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Abstract

This paper considers the existence and uniqueness of an asymptotic solution of a monotone semilinear parabolic system in divergence form
with measure data. The proof of the main result is probabilistic, which are those of stochastic analysis, Markov process and primarily
Backward Stochastic Differential Equations (BSDEs). The probabilistic solution to the system is considered as some generalization of
the notion of renormalized (or entropy) solution. It is shown for a Cauchy-Dirichlet problem of a monotone semilinear parabolic system
in divergence form with measure data, there exists a unique probabilistic solution of the system under a mild integrability condition on the data.

Keywords: Asymptotic Solution; BSDEs; Measure data; Parabolic; Semilinear
2010 Mathematics Subject Classification: 35A01, 35A02, 35K41, 35K58, 35R60, 60H15, 60J25

1. Introduction

The study of the existence of the solution of a semilinear parabolic equation is of great interest in the mathematical society due to several
problems that appear in the physical sciences, chemical sciences, biology, engineering and applied mathematics which leads to mathematical
models described by semilinear parabolic equations. Noticeable among these models are the Brusselator model describing some chemical
reaction with two components; the Lokka-Volterra system, a competition model for two species; the Field-Noyes equation used to model the
famous Belousou-Zhabotinsky reaction in chemical kinetics; the flame propagation model; model equations describing the morphogenesis of
pattern. others are the Schnakenberg system; Fitz-Hugh-Nagumo equations; Hodgkin-Huxley equations.

Asymptotic analysis has been discussed in many types of problems, including the difference equations, singular differential equations,
integral equations and special functions [1, 2, 3,4, 5, 6, 7, 8]. It is noted that many of these differential equations and difference equations
whose exact solutions are now known but can be approached via asymptotic analysis. Series solutions of the problems are mostly divergent,
and therefore asymptotic analysis techniques are needed to evaluate the divergent representations of these problems.

Suppose E C R?, d > 2 is an open bounded domain, the Cauchy-Dirichlet problem for a monotone semilinear uniformly elliptic second-order
parabolic system in divergence form with measure data is of the following form:

dut k k k .
- Lw=f (t,x,u)+p inEr k=1,..N
ulgp(t,.) =0 t€[0,T) (1.1

u(0,.)=¢ onkE

Where Er = [0,T] X E and uk,k =1,...,N are bounded soft measures on R x E i.e bounded Borel measures absolutely continuous with
respect to the parabolic capacity determined by the operator:

1 & 0 P
L= 3 Yy PR <a,‘,’j(r,x)8—m) (1.2)

ij=1
Its coefficient a : Er — RY @ R? is a measurable symmetric matrix-valued function such that for some y > 1

d
Y UEP S Y aij(x)&E <yIER,  EeR? (1.3)

ij=1
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f:Er xRY — R is a continuous monotone vector field. In the case of (1.1) being a scalar, results in an equation with a local operator of
the form:

1 & P
=3 Z (a,-‘ja—xi) (1.4)
i,j=

The above system (1.1) is an evolution equation describing a reaction-diffusion problem that arises naturally in systems consisting of many
interacting components and is widely used to describe pattern-formation phenomena in varieties of biological, chemical and physical systems.
One of the major problems one faces when dealing with a system of (1.1) is to give a proper definition of a solution that guarantees the
existence of only one solution. One possible attempt made, was to define a solution by a limit of approximation. The existence of a
distributional solution so-called solution obtained by the limit of approximation (SOLA)was proved in [9]. [9] constructed an example of a
discontinuous coefficient a;; and u is the distributional solution with data 4t =0 and f = 0 and u having the property that u € WOI “(E) for

every g < d/d — 1. Since it was known that in general, one cannot expect that the solution belongs to the space WO1 “UE) withg >d/d—1,
the problem of the definition of a solution to (1.1) ensuring uniqueness arose.

However, [10] provided a solution to the problem by defining the solution in a duality sense in the case of a linear operator. Since his
intervention, the theory of scalar equation with measure data and local operators (linear and nonlinear of Leray-Lion type) has attracted
considerable attention for a result of an equation with measure data. According to [11], u € L (ET) is a duality solution of the scalar form of
(1.1)if

—/E(pw(O)dx—b—/Eﬂugdxdl: /E.,Wd” (1.5)

for every g € L(Er) and w is the solution to the backward problem

—w; —div(a*(t,x)Vw)=g  in(0,T)xE=Ep
w(T,x)=0 t€E (1.6)
w(t,x)=0 on (0,T) %X JE

where a*(¢,x) is the transpose of a(t,x). If £ € L' (E7) then there exists a unique duality solution.
But for the nonlinear operator (L = A% with a € (0, 1])of the scalar form of (1.1), the existence of a distributional solution so-called solution
obtained by the limit of approximation (SOLA) was proved in [12, 13, 14]. [12] examined the Dirichlet problem so that a function u has the

Wwithfe///(ET),qJe//{( E) and showed that u € C([0,T];H*(E)) for s

large enough is a distributional solution of Dirichlet scalar form of (1.1) with a being a non-linear monotone operator of the form a(z,x, Vu).
Also, [13] presented existence result of a distributional formulation of a scalar form of (1.1) with f = 0 for which ¢ and u are bounded
measures on E7 by approximating the equation with problems having regular data and using a compactness argument, so that a function
ue L0, T;Wol’1 (E)) is a weak solution if a(t,x,u, Vu) € L' (Er)N and

property that u € L4(0, T, WO1 “(E)) for every g <

9¢
- - , Vu)...V = .
/ETu P dxdt+/ET a(t,x,u,Vu) ddxdt '/ET ddu (1.7)

for every ¢ € C°°(E_T). In [14], uniqueness result of the existed result presented in [13] in the case where u is a function in L! were
shown. But this distributional formulation (SOLA) is not enough to ensure uniqueness due to the lack of regularity of the solution when
the coefficient of the matrix is discontinuous as cited in [9], hence the problem of the definition of a solution to (1.1) ensuring uniqueness
emerged. Nevertheless, the notion of the renormalized solution was first introduced in [15] for the study of the Boltzmann equation
and was later adapted to the study of some nonlinear problems which guaranteed uniqueness. [16] proved existence and uniqueness
result of the renormalized solution. A measurable u defined on Er is a renormalized solution if Ty (u) € L?(0,T;H} (E)), for any k > 0,
u€L(0,T;L (E))

/ |Vul|?dxdt -0  asn— oo (1.8)
J{(x0):n<|u(xpt)|<n+1}

and if for any s € C*(R) such that §’ € Cj(R) (i.e S’ has a compact support), then

ag(tu) — div[S"(u)AVU] + 5 (0)AVu+dw(S ()9 (u)] — S ()¢ (u)Vu = fS' in D' (Er) (1.9)
and
S(u)(t=0)=S(up) inE (1.10)

where D' (E7) is the derivative of an L®(E7) function. Also, in [17], the existence and uniqueness of a renormalized solution for which the
data f,g and @ respectively belong to L' (E7), (LP I (Er))N and L!(E) was proved. Furthermore, the definition of a renormalized solution
involving a more general nonlinear operator L; of Leray-Lions type but with f not depending on u has been introduced in [18] for which
@ € L'(E) and u € My(E7) for every u which does not charge the set of zero capacity such that there exists a unique renormalized solution.
[19] thereafter extended the notion of renormalized solution for general measure data y and gave a definition of renormalized solution
that does not depend on the decomposition of the regular part of ( under a certain assumption and proved the uniqueness of the solution.
Likewise, in [20, 21, 22, 23] the framework of a renormalized solution is used.

Concurrently, the notion of entropy solutions has been proposed by [24] for the nonlinear elliptic problems. They introduced the concept
of entropy solution, derived the basic apriori estimates on the measure of their level set and established the existence and uniqueness of
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entropy solution for the Dirichlet elliptic problem. [25], thereafter, extended the notion of an entropy solution to a parabolic equation and
then established the existence and uniqueness of the entropy solution. u € C([0,¢]; L' (E)) is an entropy solution for the scalar form of (1.1)
with = 0 such that for all k > 0, T (u) € L (E;W, ¥ (E)) and

/O.T/;Tk(u—fP)(T)—/E.Tk(<P—¢(0))+/O,T <¢E7Tk(u—¢)>+/0.T/I;a(l,x)VTk(u—¢) g/(;T/;ka(u_q)) (1.11)

VLP(E : W, (E)) L= (Er) NC([0,T];L' (E)) such that ¢ € L” (E;W 1) so that if f € L' (Er) and @ € L' (E) then, there exists a unique
entropy solution.

The notion of renormalized solution and entropy solution for the parabolic problem (1.1) in scalar form turns out to be equivalent as proved
in [26]. The main tool of the uniqueness proof in the case of entropy and the renormalized solution was the fact that the truncates of the

solutions belong to the energy space WO1 "P(E) as well as an estimate
2
[ VT < Kl

on the decay of the energy of the solution on the sets where the solution is large which is true only if the datum u belongs to L! (E) +W ! ” (E)
To cover a larger class of operators, another possible attempt made was to define a solution via a non-linear Feynman-Kac formula. This
stochastic approach to the scalar form of (1.1) has been developed in [27] which was defined as: a quasi-continuous function u : E — R such
that

u(x) = E, (/ch(xt,u(xt))dwr/ocd/a;‘) (1.12)

with X = (X, P;) being a time-space Markov process with lifetime §, E; denotes the expectation with respect to P, and A* is the additive
functional of X associated with u in the Revuz sense. It was proved in [27, 28, 29, 30, 31] that under mild integrability assumptions on the
data, there exists a unique probabilistic solution of (1.1) when N = 1. The stochastic approach is simpler to investigate than the distributional
formulation because the direct analysis of the distributional equation would generate many technical difficulties in using the fine topology
while the stochastic approach avoids them. However, in [32], it was shown that the renormalized definition of the solution is equivalent to the
probabilistic definition considered in [33] and shows that under mild integrability assumption on the data with f satisfying monotonicity
condition, a quasi-continuous function u is a renormalized solution if and only if # can be represented by a suitable nonlinear Feynman-Kac
formula.

When studying system (1.1) with f satisfying monotonicity condition

(f(t,xy) = ft.x,y),y =) < aly—y|? (1.13)

and the growth condition

f(,.,0) e L' (Er), Vs 0yery ROT (sup If(, .,y)|> < comp-almost surely (in short a.s) (1.14)
’ yl<r

there’s difficulty because showing that f,, = f(z,x,u) belong to L' (Er) under growth condition is, in general, complicated and u € TZO’] is
not certain which has to do with the weaker regularity of the solution of (1.1) and u, in general, does not admit the representation

&
u(s,x):Es’x/ dAg (1.15)
~Jo

for some Addictive Functional (AF) of X/, which implies that the integral on the right-hand side of (1.16) does not exist.

TALS TN

(5.0 = s (14gomyoXr)+ [ 0. Xaao+ [ an) (116)
s )

The above comment shows that for systems, neither the distributional definition nor the probabilistic via nonlinear Feynman-Kac formula is

applicable. For these reasons in [34], more general than in [27, 28], a probabilistic definition of a solution of the elliptic form of (1.1) is

adopted. It uses the representation of u in terms of some backward stochastic differential equation (BSDE)

'gr ‘gr ‘Cr
gs’xz1{,;>m<p(xn)+/t f(Xg,Yg’x,Zg’x)de—}—/t dAg—/t 75" dBg (1.17)

In the case f is integrable, the representation reduces to (1.16).
The stochastic approach using BSDE (1.17) only requires quasi-integrability of f(.,.,u) by making essential use of the Markov process X

associated with L, and therefore called stochastic Sobolev space (some space wider than T2O )1 ).

The manuscript is organized as follows: In section 2, a semilinear parabolic equation is introduced including notations, definitions, useful
results and useful tools employed in the course of this work. Section 3 comprises some qualitative properties of the solution of the system
in the stochastic Sobolev space using the theory of backward stochastic differential equations (BSDEs). And ends with section 4 of the
conclusion
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2. Preliminary Results and Mathematical background

2.1. Notations

The following notations used in this work are as follows:

(Q,Z#,P) the probability space
4 filtration
B standard d-dimensional .%;-Brownian motion
o the set of all .%; progressively measurable real-valued processes
4 the subspace of &/ consisting of all increasing cadlag processes Y such that ¥y =0
Ve the subspace of o7 consisting of all increasing continuous processes Y such that ¥y =0
T p/2
M the space of all processes Z € 7 such that P (/ |Z,|dt < oo) =1
0
9 the space of all cadlag processes in &7
54 the space of all continuous processes in .2/
2P, p>0 the space of all processes Y € 2 such that Esup |¥;|P < e
t>0
SP.p>0 the space of all processes Y € . such that E sup |¥;|P < oo
t>0
T the set of all finite .%;-stopping time
AY; cadlag process Y such that AY; =Y, —Y;_, ¥, = li}n Y,
s/t
|A| trace AA*, where A is an N xd dimensional real matrix
s A X N
x sgn(x) = 1{#0}@7 xeR
(R AL the tensor product of 24 and .#1
HY(H™) Hilbert space (dual of Hilbert space)
R+ [0, °°)
Q=C(R;R?) the space of continuous R?-valued function R |
X the canonical process on Q
FY% o(Xeue (s.0))
Fs.00 the completion of J’ZSQ, with respect to &
& the family of P; ;, : i is a measure on Z(RY)
Poul’) /Rd Py (- )udx
Fy, completion of ?YO, in .%; o with respect to &
p the fundamental solution for the operator L;
X time-inhomogeneous Markov process
d
X time-homogeneous Markov process with respect to the filtration .%, associated with the operator o
Q Ry xQ
P} (B) P x({weQ:(s,0) €B})
X[(S,W) (S+[aXs+t(w)) t>0
Z/° o(Xy,u<t)
FLY (X, < )
FL completion of .7 with respect to 2’
P the family P;L : Wt is a probability measure on R x R?
F/ completion of .%/” in .Z., with respect to &’
p'(t,(s,x),T)  transition density
u Radon measure on £
AMy(E) the set of all measures on E
My the set of all measures on Ry X E
My p(E) the set of all bounded measures on E
Ao the set of all bounded measures on Ry x E
d
V4 the space of all u € L?(R; HJ (E)) such that a—l: eH Y(E))
Es,x(Eé,x) expectation with respect to Ps (P} )
m Lebesgue measure on R x RY
e inf{r > 5,X; € dE}, the first exist of (X, P; ) from E
P transition density of the process X’ killed on existing Ry x E
E, expectation with respect to Py
AH additive functional corresponding to a positive bounded soft measure
PE transition density of the process X killed on existing E
Gg(x,y) the Green function for E

|E| Lebesgue measure on E
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WP (E), 1 < p < «Sobolev spaces
)

w1 (XEr stochastic Sobolev space of functions depending on time
L1 the dual space of L? space
Ty (u) truncator operator
JE the boundary of E
't
T inf{tZO:/O |ZS\2ds2k}
Vxu the stochastic gradient of u
aVvb max{a,b}
anb min{a,b}
a® max{0,a}
a max{0,—a}
N set of natural numbers
N N\{0}
R set of real numbers
C2(RY) space of functions f : RY — R of class C* with compact support.
C.(RY) space of continuous functions f : R? — R with compact support.

2.2. Basic Tools

This section consists of some important lemma, and definitions, used mainly for the proof of qualitative properties of the solution in the next
section.

2.2.1. It6 Tanaka Formula
The following multidimensional version of the Itd Tanaka formula will be frequently used, which serves as our basic tool in this work.

Lemma 2.1 ([35]). Let {Kt}te[o,T] and {Ht}ze[oﬁT] be two progressively measurable processes with values respectively in R* and R¥*? such

t ¢ ¢

that P-a.s / (\Ks| + |HS‘2> ds < +oo. Let X be a progressively measurable process such that X; = Xy +/ Kds +/ HdBg
0 0 0

Then, for any p > 1, gives

t 1
X7 = |Xo|? + p /0 X771 (X, Ky ) ds + p /0 1,71 (X,, HydBy)
@.1)

Py -2 2 iy 5 2
+ 2 L1020 { 2= p) (1 = (R HHI) ) 4+ (p= DIFP + 1,14
where {Ar}¢(0,1) is a continuous increasing process with Ao = 0 which increases only on the boundary of the random set {t € [0,T],X; = 0}

Corollary 2.2 ([35]). Under the assumption of Lemma (2.1) for every 0 <t < T and p > 1 then

T 2 2 T 1/y T 1/y
17 +(p) [ X121 gy P = Bl +p [ X7 (K ds—p [ (R Hdy) 22)
where ¢(p) = pl(p— 1) A 1)/2

2.3. Basic Definitions
The following definitions are important and serve as basic tools in this work.

Definition 2.3. A measurable function u is a quasi-continuous if the process  — u(X;) is continuous on [0, CT],PS’,x—almost surely (a.s for

short) for quasi-every (q.e for short) (s,x) € Er.
Definition 2.4. A measurable function u is a quasi-cadag if the process  — u(X;) is cadag on [0, {z], P ;-a.s for q.e (s,x) € Er.

Definition 2.5. A Borel measurable function F on E is quasi-integrable if for q.e (s,x) € F

¢AT
P ( [ 1rxoldo < oo, 7> o>) 1 @3)
0

By gL', it denotes the set of all quasi-integrable functions on E.

Definition 2.6. We say that a process Y is of class (D) if Y € &7 and the family {Yr,7 € .7} where .7 is the set of all finite F;-stopping

times, are uniformly integrable.

Definition 2.7. A measurable function u on E7 is of class (RD) if for q.e (s,x) € Er, the process u(X) on [0, {] is of class (D) under the

/
measure P ,.
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Definition 2.8. A Borel measurable function u on E7 is of class (RB) if for q.e

(s,x) EET, Pl | ess sup |u(Xg)| <o |=1 2.4)
0€[0,¢:]

which implies that every quasi-cadlag function belongs to the class (RB).
e
Definition 2.9. A Borel measurable function « on E7 is of class (RM) if for q.€ (s,x) € Er, P, </ lu(Xg)| < oo> =1
’ 0

Definition 2.10. Stochastic Sobolev space of functions depending on time (W%!(XE7)) denote the set of all u € RM for which there exists
a sequence {u,} C C°(Er) such that for q.e (s,x) € Er,

e
Uy — U + t — 0 in probabilit . asn — o .
X;)|*dt — 0 in probability P; , 2.5
; ,
and
C‘r 2 . . ,
Uy — Uy, t t — 0 in probability P, , as n,m — o .
719 o= ) (%) Pt = 0 probabiliy P, 2.6)
| ,

Definition 2.11. Let u,,u € WO (XE7). u, — uin WO (XET) if u,, — u in RM and Vxu, — Vxu in RM.

Definition 2.12. The parabolic capacity of an open set u C R x E denoted as cap(u) define as cap(u) = inf{||ul|y :u € W,u>1, in R} X

Definition 2.13. The parabolic capacity of an open set u C E denoted as capy (u) define as capy (u) = inf{||u|\H01 () UE HNE), u>

1 on u almost everywhere (a.e for short) in E}.

Definition 2.14. Some properties are satisfied for quasi-every (q.e for short) x € E (respectively, (s,x) € Ry x E) if it is satisfied except for

some Borel subset of E (respectively, Ry x E) of capy (respectively, cap) capacity zero.

Definition 2.15. Let 1 be a Radon measure on E (respectively, R x E), a measure [ is soft if 4 charge no set of capy (respectively, cap)

capacity zero.

Definition 2.16. A pair (Y**,Z°*) consisting of an RY valued process ¥** and R? x R¥-valued process Z°~ is a solution of BSDE; «(¢.E, f+

du) if Y5~ ,Z5* are {#/} progressively measurable, Y5 is cadlag,

&
PN f(XhY,s’X?Zf’x) e Ll(O7 CT)7PS'7x—a.S, Psl_x (/ |ngx 240 < oo) =1
: Jt
and
& & &
ys :1{§>TT}¢(XTr)+/ f(XB,Yg‘ﬁzgx)de-y/ dA‘of _/ Zy"dBg, 1€10,5], Ps’ﬁx-a.s 2.7)
t Jt t

Definition 2.17. Consider the following systems:

dut k k k .
5 L=t inEr k=l N
ulpp(t,.) =0 t€[0,T) (2.8)
u(0,.)=¢ onkE
and
k
% + Lk = —fF(xu)—pF inEr k=1,..N
2.9)

ulpp(t,.)=0 t€]0,T)
u(T,)=¢ onkE
(1) A measurable function u : Er — R is a solution of (2.9) if

(@) (t,x)— f(t,x,u(t,x)) € gL! (Er),uc WO’I(XET)
(b) uis of class (RD)
(c) Forq.e (s,x) € ET,

CT C’[ C’[
u(X0) = 1gry0Xr) + [ f(Xou(Xa))ao+ [ dal — [T oVau(Xo)aBa 1€ (0.5 Pl as 2.10)
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(2) A measurable function u : E7 — R¥ is a solution of system (2.8) on [0, 7], if i(z,x) = u(T —1,x),(s,x) € Er is a solution of (2.9)
with f, replaced by f,, and p replaced by fi for which tt € .#,(E7) suchthat | fidu= [ ndu, n € B,y(Er) ie.
Ep Er
ot k 7 k-1 :
o + Lyt = —f"(t,x,0) — i o1y inEr k=I,...N
ﬁ‘aE(ta‘) =0 r¢€ [OvT)

a(T,.)=¢ onkE

@2.11)

where 17 : ET — Er, lT(t7x) = (T—t,x)
Remark 2.18. We have the following remarks:

(1) The integral equation (2.10) is the transformation of the partial differential equation (2.9).
(2) From Definition 2.16 and Definition 2.17, it follows that if « is a solution of (2.9) then for g.e (s.x) € Er, the solution of the Backward
Differential Equation (BSDE) (Y**,Z°*) = (u(X;),0Vx(X;)), t€[0,{;] is a solution of (2.9).

2.3.1. Basic Assumptions

The following hypotheses are considered in this work and are classified into parts as follows:

an e (igr ([ ieol) i) <+

(A2) There is u € R such that <y—y/, f(r,y) — f(t,y') >< u|ly—y'|* forevery r > 0, y,y’ € R and a.e (1,x) € Er
(A3) For everyt >0, y+~— f(t,y) is continuous

N
(A4) For every r > 0, E/ sup |f(¢,y)|dt < o
[yl<r

(B1) f(-,-,y) is measurable for every y € R and f(r,x, ) is continuousfor a.e(r,x) € Ey
(B2)  Thereis o € R such that < f(r,x,y) — f(t.x,y'),y—y >< atly— | for every y,y’ € RV and a.e (t,x) € Er
(B3)  f(-,-,0) € L' (Er),u € Moy (Er),¢ € L'(E)

(B4) vr>0,yeRY, ROT <sup f(v,vy)> < oo,m- a.e.
lyl<r

Remark 2.19. f satisfying (B2) is the monotonicity condition while f satisfying (B3) and (B4) is the growth condition of f.

2.3.2. Backward Stochastic Differential Equations

The theory of nonlinear backward stochastic differential equations (BSDE:s for short) was developed by [36] from which there exist a unique
and adapted square integrable solution to a BSDE of the type

O o
Vi :€+/t f(s,ymzs)—/t zdBs,  1€[0,1] (2.12)

provided the function f (called the generator) is Lipchitz in both variables y and z, & and (f(#,0,0))q«,« are square integrable.

The theory of BSDE:s is very important because of its connection with mathematical finance, stochastic control, partial differential equation,
stochastic geometry etc.

Some useful results from [29] that will be helpful in the proof of the existence of a solution for BSDE. Before starting them, The following
hypothesis is needed for the next three results.

(A) Thereis u € R and a nonnegative progressively measurable process { f;,7 > 0} such that (3, f(¢,v)) < f; + u|y|, ¥(z,y) € Ry x RN
Result 2.20. Assume (A). Let (Y,Z) be a solution of BSDE; (&, 0, f +dA)

(o} (o} (o2
Y,:§+/ f(s,YS)ds—i-/ dA_Y—/ ZdB;, 0<i<oP-as (2.13)
t Jt Jt

o p
IfY € 97 and ( / f,dt) +E|A|% < oo for some p > 0, then Z € .#” and there exist C, depending only on p such that for every a >y
0

" p/2 ¥ p ¥ p
E(/ e2“’|z,\2dz) <CyE | sup e“P’\Y,|P+(/ e“’f,dt) +(/ e“’d|A|,) (2.14)
0 0<t<c 0 0

0 p
Result 2.21. Assume (A). Let (Y,Z) be a solution of BSDE (2.13), If Y € 9” and (/ f,dt) +E|AJ%, < oo for some p > 1, then Z € .47
0

and there exist C, depending only on p such that for every a > p

c p/2 c p c P
E| sup e“Pf|Y,\P+(/ 62“’|Z,|2dt> gcpE(e“P"\§|P+</ e“’f,dt) +</ e"’d\A|,)) (2.15)
0<t<oc 0 0 0
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Result 2.22. Assume that (f(z,y),y) < c[y|?,y € RN, 1 >0 for some ¢ > 0 and ||€]|e + ¢ + |[|A| g || < 7 < 0. If (¥,Z) is a solution of
BSDE (2.13) such that Y is of class (D), then [|Y || < r.

Result 2.23. Assume that (B1)-(B4) are satisfied with ot < 0. Let n < m and 8Y; =Y, —Y/", 8Z; = Z]" — Z}'. Then for every q € (0,1),

¢ q/2
s 817+ [ 12Pa0) < (1) (14 26C0 B 100800 gy 00K
> .

+ (./fd|Au|9)q+ (/C \f(X9,0)|d9)q)

(2.16)

for € = 0,1 where C; depend only on g

2.3.3. Stochastic Sobolev Space

Stochastic Sobolev space has been introduced in [34] which makes essential use of the Markov process X associated with operator L defined
by

9 d
S

in considering an elliptic system with measure data, there was a problem encountered as to whether the solution or its gradient belongs to
WO1 “(E) for ¢ > 1 which is related to the lack of integrability stochastic Sobolev space was then introduced to overcome this difficulty.
This subsection covers some basic results attributed to stochastic Sobolev space, which will be referred to in the next section.

In [34], it is proved that every u € W0 (XET), there exists a unique a.e function v € %(Er) such that for every {u,} C C2*(Er) satisfying
(2.5) and (2.6),

&
/ [ Vitn(X;) — v(X;)||>dr — 0 in probability P, as n — oo (2.18)
0 :

for q.e (s,x) € Er. Given u € WO (XET), Vxu is the unique function v satisfying (2.5). From the construction of Vxu, it follows that
Vxu=Vuaeifuec L*(0,T;H}(E)), uy — u in RM if (2.5) holds for g.e (s,x) € Er, Ty (1) — u in RM.

Result 2.24. 1f u € WO (XET) r € C!(R) and there is ¢ > 0 such that ||/ (¢)|| < ¢ for ¢ € R, then r(u) € WO (XET) and Vx (r(u)) = r'Vxu

Result 2.25. Letk € R and u € WO (XE7). Then, u Ak,uV k € WO (XEr) and

Vi (uNAk) =1 (oo gy () Ve = 1 1y (u) Vu a.e 2.19
Vi (uV k) = (g o) () Victt = 1y o) (1) Vcut a.e

Result 2.26. If u €RB and Ty (u) € WO (XE7) for every k > 0, then u € W01 (XEr).

Result 2.27. Ifu € 7% and u €RB, then u € W (XFr)

Result 2.28. If u € WO!(XET) then, u is of class (RD).

2.3.4. Potential and Markov Processes

A family A = {A;,0 <5 <t < T} of random variables is an additive function (AF) of X if Ay is a ({F;,}, Ps x)-measurable cadlag process
and Ps,x(AS, =Asu+Au,s<u<tr< T) =1 for g.e (s,x) € Er. For a given additive functional A of X, its energy is given by

1,
A) =1lim —E,A 2.20
e(4) tl\r,% 2t Mt ( )

wherever the limit exists. If N is an AF such that for q.e (s,x) € ET has P; , almost all continuous trajectories, it is called continuous AF
(CAF). If M is an AF such that for q.e (s,x) € ET, Es,x\Ms,,|2 < eoand EgxM;; =0 fort € [s,T) it is called martingale AF (MAF). A CAF

A of finite variation is square integrable if / Eq «|As.. \%ds < oo,
0

It is known from [37], that for a time-inhomogeneous Markov process X associated with the operator L; defined in (1.2), the functional
Ar = u(X;) — u(Xo) admit the so-called Fukushima decomposition i.e for q.e (s,x) € Ry x RY

M(Xt) - M(Xs) = Ny +Ms,t s<t, P x-as (2.21)
where N is a two-parameter continuous additive functional (MAF) of X of finite energy. Moreover
. . ot
(MiMl.) = [[aj0.X0)a8, s< (2.22)
: L
which implies the process

t
B.g,,:/ o '(0,Xe)dM; g, t>s (2.23)
S
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T

where 6-6° = a is a Brownian motion under Py y. It is also known from [38] that By . is an {f”}pv—Brownian motion.

Also, it is known that for a time-homogeneous Markov process X’ associated with the operator — + L;, X’ admit the strict Fukushima

ot

decomposition

u(X;) = u(Xo) +N; + M, (2.24)
where N is a CAF of X’ of zero energy and M is a MAF of X/ of finite energy. In [32],

P(N)(0) =Nysi (@), p(Mi)(0') = Myss(@), >0 (2.25)

for (@' = (s, )) where p: R, x R? — R? is the orthogonal projection.
Set N; = p(N;) and M; = p(M;), ¢ > 0, then

Ni (@) = Ny g4 (0), M (0") = My 514 (0) for &' = (s,0)t >0 (2.26)
and fort >0, 7(¢) : ® — R by putting

(1) (@) =s+t=1(0)(®)+t for®' = (s,w) (2.27)
If § is a random variable on Q then & (0') = () for @' = 5,0 € Q' with X; = (7(r),X¢(;)), £ > 0 and

{—inf{t >0:X, ¢ Ry xE}, Ce=CATe, Te=T—1(0)

Moreover,
. . t
<M’,M-'> :/ a;j(Xg)d0,  1>0, Pl -as (2.28)
1 0
for every (s,x) € Ry x R?, which implies the process

!
B, = / o' (Xg)dMy, >0 (2.29)
0

where 6-67 = a is a Brownian motion under P; , and also an {.%/ },;>0-Brownian motion.

Let X/ = ({Xsz,t > s}, {Px, (5,x) € RT x E},{.F,t > 0}, ) be a diffusion process such that for every 7 > 0, then the transition operator

(Pt f)(x) = Esxf (X) (2.30)

A positive AF A of X’ and a positive measure ¢t on R x E are in the Revuz correspondence if

_ [ fdu = lim o B Ey, "’“f(X,)dA, dm (s,x) (2.31)
0 JE O—reo 0 JE - Jo

forevery f € ' (R4 X E). If (1,1) < oo, then A is called integrable under (2.31), the family of all integrable positive additive functionals of
X’ and the family of all bounded positive soft measures on R x E are in one-to-one correspondence. The additive functional corresponding
to a positive bounded soft measure it,A* corresponds to u if and only if for q.e (s,x) € Ry X E

Eé,x,/ogsf(xt jaat = [ (/ S @pR(0.(5.2), (2 )) (2.32)

forevery f € B4 (R4 X E).
The potential operator associated with X’ is given as

ROT pu( /(// (5,x),2)du( )) (2.33)

so that (2.32) becomes

EL, / FX)dA = RO (s ) £(2) (2.34)
hence
ROy / A (2.35)

Result 2.29. Let it € .# ,(Er). Then there exists a positive AF A* of X such that for every (s,x) € Er, if R®T p1(s,x) < oo then

gS
Bl [T nedaf = [ n(@.v)pe(soxty)du(y)
T

for every bounded 1 € #(Er)
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Suppose the coefficient of the operator (1.2) does not depend on time i.e g; ;(f,x) = g; j(x) for (¢,x) € Er, yields (2.17). The fundamental
solution of A has the property that

ps,x,t,y) = p(t—s,x,y) foranys>s,x#y (2.36)
Let X = ({X;,t > 0},{Py,x € E},{%,t > 0}, {) be a diffusion process, the transition operator is given as
(Pf)(x) = Exf (Xi) (2.37)

In the homogeneous case, a positive AF A of X(X = {(X,P,) : x € R}) where P, = P} is a time-homogeneous Markov process with
transition density p(¢,x,y) = p(0,x,7,y) and a positive measure it on E are in the Revuz correspondence if

Oof—ro0

(. f) = lim & /0 B /E <Ex /0 - f(X,)dAt) dm(x) (2.38)

forevery f € B(E). If (u,1) < o, then A is called integrable. The family of all integrable positive continuous additive functionals of X and
the family of all bounded positive soft measures on E are in one-to-one correspondence via (2.38). A* corresponds to y if and only if for q.e
xekE

g0 =
E, /O FX)dAF = /0 /E FO)PE(. (s2,y)dp(y)de (239)

Gg(x,y) = [y pe(t,x,y)dt is the green function on E. Then from (2.39),

é/()
B /O F(X)dAR} = /E F)G(x,y)d (y)de (2.40)

The potential operator associated with X is

Ru(o) = [ Glxy)du(y)ds (2.41)
hence,

CO
Ru(x) = Eyx /O dA (2.42)

and by Result 2.29 R (x) < oo, for a fixed Borel positive measure on E.

Result 2.30. Let u € .# ,(Er) do not depend on time. Then, A is continuous, for every s € [0, 7], R®T ji(s,x) < oo for g.e x € E and

AR 0,0) =A¥ (w) for Praew € Q. (2.43)
Furthermore, from [39], there is ¢ depending on d, A such that

plt,x,y) < a2 fort>0 x,yeR? (2.44)
Therefore, there is ¢ depending only on d, A such that

sup Ex(0 < c|E|Y/? (2.45)
x€R4

where |E| denotes the Lebesgue measure of E. Also, there exists a constant a < 0, b > 0 depending only on d, A, |E| such that for every > 0

sup Po(L0 > 1) < ae ™. (2.46)
x€R4

3. Qualitative Properties of the Solution

This section covers some qualitative properties of the solution of the system which include regularity of the solution, the existence of the
solution, the uniqueness of the solution and large-time behaviour of the solution. For necessity, the following are shown: (Y**,Z5%) €
29®.#9,Y is of class (D); the regularity of Er 3 ¢ — u(s,x) = E{ ¥;™; the existence and uniqueness of the solution (Y** = u(X;),Z%" =

o Vxu(X)); the gradient of the solution in L7

IOC(ET) and lastly, the asymptotic behaviour of the solution as t becomes large.
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3.1. Existence and Uniqueness of BSDE
We shall make use of the basic assumptions in subsection 2.3.1. To start with, consider the following proposition.

Proposition 3.1. Assume (BI)-(B4). Let F be the set of those (s.x) € Er for which the data §r, f(X, ., ')‘P(XT:)I{C>T, ,AH satisfy assumptions
(A1)-(A4) under P; . Then, cap(Er |F) = 0 and for every (s,x) € F, there exists a unique solution (Y**,Z°~) of BSDE; (@,E, f +du) such
that (Y**,Z°*) € D1@ M1 for q € (0,1) and Y** is of class(D).

Proof. The condition

Cr ‘g‘:
OXr) oy +Eby [ F(Xou )0 +EL [ da G0
is finite i.e
, (5 S
T oy +EL [ (Ko )0 +EL [ dal <o (32)
is satisfied a.e (s,x) € Er|F, then it is satisfied for q.e (s,x) € F.
Assume,
, (& S
w C {(s,%) : 9(X7,)Lyeomyy +Es,x/t f(Xg,-,-)d6 +Es,x/t dAy <o} (3.3)

and & = inf{r > 0: 7(t),Xy(;) € k} A Tr where k is a compact subset of w = co. Since (X, P} ,)) is a Feller process, {; is a {F; }-stopping
time. By the strong Markov property with random shift

e Ge
Patte < < P (B (IO gy + [ 1Ko a0+ [ ant ) = <72
, , & & L) oyt
=P (Bl (o)t gy + [ 7Koo+ [ daf| 7 ) = oo e < T
/ / & / / & Wy gt
:Ps,x (p(XTr)l{C>TT} +Es,x/t f(X977)d9|'% +Es.x/t dAe ‘J, =% C‘L’ <T:
< I < IR s
:Ps,x (P(XTT)I{C‘Y>T1}+E37X/I f(XQ,',')d9|=/t+Es,x/t dAe‘Jt :oo7c <T:

which by assumption equals zero for a.e (s,x) € E7. Thus, cap(k) = 0 for any compact subset k of (w = o). Since cap is the choquet capacity,
it follows that cap({w = 0}) = 0 i.e cap(Er|F) = 0 which implies that in the case of Markov-type equations, (B1)-(B4) are analogous to
(A1)-(A4).

For the second assertion:

Assume that

r=11£(,0)|Jeo + |Ez oo + [I|Al 5]l < oo, where & and sup |f(z,0)| are bounded random variables. Let 6,, be a smooth function such that
t
0<6,<1,6,(y)=1for|y| <rand 6,(y) =0 for [y| > r+1.

ny

Forke N, let T,(y) = AV D]

and

ha(t,y) = 0,(y)(f(1,y) = £(1,0)) +/(1,0),

Vrr1(t) Vi

Vi (t) = sup |f(2,y) = f(2,0)].

yl<r
This function still satisfies condition (A2) but with a positive constant.

Choosing y and y in R?, if |y| > r+ 1 and |y/| > r+ 1, the inequality is trivially satisfied and reduces to the case where |y'| < r+ 1. Thus,

(y=y b, ) = ha(t,5)) = 6,(y) —— vn<yfy’7f(t,y)ff(t,y’)> ‘ (6:(»06-()) (=Y, f(t,y)— f(2,0)) (3.4)

Vi1 (1) Ves1(t) Vi

The first term of the right-hand side of (3.4) is negative since the condition (A2) is in force for f with y = 0. For the second term, one can
use the fact that 6, is C(r) Lipschitz since |y'| < r+1

(6:(v) = 6,(")) (y =, [f (t.y) = F(£,0)]) S C(r) [y =Y PIf(t.5") = £(£,0)] < C(r) (An+ Wrg1 (1) |y = (3.5)
so that
. (6-(0) — 6:(")) (y =¥, £ (t.3) = £(2,0)]) < C(r) (A + D)y —y'|? (3.6)

V1 () Vi
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Hence, for each n € N, the BSDE associated with (€,%,) has a unique solution (¥Y”,Z") in the space 22 ® .#>. Since (y,hy(t,y)) <
YIlf(2,0)]| + Ay| and & are bounded. Result 2.22 shows that the process satisfies the inequality

Yl <7 3.7
In addition, from Result 2.21

12"z <+ (3-8)
where ¥/ is another constant. As a byproduct (¥Y",Z") is a solution to BSDE associated to (", f,, + dA™) where " = T, (&),

) = FE) = FEOFT(0)  and AT = [Ty cpdn,

for this function (A2) is satisfied with u = 0.
Forie N,let? =y"ti —y" Z=27"t _ 7" A= A" _ A", using the assumption of (A2) and Lipschitz continuity on f,,; yields

o o . 9 _ _ o o= =
RN [Tz P <2 |7 (Ve fuls ) ~ fuls X0 )ds 42 [ (Fad) ~2 [ R (R Zay) (3.9)
t t t t
But ||¥ || < 27 since ||Y||o < 7, so that
2, _ o - — _
e”‘f|Yf2+/ e2“|zs|2dsg4r/ 5| (s, YD) — (s, Y1) |ds+2/ 225 (7, dAy) 2/ S (Yy, ZydBy) (3.10)
t

Using Burkholder-Davis-Gundy inequality [41], hence for a constant ¢,

o
sup ¥, ( 7 2ds)
o ¥ / 12|

c _—
cpE l:/t <YS7stBs>:| SdpE |:/t |YS|”ZS||2dSi| SdpE

and thus

o d _
cpE Ut ( S,zsd35>} < 7‘”E sup ¥;

s€t,o]

dp %72
+2E Vt ] ds] 3.11)

where cp and d), are constants.
From conditioning of (3.10) and (3.11),

- - ' - p
E[/t ||Z|\2ds}§4rE [/t \fn+i(s,1/é?'+’)—fn(s,Ys”)|ds}+4rE Ut dAS]—2<2pE

Further simplification yields

+E {/ta |Z|2ds]) < 4r <E {/ta | fosi(s, Y1) *fn(s7YS”)\ds} LE {/IGdA_SD

sup ¥
s€lt,o]

sup ¥
selt,o]

el

sup ¥,

s€(t,0]

(144, <E

so that,

y WA 4 M . ntiy _ n o -
£l sw 5| ve | [“12P0] < ot (e [t - poania] v2 ] [*as] )

|s€[t,0]
and then,
[ _ T [ o _ 1 o . o _
£l s i £ | [T12Pas] <or(E| [T i) <& | [Ta] ) G.12)
|s€lt,0] | L/t J t t
4
where C = ————. The right-hand side of the inequality (3.12) tends to 0 as 1 — o, hence, there is a Cauchy sequence in 2> ® .#? and

(1+dp)
the limit is a solution to the BSDE i.e ¥;" — ¥; and / Z!dBg; — / ZsdBy.

Next is to show that (Y,Z) € 27® .#4 assuming u < 0. From the previous step, it is shown that the BSDE has a unique solution in the
space 2% ® .4°.
t
Form >n,let Y =Y™ —Y" §Z =7" —7" 6 = E™ —E" and 74 :inf{t > 0;/ |6Z,|%ds > k}.
0

By the It6-Tanaka formula (Lemma 2.1), for t > 0,
T /\O L ) T/\O R T« /N\NO n N
8Yine | < 8¥anal+ [ (SR fuls ) = fuls X)) st [ (SYea(ay — )+ [T (6%, 87dB)

T N\O T N\O N .
< |5YW,|+/ | fnls,Y™) — fn(s,YS")|ds+/ d|A’"—A”|S+/ (8%,,82,dBy)
t t
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and conditioning with respect to .%; yields
Ty \O Tk \NO
(8¥nal <E (Yfma|+ | ¥ = fuls. ¥ las+ | d|Am—A"|s\%) (3.13)

The process 6Y is continuous and belongs to a class (D). It follows that P x-a.s, 8Yz, = Yy a6 — Y5 = 0 as k — oo and this convergence
holds in L!. As a byproduct, it is deduced that E (8Yr,|-7:) converges to 0 in the ucp, so that (3.13) becomes

T N\C Tk NO
nt <2 ([ Uts ) - isalastz )b ([ aun -y 7) G149

from which the following inequality is derived
(e} (e}
oY | <E (\5 1Lge5n) +/0 £ (5,0)[1g5(5.0)[>n}dS +/0 1{\A|S>n}d|A|s|e%) (3.15)

We have from Result 2.20 that

E| sup |8Y|?

s€t,0]

1 o [} q
< 17—qE |:|§|1{\§\>n}+/0 |f(svo)‘l{|f(s,0)|>n}ds+/0 1{|A|A>n}d‘A|S:| (3.16)

Therefore, there exists ¥ of class(D) and belongs to 27 for each ¢ € (0,1).
Y" — Y in the norm || - ||; and in 29 for each g € (0, 1), thus (Y")y is a Cauchy sequence.
Now, (8Y,6Z) solves the following BSDE

(o2 o (e}
5Y; zgmfgu/ Fs, 5n)ds+/ dAF/ dZ,dB, (3.17)
t 0 0
where F stands for the random function

F(t,y) = fu(t,Y") = fut,Y]") (3.18)

since f,, is monotone, F satisfy the inequality

O FE(,2)) < ILFE0) (L f,0)5n (3.19)

Thus, using Lebesgue Dominated convergence theorem, it can be deduced that for g € (0,1)

c q/2
( /0 |52s\2ds)

It follows that for each ¢ € (0,1), (Z¥); is a Cauchy sequence in .#4 such that for every ¢ € (0,1) and r > 0

c q c q

o q/2
E {/ (Z;’st)dBé} -0 as n — oo in ucp (3.21)
0

and since the map y — f(¢,y) is continuous, by taking a limit in ucp that (Y, Z) solves the correct BSDE.
Let us consider (¥,Z) and (Y’,Z’) to be two solutions of BSDE(, 0, f + dA) such that ¥, Y’ are of class(D). Then (Y,Z) = (Y —Y',Z—Z)
is a solution of the BSDE

— 0 6 —
Yr=/ (f(s,Ys)*f(s,Y!))dsf/ ZdBs, t>0 (3.22)
t t

Taking the conditional expectation of (3.10) and using (A2),

E| sup Y

s€[t,0]

%2
+{ [z ds}go (3.23)

Thus, (Y,Z) = (Y',Z').
Hence, it is shown that (Y, Z) is a unique solution to BSDE(&, 0, f +dA) O

Before the prove of the existence of solutions to the system (2.9), there is a need to address the regularity of the function E7 such that
(s,x) € E7 v u(s,x) = ES’JYS’X.
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3.2. Regularity of the Function Er

Proposition 3.2. Let F be a Borel subset of ET such that cap(Etr|F) = 0. Assume that for every (s,x) € F, the real process Y** is continuous

semimartingale under Py’x such that Y;\;xé =0, t > 0 and there exist a Borel function v on E7 such that for every (s,x) € F and everyt € [0, Tx]

v(X;) =Y, Pl

sx

a.s (3.24)
Thus, u(s,x) = E, Y™ is a quasi-continuous version of v and for every (s,x) € F
wX) =Y 1e[0.Gl, Kcas (3.25)

Proof. let (s,x) € F. Since Y*** is a continuous semimartingale there exists a finite variation continuous processes R** and Z** € M such
that

g‘l g‘f
Y = e (Xr) + /, dRy — /f Z5%dBg, 1€(0,8] Plas (3.26)

Let " =y — L <ys*=Uiel" <U.

By comparison principle, as seen in Theorem 1.3 of [40],
<yt 1e(0,8], Pas foreveryn > 1,¢" < LR and (e, Y, Z0) < PN Y 2 di @ dP ace. (3.27)

Therefore, ¥; = sup,,>, Y

which implies

Y Y, 1€0,&], P as (3.28)
Furthermore, if ¥" = sup;<, Y,"’k then,

v €0, Plias (3.29)

Note that fi(7,y) = k(y — L")~ is the generator of the BSDE for Y,"’k
1

Let fi (t,y) = k(y—L")~ —I(y — U;) ™ be the generator of the BSDE for Y,”’k'l. Since V¥ — — < Y% then fi;(¢,y) < fi(t,),
n :

so that Y,"’k = inf Y4,

>1
Hence,
YN e (0,8, P (3.30)
By (3.24)
N
Sii(y) =k (y —v(X)+ ;) —Il(y— v(X))+7 dt @ Pl -aeon[0,{;] x Qforeveryy € R (3.31)

Let g (1,x,y) =k (y—v(x) + %) —1y—v(x))". So that,Y,"’k’l = h(Xt), t € 10,8c], Py ,-a.s, where Iy is a quasi-continuous version of
the solution of PDE(0, 7y ;).
Let h(s,x) = limsupliminfhy ;(s,x), (s,x) € ET.
koo o0 7
Then by (3.29) and (3.30),
Y = h(Xy), t€[0,&], Pscx-a.s for every (s,x) € F. (3.32)

In particular, since Y € .#2, the function # is quasi-continuous. From what has already been proved it follows that for every n > 1, there

exists a quasi-continuous function u, such that

Y = u, (X)) t € [0,¢], P -as for every (s,x) € F. (3.33)

Let

u(s,x) = limsupu,(s,x), (s,x) € Er (3.34)
n—roo

Hence, Y/* Y, which is the desired result (3.28).
Assuming that Y** is bounded. By the It6-Tanaka formula (Lemma 2.1), T;(Y) is a semimartingale, so by the first part of the proof, the
function uy defined as u(s,x) = E{  Tx(Yy™), (s,x) € Er, is continuous and for k € N

T (%) = w(Xy), t €[0,&], P.-as for every (s,x) € F. (3.35)
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But uy(s,x) = EsxTi(Yy™) = Ty (EgxYy™) and since Y™ is constant P} ,-a.s. Therefore, letting k — oo in (3.35), and using the fact that

L") =Y inRM

result to
= u(X,) (3.36)
which is the desired result O

Proposition 3.3. Let F be a Borel subset Et such that cap(E7|F) =0 and let u : Er — R be a Borel function. If u(X) is a continuous
semimartingale under Py on [0,z] for (s,x) € F, then u € WO (XET) and there exists Continuous Additive Functional (CAF) of finite

variation such that

u(Xy) = u(s,x)+ /Ol dAg +'/Ot oVxu(Xg)dBy 1€[0,¢d], P y-as (3.37)
for every (s,x) € F

Proof. Assume u is bounded. By [34] and (3.33), it is known that

V' =un(Xp), 1 €00,8:),  oVxun(X)=2", dt @ P, -ae (3.38)

Since ¥ = u(X) is a continuous semimartingale and the basic filtration is Brownian, there exists a finite variation continuous process R** and
process Z** € M such that

't t
Y, =Y+ / dRy" + / Zg'dBg,  1€10,5] (3.39)
0 0

Since the process Y is continuous from the proof of Proposition 3.2 and Dini’s theorem, it follows that

P | sup |-V >¢e]—0 (3.40)
" \re0.g]

Moreover, following Proposition (6.1) in [34]
dR"" <lgyp_pydR",  dR™™ <1gyn_ymdR; (3.41)

Therefore, there exists a sequence of stopping times {7} such that 7, < Tp, 1, k> 1, 7 — CT,RY’7 ~a.s for q.e (s,x) € Er and for every k > 1,

the sequence {Y"%}. Therefore,

!
P, << [ @~z asa) ) >e0 (342)
' 0 <

From (3.38)—(3.42), u € WO (XEr) ie ¥; = u(X;) and o Vxu(XET) = Z°* di @ P -a.e
u(s,x) = E; , putting

Ar = u(X,) — u(s,x) — /0 | 6Vyu(Xg)dBe (3.43)
as in (2.24). Then, (3.43) becomes

u(X,) = s, x) + A + /0 6 Vxu(Xe)dBo

Since u € WO!(XET), it implies that

Y =Yo+A,+Zy"dBy, t€[0,¢] (3.44)

Comparing (3.39) and (3.44), A is a Continuous Additive Function (CAF) of finite variation and P/ .(R;"”* = L;,t € [0,{;]) = 1 which proves
the proposition in the case u is bounded. In the general case, (3.39) still holds.

By the It6-Tanaka formula (Lemma 2.1), for every k > 0

t - t ) 1 _
Tic(u)(Xy) = Tic(u(s,x)) + /0 1 (u(Xo))dRy" + /0 1y ((Xe))Z5'dBo+5 (Li-L7F),  1e(0.4d (3.45)
where L¥ (respectively, L) is the local time of the process u(X) at k (respectively,—k). Also, by (2.10)

Te)(X) = a0+ [ 1 g u(Xe))das" + [ 1 40VcTilu(Xe) B (.40
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Comparing (3.45) and (3.46), it is observed that

2714 (X)) = 14 g0 V(T () (X), dr @ P, —a.e (3.47)
Hence, by Result 2.25,

Z7 Y g (X)) = 1 g g (u(X)) o Vu(X), dt ® P, —a.e for every k > 0, (3.48)
further simplification yields

Z7 =oVxu(X), dt®P,—ae (3.49)

Since, Ty (1) € WO! (XET) for every k > 0, u is quasi-continuous and u €RB, there is a need to show that u € W XEr.
For g.e (s,x) € Er and € > 0,

G &
P (717000~ P Xe)a0 > ) < L ([T 1Py > €) 0 650)

which shows by that 7 («) — u in RM. By Result 2.25, for k < [,
o (1 V10~ TP 010 > ¢) - =#L ([ vl - TP o) > )
:Ps,x ( Vx| Ti(u W)=y — T () (Xg)d6 > 8)

=P, </ V| Ty ()1 54} (X0 )d6 > 8)

< Ps,x <ess supge|o,z,)[4(Xe)| = k) (3.51)
By the assumption that u €RB, the right-hand side of the above inequality (3.51) tend to zero as k — o which shows that Vx Ty (u) — VxT;(u)
in RM as k,I — 0. Consequently, u € W01 XEr O
3.3. Existence and Uniqueness of Solution
This section considers the existence and the uniqueness of the system (2.9)

Theorem 3.4. Assume (B1)-(B4). Then, there exists a unique solution (2.9). Moreover; there exists a version of u (still denoted by u) such
that

'é’r ’CT C‘:
u(x,):1{;>Tf}¢(xTT)+/t f(Xg,u(Xg))dB—i—/t dA’g—/ 6Vxu(Xg)dBg, 1€ 0,5, Plo-as (3.52)

t
is satisfied for every (s,x) € F
Proof (Existence Result). By Proposition 3.1, for every (s,x € F), there exists a solution (Y**,Z**) of BSDE, +(¢,E, f +d ) such that
(Y**,Z**) € D1@ M1 for g € (0,1) and Y** is of class (D).
Using Markov property,
M(Xr) = E’/E Xr YS’X
El ( S X ° 9[ |th)

= Ex(Y"|F)

—ys

=1
so, u(X;) = Y;"*, P{ ,-a.s for every (s,x) € F and every 1 € [0, 7], where u(s,x) = E{ Y™

Consider a solution (Y5, 2"5%) € 9@ .#%, q € (0,1) of the BSDE; «(@,E, f +dt) such that Y5 is of class (D) and u, (s,x) = E; Yo
and for every (s,x) € F,

un(Xe) =Y 1 €[0,80], Pl -as, oVu,(X) =Z"" dt @ P; -a.3 (3.53)

Applying Proposition 3.2 to each coordinate of the process ¥Y** — Y™*  there is a quasi-continuous function v : E — R¥ such that for every
(s,x) e F

Yts,x _ Ytn.s,x = v(X,) €0,&], P -as (3.54)
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From (3.53) and (3.54),

VY = (X)) 1v(X)) 1€ [0, P as (3.55)
But

v(s,x) = E;’XYOS’X fE;xY(;q’s’x = u(s,x) — uy(s,x) forq.e (s,x) € Er.

Therefore from (3.55),

Y =y (Xe) + u(Xy) — un(Xy) t €10, CT],PS'7x—a.s

Hence,

Y =u(X,) 1 €[0,80], P -aus (3.56)

It follows that u is quasi-cadlag and belongs to RB.

Let ii(s,x) = lgll un(s,x), (s,x) € Er and
n—ro0
a(X;) =Y, 1e0,¢], P;’x-a.s for g.e (s,x) € Er. (3.57)

We have that i is quasi-cddlag, such that i belongs to 920’1 i.e Ty (1) — i in RM. Since i is quasi-cadldg, it belongs to RB.
Following Result 2.27, i € W91 (XET) and u = i q.e. Therefore, applying Proposition 3.3 to each coordinate of the function v, it follows that
u € WOL(XET) and u(X) = Z* dt ® P ,-a.s for every (s,x) € F. Also from Result 2.28, u is of class (RD). Thus, u is a solution to (2.9). [

Uniqueness Result. Assume that o < 0. Let (Y5*,Z5%), (Y5, Z%%) be the solutions of BSDE; (¢, E, f +du) such that Y** and ¥~ are
of class (D). Then (Y5, Z5%) = (Y** — V5% 75" — 75¥) is a solution of BSDE

- & _ &
= / (F(Xe,Yg™) — f(Xp,¥g™))dO - / Zg'hBg, 120 (3-58)
t t

2 >k}, by the It6-Meyer formula,

) _ & oo
Assume, oy = inf{r > 0; | |Zy

~

78X T8,x "OkN\Ge 5,X TSX\ A TS "OLNGe ALTSXY FS,X 3.59
Tl [ (FKe ) — (X Ty ) sen®)) = [ (senFy). 25 aba) (3:59)
By property B2 (under basic assumptions in subsection 2.3.1) and &t <0

e 5% TSXN A (TSX
| (X5~ 1(Xa ) sn(7)) 0 (3.60)
Hence (3.59) becomes

- O'k/\CI - =

75 < — / <sgn(Y5’x)7ZS*de9>, 1>0. (3.61)
t

Taking the conditional expectation with respect to F; on both sides of (3.61)
. O'kA(:r o .
¥ <E <—/ <sgn(Yg=X),Z”dBe> |F,) (3.62)
t

and then letting k — oo and using the fact that Y5+ is of class (D), therefore,

|P*|=0,7>0 which implies ¥, = ¥} (3.63)

Next is to show that u has weak derivatives in LiIOC(ET)

Proposition 3.5. Let u be a solution of the system (2.9). Then Vxu € L’;UC(ET) Jorevery q € (0,1).

Proof. Since u is of class (RD),u(X) is of class (D) on [0, {7] under Py , for g.e (s,x) € Er. Therefore, (u(X),cVxu(X)) is a unique solution
of BSDE; x(@,E, f +du) and u € 24 and Vxu € .4 for g € (0,1). Applying the Itd-Tanaka (Lemma 2.1) to (3.52) and then apply (B2)
and the fact that u is of class (RD) yields

& &
%) < B (100K gy + [ Xo.001d0 + [~ alatlo 157 G64
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By Burholder-Davis-Gundy inequality [41], it is obtained that for every g € (0,1),

1 & e
B sup X017 < L (14100 gy + X000+ [ dla¥lo)
0<1<& —4 Jo Jo

& &
B sup X017 < (1-0) B (1 00Xn gy + 1/ X6, 000 + [ alat ) 6.65)

OSISQ

By the above estimate and Result 2.20

e 4/2 Ge Ge
B ([T lovauxa)Pao ) < et (14 005 1 igmy + 11 Kau0)d0+ [ alat]o ) (.66

for every g € (0,1). Since g € (0, 1), it is obtained that

'Cr q/2 'gr
B ([ lovautxaRan) = n e ([ 19eatxe e )
’ 0 ’ 0
&
> AT (/ \qu(xeﬂqd@)
’ 0

= A7 [ (9u(0.) P (5., 6.9)d0dy < o
T

for q.e (s,x) € Er, where p is the transition density of the process X killed on existing E. pg(s,x,.,.) is continuous and strictly positive on

(s,T] x E [39], hence, Vxu € L| (Er). 0O

Remark 3.6. From [31], it follows that if u is a probabilistic solution of (2.9) such that f(.,u) € L' (Er), then, u € 920"1 ,ueli(0,T; WO1 “E))
for g € [1 , % ) and u is a renormalized (entropy) solution of (2.9)

4. Conclusion

The existence of the solution of a semilinear parabolic system with measure data is considered in this paper. The methods of proof are those
of stochastic analysis, the Markov process and mainly Backward Stochastic Differential Equations (BSDEs). The proof of the main result on
existence and uniqueness of

G & o u G
u(X0) = Veory 0(Xr)+ [ f(Xou(Xa))do+ [~ anf— [7 oVu(Xa)aBy @

is probabilistic. The approach made was to show that cap(Er\F) = 0 and for every (s,x) € F, there exist {.%/} progressively measurable
processes consisting of an RV-valued process ¥** and an R? x RV -valued process Z** which are the solution of BSDE

e e e
=1y o(Xr,) + /t f(Xo, Y™, Zy")d6 + /t dAly — /t Zy dBg, t€[0,5] Py -as (4.2)

such that (Y**,Z° € 29® .#/7) and Y** is of class (D). Then u(s,x) = E; Y™ is set for (s,x) € Er and show that u is quasi-continuous.
Using the Markov property, u(X;) = Y;*, P{ ,-a.s for every (s,x) € F and t € [0, T¢], where F is a Borel subset of E7 such that cap(E7 \F) = 0.
Lastly, it was shown that u is quasi-cadlag, belongs to W%!(XE7) and the representation

Y =u(X;),r €0, P -as L Z =0 Vxu(X) di@P;,-as (4.3)

holds quasi-every (q.e for short) with u having weak derivatives in Li]oc(ET)' The probabilistic solution u to the system is generally weak
and could be considered as some generalization of the notion of the renormalized solution because if f, C L' (E7) then u € 920’] U €

L9(0,T;WH4(E)) for g € [1, Z—ﬁ) and u is a renormalized solution to the system as presented by [31]. The results were proved for systems

with f satisfying conditions for which the usual monotonicity methods do not apply, it only requires f to satisfy a mild integrability condition
and allow f to depend on x.

In the case of uniqueness, choosing any two solutions of Backward Stochastic Differential Equation (BSDE) which are of class (D), and
taking the conditional expectation with respect to F;, letting k — oo, it was shown that the solution is unique.

Hence, for a Cauchy-Dirichlet problem of a monotone semilinear parabolic system in divergence form with measure data, there exists a
unique probabilistic solution of the system under a mild integrability condition on the data.
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