),v(x)) > 0, Vx € D, then there
exists @ in C>(D) such that

(v(x),Do(x)) >1,Vx€dDand ¢ >0 on D. [ (3.8)

We apply the previous lemma for v = —V¢, then there exists ¢ € C?(D), that satisfies
(—=V¢(x),De(x)) > 1, Vx € dD and ¢ is positive on D. Then put:

. . €
uf (t,x) = u;(t,x) —€@(x) —C and vg(t,x) =V'(t,x)+ -+ ep(x)+C,
where, C is a positive constant that will be chosen later on.
Let us show that u? is a subsolution to a specific PDEs system. First, note that for any x € D,
we have: uf (T,x) < u;(T,x) < hi(x).
Now, let (t,x) be in [0,T) x D and (p®,q¢°,M¢?) € 72+uf(t,x). If we set p = p®, g =
q° +€eD@(x) and M = ME + eD?¢(x), we can show easily that (p,q,M) € 72+u,-(t,x) and
we have:
min{u; (1, x) — max(u (¢, x) = ij(1,%)); = p° = b(x)"¢* = 5Trloc ! (x)M°]
JFi
—fi(t,x, 7 (t,x), 07 (x)g°) } = min{u; (1, x) - max (uj(r,x) = 8ij(1,%));
JFi

—p—b(x)"q—3Trloc’ (x)M] - fi(t,x,ii(t,x),0 " (x)q) +b(x)" (eD(x))

+3Trloc’ (x)(eD*@(x))] + fi(t, x,i(t,x), 0T (x)q) — fi(t,x, 5 (t,x),06 ' (x)¢°) }.
Since b, ¢ are continuous on D and ¢ € C?(D), there exists k] > 0 satisfying:

b(x)" (eDg(x)) + %TF[GGT(X)(eDzw(X))] < €Ki
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Next with f;(z,x,i(t,x),0 " (x)q) — fi(t,x,i(t,x),0 " (x)gf), we use a linearization proce-
dure and both assumptions (H)(iii) and (3.7) to write:

filt,x,01(t,x), 0 ' (x)q) — filt, x, i (1,x), 0 (x)¢°)

< maxCy(m—1)(£@(x) +C) + A(ep(x) + C) + 12 | 0 (x)(eD*p(v)) |:

J
< (m.maxC. + 1) (e@(x) + C) — maxC'.(e@(x) + C) + Kse.
jer f jer f

Recall that m.maJxCJ{- +A <0and ¢ >0, then we deduce that

jE
b(x)"(eD(x)) + 3 Trloc (x)(eD*@(x))]

+fi(t,x,0i(1,x),0 " (x)q) — fi(t,x,@(t,x),6 " (x)¢F) < k4 — c.majxcff', (3.9)
JeS
where Ky is positive. By choosing C = €xy/ maJij , we obtain that the right hand side of
j€

(3.9) is negative and then,

min{u; (¢,x) — rIjlilx(uf (t,x) —gij(t,x)); —p® — b(x) "¢t — %Tr[GGT (x)M*]

—fi(tx, @(t,x), 0" (x)g*) } < min{u;(r,x) — max(u;(1,%) = 8i;(1,));
—p—b(x)'q— %TF[GGT(X)M] — filt,x,d(t,x),6 " (x)q)}. (3.10)

On the other hand, we have:
_<V¢(x)7q8> - ll/i(t’xa uf(l‘,x))

= —(Vo(x),q) — yi(t,x,u'(t,x) — €9(x) = C) — (=Y (x),Do(x)).
As y; is non-increasing and using Lemma 3.1, we get for x € dD:

—(VO(),0%) — Wilt, 5 (1.) + € < —(VO(),q) — wiltx(t,).  BAD)
Moreover, ' satisfies (3.6), we deduce from (3.10): Vx € D,
min{ug (2, x) — n;l;lx(uf (t,x) — gij(t,x));
—p°—b(x)"¢° — 3Tr[oc T (x)M®] — fi(t.x, i@ (1,x),0 T (x)¢°)} <O,
whereas, when x € dD, it follows from (3.10) and (3.11) that:
min{uf (,x) — njlilx(u?(t,x) —gij(t,x)); —p® —b(x) " ¢° — %Tr[GGT(X)MS]
—filt,x, 8 (1,x),0 T (x)°)} AN{=(V(x),4°) — yilt,x,uf (1,x)) + €}

< min{u;(1,x) — max(u;(t,%) = gi;(1,x)):=p ~ b(x) 'g = 3Tr{oCT (x)M]
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=i, (e (1,2))=1 om0 T ()@ } A{ = (VO (), q) — W1, 1i(1,)) } < 0.
We conclude that Vi € J, uf satisfies the following system:

min{uf (¢,x) — m;x(ui(t,x) —8ij(t,%));
JFI

—pf —b(x) gt — 3Tr[oc T (x)ME] — fi(t,x,ii(t,x),0 " (x)¢°)} <0,
(t,x) €[0,T) x D, (p%,q5,M®) € " u (¢, %);

min{uf(t,x) - m;lx(uf(t,x) - gij(tax)); _ps - b<x>Tq€ - %TF[GGT(X)ME]
JF#i

—fi(t,x, i@ (1,x),6 T (x)¢°) } A{—= (VO (x),4°) — wi(t,x,uf (t,x)) + €} <0,
(t.x) €[0,T) x aD, (p€,q¢,M*) € " u (¢, %);

uf (T,x) < hi(x), xe€D.

(3.12)
As for v, recall that V' satisfies (3.5). Then, with a slight modification and taking into
account of assumptions (3.7), (H2)-(v) and the fact that the mapping y;(z,x,.) is non-
increasing, we show that Vi € J, Vi, satisfies the following system of inequalities:

min{v (¢,x) — m;;x(vé(t,x) —gij(t.x));
JFI

—pe—b(x)"qe — %T’"[GGT(X)Ms] — filt,x,Ve(1,x),0 " (x)ge) — t%} >0,
(t,x) €[0,T) x D, (pe,qe.Me) € T° vi(t,x);

min{ve (7,.x) — mjg?i(vg (7.%) = 8ij(1,)); —pe — b(x) " ge — 3 Tr[0 0 (x)Me]
J#i

_fi(taxa Vg(l‘,X), O-T(x)qt?) - t%} N {_<V¢(x)>QE> - Wi(t>x>vé(t7x)) - 8} >0,
(t,x) €[0,T) x D, (pe,qe,Me) € jz*vfg(t,x);

vi(T,x) > hi(x), x€D.

(3.13)

Now, let us show by contradiction that uf < vi, Vi € J. Assume that maximajx(uf —vi) >0.
(0,7]xD i€

Then there exists (7,X)€ [0,T] x D such that
max (uf (7,%) — vi(7,%)) > 0.
i)
Asin [15], there exists k € J = {j € J, ub(t,x) — vi(7,%) = rilajx(u,f(f,f) —vk(7,%))} such
: S
that

up (1,%) > I?Qg(ui (t,%) — gx;(7,X)), (3.14)

This is obtained mainly due to the non-free loop property.

Let us fix j € J that satisfies (3.14) and suppose first that X € dD. For (¢,x,y) in [0, T] x D,
we define the following function:

Dy (1,x,) = U5 (1,%) = vi(t,y) =¥ (t,x,y),
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where W (1,x,y) = § [ x—y [> =y (7. %,u5(1,5)) (VO (%), x = y)+ [x =% [* + [ 1 =7 %,

Let (f¢, X, Yo ) be the maximum point of &7, over [0,T] x D°, which exists due to the
upper semicontinuity of uf — vi, and the compactness of D, and let My, be defined as follows:

My = max QD{;, (t,x,y).
(t,x,y)€[0,T|xDxD

It is clear that this supremum is achieved only if 7, is in (0, T).
Next, we can see that

My > max _ uS(t,x) —vi(t,x)— | x—% [* = |1 =7 > = ub(1,3) — v} (1,5
(¢,x,y)€[0,T]xD/x=y

Note that My, is non-increasing w.r.t. a. On the other hand, we have o | xo — yq |2 O;Z 0
(see Lemma 3.1 [6]). It follows that (xq — yg) = 0, then we get (f¢,Xq, Vo) — = (7,%,%),
which implies that '
u(7,%) —v Vi, x) < uf(f,%) —ve(f, %),
as (7,X) is the maximum point of uf — vl, we necessarily have
us (£,%) — vi(£,%) = ub (,2) — v} (1, %).

Thanks to the semi-continuity of the functions uf and vé, we have
us (7,%) —ve(7,%)
< lim (Mi(tmxoc) _Vé(tow)’a)) < o@ (”?(tocaxoc) _V}é(taa)’(x)) < u?(f,f) —vé(f,f).
o—>oo i

Then Ol{l_rgou (ta, Xa) — Ve(ta,Ya) = us(f,%) — VL (£,%), thus (g, xq) = (7,%).

Also, we deduce from the results above that

lim € (g, X)) = 1€ (1,%) — vi(F,X) + im vi(te,ya) > us(f,%) > Tim uS (1, xe.)-
Oof—ro o—>o0

It follows that (uf.(ta,xa),vg(ta,ya)) = (us(#,%),v Vi,
(8i7)(i,jyes> are continuous, by (3.14) we get:

uj
%)

), then as (uf);es are usc and

5t 5) > (o 1) — g ). (3.15)
Go back now to \P?‘, we note that
D ¥E(t,x,y) = a(x—y) — y;(7,%,u5(7,%))VO(X) +4 [ x —X 1> (x— %),
Dy¥E(t,x,y) = —a(x—y) + y;(f,X,u(7,X)) Vo (X) and o, (t,x,y) = 2(t —1).

Now, recall the interior sphere condition (3.1) and we distinguish two cases. If x, € dD, we
have:

—(Vo(xa), DY (tas XasYa)) = Wjltas Xa, U (ta; Xa)) = =0V (Xa), X — Ya)
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—4 | xg =X > (VO (xa),Xa —X) + ¥;(7,%, u}’f(f,f))<V¢(f),V¢(Xa)> - ‘l/j(touxocaui(faaxa)%
> =% |xa—ya ? _% | xo =X |* +y;(1,%, u}’f(ﬁﬂ)(%@%%(h)) - ‘Vj(taaxav”?(toc,xa))-

In view of the convergences above, we know that the right hand side tends to 0 as @@ — oo.
Then for « large enough we deduce that

—(V(xa), DY (ta, X, Vo)) — W) (tars Xar, 5 (trs X)) > —E. (3.16)

Similarly, if yo € 9D, we get

—(Vo(ya), —Dy¥%(ta,Xa,Ya)) — Vi(tasYa: vE(ta:Ya))
= a(VO(¥a),Ya —Xa) + Y (7, %,u5(7,%) (VO (), VO (va)) — Wj(tas¥as i (ias Ya)),
< a|xa—ya [P+ (0,565 0,5)(VOF), VO (va)) — ¥j(las Xa, vi(fa,a)),
< ot |xq—ya [P +y5(T%,u5(1,5)(V(X), VO (va)) — Wi (7, %,u5 (7, %)) (VH(X), VO (3))
Wi (6%, vE(E,X)) — W (tas X, VE (e, ya)) + W (%66 (7,%) — W (%, vE (7,%)).

We know that

a | xo —ya |* +y;(0,%,u5(1,%)) (V(3), VO (va))

—y(0,%,u5(7,%)) (VO (%), VO X)) + v (7,5, vE (7,%)) — Wj(tas X, vE (e, Ya)) = O,

then it can be strictly dominated by € for o large. In addition, since yj; is non-increasing we
have y;(f,%,u5 (f,%)) — y;(7,%,v&(7,X)) <O0. It follows that:

—(Vo(Ya), —Dy¥] (ta;Xa;ya)) — ‘I/j([aa)’mvé(taa)’a» —&<0. (3.17)
Remember that u¢ is a subsolution for system (3.12) and vé is a supersolution for (3.13).
Then (3.16) and (3.17) lead to the following inequalities: V(7,X) € [0,T] x dD, Va large
enough,
— 0¥ (tas Xa, You) — b(xa)TDx‘P?‘(ta,xa,ya) — 1Tr[o0 " (xq)ME]
_fi(tmxayﬁg(ta,xa)yGT(xa)Dle?(taaxaaya)) <0,
for (8% (far, Xats Vo) D% (fars e, V) ME) € T (1, %0);
_atw?(tmxav)’a) - b(ya)T(_Dy‘P?C(ta,xav)’a» - %T’”[GGT()’OC)MS]
—filta,ya: (v (tas Ya) Ji=t...ms 0 ' (V) (= Dy ¥¥ (e, X, var))) = 0,
for (W% (ta,Xa Vo), ~Dy Pt X,y ) Me) € T v (1, ya):

Before we proceed, let us emphasize on the fact that if x € D, the subsequence (xq,y¢)
is in D x D for o large enough, then the inequalities above hold true. Therefore, we can
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apply Crandall-Ishii-Lions’s Lemma (Theorem 3.2 [6]) with uf and vl on (0,T) x D and
€= 1tofind (p%,q4 ML) € 72+u§(ta,xa) and (pl,,qb,M}) € 72_v£(ta,xa) such that

Po— Pgy = ath?(l‘mxaaya) =2(tq —1),
CIL& - q‘()x = _(Dxlpf(ta,xav)h) _DylP?(t(xyxaa)’a)),

d— A (E 9 < (Ma O <Ay 1o wherea =D2 we
and (ot [[A[) (o ;)= | o" pp ) SA+ A% where A= Di W (ta,Xa,Va)-
o

By replacing the latter in the above inequations, we obtain
—pl —b(xa) g — %T”[GGT(xa)Mgc] — [i(ta, X, U (ta, Xar), o' (xa)q) <0,
—Po —bva) o — 3T1[00 " (ya)My] — fi(ta,Ya: Ve (ta,Ya), 0 ' (va)qs) 2 0.
Combining the two inequalities, gives
—(Pg = Pb) — (b(xa) g4, — b(va) "q4,) — 3Tr[60 ' (x0) My — 00 (ya)My]
—{fi(ta,xa, 8 (tas%a) 0 ' (xa)ql) — fi(tasYa, Ve (ta:Va), 0 T (va)qy)} < 0.

Thanks to the uniform continuity of f;, the Lipschitz assumption on b and ¢ and the
above convergences, we can find some X, such that lim X, < 0 and
O —>o0

—{fj(fa,xayﬁs(fmxa)yGT(xa)qL&) _fj(fayxaaVe(’aaya)acT(xa)ql&)} < Xg.
Yet again, f; is Lipschitz w.r. to ¥, and as long as it verifies (3.7), we obtain

AU (to,xa) = Vitarya)) — Y O (uf (ta, Xa) — VE(ta,Ya)) < Za,
=

where @{;," stands for the increment rate of f; with respect to y; for k # j. Observe that
G){xk is nonnegative and bounded by C} the Lipschitz constant, thanks to the monotonicity
condition on f;, then we have:

A (ta,%a) = VE(tanva)) < Y O (uf (ta, ) = VE(ta,Y0)) T + Za,
k#j

<€ T (0 lara) —hltarya))* + e
J
Taking the superior limit in both sides as & — oo, with the semicontinuity of u and vk, we

obtain: Vj € J
—A(5(7,%) —vi(7,5)) < C} Y (uf (7,%) — Vi (7,5))
k#j
< (m—1)C(ul(7,%) — vi(7,%)),

which is contradictory since uf(Z,X) — vi(,%) >0and —A > mCJ{
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Thus Vi € J, uf <vi on [0,T) x D. To conclude, it suffices to take the limit as € — 0.

Step 2 : General case.
To handle the general case in which the generator f; is no longer claimed to satisfy the
assumption (3.7), we consider the following system for A arbitrary in R and 7 € [0,T):

(min{ﬁi(t7x) - mix(ﬁj(t,x) —eMgii(t,x)); =9, (t,x) — Lt (t,x) + At (t,x)
J#i

8(;; +eMyi(t,x,e Ml (1,x)) =0, (1,x) €0,T) x dD;

i@ (T,x) = e*" hi(x), x € D.

(3.18)
It turns out that (i7;(r,x) = e*u;(t,x))ic; and (¥ (z,x) = e*vi(z,x));cs are respectively sub-
solution and supersolution to system (3.18), provided (u;);c; a subsolution and (V');c; a
supersolution to (3.4).
By choosing A small enough, the function F; defined by:

Fi(t,x,5,2) = —Ayi+ fi(t,x,e My,e Hz), Vie J;
satisfies (3.7) which shows thanks to the first part that ii; < ¥, then u; < V', Vi € J.

The following corollary is an immediate conclusion of the comparison between the
subsolution and supersolution of system (3.4):

Corollary 3.1 Ifthe solution of the system of PDEs (3.4) exists, it is unique and continuous.

3.2 Existence of the viscosity solution

The only point remaining to complete our study is related to the problem of existence of
the solution for the PDEs system (3.4). It is at this stage that we are often led to recall the
connection between the system of PDEs (3.4) and the system of generalized RBSDEs (2.1).

Corollary 3.2 There exist deterministic lower semicontinuous functions (V(t,x))ic; such
that o
V(t,x) € [0,T] x D, Vs € [t,T], Y; =V'(s,X}7). (3.19)

Proof: Back to system (2.4) whose solutions are (Yi’") icJ», it has been shown in the previous
section that
y<y”n<yntl<y. (3.20)

We know that (Y*");c; provide the solutions for the PDEs associated to the generalized
reflected BSDEs (2.4), hence we get the following constructions provided by [26]:

Y =i (s, X1,

Then from (3.20) we obtain:

where v and v are both continuous solutions for two PDEs associated with GBSDEs whose
solutions are respectively ¥ and Y (see [22] for more details).

26



Thus v*" converges increasingly to v’ and the continuity of v ensures the lower semicon-
tinuity of v'. But Y*" converges increasingly to Y/, therefore ¥/ = v/(s, Xi"™), Vs € [t, T].

In what follows, we study the solvability in the viscosity sense of system of PDEs (3.4).
We show that (1');c; is actually a solution of this latter system.

Theorem 3.2 The function (V');cy is the unique continuous solution of the system of vari-
ational inequalities with inter-connected obstacles and non linear Neumann boundaries
(3.4).

Proof:
Part 1: Supersolution property.
First, note that Vi € J, V' is Isc, i.e. V' =v,. By construction of (V');c;, for any i € J,

vl = limv*", where V" is a viscosity solution of the following PDE:
n—yoo

(min {11, = max(v/ 1 (1,2) = g1 (1.0)): =0 (0.5) = Z1/7(1.3)
JFEi

—filt,x, (vl’"_l,...,vi_IV”_l,vi’”,vi+l*”_1,...,vm’”_l)(t,x),GT(x)vai*”(t,x))} =0,
(t,x) €10,T) x D;

210+ Wi 7 (1,2)) =0, (1,3) € 0.7) % 9D

vi'(T,x) = hj(x), x€D.

3.21)

Let us fix i € J, (t,x) € [0,T) x dD and (p,q,M) € I° Vi(t,x). By Lemma 6.1 [6], there
exist n; — oo and x; € D such that

(tj7xjvvi’nj(tjvxj)’pﬁLIijj) ]:z (tvxavi(tax)’pvan)‘

Since x; is in D, we can extract a subsequence x;, which is either in D or D while preserv-
ing the above convergence. We are going to show that in both cases, V' solves (3.4).
If x;, € D, we recall that (¢;,,x,,v"(tj,,x},),pj,qj,,Mj) 2 (t,x,V(t,x),p,q,M). Next

from the viscosity supersolution property for vi’"fl,we et:
Yy sup property g
T 1 T
—Pj— b(le) qj — QTF[GG (le)Mj]
Inj,—1 i—1n;,—1 _in; _i+ln;—1 mn;,—1 T
Zfi(tj/vlea(v'“ eV vy T U )(tjl7‘le)’6 (sz)qu)'

On the other hand, D is a bounded subset, and for any i € J, v*"* is continuous, then there
exists a subsequence (I);~ such that (V"™ (1, ,x;,) k0 is convergent.
As (V'"),> is increasing w.r.t. n and uniformly dominated, we get from ([2] page 91):

Vi, x) =vi(r,x) = lLim VW X).
(' x')—(1,x)
[—oo

It follows immediately that

min{vi(t7x) - I?i.lx(vj(l,x) - gij(t’x));
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—p—b(x) q—%T"[GG ()M] = fi(t,2, (V' (1. 2))i=1,...on, 0 (¥)q) } > 0.

Otherwise, (x;,)1=0 € dD and (tj,,x;,, V" (t},,x},), pjl,qjl,M~)l—>(t,x,vi(t,x),p,q,M).As
—roo

Vi is a viscosity supersolution to (3.21), considering now the boundary condition, we get:

{=pj,—b(x;) " qj, = 5Trloc’ (x;,)M,]
il My i = maly ey 6T () )
VE=(VO(x;),qj,) — Wity xj, v (8,%5,)) } > 0.
Suppose now that,
—pji—b(x;) q; — 5Trloc " (x;,)M;]
> Filtyxg, (Vb i = maty gy 6T (g5,

Then as previously, we obtain:

1 )
—p—b(x) g ETF[GGT(X)M] — fi(t,x,(V'(t,%))i=1,..m, 0| (x)q) > 0.
If not, we would have

_<V¢(le)7qj1> Illl(tjmszv " (tjzvsz)) ZO

By taking the limit, we get

—{(V9(x).q) — wi(t,x,V(1.x)) > 0.

Therefore,

min{V'(,x) — n;l;l}(vj(t X) = 8ij(t,%)):—p = b(x) g 3Tr[oc T (x)M]

—fi(tx, (V(6,2))i=1,0m; 0 T (0)@) } V {= (VO (x), q) — Wile,x,(1,x))} > 0.

Finally, for the terminal value, we know that Vx € D, v*"(T,x) = h;(x), then we simply
take the limit as n — oo. Therefore, V' is a viscosity supersolution for the following PDE

min{v' (¢, x) —r?g((vf(t,x) —gij(t,x)); —ovi(t,x) — LVi(t,x)
—fi(t,x,(W', ... v")(t,x),6 " (x)Dpi(t,x))} =0, (t,x) €[0,T)x D
aa‘; (t,x) + w;(t,x,v'(t,x)) =0, (t,x) €[0,T) x aD;

Vi(T,x) = hi(x), x € D.

Since i is arbitrary in J we deduce that the m-tuple (v',...,v) is a viscosity supersolution
for the system (3.4).
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Part 2: Subsolution property.
We will now show that (vi*) ics 18 a subsolution for system (3.4), namely, we should check
if the following inequalities are satisfied:

min{v™*(¢,x) — max(v/*(t,x) — gi;(t,x)); —p — b(x) "¢ — 3Tr[cc T (x)M]

JF
— i1, (7 (,2))izt, oy 0T (1))} SO, (1,%) €[0,T) x D, (p,q,M) € T v (1,);
min{v"* (¢,x) — n};}(vj* (t,%) = 8ij(t,%);—p — b(x) g — 3Tr[o0 " (x)M]

—fi(t,x, (V*(1,%))i=1,...m; 0 | ()@) } AM{ = (VO (x),q) — Wi(t,x,v"(1,x)) } <0,
(t,x) € [0,T) x 3D, (p,q.M) € I v*(t,x);

vi*(T,x) = hi(x), x€D.

Step 1: To begin with, we need to show that v*(T,x) = h;(x), Vi € J, ¥x € D. For this
purpose we are going to show

min{v"*(T,x) — h;(x);v"*(T,x) — m;lx(vj*(T,x) —ij(T,x))}=0,VieJ, VxeD.
JFi

LetieJ,n>1and x € D. We know that

V(T x) = Tim  Vi(d,x')>  Lim V(¢ X),
("X )—(Tx) (' x')—(Tx)
t'<Tx'eD t'<Tx'eD

then as v is continuous, we get vi*(T,x) > v (T, x) = h;(x).
Besides

V(0.0) 2 max(v(1.5) = g,(0.%)).

after passing to the limit, we get
v (T,x) 2 m;;X(V’ (T,x) — ij(T,x)),
JFi
then we obtain
min{v* (T, x) — h;(x);v™* (T, x) — m;élx(vj*(T,x) —gij(T,x))} > 0.
JFi
We now show that the left hand side cannot be strictly positive. To do so, we suppose to the
contrary, that for some xo € D, there is € > 0 such that

min{v"™* (T, x0) — hi(x0);v"* (T, x0) — mix(vj*(T,xo) —8ii(T,x0))} = 2e.
J71
Let (tx,x)r>1 be a sequence in [0, 7] x D satisfying (#,x) = (T,xo) and V' (t, x;) —
—»00

k—roo

vi*(T,x0), which exists thanks to Lemma 6.1 [6].

As v* is usc on [0,7] x D and v'"* converges increasingly to v, we can find (Q"),>0 a
sequence of functions in C'2([0, 7] x D) such that Q" — v*. In addition, we suppose that
n—soo

on some neighborhood B, of (T,xp), we have:

min{Q"(¢,x) — h;(x); Q" (t,x) — mix(vj*(t,x) —gij(t,x))} > €, V(t,x) € By. (3.22)
JF#i
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We can assume that (3.22) holds on B} = [t,T| x B(x, §') N D, for some & € (0,1) such
that B} C B,. In case x; € dD, this means that we work only on open neighborhoods of D
near dD. Since v'* is usc on a bounded space, there exists ¢ > 0 such that | v* |< ¢ on B,,.
Then, we can assume that Q" > —2c¢. Next define

4e | x—xp |
an(t,x) = Q"(t,x) + ‘b‘nZk’ +vT —t.
(3
Note that V/"(z,x) > Q"(t,x) and (v"* — V") (t,x) < —c, V(t,x) € [t, T] x IB(xx, 8}").
On the other hand we have,

—{ V] (t,x)+ LV (t,x)}

= —{,0"(t,%) + AT — 1+ Dib(x){D, Q" (t,x) + %)y

(&)

300" (){Du"(1.2) + ;ff 1

xl? L .
It is clear that 4C|’(;72x"‘ € C2 and Q" € Cb , then the derivatives are bounded, together with
k

o,(VT —t) —> —oo. Hence, we can choose k large enough so that:

—{a,V]'(t,x) + 2LV} (t,x)} >0, V(t,x) € Bj.
Recall the SDE (3.2) and consider the following stopping times:
0F = inf{s > 1, (5,X%%) € (B) VAT,
6, = inf{s > 1; v (s, X%) = r?i?((vj(s,XAfk’x") — gij (s, X} NI AT.
Note that on [t, X A 6], Vo (X;)dAY" vanishes in the SDE (3.2) since the support of A"
is dD. Then, by 1t6’s formula, we obtain:

Vit x6) = V(O A B Xgi%y ) = [0 (Ve (X1 4+ LV (1 X1 Y

— [0 G (XD, VI (r, XI5 ) d B,

k

Taking the expectation, we get
k
Vi (1) = EIVE (85 A 0, Xpi e ) = [ H{OVE (1 X0 + 2V (1 X0 ]

0k N\O,
> B[V (65, X, o ) Xior < + Vi (B X ™) X g 6]
E[{V{ (6, th’xk)?([egd]‘*‘an(ﬂx%’xk)%[ef I er<a + Vi (B Xg ™) X g 6]
> E[{(v"*(6y, ékkxk)+c)%[e§<ﬂ+(5+hi(X;k’xk))X[e;f:T]}X[e,fgek]
+(3+1§1§}(V’*(9k Xg7) — 8ij(60: X6 ™)) Xjor> g,

> E[{(v'(65.Xg5™) + ) xigr<r) + (€ + (X3 ) Xjg—11 } Xjog <0

+(3+n]l§lx(vf(9k,X” ) — 8ij (6 X5 ™)) x>0,
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> EN (kA ek,Xg',;ikek)} +cAE.

Besides, recall that the process Y/ = v/(.,X.) stopped at time 8% A 6 solves an explicit
GRBSDE, given by:

V(B A B X ) = v (0 x) — [ X (0 (X )ieg 25 )dr

— (R XV (X)) AAT — (Kt — Ky ) + % 2 B,

Once again, dA%* = 0 on [t, 8}'], also dK"* =0 on [t, 6], then by taking the expec-
tation we get:

. . 0, N\ . .
E (vl(erl; A Gk’ngj\ka)> =E (vl(t/ﬁxk) _/ ﬁ(rvX£k7Xka (vl(r’Xrtk’Xk))iEhZ;’[kM)dr) .

Ik

Then, as D is bounded, we can show using the properties of the solution (X;*"*),<7 and the
properties of f; that

k—>oo

(N . .
lim E (/ fi(raxﬁkyxkvvl(r’X;kyxk)i617Z’ljl‘kyxk)dr) —0.
Tk

Hence, I}ika” (tkyxx) > ]}im Vi (tx,xx) = V'(T,x0) + ¢ A € where ¢ A€ > 0, however from
—>00 —>0
the definition of V/'(,x) we have klika"(tk,xk) = Q"(T,xo), which is contradictory since
—>00
Q" = vi* . It follows that for any x € D
—>00
min{v"*(T,x) — hj(x); v'*(T,x) - mi?‘(vj*(T, x) —gij(T,x))} =0.
JFi

Finally, we can use the non-free loop property of g;; following the same method as in [15]
to obtain the desired result.

Step 2: Let us show that (v*);c; is a subsolution. First, we point out that (v'");c; are

continuous and v/ = limv*", then by ([2] page 91)
n—soo

V¥(t,x) = Iimv™"(t,x) = Tim  v"*(¢',x'), Vi€ J, ¥(t,x) € [0,T) x D.
n—yoo (' x')—(t,x)

From the construction of v, we have for anyic€Jandn > 1:

vt x) > mgx(vj’"’l (t,x) = ij(t,x)), V(t,x) € [0,T) x D;
JF#i

taking the limit as n — oo, we get for any i € J and (¢,x) € [0,T) x D,

vi* (t’x) > mix(v]* (tvx) *g[j(l‘,X)).
JFi

Leti € J and (t,x) € [0,T) x dD be such that v* (¢, x) —m;lx(vj*(t,x) —gij(t,x)) >0, and fix
JFL

(p,q,M) € 72+vi*(t,x). By Lemma 6.1 [6], there exist ny — o0, x; € D and (py, qi, My) €

TH i (tx,xx) such that

(tkvxkavi7nk(tk>xk)7pk>qk»Mk) k—>—°>° (t,x,vi*(t,x),p,q,M).

31



In the spirit of the proof of the first part, since x; is in D, we can extract a subsequence

(xx,)1=1 which is either in dD or D. It suffices to check out both possibilities. If x;, € D,

we recall that (t,,xx,, V"™ (tx,, X, ), Pk, Gk » Mk, ) l—> (t,x,v"*(t,x), p,q,M). Next, we obtain
—>00

from the viscosity subsolution property for v":

min{vi’"k' (tkl ,Xkl) —I?il?((vﬁnk’il ([kmxkl) _gij(tkz 7xk1)); —DPk _b(xkl)qul - %TF[GGT (xkz)Mkz]

— fi(te,, xx,, (vl’"’fl’l, Ly b = g i L =1 ...,vm’”kl’l)(tk/,xkl), GT(xk,)qk,)} <0.

We know that v'*(¢,x) > lliimv"’”"t (tx,,xx, ), then there exists Iy > 0 s.t. VI > Iy, we have:
—>00

v (th,> X)) > r?ilx(vf’""l (1, %x,) — 8ij(try s xx,))

= I?i?((vjynklil (tkl"xkl) — 8ij (tkz 1 Xk ))

since v* (¢, x) > m;lx(vf*(t,x) — gij(t,x)). It follows that for [ > Iy,
JAi

—p=b(x)'q—3Trloc’ (x)M]

l,nk[fl vi*l,nklfl

. in i+1,n,—1
S}Lm][i([k/vxk/a(v geeey klvv i

mvnk[ -

,V yoeeyV l)(tkuxkl)?GT(xk/)qkl)'

In the same manner as in Part 1, we show that for any (¢,x) € [0,7) x dD and (p,q,M) €

JHV"*(t,x), we have:
min{v"*(r,x) — m;;x(vf*(t,x) —8ij(1,%));
JFi
—-p _b(x)Tq_ %TF[GGT(X)M] _ﬁ(t7x7 (vi*(tax))i=l,...7m7 GT(X)Q)} S 0.

If not we can extract a subsequence xi, of x; in dD, such that

(tklaxklavi’nk[ (tkpxk1)7pk17qk[7Mkl) — (taxavi*(tax)7p7CI7M>'

[—o0

Then, there exists [y > 0 s.t. VI > [y and from the viscosity subsolution property of V" at
(tx,xx,) € [0,T) x dD, we have:

{=px, —b(xi,) "qr, — 3Tr[o0 " (xi, )My, |
— filthg s, (W Ly T b L =Ly (g ), 0 (g ) gk )
/\{_<V¢(xk1)7qk1> - Wi(tkz’ka vt (tkzvxkz))} <0.
It —Pk — b('xkl)qul - %Tr[GGT (xkz)Mkz]
<f'(t ( l,nklfl ifl,nklfl i-ﬁlq i+l,nk171 m,nklfl)(t ) GT( ) )
= Jillky s Xk \V yeenyV ,V ,V gy V ks Xk ) Xk; )k, )»
similar computations, yield

—p—b(x)"q~ %TF[GGT(X)M] < Siltsx, (V5 (1,0))i= 1, 0 (1))

3ty
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Otherwise, the other inequality holds

—<V¢(xk,)>51k,> - llll'(tklaxklvvi7nkl (tk],Xk[)) < 07

by taking to the limit as [ — oo, we get

_<V¢(x)7Q> - Wi(t7x7vi*(t7x)) <0.

Before we finish the proof, we shall stress out that the inequalities in D are not difficult and
can be handled likewise. As a consequence, V' is a viscosity subsolution for the following
PDE:
(min{y/(2,2) — max(v/(1,) = gi5(1,3)); ~ 0! (t,) = 2V (%)
J#Fi
il (01 eV (1,5), 6T (2D (1,2))} = 0, (1,%) € [0,T) x D
o' ,
a—‘;(t,x) Fi(t,x, Vi (1,x)) =0, (t,x) €[0,T) x ID;
Vi(T,x) = hi(x), x €D.

(3.23)

The fact that i is arbitrary in J, shows that the m-tuple (v!,...,1") is the unique viscosity
solution for the system (3.4).
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