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A UNIFIED SYSTEM OF FB-SDES WITH LEVY JUMPS AND
DOUBLE COMPLETELY-S SKEW REFLECTIONS*

WANYANG DAIT

Abstract. We study the well-posedness of a unified system of coupled forward-backward stochastic
differential equations (FB-SDEs) with Lévy jumps and double completely-S skew reflections. Owing
to the reflections, the solution to an embedded Skorohod problem may be not unique, i.e., bifurcations
may occur at reflection boundaries and the well-known contraction mapping approach can not be
extended directly to solve our problem. Thus, we develop a weak convergence method to prove the
well-posedness of an adapted 6-tuple weak solution in the sense of distribution to the unified system.
The proof heavily depends on newly established Malliavin calculus for vector-valued Lévy processes
together with a generalized linear growth and Lipschitz condition that guarantees the well-posedness of
the unified system even under a random environment. Nevertheless, if a stricter boundary condition is
imposed, i.e., the spectral radii of each square submatrix at a corner of the reflections are strictly less
than unity, a unique adapted 6-tuple strong solution (in the sense of sample paths) is considered. In
addition, as applications and economic studies of our unified system, we also develop new techniques
including deriving a generalized mutual information formula for signal processing over possible non-
Gaussian channels with multi-input multi-output (MIMO) antennas and dynamics driven by Lévy
processes.
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1. Introduction

In this paper, we aim to prove the well-posedness of an adapted 6-tuple ((X,Y),
(V,V,V,F)) weak solution (in the sense of distributions) to the non-Markovian system of
coupled forward-backward stochastic differential equations (FB-SDEs) with Lévy jumps
and double completely-S skew reflections under a given control rule u over time interval
(0,77,

{X(t) =&+ Z()+RY (1), (1.1)
V(t) = HX(T),x)+U(t)+S(F(T)—-F(t)), )

where X in the forward equation is endowed with the given initial value £, and V in
the backward equation is endowed with the known terminal value form of H (X (T),x).
Furthermore, the “«” in H(X (T'),*) denotes known random factors that can be explicitly
expressed in terms of the driving Brownian motion and/or the Lévy process that will
be defined in Section 2.

In many real-world applications (e.g., in quantum physics, queueing systems, and
economics), the processes X and V in system (1.1) are referred as the state process
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and its associated value process. In particular, the processes Z and U are called state-
dependent netput processes. For our purpose of study, we unify existing specific discus-
sions on Z and U to the generalized form with Lévy jumps and feedback control law u
in a forward and backward coupling manner as follows,

dZ(t)= b(t=, X, V,V,V, w)dt+o(t~,X,V,V,V,u)dW t)
+ [on n(t=,X,V,V,V, u,z)N(dt,dz),

AU (t) = c(t=, X, V,V,V, w)dt —a(t™, X, V,V,V,u)dW (t)
—Jzn C(t=,X,V,V,V, u,z)N(dt,dz),

(1.2)

where t€[0,T] and Z" is the product of h number of R—{0} (i.e., (R—{0})x---x
(R—{0})) oris R" =[0,00)". The process Z in (1.2) is in a forward manner with initial
condition Z(0) =0 while the process U is in a backward manner with terminal condition
U(T)=0. Furthermore, V and V in (1.2) are two unknown regulating processes that are
part of our 6-tuple solution to be determined. In addition, W is a standard continuous
Brownian motion and N is a centered jump Lévy process. Note that for each functional

f 6 {b?o—’c’a}7
FXVV.V u,z)= F(6X (), V), V(0),V(80)ult, X (1),%), (1.3)

where the dot “” in V(t,~) denotes integration in terms of the Lévy measure, and the

*” in (1.3) represents known random factors that can be explicitly expressed in terms
of W and L. However, if f € {n,(}, the right-hand side of (1.3) should be changed to

F&X @),V (@), V(t),V(t,2),u(t,X(t)),z%). (1.4)

The processes Y and F in system (1.1) are called boundary regulators (e.g., loss potential
processes in practical systems), which are given by

Yi(t) = foiID,i (X (s))dY;(s), (1.5)
Fi(t)= [y 1p,(V(s))dFi(s).

More precisely, X in system (1.1) is a p-dimensional process governed by the F-SDE
with skew reflection matrix R, and V in system (1.1) is a g-dimensional process governed
by the B-SDE with skew reflection matrix S. Furthermore, Y can increase only when
X is on a boundary D;, i €{1,...,b} and F can increase only when V is on a boundary
D;, i€{1,....,b}, where b and b are two nonnegative integers. Both Y and F are the
regulating processes with possible jumps to push X and V back into the state spaces
D and D respectively.

It is not difficult to understand the existence of a solution to the system (1.1)—(1.5)
when the driving processes are continuous Brownian motions (see the related discussion
in [46]). However, the existence of a solution if the driving processes are general Lévy
processes with jumps, in particular when the state space D or D is bounded, is not
obvious. Our interpretation to this existence problem is by way of Skorohod decompo-
sitions as used in diffusion approximations for queueing networks (see [12,13], and [10]).
In other words, for two given netput processes Z and U, we try to find two pairs of Sko-
rohod decomposed processes (X,Y) and (V, F) satisfying the required properties. From
the viewpoint of a sample path, this existence issue is consistent with the well-known
Skorohod problem (see [12], [10]). Note that the processes Y and F' are parts of the
6-tuple solution to system (1.1)—(1.5), which are frequently called Skorohod regulators
(see, Figure 1.1 for an example).
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The proof for the well-posedness of an adapted 6-tuple weak solution to the system
of FB-SDEs in (1.1)—(1.5) is based on a general boundary reflection condition (called
the completely-S condition in physical queueing systems, see [12], [10], [11]). Besides the
well-known mirror reflection, the condition is concerned with a general non-symmetric
skew reflection over boundaries (see Figure 1.1 for such an illustration). Under this

Skorohod
Regulator at
Jump Point

RSDE’s Sample Path %

(Boundary, Corner)

Inward Reflection \
Yy
—>

V1
v +x,v, ¥

(x,>0,x,>0) Skew Reflection
(non-symmetry)

Fi1c. 1.1. Skew and Inward Reflection with Skorohod Regulator under Completely-S Condition.

condition, the solution to an embedded Skorohod problem may be not unique, i.e., bi-
furcations may occur at reflection boundaries for quantum particles moving along the
solution paths. Thus, this non-uniqueness property leads to difficulties in our proof,
e.g., the conventional contraction mapping approach by using the well-known Picard’s
iteration can not be directly extended to solve our problem. However, by proving a
stricter oscillation inequality with some related property in the Skorohod topological
space, and by establishing Malliavin calculus for vector-valued Lévy processes, we de-
velop a general weak convergence method to prove the well-posedness of a 6-tuple weak
solution (in the sense of distributions) to system (1.1)—(1.5).

It is worth pointing out that the coefficients of system (1.2) are functionals of the
coupled forward-backward processes, which brings additional complexity to our analysis.
Furthermore, in our proof, the conventional linear growth and Lipschitz constant is
replaced by an adapted stochastic process that may be unbounded but is mean-square
integrable (see, [14,16]), which guarantees the well-posedness of system (1.1)—(1.5) even
under an external random environment. In addition, if the completely-S condition
becomes more strict, e.g., with additional requirements that the spectral radii of each
square submatrix at a corner of a reflection are strictly less than unity, a unique adapted
6-tuple strong solution in the sample pathwise sense will be considered.

Coupled FB-SDEs motivates an active area of research (see, [39] for a discussion
of coupled FB-SDEs with no boundary reflection, and [29] for a study of Brownian
motion driven B-SDE with reflection, and see references therein). However, to the best
of our knowledge, the unified system of coupled FB-SDEs in (1.1)—(1.5) with double
skew reflection matrices is new and should be the most general form of various existing
SDEs. Furthermore, the study of the well-posedness in terms of an adapted 6-tuple
weak solution (in the sense of distributions) with Lévy jumps and under a general
completely-S reflection condition through the Skorohod problem are also new.
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For the purpose of further illustrating the importance of our unified system in
(1.1)=(1.5), we study the applications of its adapted solution in signal processing over
communication channels. In a communication system, or typically in a cloud-computing
associated communication system, the Lévy processes correspond to white non-Gaussian
noises and can be used to model Big Data (see [18]) in its three-dimensional statistical
features: high-volume (amount of data) with batch arrivals, high-velocity (speed of data
in and out) corresponding to batch processing services, and high-variety (range of data
types and sources). Skew reflections are due to buffer storage constraint and heavily
loaded traffic, or due to system idleness and lightly loaded traffic.

To optimize service over an MIMO communication channel, the determination of its
service capacity is crucial. The capacity is originally derived as the Shannon capacity
for a communication channel with a white Gaussian noise corresponding to a continuous
Brownian motion. The key step in obtaining the capacity is the calculation of the so-
called mutual information, i.e., the information contained in the received signal about
the transmitted signal over the channel (see [9]). Recently, the formula to compute
the mutual information was extended to a single-input single-output (SISO) channel
presented by a stochastic equation (a degenerated SDE without feedback) driven by a
white non-Gaussian noise corresponding to a pure jump Lévy process (see, [19]).

Thus, we also aim to derive and prove a generalized formula of mutual information
for a multi-input multi-output (MIMO) channel modeled by general nonlinear SDEs
with feedback, which are driven by both continuous Brownian motions and pure jump
Lévy processes.

MIMO channels are the major technology in current and likely future wireless and
quantum communication systems. The dynamics governing the MIMO channels can
be modeled as a queueing network consisting of arrival processes, service processes,
and data buffer storages with certain service regimes and network architectures (see an
example with p-users in Figure 1.2). The queue length processes in this network are
the real signal processes to be transmitted over the MIMO channels. Thus, we refine
two generalized queueing models under different assumptions and illustrate their well-
posedness by the solution to system (1.1)—(1.5). Furthermore, based on the generalized
formula of mutual information, we can derive the channel capacity region for an MIMO
channel (or channels) with multiple users. Specifically, one can get the capacity region
that is achievable under a coding (e.g., the dirty paper coding) technique in communi-
cation practices when the queueing signals are approximated by models driven by white
Gaussian noise processes (see [23], [27]).

The remainder of the paper is organized as follows. In Section 2, we introduce
our unified system of coupled FB-SDEs and state the main theorem about its well-
posedness. In Section 3, we study the applications and related economical modeling of
our system in signal processing over MIMO wireless channels. Particularly, we derive a
generalized formula of MIMO mutual information with Lévy jumps. In Section 4, we
prove our main results. In Section 5, we present the conclusion of the paper.

2. The unified FB-SDE and its well-posedness

2.1. Conditions on state spaces. We assume that the process X governed
by the forward SDE in (1.1)—(1.5) lives in a state space D that is a general convex
polyhedral (see [11], [12], [10]). Specific examples of a convex polyhedral include the p-
dimensional positive orthant and the p-dimensional rectangle as displayed in Figure 1.2.
There are b boundary faces for the polyhedral with a given integer b€ {0,1,2,...}; the
i-th face is denoted by D;={x € RP,x-n;=0b;} for i€ {1,...,b}, where b; is some non-
negative constant and n; is the inward unit normal vector on the boundary face D;.
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Fic. 1.2. A queueing network system with p-job classes.

For convenience, we define N =(ny,...,np) and let R in (1.1)—(1.5) be a px b matrix,
whose i-th column denoted by p-dimensional vector v; is the reflection direction of X on
D;. The process Y in (1.1)—(1.5) is a nondecreasing predictable process with Y (0)=0
and boundary regulating property as explained in (1.1)—(1.5). In queueing system, this
process is called the boundary idle time or blocking process.

Analogously, we suppose that V takes values in a region D with boundary face D; =
{veERY v-n;=b;} foric{1,...,b} and a known b€ {0,1,2,...}, where i; is the inward unit
normal vector on the boundary face D;. For convenience, we define N = (#1,...,7;). In
finance, the given constant b; is called the early exercise reward. Furthermore, S in
(1.1) is a ¢ x b matrix. In addition, F(-) in (1.1) is a nondecreasing predictable process
with F(0) =0 and boundary regulating property as explained in (1.1)—(1.5).

Associated with the reflection matrix R (and similarly for S), we impose the fol-
lowing completely-S condition.

DEFINITION 2.1. A pXp square matriz R is called completely-S if and only if there
is >0 such that Rz >0 for each principal submatriz R of R (i.e., R is a submatriz in
which the set of row indices that remain is the same as the set of column indices that
remain), where the vector inequalities are to be interpreted componentwise. Furthermore,
a pxb matriz R is called completely-S if and only if each p X p square submatriz of N'R
and (N'R)’ is completely-S.

Note that the completely-S condition on the reflection matrices guarantees that the
coupled FB-SDEs are of inward reflection on each boundary and corner of the polyhedral
(see Figure 1.1 and [12]). Furthermore, the reflection appearing here is called a skew
reflection, which is a generalization of the conventional mirror (or symmetry) reflection.
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2.2. Assumptions on the system and its coefficients. To talk about the
existence and uniqueness of an adapted 6-tuple strong or weak solution to the coupled
FB-SDEs in (1.1)—(1.5), we need to introduce the required probability and supporting
topological spaces. More precisely, let (2, F, P) be a complete probability space on which
we define a standard d-dimensional Brownian motion W ={W (t),t€[0,T]} for a given
T €]0,00) with W (t)= (Wy(t) ,..., Wa(t)) and a h-dimensional general Lévy pure jump
process (or special subordinator) L={L(t),t€[0,T]} with L(t)=(Ly(t),...,Lx(¢t))" (see
(2], [4], and [43]). Note that the prime notation appearing in this paper is used to denote
the transpose of a matrix or of a vector. Furthermore, W, L, and their components are
assumed to be independent of each other. For each vector A= (Aq,...Ap)" >0, which is
called a reversion rate vector in many applications, we let L(As) = (L1(A1$),...,Ln(Ars))".
Then, we denote a filtration by {F;}+>0 with Fy =0{G,W(s),L(As):0<s<t} for each
t€1]0,T], where G is o-algebra independent of W and L. In addition, let 74(:) be the
index function over the set A, and let v; be a Lévy measure for each i € {1,...,h}. Then,
we denote by N;((0,t] x A)=> ., 1a(Li(s) — Li(s~)) a Poisson random measure with
a deterministic, time-homogeneous intensity measure dsv;(dz;). Thus, each L; can be
represented by

Li(t):ai(t)—i—/(o t]/ZziNi(ds,dzi), t>0. (2.1)

(see Theorem 13.4 and Corollary 13.7 in [28]). For convenience, we take the constant
a; to be zero, and for later reference, we define

v(dz) = (v1(dz1),....vn(dzn)) . (2.2)
Furthermore, for each ¢t €[0,7] and z € Z", we let
N(\dt,dz) = (N1 (M\dt,dz1), ..., Ny(\ndt,dzy)) (2.3)

with
N;(Nidt,dz;) = Ni(\gdt,dz;) — Ndtv; (dz;) (2.4)
for each i€ {1,...,h}.
Next, based on the driven Brownian motion and Lévy process, the required sup-
porting topological space can be defined by

Q%([0,7]) = D3([0,T],R*) x D%([0,T], R")
x D%([0,T],R?) x D% ,((0,T], R7*)
x D5, ([0,T] x 2", R") x D3([0,T], R"), (2.5)

where for a ¢ x d matrix-valued process V or a ¢ x h matrix-valued process V, we con-
sider it as a qd-dimensional vector-valued process or a gh-dimensional vector-valued
process whenever a norm is considered. Furthermore, for a positive integer in the
set {p,b,q,qd,qh,b}, (e.g., the integer b), we let D%([0,T],R’) be the space of R’-
valued and {F; }-adapted processes with sample paths in the Skorohod topological space
D([0,T],R%) (i.e., each sample path in the space is right-continuous with left-limits and
the space itself is endowed with the Skorohod topology (see [20])). Furthermore, each
process Y € D%([0,T], R’) is square-integrable in the sense that

E

/ ||Y<t>|2dt] <. (2:6)
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In the sequel, we use DQRP([O,T],Rb) to denote the corresponding predictable space.
Similarly, we use D2([0,7]x Z", R™") to denote the set of all R"*"-valued random
processes V (t,2) = (Vi(t,21), ..., Vi(t,21)) that are predictable for each z € 2" and we
endow this space with the norm

Vi(t,z)

2
ui(dzi)dt] < 00. (2.7)
In the deterministic case, we let

L2(2h R<M) = { — R*h Z/ 15: (211 vs dzl)<oo} (2.8)

and we endow it with the norm

)2 Z / I5(z0) I A (). (2.9)

Finally, to suitably impose conditions on the initial and terminal values, we use
Lél(Q,Rl) with [ € {p,q} to denote the set of all R!-valued, square-integrable, and G;-
measurable random variables with G, =G and G, =Fr

We suppose the coefficients in (1.1)—(1.5) are {F;}-predictable and continuous in
terms of W and L. More precisely, they can be presented in the forms of functionals as
follows,
X RP x RIx R4 x R™*" « U — RP,
x RP x R x R x RV*" x U — RP*?,
X RP x R1x R4 x RI*M x U x Zh — RP*M,
X RP x RIx R4 x R™*" « U — R4,
X RP x RY x R4 x R”*M x U — R1*4,
x RP x R x R x RV x U x Zh — R,

, 04,u) and (2?

b(t,z,u) =b(t,z,v,0,0,u,%*):
o(t,z,u)=o(t,x,v,0,0,u,%):
n(t,z,u) =n(t,x,v,0,0,u,z,%):
c(t,z,u) =c(t,z,v,0,0,u,%):
a(t,z,u)=o(t,x,v,0,0,u,%):
C(t,z,u) =C(tx,v,0,0,u,2,%): [0
1

For each f € {b,0,c,a} and its corresponding values f1, f? at (z!, v!, v

v?, 02, 92,u), we assume that

£ () Sé(t,w)(H [+ [loll +[[oll+ 15D, (2.10)
I72) ~ £ | < Lt (o = [+ o2 o[ 102 =o' |+ 520~y 21

Note that the conditions in (2.11) and the following (2.13) represent the Lipschitz con-

dition under a given state-dependent feedback control rule u. Meanwhile, for each
fe{n,(—o} with € 2" and and its corresponding values f1, f? at (z', v, o', o', u)
and (22, v2, 2, 9%,u), we suppose that

1

Z / i 2P Aivi(dz) < L2 (k) (14 2l + ol + 2l + 1))2) - (2.12)

where f; is the i-th column of f such that

Z/ Hf U, 2;) (u,2; || Aivi(dz;)

<2w) ([ =o'+ [0 = '[P+ |52 = ' P+ |2 -5 (7). (213)
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We assume the known random factors in H(X(T),-) and all the coefficients fe€
{b,0,m,c,c,(} are functionals of W and L that are continuous in W and L. Furthermore,
we suppose that

IIH(x *)

| < Liw)llz|, (2.14)
B2 - B )| <L

(W) ||* =] (2.15)

Note that L(w) in (2.14)~(2.15) is the same as L(T,w) in (2.10)~(2.13). Furthermore,
L(t,w) is assumed to be a known non-negative, {F;}-adapted, and square-integrable

random process, i.e.,
T ~
/ L2 (t)dt| < oo. (2.16)
0

3. Main Theorem. Based on the assumptions and conditions presented in
the previous subsections, we can state our main theorem as follows.

E

THEOREM 2.1. Under the assumptions that
1. The coefficients in (1.1)-(1.5) are {F;}-predictable for each fized z€ Z" and
any given (u,v,0,0) € RP x R1x R4 x [2(Zh RTh);
2. 5(¢,0,0,0,0,u), o(t,0,0,0,0,u), n(t,0,0,0,0,u,z), ¢(¢,0,0,0,0,u), «(t,0,0,0,0,u),
and ¢(t,0,0,0,0,u,z) are square-integrable;
3. Conditions (2.10)-(2.16) hold and the initial and terminal values satisfy

(&,H)e LE(Q,R?) x L%, (Q,R9), (2.17)

then the following claims are true:

If S and R satisfy the completely-S condition, there exists a unique adapted 6-tuple
weak solution ((X,Y),(V,V,V,F)) (in the sense of distributions) to system (1.1) under
a given control rule u when at least one of the forward and backward SDEs has reflection
boundary;

In particular, in the special cases in which all the square subprincipal matrices of
N'S, (N'S), N'R, and (N'R)’ are invertible, or if both of the SDEs have no reflection
boundaries, there is a unique adapted 6-tuple strong solution ((X,Y), (V, V,V,F)) (in
the sample pathwise sense) to system (1.1) under a given control rule w. Furthermore,
there exist two Lipschitz continuous mappings ® and ¥ such that

{X(t)Z?(t)Jr@(Z_)(t)v (2)(t)=Y (t), (2.18)
V(t) =U0)+T(U)(1), wU)@)=F(T)-F(1), '

where the processes Z and U in (2.18) are given by

Z(t) = £+ 2(1),
{U(t) = H(X(T),*)+U(t). (2.19)

The proof of Theorem 2.1 is given in Section 4. In the proof, the well-posedness for
the system in a general weak sense is our focal point and it needs more involved work.
In this case, due to the assumption of the general completely-S reflection condition,
the solution to an embedded Skorohod problem may be not unique, i.e., bifurcations
may occur at reflection boundaries. This phenomenon frequently appears in physical
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systems (e.g., queueing network systems) and the well-known contraction mapping ap-
proach can not be extended readily to solve our problem. Thus, a weak convergence
method is developed to prove the associated result in Theorem 2.1. However, when
the stricter invertibility condition on reflection matrices is imposed, the conventional
contraction mapping approach can be applied. In this case, the reflection matrices can
be extended to be time and/or queue-state dependent ones (see the related discussions
in [36] and references therein) Furthermore, the uniqueness concerning an adapted 6-
tuple strong solution ((X,Y), (V,V,V,F)) means that if there is another such solution,
their difference must be zero under the product norm endowed to the space 9%([0,77)
n (2.5). In other words, corresponding to the given forms of the state-dependent net-
put processes Z and U in (1.1), the related system decomposition in terms of X and
V together with four regulating processes Y, V, V, and F along each sample path is
unique. Nevertheless, for consistency of the statements and notations in this paper, we
keep the current constant reflection matrix assumption in the theorem.

Finally, before proving Theorem 2.1, we first discuss the applications of our main
result in signal processing over MIMO and Possibly non-Gaussian communication chan-
nels.

3. Applications to signal processing over communication channels

In this section, we study the applications of the solution to the system of SDEs
presented by (1.1)—(1.5) in signal processing over MIMO and possible non-Gaussian
communication channels. E.g., we derive and prove a generalized formula of MIMO
mutual information involving Lévy jumps, we discuss the well-posedness of queueing
networks with applications in related economical modeling, and we determine the ca-
pacity regions of wireless MIMO channels with multiple users.

3.1. A Generalized formula of MIMO mutual information. In this
subsection we derive and prove a generalized formula of mutual information for the sig-
nal processing over an MIMO and possibly non-Gaussian Lévy communication channel
based on the solution to the SDE in (1.1)—(1.5).

Mutual information is a basic concept in information theory (see [9], [33]) that
originated from the well-known work of Bell Labs scientist Shannon in calculating the
maximal transmission rate over a Gaussian communication channel for a single user [44].
Later on, this work was extended to multiple users and MIMO cases over Gaussian
channels ( [23]). More recently, to capture the jumps of data movements, this calculation
was generalized the case of a non-Gaussian Lévy channel for a single user [19]. With
applications to Big Data (see [18]) in mind as discussed in Section 1 of this paper,
we aim to further derive a mutual information formula for multiple users and MIMO
non-Gaussian Lévy channels.

More precisely, we consider a specific p-dimensional signal process S of the forward
equation in (1.1)—(1.5) as the one to be transmitted over the channel, i.e.,

dS(t) = (bo(t™)+bi(t7)S(t™)+o(t™ wfzh diag(z)diag(\)v(dz)) dt
Yo(t) (¢dW £+ fzhdlag 2N (/\dt,dz)), (3.1)

)

S(0) =

where “diag(z)” in (3.1) denotes the diagonal matrix with each entry in the main di-
agonal given by the corresponding component of a given z € Z". The channel can be
either linear or nonlinear with the corresponding received p-dimensional signal process
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Z given by
dZ(t) = (b(t™,8,2) + [z (t™, 8, Z,z)diag(N)(dz)) dt
+¢(t7,8,Z)dW (t)+ [r(t™,S,Z,z) N (Adt,dz), (3.2)
Z(0) = 2.

In equations (3.1)-(3.2), W and W are two independent standard d-dimensional and
d-dimensional Brownian motions, N and N are two independent centered h-dimensional
and h-dimensional Lévy processes with associated Lévy measures v and 7 respectively.
Furthermore, the coefficients o and b; with i€{0,1} in (3.1) are deterministic and
square-integrable vector or matrix functions in ¢. Besides the linear growth and Lipschitz
conditions for b, ¢, and 1 as required by Theorem 2.1, the matrices ¢¢’ and ¥1)’, the
matrical function &(¢)&(¢)’, and the matrical processes (;Sqi)'( -) and )’ (+) for all t € [0, T
are invertible.

We define the mutual information between the transmitted signal S and the received
signal Z over time interval [0,77] by

dF(s, z)

I(T,S,Z):E hlm(

S, 2) |, (3.3)
where Fgs, Fz, and F(g, z) denote the distributions of the processes S, Z, and (S,7).
Furthermore, the expression dF(g, z)/d(Fs x Fz) in (3.3) is the Radon-Nikodym deriva-
tive (or density) of the joint distribution Fig, z) with respect to the product distribution
Fg x Fy. In other words, I(t,S,Z) represents the information contained in the received
signal Z about the transmitted signal S over time interval [0,¢] [9]. Furthermore, we
define two processes by

Y(t,5,2)=0b(t,5,2) (8(t,8,2)6(t. $,2)) " 6(t,5,2), (34)
n(t,S8,2,2)=(m(t,5,Z,21),....05(t, S, Z,23))’ (3.5)

with the convention that
lnn(t,S,7,2) E(lnm(t,S,Z,zl),...,1n77,3(t,S,Z,Z;L))/. (3.6)

Note that for each i € {1,...,h} and z € ZB, each component of 7 is a positive rate process
given by

Sl

ni(t,5,7,2;) EZ (t,5,7,2). (3.7)

Then, we have the following proposition.

PROPOSITION 3.1. Under the conditions in Theorem 2.1 and Equation (3.7) for the
system presented by the SDEs in (3.1)-(3.2), the mutual information I(T,S,Z) defined
in (3.3) can be calculated by the formula

1

B /()T{—2(<v<t-,s,z> (.5,2) =3(t.8.2)3(t7.5.2))

+/Zﬁ (T](t,S,Z,z)—ﬁ(t,S,Z,z))/diag(z)D(S\dz))

+ /Z i (m((n(t,s, Z,2)+e¢) diag(z)) — In ((i(t, S, Z,z)+e)'diag(z)))V()\dz)}dt] ,(3.8)
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where,
ﬂu&Z%:Es%ggyéﬁzﬂ, (3.9)
A [Ag?[?\y(g] 22| (3.10)

and Eg is the expectation in terms of the measure dFs. Furthermore, M(t) is a stochas-
tic exponential given by

exp{—/ot (;W(S,S,Z)v(s,S,Z)/—F/Zh (77(8,S,Z,z)’diag(z))E(Xdz))ds
+/t'y(s,S,Z)dW(5)

+ Ot/Zhln((n(s_,S,Z,z)—l—e)/diag(z)) Z\_f()\ds,dz)}, (3.11)

where “e” denotes the h-dimensional column vector of ones.
The proof of Proposition 3.1 is given in Section 4.

3.2. Queueing signal processes. In this subsection, we interpret the sig-
nal process S in (3.1) as the queue length processes which appears in many real-
world network applications (see an example with p-users in Figure 1.2). The main
performance measure for such a network is the queue length process denoted by
S()=(51(-),...,Sp(:))!, where S;(t) is the number of i-th class jobs stored in the i-
th buffer for each i€{1,...,p} at time t€[0,00). Then, the queueing dynamics of the
network can be modeled by

S(t)=S(0)+A(t) — D(t), (3.12)

where the i-th component A;(t) of A(t) for each i €{1,...,p} is the total number of jobs
that arrive at buffer ¢ by time ¢, and the i-th component D;(t) of D(t) is the total
number of jobs that depart from buffer ¢ by time ¢. In the following studies, we use two
generalized ways to characterize the arrival and departure processes.

3.2.1. Case I: Brownian networks with nominal balanced rates. In
this Brownian network case, we assume that both the arrival and service processes are
described by renewal processes or doubly stochastic renewal processes. In this case,
the driven processes for the queueing system do not have the nice statistical properties
such as memorylessness and stationarity of increments. Thus, it is usually impossible
to conduct exact analysis concerning the distribution of S(-). However, under certain
conditions (e.g., the arrival rates close to the associated service rates), one can show
that the corresponding sequence of diffusion-scaled queue length processes converges
in distribution to a p-dimensional reflecting Brownian motion (RBM) (see [12,13], [10],
[11]), or more generally, to a reflecting diffusion with regime switching (RDRS) (see [15]).
In other words, we have that

S%QE%S&zﬁig()Mmgre{LZ"}, (3.13)

where “=" means “converges in distribution” and S (-) is an RBM or an RDRS. For
simplicity, we consider the case that the limit S(-) in (3.13) is an RBM living in the
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state space D introduced in Section 2. Furthermore, let § be a vector in RP and I be a
px p symmetric and positive definite matrix. Then, we can introduce the definition of
an RBM (see [12]) as follows.

DEFINITION 3.1. A semimartingale RBM associated with the data (S,0,I',R) that has
initial distribution T is a continuous, {F;}-adapted, p-dimensional process Z defined on
some filtered probability space (Q,F {F:},P) such that under P,

X(t)=Z(t)+RY(t) forallt>0, (3.14)

where,
(1) X has continuous paths in S, P-a.s.,

(2) under P, Z is a p-dimensional Brownian motion with drift vector 6 and covariance
matriz T such that {Z(t) —0t,F;,t >0} is a martingale and PZ~1(0)=m,

(3) Y is a {F:}-adapted, b-dimensional process such that P-a.s., for each i €{1,...,b},
the i-th component Y; of Y satisfies

(a) Yi(0)=0,
(b) Y; is continuous and non-decreasing,

(¢) Y; can increase only when Z is on the face D;, i.e., as given in system (1.1).

COROLLARY 3.1.  If the reflection matriz R in (3.14) satisfies the conditions as required
in Theorem 2.1, an RBM in Definition 3.1 is well-posed either in the weak sense or in
the strong sense.

The proof of Corollary 3.1 is a direct conclusion of Theorem 2.1. In the literature
there are also some specific discussions about this particular type of SDEs. The proof
for SRBMs in the weak sense over a general convex polyhedral can be found in [11] and
the proof over a special positive orthant can be found in [47]. The proof in the strong
sense over a special positive orthant can be found in [24].

3.2.2. Case II: Lévy networks with controllable rates. In this Lévy net-
work case, we suppose that system arrival and service rates are designed in a dynamical
controllable way. More precisely, we suppose that the job arrival rate A;(-) to buffer
at time ¢, for i € {1,...,p}, is a time-inhomogeneous Lévy process with intensity measure
a;(t,S,z;)dtv;(dz;) that depends on the queue state at time t. Analogously, we suppose
that the assigned service rate D;(-) to buffer ¢ at time ¢ is also a time-inhomogeneous
Lévy process with intensity measure d;(t,S5,z;)dtv;(dz;). Furthermore, we assume that
the routing proportion from buffer j to buffer ¢ for jobs finishing service at buffer j is
p;i(t,S,2;). In addition, the service rate d;(¢,S) will be set to zero when S;(t) =0, i.e.,
system (3.15) is designed in a controllable manner. Thus, by the discussion in [2], the
queue length process in (3.12) for this case can be further expressed by a forward SDE
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(a special form of the unified system in (1.1)), i.e.,
dS;(t) :/ (ai(t,S, z;) —d;(t,S, Zi)I{Si(t)>0}) v;(dz;)dt
z

+Z/sz'(?%szj)dj(t’5»Zj)f{sj(t>>0}’/j(dzj)dt
j#i’ 2

+/ (ai(t,S,2:) —di(t, S, 2) I,y >0y) Ni(dt,dz;)
Z

+Z/pji(t,S,Zj)dj(t,S,Zj)]{sj(t)>0}Nj(dt,de)
j#i’Z

b
+3 " Rij(t,S(1)dY;(t), (3.15)
j=1

where Z=R,. Furthermore, Y;(¢) for each je€{1,...,b} in (3.15) is the Skorohod reg-
ulator process that can increase only at time ¢ when S;(¢) =0. Examples and specific
formulations of system (3.15) can be found in [35], [36], and [31]. We have the following
corollary.

COROLLARY 3.2.  If the reflection matriz in (3.15) is constant-valued (i.e., R(t,S(t)) =
R) and if the conditions imposed in Theorem 3.1 hold for system (3.15) corresponding
to Case II, then the system (3.15) is well-posed either in the weak sense or in the strong
sense.

The proof of Corollary 3.2 is a direct conclusion of Theorem 2.1. To be clear, we
give some comments about the conditions on the reflection matrix in the corollary. As
pointed out in the remark to Theorem 3.1 that the reflection matrix R(¢,S5(¢)) may
be time- and queue-state dependent (see the related discussions in [36] and references
therein). Furthermore, the coefficients in (3.15) may be discontinuous at the queue
state S;(t)=0. However, for our current purpose, and since the system in (3.15) is
designed in a controllable manner, the routing probabilities in a queueing network can
be designed in a stationary way and the service rate d;(s,S5(s)) can always be set to be
zero when S;(t) =0. Thus, the constant reflection matrix can be assumed. Moreover, the
generalized Lipschitz and linear growth conditions in (2.10)—(2.13) may also be imposed
onto system (3.15).

3.2.3. Case III: modeling of network economics. Based on the queueing
system in (3.12) (either an RBM in Definition 3.1 or a controllable form in (3.15)),
we can formulate its corresponding economic model by an B-SDE with ¢=p. More
precisely, in this model, each user [ € {1,...,p} is contracted to use the system resource
at each time ¢ through a utility function ¢;(¢,Q;), e.g.,

0 it Qu=0,
a(t,Q)) =< aq@i(t) if Q;(t) € (0,b), (3.16)
abiif Qu(t) = by,

where ¢; is some nonnegative constant. Just as in financial option management [14,16],
the system manager has an economic objective associated with a terminal condition H;
during a certain time period [0,7] for a given T € [0,00), e.g.,

Hi(Qu(T)) =aQu(T). (3.17)
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More exactly, the system manager wishes to maximize expected revenue while minimiz-
ing financial risk (i.e., by minimizing certain related variances). This can be done by
suitably managing the value process together with controlling the arrival and service
rates for each user [ €{1,...,p}, i.e., an B-SDE given by

Vl(t):Hl(Ql(T))—i-/t cl(s_,Ql)ds—/t Vi.(s7)dW (s)
T
- / / Vis™,2)N(ds.dz)+ (F(T) ~ Fi(n)), (3.18)
t Zh

where V. and V. are, respectively, the [th rows of V and V. Furthermore, Fj(t) can
increase only at a time ¢ when V() =b;. The constant b; can be determined according
to the mean and variance of the terminal target H;(Q;(T")). The process Fi(t) is the
payback process to the user [€{1,...,p}, which looks like the early exercise reward
process in a conventional finance system [29].

COROLLARY 3.3. Under the conditions imposed in Corollary 3.2, the coupled system
of FB-SDEs in (3.15) and (3.18) is well-posed either in a weak sense or in a strong
sense.

The proof of Corollary 3.3 is a direct conclusion of Theorem 2.1. It is worth pointing
out that a system of FB-SDEs with Lévy jumps and/or reflections has the potential to be
used in finance engineering and game theory. Interested readers can find such examples
in [16] where an B-SDE with Lévy jumps is considered, and in [29] where an B-SDE
driven by a standard Brownian motion with reflection is considered.

3.3. Multi-Users’ MIMO channel capacity region. In this subsection, we
illustrate how to use the mutual information derived in Proposition 3.1 and the RBM
defined in Definition 3.1 or system (3.15) to determine the capacity region and schedule
the capacity for wireless MIMO channels with multi-users.

More precisely, we are concerned with a channel (or channels) that can be considered
as a base station having multi-antennas and p-users (p-mobiles). Each user corresponds
to a queue storage buffer and may be also equipped with multi-antennas. The antennas
in both base station and user’s mobiles have the ability to cooperate in the sense that
they can perform joint beam-forming and/or power control. Hence, the p-users can
be served at the same time by a single server (called a p-parallel server) with rate
allocation vector ¢(t)={(c1(t),...,cp(t))" that takes values in a capacity region R at a
time t. However, in doing so, there is a constraint on the total power that the antennas
in the base station can share or a constraint on the power to each individual user.

Determining the capacity region R that is achievable under a coding technique is
an important research area in both academia and communication practices [23], [27].

Along this direction, the most popular convention imposed is the Gaussian channel
assumption. In this situation, the input signal in (3.1) (e.g., the queue length process
in (3.12), (3.14), and (3.15)) reduces to a Brownian motion. Furthermore, the received
signal Z in (3.2) also reduces to a Brownian motion driven process. Then, a convex
capacity region that consists of the origin and L (> p) boundary pieces can be derived for
a constant channel (e.g., a p-user MIMO multiple access channel (MAC) or a broadcast
channel (BC) in real-world wireless communication systems). In Figure 3.1, we display
such an example of the capacity region for the purpose of illustration.

Note that by combining the mutual information in Proposition 3.1 and the studies
in Goldsmith et al. [23], Jindal et al. [27], it is possible for one to derive the capacity
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Fic. 3.1. A capacity region for an MIMO channel.

region for a non-Gaussian MIMO channel with multiple users and power constraint. In
addition, one can also develop some techniques to handle the gap between the achievable
capacity derived theoretically and the required one corresponding to real-world channels.
For example, the queue based rate scheduling policy corresponding to specific service
rate controls in (3.15) is designed and justified in Dai [15] to optimize the utility and
performance of the achievable maximal capacity for MIMO channels with multiple users.

4. Proofs of Theorem 2.1 and Proposition 3.1
To provide the proofs for Theorem 2.1 and Proposition 3.1, we first recall the
Skorohod problem with jumps and study its properties.

4.1. The Skorohod problem. Let D([0,T],R") with b€ {1,2,...} be the space
of all functions z:[0,7] — R® that are right-continuous with left limits and are endowed
with the Skorohod topology [5], [26]. Then, we have the Skorohod problem as follows.

DEFINITION 4.1 (The Skorohod problem).  Given z€ D([0,T],RP) with z(0)€ D, a
(D, R)-regulation of z over [0,T] is a pair (z,y) € D([0,T],D) x D([0,T],R%) such that

x(t) =z(t)+ Ry(t) for allt€0,T],

where for each i €{1,...,b},

(2) y; is nondecreasing,

(3) yi can increase only at a time t € [0,T] with x(t) € F;.

DEFINITION 4.2 (Maximal Set). A set K C{1,...,b} is called “mazimal” if K#1,
Dy #0, and Dx # Dy for any K DK such that K # K, where Dy=D and

Dk =Niex D;. (4.1)
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Furthermore, we define the modulus of continuity with respect to a function z(-) €
D([0,T],R") and a real number § >0 by

w(z,0,T) Ei?fmlaxOsc(z,[tl_l,tl)), (4.2)
l

where the infimum takes over all the finite sets {¢;} of points satisfying 0=1t¢ <t; <...<
tm=T and t;—t;—1 >0 for [=1,...,m, and

Osc(z,[ti—1,t1)])=  sup ||z(t) —z(s)]]. (4.3)

11 <s<t<t>
Then, we have the following lemma.

LEMMA 4.1. Suppose that the reflection matriz R in Definition 4.1 satisfies the
completely-S condition. Then, any (D, R)-regulation (x,y) of z€ D([0,T],RP) with
2(0) € D satisfies the oscillation inequality over [t1,ts] with t1,ts € [0,T]

Osc(x,[t1,t2]) <k Osc(z,[t1,t2]), (4.4)
Osc(y, [t1,t2]) <k Osc(z,[t1,t2]), (4.5)

where k is some nonnegative constant depending only on the inward normal vector N
and the reflection matriz R.

Note that the oscillation inequalities (4.4)—(4.5) for continuous paths can be found
n [3], [11]. The first such inequalities for discontinuous paths with jumps can be found
in [12] where the quantities in the right-hand sides of (4.4)—(4.5) are subject to an
additional constraint of bounded jump sizes (see also the related discussions in [10]
and [48]). Nevertheless, for the purpose of this paper, we remove such an additional
constraint and directly extend the inequalities in (4.4)—(4.5) to a general discontinuous
case with jumps.

Proof. (Proof of Lemma 4.1.) First, for a set K C{1,2,...,b}, let d(z,Dk)
denote the Euclidean distance between x and Dg for a point x € D. Then, it follows
from Lemma 3.2 in [12] or Lemma B.1 in [11] that there exist two constants C > 1 such
that

d(x,DK)SCZ(nim—bi). (4.6)
€K
Now, for each € >0, and K C{1,...,b} (including the empty set), we let
Dy ={x€RI:0<n;-x—b;<C. for allie K,
n;-x—b; >efor allie{l,....b}\ K}, (4.7)
where C. =Cpe. Thus, by Lemmas 4.1-4.2 in [11], we know that
D=UgegD¥%, (4.8)

where G is the collection of subsets of {1,...,b} consisting of all maximal sets in {1,...,b}.
Second, let (N'R)k be the square matrix corresponding to a maximal set K and

consider a (D%,(N'R))-regulation problem. Without loss of generality, we assume

that DS is the p-dimensional positive orthant. Then, for each t € [¢1,t2], we define

Az(t)=2(t) —2(t7), (4.9)
Ax(t)=zx(t)—z(t™), (4.10)
Ay(t)=y(t)—y(t7). (4.11)
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Since the reflection matrix (N'R)x = R satisfies the completely-S condition, it is easy
to check that the linear complementarity problem (LCP)

Ax(t)=Az(t)+ RAy(t),
Ax(t) € D,
Ay(t) >0,
Az;(t)Ay;(t)=0fori=1,...,p,
(b; — Az (t))Ay;(t)=0for i=p+1,...,b,

is completely solvable (see also Theorem 2.1 in [34] for a related discussion). Further-
more, we can conclude that

Ay(t) <CAz(t) (4.12)

for some nonnegative constant C' depending only on the inward normal vector N and
the reflection matrix R.

Third, the rest of the proof is the direct conclusion of the proof for Theorem 3.1
in [12] or the proof for Theorem 4.2 in [10]. d

LEMMA 4.2.  For any mazimal set K C{1,...,b}, if (N'R) ik and (N'R)’ are invertible,
the Skorohod problem in Definition 4.1 is well-posed. Furthermore, there is a Lipschitz
continuous mapping ® such that

r=z+RP(2), y=2(2). (4.13)

Proof. Consider a maximal set K C{1,...,b} and its corresponding (D%, (N'R)k)-
regulation problem. For convenience, we let yx denote the | K|-dimensional vector whose
components corresponding to the indices in K and y$, denote the (b— |K|)-dimensional
complement of yx in y. Then, if y% does not increase over [t1,%2), it follows from the
proof of Part (a) for Theorem 3.1 in [12] or Theorem 4.2 in [10] that

z(t+t)=a(t1)+ (z2(t+t1) —2(t1)) + (N'R) k (yx (t+t1) —yx (t1))- (4.14)

Since the matrix (N'R) g is invertible, it follows from Theorem 7.2 in [6] that the corre-
sponding (DS, (N'R))-regulation problem is well-posed. Then, by the same method
as was used to prove Theorem 3.1 in [12] or Theorem 4.2 in [10], we can finish the rest
proof of Lemma 4.2. 0

LEMMA 4.3. Assume that (x",y™)— (x,y) along ne{l,2,..} in D([0,T],RP) x
D([0,T),R") and y"™(-) is of bounded variation for each n€{1,2,...}. Furthermore, sup-
pose that

/0 F(a™(5))dy"(s) =0 (4.15)

for alln€{1,2,...} and each t €[0,T], where f € C*([0,T], R?) is a b-dimensional bounded
vector function. Then, for each t€[0,T], we have that

| ratayts=o (4.16)



676 A UNIFIED SYSTEM OF COUPLED FB-SDES WITH LEVY JUMPS

Proof. Tt follows from the discussion in pages 123-124 of [5] or Theorem 1.14
of [26] that there is a sequence {y,,n€{1,2,...}} of continuous and strictly increasing
functions mapping from [0,7]— [0,7] with ~,,(0)=0 and ~,,(T") =T such that

sup |yn(t) —t| =0, (4.17)
t€[0,T]
sup |(z",y")(yn (1)) — (2,y)(t)| = 0. (4.18)
t€[0,T)

Then, by the uniform convergence of (4.17)—(4.18) and condition (4.15), we know that

/ F(a(s))dy(s) = lim / F (@ ()" (1 (5))

. Y H(®)
~ lim £ () dy" ()
n o0 0
where 7,,1(+) is the inverse function of v,(-) for each n€{1,2,...}. This completes the
proof of Lemma 4.3. 0
4.2. Malliavin calculus of vector-valued Lévy processes. In this sub-

section, we study the Malliavin calculus for vector-valued Lévy processes by gener-
alizing the discussions for single-dimensional Lévy processes in the existing literature
(see [17], [40], [45], and [32]).

First, let m=max{d,h} and define a vector-valued measure p(t,z)=(u1(t,21) ...,
W (t,2m))" in terms of (t,2) € Ry x 2™, where p;(t,z;) for each j€{1,...,m} is given by

/,Lj (dt,de) = I{Jgd}dtdéo(zj) + I{jgh})\jz?dtl/j (dz]) (419)

Then, for each Borel set E=FEyx Ey x---x E,, € B(Ry x Z2™) such that p;(F;)<oo
for each je€{1,...,m}, we define a vector-valued random measure M(E)=(M;(Ey %
Ev)y.... My (Eo X Ey,))’, where M is given by

M;(Eox Ej) = I{de}/ dW;(t)
£;(0)

Tlj<ny lim // 2 Nj(Ajds,dz;),  (4.20)
=00 J{(s,25)€E:(1/m) <25 <n}

and M is centered and independently scattered. Note that in (4.20), E;(0)={s>
0:(s,0)€ Eog x E;}, Ej=FEox E;—{(s,0) € Eg x E;}, and the limit is taken in L?(2).
Furthermore, p is the control measure of M since E[M(A)-M(B)]=u(ANDB) for any
A,BeB(Ry x Z™), where the dot “” between M(A) and M(B) is taken in the Eu-
clidean sense. In the sequel, we will consider the restriction of M to [0,7]x Z™ (with
the same notation).

Second, let H=L?([0,T]x Z™,R™, 1) denote the space of all real vector-valued
functions h(t,z) = (h1(t,21),...;hm (t,2m))" with the norm

I = Z stz (421
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For each hy, = (h,...h)EH"=H x H x ---x H, we let h?=(h2,...,h2,)" and define

||h|§ﬂ_/[0 T]sz)nH (2 (5,25, u(dt*,d=")) . (4.22)

In addition, let M,, be a vector-valued multiple (m+ 1)-parameter integral in terms of
the random measure M defined by

n

M) = [ [T (h(t*,25), M (de* =)
([0, T]x Zm)m k1

= - h(t®,0),dW (t*
/wkr_[l“ ) AW (i)

+/ 11 <h(tk,z’f),N(Adtk,dzk)>, (4.23)
0,T]xZm)m i1

where W and N are the corresponding m-dimensional standard Brownian motion and
compensated Poisson random measure, respectively.
Third, let D; 2 be the set of all random vectors F' € L2 (Q R?) with chaos expansion

Frsz n) and norm [|F,[[3, Znn ([, (4.24)
n=0 n=0
for some h,, , € H" and each r € {1,...,q} such that
2 _ 2
1B, = max [, <o (425)

Then we know that Dj » is strictly contained in L% (£, R?) when it is endowed with
the following norm. For each F e L3 (Q,R9),

HF”%?(Q,P)E maX HF HL2(QP)<OO [ HL2(QP) Z” ||hnr| (4.26)

H?L'
e{t, n=0

DEFINITION 4.3. For each F €D, its Malliavin derivative DF is defined by the
matric
D; . F=(D:.F1,....,D:  F,) (4.27)

with (t,2) €10,T] x 2™, where

Dt,zFr:(Dt,lerw“th,sz'r‘)v TG{L“WQL (428)
Dt,z]-Fr:ZnMnfl(hn,T('atuzj))a Je{lvam} (429)
n=1

In (4.29), My_1(hp (-, t,25)) means that the (n—1)-fold iterated integral of h, , is re-
garded as a function of its (n—1) first pairs of variables (t',z1),...,(t" =1, 2"~1) while
the final pair (t,z;) is kept as a parameter.
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LEMMA 4.4.  If a random vector F' € D1 o, we can conclude that

DFeL% (ux P)=L% (Qx[0,T]x Z™ RT*™).

Proof. For an F €D 3, the claim in the lemma follows from the following calcula-
tion,

2
IDFIS (oery =, max. Z /OM (D1, )7 st dzy)

/ Zn o DUl 2 gy (dtdzy)
re{l,..., [OT]XZ
= max nn!||h, 2
(; ot

=|Fl3,,
< 00, (4.30)

Il
=)
o
N

where the second equality in (4.30) follows from Definition 4.3. This completes the proof
of the lemma. d

LEMMA 4.5. Let L*(2,R9) be the space of square-integrable RI-valued random vectors
and L*(Q,HY) be the space of H9-valued processes, which is endowed with the norm
(4.25). Then, the unbounded operator in Definition /.3 is closable from L?(Q,RY) to
L?(Q,HY).

Proof. Let {F":i€{1,2,...}} be a sequence of smooth random vectors with chaos
expansions, which converges to zero along i € {1,2,...} in L?(2, R?). Then, we have that

F!—0alongic{1,2,..} in L*(Q,P) for each r€{1,...,q}. (4.31)

We suppose that the corresponding sequence related to the Malliavin derivatives con-
verges to some 7 in L2(€2, H9). Then, by (4.31), we know that

;/{0 T]XZE {(’Dt,szr) }MJ dt dzj Znnl th ||Hn 0 (4.32)

along i €{1,2,...} for each r € {1,...,q}, which implies that 7, =0 and hence n=0. There-
fore, by the definition of the closable operator [49], we conclude that the claim in the
lemma is true. O

In the sequel, we will use D% to denote the domain of the unbounded operator
D: L*(Q,RY) — L*(Q,HY). (4.33)

Owing to Lemma 4.5, this domain is the closure of the class of smooth random variables
D) » with the norm (4.25). Furthermore, we will use L7 (€2, R?) to denote the space of
product measurable and F;-adapted processes, which is endowed with the norm,

2 2 2
||F||1,2 = ||F||Dl)2 + ||’DFHL2(Q,Hq)~ (4.34)
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LEMMA 4.6.  For a matriz-valued process Z € D ,([t,T]x Z™,R7*™) with each t €
[0,T] and corresponding space H over [t,T], we have

Z € L3 ,(Q,HY) if and only if FE/ Z(s,2)M(ds,dz) €D, (4.35)
’ [t,T]x 2™ ’
Furthermore, for each 6 €[0,T],

| S ryxzn Do Z(s,y) M (ds, dy) ifo<t,

Dy F(t)= ~ 4.
0.+ F (1) {Z;w,m Forreon Do Z(sp) i (ds dy) 0>, 5

where M is a mm X m matriz measure given by M= (M',....M')’.

Proof.  Without loss of the generality, we let t=0 and assume that the (rj)-th
entry of Z for each r€{1,...,q} and j€{1,...,m} has the chaos expansion

ZTj(s’Zj):Mn(hmrj(')sazj))’ (437)

where Ay j(th, 2", .. 1", 2", s,2;) € H" is defined as in (4.24). Since ZeD% ,([0,T] x
Z™ R2*™)  the expression in (4.37) is unique for each r€{1,...,q} and j€{1,...,m}.
Then, the remaining proof of the lemma reduces to the one for the single-dimensional
Lévy processes, see the proof of Lemma 3.3 in [17] and the associated proof of Theorem
6.1 of [45]. This completes the proof of the lemma. d

LEMMA 4.7. Let Fe€Dy and ¢ be a real continuous vector function on RY. If
&(F) e L*(Q,R) and ¢(F +(D; . F)e) € L2(Q x [0,T] x 2™, R), then we have ¢(F) € Dy 2,
which satisfies

D12 ¢(F) = (F +(Dy,. Fe) — o(F), (4.38)

where “e” is the m-dimensional column vector of ones.

Proof. First, for given h',... h9 € H, we define each component of their corre-
sponding exponential random vector R(T") = (R1(T),...,Rq(T))" by

R.(T) :exp{/[0 . <hr(s,z)7M(ds7dz)>} for each re{1,...,q}.  (4.39)

Then, by replacing the terminal time T by a time ¢ € [0,7T7], it follows from Ité’s formula
[38] that

dR,(t) =R, (t7) / <e’“(t,z),M(dt,dz)>, (4.40)
where €"(t,z) is a row vector function given by
e"(t,z)= (ehr(t’zl) —1,....eM BEm) 1) .

Now, for any n€ {1,2,...} and (¢},...,t") €[0,T]", let e, be the function corresponding to
€"(t,z) as in (4.24). Then, we can extend the discussion given for Example 12.5 of [40]
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to our vector case with the combination of Gaussian and Pure Jump Lévy noises. More
precisely, for ¢! <...<t",

RT(T):lJr/ Rr(tl”)<e’”(t1,zl),M(dtl,dzl)>
[0,T]xZm

_1+/0T]sz< (thT, 2, M (dtdz )>
/[OT]XZ’"/[Otl oz t2_)< "tz ),M(dtl,dzl)><eT(t2,22),M(dt2’dZ2)>

ey
B o o
k=0 k! 0,T1xZ™ J[0,tt]x Z™ [0,t7]xZ™

<er(t1, Y M(dt',dz )> <er(t 2", M (dt",dz" )>

ini (4.41)

where the third equality follows from the fact that the set S, ={(t!,....t")€[0,T]":0<
t! <...<#" <T} occupies the fraction 1/n! of the whole n-dimensional box [0,7]", and
the last equality follows from the mean-square convergence.

Next, let F,.=R,.(T) for each r € {1,...,q}. Then, it follows from (4.24), (4.41), and
Definition 4.3 that

D, . F, = Z (M (€(51,2))

=€ (t,2) ZmMn_l(e’;_l)

n=1
=e"(t,2)F;. (4.42)

Thus, we can conclude that
Dy (1 Fi+...+yFy)=e(t,y,z) (1 F1 +...+y  Fy), (4.43)
for any given real number point y € R?, where

(t,y,z)= (eylhl(t,zl)+..<+th"(t7zl) _ 1’__.,eylhl(t,zm)-s--u-s-th“(t,zm _ 1) )

Furthermore, let sz be the set of linear combinations of all exponential random vectors
F=R(T) as in (4.39). Then, for each F€D{, and a given y€ R?, it follows from
induction with respect to n€{1,2,...} that

n
Dy ((y1Fr+...+y, Fy)") = ((y1F1 +o Y Fy) + (Dr 2 (y1 F1 +...+quq))€)

. (ylFl fo +quq) . (4.44)
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For example, when n=2, it follows from (4.42) that
Di (1 Fi+ o+ yg Fy)?) =€ (6,y,2) (1 Fi + 4y Fy)?

2
= ((y1F1 +ooF Y Fy) + (D2 (y1 F1 +~-~+quq))€)

2
7(y1F1 ++quq> y

where

e(t,y,2) = <e2(y1h1(t,21)+---+thq(t,Z1)) —1, .”762(y1h1(t,zm)+<~~+thq(t,zm)) _ 1) .

Now, assuming that ¢ has compact support and F € DfQ, then

H(F)= (1)q/ ei(ylFﬁ-“ﬂqu)éﬁ(y)dy
m yERY ’

where ¢ is the Fourier transform of ¢. Furthermore, it follows from (4.44) and Lemma 4.5
that

D, .¢(F) (zﬁ) / Zﬂ y1F1+...+quq)+Dt,z(y1F1+...+quq))
yeERT

—(Fi+... +l/qu))f23(y)dy

—q
_ < 1 ) / (ei((ylF1+...+quq)+Dt,z(y1F1+...quq)e) _ei(ylFl—Q—..quFq))é(y)dy
€Ra

V2T
= ¢(F+ (Dt,zF)e) - ¢(F)7
where 7 is the unit imaginary number. Next, for a general F' €D, the lemma is
proved using an approximation by a sequence F" €Df72 (see Lemma 9.8 and the proof

for Theorem 12.8 [40]).This completes the proof of the lemma. O
LEMMA 4.8. Any FELQ}—T(Q,RQ) can be approrimated by a sequence {F™,né€

{1,2,..}} C D12 in the sense that
[P = F||720.p) =0 as n— o0, (4.45)
where the norm (4.45) is defined in (4.26).

Proof. By combining the discussion for Theorem 4.3.3 [37] and for Theorem
9.10 [40], we have the following It6’s representation formula

F,=E[F]+ / <\1ﬂ(t,z),M(dt,dz)>

[0,T)xZm

for each F € L% (€, R?) and r € {1,...,q}, where U"(t,z) is an m-dimensional predictable
process for (t, z) [0,T] x Z™. Then, as in (4.41) for proving Lemma 4.7, we can obtain

F,=E[F,)] +/ <E [wr(t!,2Y)] 7M(dt1’dzl)>
[0,T]x 2™

+/ / (W3 22)M (A1, d22), M(d d=) ),
[0,T]xZm™ J[0,t1]x Z™
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where W5 (#2,22) is an m x ¢ predictable matrix process. Along this line of iterative
calculations, we can conclude that

F:iMk(hk)

k=0

for some h,, € H" (see the proof for Theorem 10.2 in [40]). Finally, for each n € {1,2,...},
we define

F":ZMk(hk).
k=0

Then, we know that F™ €D, o and F" — F as n— 0o in the sense as stated in (4.45).
This completes the proof of the lemma. 0

4.3. Proof of Theorem 2.1. We divide the proof of the theorem into four parts
which correspond to the different boundary reflection conditions.

Part A (Existence). We consider the case that L(t,w) as it appeared in (2.10)-
(2.15) is a constant and both the forward and the backward SDEs have reflection bound-
aries. In this case, we need to prove the claim that there is an adapted weak solution
((X,Y),(V,V,V,F)) to the system in (1.1)~(1.5).

In fact, for a positive integer b, let D%([0, 7], R®) be the space of R’-valued and {F;}-
adapted process Y with sample paths in the Skorohod topological space D([0,T], R?),
which is square-integrable, i.e.,

E

T
/ ||Y(t)|2dt] < <. (4.46)
0
Furthermore, we use D;-’p([O,T],Rb) to denote the corresponding predictable space.
Then, for a given n€{1,2,...} and a 4-tuple
(X", V™, V™,V e DE([0,T],R?) x D%([0,T], R%) x D% ,,([0,T], R**?)
x D% ,([0,T] x 2" RI*") (4.47)

with X™(0)€ D and V*(T) € D, and by the study of the continuous dynamic comple-
mentarity problem (DCP) [3], [12], [10], [34], [42], we know that there is a 2-tuple process
(XL Yyt e D2(]0,T),RP) x D%([0,T], R®) such that

X" () =X(0)+2"(t)+RY" T (t)e D (4.48)
along each sample path. Furthermore, the process Z in (4.48) has the decomposition
Z"(t) =27 (t)+ Z3 (1),

where,
t
Z{L(t):/ b(s™, X", V", V" V" u)ds,
0
t
Zg(t):/ o(s7, X" V™V V™ u)dW (s)
0

t
+// n(s_,X”7V”,V”,V",u,z)N(ds,dz).
o Jznr



W. DAI 683

In addition, (X™+! Y *+1) satisfies property (3) in Definition 3.1, i.e., for all ¢+ >0,
t
[ .00 60y )=y ), (4.49)
0

Since Y™ *1(¢) is finite a.s. along each sample path, it can be approximated by a sequence
of non-decreasing continuous processes. Thus, without loss of generality, we assume that
it is non-decreasing and continuous. Therefore, we have the expression

Y () = /O an 1 (s)ds (4.50)

where a?*l(t) >0 is the corresponding derivative of Yi"H(t) along each sample path

a.s. However, o”t! may be unbounded. Hence, we approximate it by a sequence of b-
dimensional bounded vector processes a“"1(t) for each c€ {1,2,...} whose component
associated with each i€ {1,...,b} is given by

af" ) =al ) T {al () <c}. (4.51)

3

Then, by the monotone convergence theorem, we have that

[yt —yert gy = sup [V -y e
’ te(0,T)

2

max To/-”rl )T {a (s crds
< omx [ {0 (9) 2 c}a

ie€{1,...,b}
—0 a.s. as c—o0. (4.52)
Furthermore,
n c,n 2
B[y —yer |l [ -0 as e o (4.53)

In addition, for each given ¢, it follows from Lemma 2.4 of [30] that there exists a
sequence {a"“" ! re{1,2,..}} of simple processes such that

E

T
/ Ha’"’C’”H(S)—ac’"H(s)Hst] —0 as r— 0. (4.54)
0

Next, for each sufficiently large ¢ and r, let ¢; denote a dissection point of 0,7
with to=0 such that Ujcqo1,....1-13[ti,tiv1) =[0,T] for some integer I €{1,2,...}. Due
to Lemma 4.8, each random vector a™“"*1(t;) can be approximated by a sequence
{avmentl(t;) ve {1,2,...}} of random vectors that are Malliavin differentiable such
that

E [H{avmqn‘*‘l(ti)—a“cv"“‘l(ti)HQ} 0 as v— 0. (4.55)
Then, it follows from (4.55) that the corresponding simple process a¥"¢"+1(t) con-

structed by {a”"¢"1(t;)}o<i<r—1y with ¢€[0,T] for each ve{1,2,...} is Malliavin
differentiable. Hence, we know that

t
yviren+tl (t) = / aUmentl (S)dS (4.56)
0
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is also Malliavin differentiable for each t € [0,T]. Furthermore, we can write the equation
corresponding to (4.48) and YV"enFL(¢) along n€ {1,2,...} as

Xv,r,c,nJrl(t) :X(O) +Zv,r,c,n(t) JrRYU’T’C’nJrl(t). (457)

Then, iterating in terms of ne{1,2,...}, and owing to Lemma 4.8, we know that
Xvrentl(t) is Malliavin differentiable. More precisely, for each t,0 € [0,T], we have

Dy . X" () =Dy . X (0) + Dy . 27" () + Dy . (RY V"1 (1)). (4.58)

Note that if any component of z in (4.58) is zero, the corresponding Malliavin derivatives
are in terms of the associated Brownian motion component. Furthermore, by Lemma 4.6
and Lemma 4.7, we have that

Dy ZV T (6) =0V " (t,2)+ Dy, Z," " () + Dy . Z5 " (¢), (4.59)

where if we use h to denote the number of zero components of z, the initial value can
be calculated as

0 if 0 [t,7T),
OV (1, 2) = { o(t, XVTOn Y Unen Unen [unen ) if z=0,0<t, (4.60)
n(t’Xv,r,,c,n’Vv,r,c,n’V’u,v‘,c,n’vv,r,c,n’u’z) if Zezhfh x {O}h,0<t,

where h<h in the second equation of (4.60) and the notion {0}" denotes the product of
number of sets {0}, i.e., {0} ={0} x ... x {0}. In addition, we have

t
v,T,Cn _ — v,r,Ccmn U, T,CM Y U,T,CM YU, T,CN
Dy,-Z; (t)_/ Do, .b(s™, X vV WV WV ,u)ds,
0
t
v,T,Con _ — v,T,C,M v,T,C,n Y 7U,T,CN Y rU,T,CM T
Dy -2 (t)f/ Dy po(s™, XUmem yomen fonen fonen )i (s)
0
t ~
— v,T,,C,Mn v,rc,m Y7U,T,CMn Y rU,T,CM N7
+/ i D9,Z7l(5 ?X 7V aV 7V auay)N(dSady))
0 JZznr

where W is a hdxd matrix process given by W= (W’,...,W’)" and N is a hh x h measure
given by N= (N',...,N"Y. Note that for each f e {b,o,n} (e.g., f=b) and by the chain rule in
Lemma 4.7, we can interpret the Malliavin derivative of f as follows,
Do b(s~, XUTem yomen pumen joren )
—h(sm, XU LDy XUy YUTON LD, TN,
VUTOm LDy VT e g, VIO £ Dy VU e, % + D%, 1)

—b(S_ 7X'u,r,c,n7 ‘/v,r‘,c,n7‘/v,r,c,n7 ‘/v,r,c,'n.’rul)7 (461)

where e, for each m € {p,dh,hh} is the m-dimensional vector of ones and Dy .* denotes the
Malliavin derivative in terms of the known random factors as explained in (1.3).

Now, it follows from the martingale representation theorem (see Theorem 5.3.5 in [2]), the
discussion about BSDEs with Lévy jumps (see Proposition 18 in [16]), and the above mentioned
study on DCP, we know that there is a 4-tuple process

(Vn+1"‘/n+17‘~/n+1’Fn+1))
€ D%([0,T],R?) x D% ,([0,T],R**%)
x D% ,([0,T] x 2", R7”*") x D%([0,T], R7*") (4.62)
such that
V" () = H(X™(T),- )+ SF™(T)+U"(t)— SF""'(t)e D (4.63)
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along each sample path. Furthermore, (V" F""!) satisfies property (3) in Definition 3.1.
More precisely, F"! is a g-dimensional {F:}-adapted process such that the i-th component
FP Tt of F™* for each i€ {1,...,b} P-a.s. has the properties that F"™'(0)=0, F/"*' is non-
decreasing and Fi"+1 can increase only when V™ is on the corresponding boundary face D;,
ie.,

t
/ Ip, (V™" (s))dF (s)=F"*!(t) for all t >0. (4.64)
0

In addition, the process U"(t) in (4.63) has the decomposition
U () =UP ()~ U3 (1)~ U3 1) (4.65)
where
T — ~
UP @)= [ els™ X"V T s
t
T — ~ —
Ug(t)z/ (als™ X"V 7707 )~ P57 ) d W (s)
t
T — ~ ~ ~
+/ / g(s*,X",V",V",V",u,z)—V"(s*,z)) N(ds,dz),
zh
/ P (s )dW (s) / T (s 2)N (ds,dz).
t Zh

Just as in the case for (4.57), there is a sequence {37 (¢;),v€{1,2,...}} of random vectors
that are Malliavin differentiable such that

'u T,c,n-‘rl / ﬂv T761n+1 (466)

is also Malliavin differentiable for each n € {1,2,...} and v € {1,2,...}. Thus, we can express the
equation corresponding to (4.63) as

Vu,r,c,n+1 (t) — H(Xv,r,c,n(T)’ ) + SFv,r,c,n(T) + U'u,r,c,n (t) _ SFv,'r,c,n«l»l (t), (467)
where
U () = UL () — UDTOM (8) — USO8, (4.68)

Furthermore, we have the following expressions for all U;”"“"(t) with i€ {1,2,3}:
T — ~
Ulv,r,c,n(t) :/ C(S_,XU’T’C’H,VU’T’C’n,VU’T’C’n,VU’T’C’n,u)ds,
t
T — ~ —
U;,T,C,n(t):/ ( ( — X’UTC” Vn V'UTCTL V’UTCn ) V’UTCn( 7))dW(S)
/ / S_, XUTen V’u ,TyCM V’u r,c,n V'v r,c,nyu Z)
Zzh
—pUmen(sT, ))N(ds dz),

T T
U;,r,c,n(t):/ "/U,r,c,n+1(87)dW(s)+/ / Vv,r,c,n+1(877Z)N(d87dz).
t t Jzh
Then, for every ¢,0 €[0,7] and by taking Malliavin derivatives on both sides of (4.68), we have

,Deyzvv,r,c,nJrl (t) :DevzH(X'v,r,c,n (71)7 ) +D972(SFv,r,c,n (T))
+Dp U™ (t) = Dp . (SFU (1)), (4.69)
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Furthermore, it follows from Lemma 4.6 and Lemma 4.7 that
Dy, U () ="T"""(t,2) + Do, U™ () — Do, Uy " (t) — Dy, U3 " (t),  (4.70)
where if § <t, we have
T (t,2) =0. (4.71)
Otherwise, for z=0, we have
T (t,2) =T (L)
__ (a(t7Xv,T,c,n7V’n7‘7v,7',c,n7 V’U,r,c,n7u) . Vv,r,c,n(t))
—yUnentlg), (4.72)

Moreover, as explained in (4.60), for each z € Zhh {O}E with h < h, we have

Tv,r,c,n(t7z) —_ (C(t7XU,r,c,n’Vv,r,c,n’ Vv,r,c,n7‘7v,'r,c,n7u7z) _ Vv,r,c,n(t7z))
—yorentlt z), (4.73)

In addition, for each ¢,60 € [0,T], we have that
T — ~
D97ZU;),r,c,n(t) :/ ,De’zc(sf’Xv,r,c,n’V’u,'r,c,n7vv,r,c,n’V’u,r,c,n’u)ds’
t

T
DG,ZU;}’T’C,n(t) :/ De,z (a(s—7Xv,r,c,n,vn7‘_/v,'r,e,n7vv,r,c,n7u) _ V’u,r,c,n(s—)) dW(S)

t

T
— v,r,cn V,7,CN {7V, T,CM Y rU,T,Cn
+/ /hDQ,z(C(S 7X 7V 7V 7V ,’LL,y)
t zZ

7V’U’T’C’n(877y))N(ds’dy)’

T T -
D97ZU§”T’C’"(t):/ DQYZVU’T’C’H-Fl(S_)dW(S)+/ Dy VO (™ 4N (ds,dy),
t t zh

where W and N are defined in (4.58). Furthermore, for each f € {c,a,(}, its Malliavin deriva-
tive Dy, f in the corresponding integral is interpreted as in (4.61). Note that if we take =t
and replace T' by a time s € [0,T] in the associated integrals of (4.70), the Ité integral corre-
sponding to the Brownian motion is continuous a.s. with respect to s € [0, T], while the integral
corresponding to the pure Lévy jump process is cddlag a.s. in terms of s € [0,T] (see Theorem
4.2.12 and 4.2.14 [2] and the proof for Corollary 4.1 in [17]). Then, by taking s|t, it follows
from (4.70) and (4.72) that

Vv,T,c,n+1 (t) — Oé(t,vaT’Cm’, Vn"?v,'r,c,n’ f/v,'r,c,n7u) _ V’u,r,c,n (t)
—Dy U (1) (4.74)

for almost all (¢,w) €[0,7] x Q. Furthermore, it follows from (4.70) and (4.73) that

VU,T,C,TL+1(t Z):C(t Xv,r,c,n Vv,r,c,n Vv,r,c,n "'/v,r,c,n U Z)_"’/U,T,c,n(t Z)
=D U () (4.75)
for any z€ Z" " x {O}E with the corresponding h < h as explained in (4.60).

Thus, by summarizing the discussions for (4.48) and (4.63), we have the conclusion that
there is a 6-tuple process

(XY™, (v P e P ) € 03:(0,71) (4.76)
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with the properties as required by (1.1)—(1.5), where Q%([0,7]) is defined in (2.5). Then, we
can prove that the following sequence of stochastic processes along n€{1,2,...},

En — ((Xn+1,Y7L+1)’ (Vn+l,v7l+1,‘7”+1('),Fn+1)), (Xl,Vl,V17‘~/1) — (070’070) (477)
is relatively compact in the Skorohod topology over the space

P[0,T] = D%*([0,T],R") x D*([0,T],R")
x D%([0,T),R?) x DF ,,([0,T],R**)
x D% ,([0,T), R"*") x D%([0,T],R"). (4.78)

Along the lines of [12,15], [10], and by Corollary 7.4 in [20], it suffices to prove the following
two conditions are true. First, for each e >0 and rational ¢ >0, there is a constant C(e,t) such
that

limian{ I=2"11% < C(e,t)} >1-¢ (4.79)
n—o0
Second, for each ¢ >0 and T >0, there is a constant § >0 such that

limsupP{w(E",J,T)Ze} <ke, (4.80)
n— oo

where the definition of w is stated in (4.2).

To prove the two conditions in (4.79) and (4.80) to be true, we first define the norm along
each sample path

£ lljg0y= sup [If(?)
a<t<b

for every fe{X",Z", U™, V", V" V"} with a,b€[0,T]. Then, for some constant > 0 that will
be chosen and explained in the following proof, we introduce the space

Q,[0,T]=D%([0,T],R*) x D¥([0,T], R?) x D% ,,([0,T], R**%)
x D% ,([0,T] x 2" R*"). (4.81)

Note that for each 4-tuple process (X, V,V,V) in this space, the norm is defined by

— o~ 2
H(X,V,V,V)H =E
Q,[0,7]

sup (IX(t)||2+||V(t)|2)€27t}

t€[0,7]
o[ [Mporeral e[ [ |re

Thus, by Lemma 4.1, there is a positive constant C7 such that

2
e”dt} . (4.82)

v

[y )
< (XY™ (0)| +£Ose(27,[0,T])

<1 (IXOI+1Z" ) (4.83)
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Furthermore, there are two nonnegative constants C1 and C5 such that

H Vn+17Vn+1"7n+1(.)’Fn+1)(t)’

<H yrt Vn+1 Vn+1 H"'HFWH H
<[V + || F(0)]| +260sc(U™ [0 T7)
+HAVUTC"+1 ||+HAv’U7‘C’n+1

A O R Oy

<G IV O+ IF D)+ 10" o 1y

+|}Avvrcn+l |’+‘ ercn+1 "+||DtOU1’rcn( )||+||Dt Uvrcn( )H)
<o (1HIX" DN+ T 2y 10" 0.1y
AV @+ AT )|+ DU @)+ DU 1))
<1 (LHIX O+ 2" o +HU"*HW HI0 o
[averem @]+ AT O |+ DU @+ 1P U @)
(4.84)

where the second inequality follows from (4.74) and (4.75), and moreover,

AV’U,T,C,TH»l (t) — Vn+1 (t) _ V’U,T,C,’n+1 (t), (485)

A"}v,'r,c,n«kl ()(t) _ ‘N/n+1 ()(t) _ ‘N/v,r,c,nJrl ()(t)7 (486)

DU ()= [ Dy U™ (t)Av(dz) (4.87)
zh

with Av(dz) = (Aivi(dz1),...,Anvn(dznr))’. Therefore, it follows from Markov’s inequality and
the linear growth condition that

2L2

PUIZE o > K} < 2= [[(xm. v vm o)

4.88
Q,[0,T] (4.88)

for each n€{1,2,...} and any constant K > LT. Furthermore, by Lemma 4.2.8 in [2] (or the
related theorem in [22]) and the linear growth condition, we know that

n R [A’ T n n yrn yrn 2
PUIZE jo,my > K } < o =5 (X" V707 070)

4.89
Q[0,T] ( )

for all constant K > L2T. Using similar reasoning as was applied to the inequalities in (4.84)—
(4.83), we know that

n 2i/2T n n yn oysrn 2

P{IU oy 2 K } < ——— || (x™, v, 0", 7™ : (4.90)

’ (K—LT)? 24[0,7]

K L*T Cn |12
P{ Uz >K}<—+fH X"y v v , 491
102 Mo, = K § < 475 K 7o ||¢ Mo o (4.91)

K n n+1 yrn+1l yrn+1
U. >K}<— H (XLl . 4.92
P{IU3 1,1 += oo (4.92)

Note that for any ¢t € [0,T], it follows from the proof of Proposition 18 for an BSDE with jumps
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in [16] and from Lemma 4.1 that

_ ~ 2
H(U”,V”,V”)
Q[t,T]

<K, <2£2(T_t)+H(Xn717vn717‘7n71"7n71 ‘

2
) Q’y[taT]>

T
<K, (2ﬁ2(T—t)+627TE[HV"_IH;TJ +62”T/t E[I\X"_l||[20,s]]d5>

+K H(Un—1 el Vn—l) 2
Y ) ) Q«,[t,T]’

(4.93)
where there exists a nonnegative constant K depending only on L, T, d, and h such that

K,=—<1 4.94
=7 (4.94)

for some suitable chosen «>0. Therefore, by Lemma 4.1, the Ité’s isometry formula, and
(4.93), we know that

E[IV"I, 2]
<K (E[|V*DP]+E[F" (D)) ++°E[Osc(U™,[t,T])?])
<K (1+E[|X™|fm] +£*E [Osc(U"2,[0,7))%] + > E [Osc(U" ™, [t,T])%])
<Ky (1 242 12T +24f<;2L2(T—t)2) FKE[| X3 5]

T
LUK K2LAT (/ E [”Xn‘2 I% SJ ds+E [HV”‘2 I% T]D
; , ,

T
vau2 20— ([ B[l a2 )

~ _ ~ 2
Fo4K K2EPT H (U”*Q,V"”,V"*Q))

Q,[0,7]

_ ~ 2
4K K H (U"’l,V"’l,V"’l)‘
0,(0.7]

24K K2LA (T — 1) H(U"’l,V"’If/"’l)’

2

Qy [t,T]

_ ~ 2
FAK K2 H (RN
Q. [t.1)

T
< Kz+ K> (/ E[HXn—lH[QO S]]dS_FH(Un_Q’Vn_ny/n_Q) 2
o ,

Q~[0,71]

_ ~ 2
4 H(Unflj/nfl?‘/nfl)’
Q~[0,T]

+H(U",V”,\7”)

’ ) , (4.95)

Q+[0,T]

where K; for i€{1,2,3} are some nonnegative constants depending only on T, ﬁ, K, and
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E[|V(T)||?]. Furthermore, for any t € [0,T], we have

E[IX" %] <2B[IX(O)I7] +25°E [0se(2" ", [0,4))°]
<2E[||X(0)]]%] +6x>Lt?

t
+652L2t(/0 E[\}X"*lufmsl]dﬁE[HV”*!\;T]D
2

16K212% H(Unfl"’/nflj‘;vﬂfl

2, l0.7)
<2BE[||X(0)|°] +126*L*¢* + 65> L2 E || V(1) ]

+6r21E t/ [I1xm12, ] s

+6k° L7t (1+267) (U™ VL VT ’ . (4.96)
Q+[0,7]
Thus, by repeating the calculations in (4.90)—(4.96) for all n€{1,2,...}, we have that
n n n n Ak+1Tk+l k . k
H(X VvtV ) O+Z T (1+KW)+AQZKA,, (4.97)

where Ay, A1, and A, are some constants depending only on L, T, d, and h. Summarizing the
inequalities in (4.90)—(4.92), we know that

K 1 1 1

P n >K ;< 2 I 7 | B
{”U H[o,T]— }—CQmaX{K27K7I?L2T,(KLZT)?'} o

for some nonnegative constant Co. o
Now, for each Malliavin differentiable 4-tuple process (X,V,V,V) € Q,[0,T], we define

Dy..(X,V,V,V)=(Dy..X,Dp..V,Do..V,Dp.V) (4.99)

for t€[0,T], 6€[t,T], 2=0 or z€ Z" " x {0} with h<h. To discuss the solutions of the
corresponding Malliavin derivative based systems of FB-SDEs, we introduce some support
spaces. More precisely, if z=0, this support space for a given ¢ €[0,7] and a constant 3>0
(which can be similarly chosen as in (4.81)) can be constructed as follows:

Qs[t,T)= Dx([t,T), R"*") x DE([t, T}, R"") x D%, ([¢t, T], R”***")
x D% ,([t,T] x 2" RI*""), (4.100)

where the norm endowed to this space for a process in (4.99) and 0 € [¢,T] is given by

o~ 2
HDO(X,V,\AV)H =E
Qplt,T]

f}w|De,ox<t>|2+|D9,0v<t>n2>6”9}
elt, T

+EU | De.oV (1) ewf’de}

e[ fpeovie)|

v

emgdﬂ} . (4.101)

On the other hand, corresponding to z7#0, we need to define a support space with a norm
related to double integral with respect to Lévy measure in z € Z". Specifically, this space, for
a given t€[0,7] and a constant ¢ >0 is defined as

Qc[t,T)=Dx([t, T, R"") x DX ([t,T],R™") x D% ,([t, T}, R™*"*")
x D% ,([t,T] x Z" Ry, (4.102)
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where the norm endowed to this space for 0 € [t,T] is given by

HD AT

2 _ 2 2\ 2¢6
=E| sup (|Do. X ()| +(Do.V(®)l2)e
Q¢ [t,T] 0€(t,T)

+E U Do, V (1) ez<9d0}
A

Next, corresponding to the coupled Malliavin derivative based system of FB-SDEs in (4.58)
and (4.69) with a possible solution of the form in (4.99), we let

+E

- 2|2
’DG,AV(L-) eQnge} . (4.103)

Yy

D@ﬂz(X7‘/7V,V)v sTCM (DG ZX'U ,T5C,M DQ zvv,r,c,n7,D9,z‘7v,r,c,n7,D9,z"'/U,r,c,n). (4104)

In this case, the process (X,V,V,f/)””‘c’" can be considered as a given random environment
to the Malliavin derivative based system in (4.58) and (4.69). Furthermore, this coupled
system is endowed with initial value ©%'"%"(¢,2) in (4.60) and terminal condition T*'"" (¢, z)
in (4.72) and (4.73) respectively. However, the Malliavin derivatives Dy ,(RY""¢""1(t)) and
Do, (SEV™"T1(¢)) in (4.58) and (4.69) may be unbounded. Therefore, we truncate them with
each g€{1,2,...} as follows,

Do (RYO 71 (1)) = g A\ Dy . (RY "7 (1)), (4.105)
)=g \Do-(SF""" (1)), (4.106)
@I (4 ) = g/\@v men(t,2), (4.107)
2)= (4.108)

(4.109)

'DB’Z(SFQ»UJ"»CJHLI t)

rrg,v,r,c,n( g/\TU’T’c’n(t,Z),
(X7 Vv Vvv)gyvyrycyn Eg/\(X’ ‘/7‘77‘7)’”77«76’"7

where the operator /\ denotes the smaller of two numbers and is interpreted in a componentwise
way. Then, along g€{1,2,...}, we have the following convergence either in the a.s. sample
pathwise sense or in the mean-square sense due to the monotone convergence theorem: as
g— 00,

D97Z(Ryg,v,r,c,n+l() _)1)972(Ryu,r,c,wrl(t))7
Dy (SFIV " (1) = Dy L (SF7" (1)),
t,z

4

(4.110)
(4.111)
OV (t,2) = O (L, 2), (4.112)
(4.113)
(4.114)

—_ — — —

Tg,v,'r,c,n(t’ Tv,r,c,n(t’z)’
(Xa V7 ‘77 ‘7)971)#707” - (Xv‘/a ‘77‘7)1}7“0’”'

Thus, associated with (4.105)—(4.109), the counterpart of system (4.58) and (4.69) can be
written as

:De,ng,u,r,c,n+1(t) — DQ,ZX(O) +D6’ZZg,v,r,c,n(t) +D9,z (Ryg,v,r,c,n+1(t)) ,
Dy VIV tL(1) = Dy  H(X9""O™(T),-) + Do . (SFI 7™ (T)) (4.115)
+'D9,ZUQ’U’T’C’n(t)—'DQ,Z(SFQ’U’T’C’nJ'_l(t)).

Due to the truncation in (4.105)—(4.109), the system in (4.115) is not a real Malliavin derivative
process oriented partial differential system. In other words, the original Malliavin derivative-
based sequence indexed by (v,r,c,n) is replaced by a sequence indexed by (g,v,r,¢,n), i.e.,

Dy .(X,V,V,V)o0men (4.116)
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which corresponds to the truncated values defined in (4.105)—(4.109). For example, by the
corresponding discussion in (4.61), the coefficient in (4.115) has the form

- yU,T,C 1M sV, T C M sV T C M sV T C M
b(s™, X9 +Dp,. X7 en, V9 + Dy, V7 en,
{79,V,T,C,1 (79,V,T,C,1 (79,V,T,C,1 (79,V,T,C,1
Ve + Do, V? edn,V? +Dy,.V? enn,*+ Do,z *,u)
_b(5—7X11,7‘,c,n7VU,r,c,n7‘7v,r,c,n7vv,r,c,n7u). (4117)

Thus, if we consider the sequence (4.116) as a solution to system (4.115) for each ne€
{1,2,...}, it follows from (4.117) that the sequence (X,V,V,V)9umen along n€{l,2,..} is
the given random environment. Therefore, for system (4.115), the binding Lipschitz process
L9vmem(w) corresponding to its counterpart L(w) in conditions (2.10)—(2.16) is a functional
of (X,V,V,V)g’“”"’c’", SO ﬁg’”’r’c’"(w)zi((X,V,V,f/)g’“’m’",w)‘ Due to the truncation in
(4.109), it can be assumed to be a constant for each g€ {1,2,...}.

In the subsequent discussion, we first fix the 4-tuple number (g,v,r,c) and consider system
(4.115) with the initial value ©9""""(¢,z) and terminal condition Y9*'""(¢,z) as a conven-
tional system of FB-SDEs without reflection boundaries. Then, for the case z=0, it follows
from Lemma 4.7 and the conditions in (2.10)—(2.16) that we can get inequalities analogous to
those in (4.83)—(4.92) by suitably handling constants K and K:

P{ Doz >K}< 2L*T |Dox, V.7, Py ’ (4.118)
0 [¢,T] T 0 s VeV, Qﬁ[t,T]’ .
P{HD Zgvmen| >K} +£HD (X,V, 7, 7)o ren]” (4.119)
0 [t,T] K—12T 0 s Vy Vo, QB[t,T]’ .
2i2T . 2
P{HD o >K} 2L po(x, v, 1, 7)o men : (4.120)
(K —LT)? Q5 [4,7]
K LT _ . 2
P{ DoUL " >K} <L 2 HD X, V,V,V)svmen (4121
I e 2 K g < K2 + K—LQT of ) Qplt.T] ( )
P{ DUL v Tem >K} HD (X,V,V, 7)o mentl 4122
Dol ”[t Tl K2 ¢ ) QultT] ( )

Furthermore, it follows from the facts in (4.118)—(4.122) and a similar argument as was used
for proving inequality (4.98) that

P{ ”DOUg,u,r,c;"(t)H[t‘T] > K} <Cj3 maX{Q, T e T Fas } (4.123)

Similarly, for the case in which z#0, it follows from Lemma 4.7 and the conditions in (2.10)—
(2.16) that

. 2L2T _

P{ DgTen > K} < 2B H X,V,V,V)evmen , 4.124
Dz emy > &} < 22D [poxvy pypeee |l (1.121)

K L*T _ - 2
P{ pZgvTen > K} < B A H X,V,V,)owmen . (4125
(D2, Yo 2 K} < 65 + g [PV Do )

2L2 2

P{ IDUL™ ™| Yooy K} <o HD (X,V,V,V)ovmen , (4.126)

Q. [t,T]
P{ "DU‘(]’U TC, nH ) >K} i + LQT HD(X \YAT f/)g,vmc,n 2 (4 127)

[t,T] K EQT sV Vo ot T] ) .
P{(HDU:?W’“C,H||l,)[t,T] EK} < 4= HD X V V V)g7'U ,7y¢,n+1 o T] (4.128)
clt
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Therefore, by (4.87) and (4.124)—(4.128), we have that
P{ ||D Ug,v,r,cﬂl(t)”[t’T] > K}

<P{(IDU*" " O], )r 2 K }

K 1 1 1
<Cimax{ —, =, —F——,——= . 4.129
= {K2 K K—i2T (K—LZT)?} (4.129)

Here, we remark that the nonnegative constants Cs and C4 in (4.123) and (4.129) may depend
on (g,v,m,c). However, owing to the convergence in (4.52)—(4.54), (4.110)—(4.114) and the
similar computational procedure for a conventional system of FB-SDEs (see in (4.115) with
z=0), we can take (g,v,r,c) as a 4-tuple integer function satisfying (g(v),v(r),r(c),c(n)) — oo
when n — oo such that

o~ 2
HA(DO(X,V,WV)g’“”"’c’") 50 as n— oo, (4.130)

Q4[t,T]

where the difference A is defined by
A(Do . (X, V,V, V)01 =Dy (X, V,V, V)7 —Dy (X, V,V, V)", (4.131)

Moreover, once again by the convergence in (4.52)-(4.54) and (4.110)-(4.114), we have that

_ ~ 2
[(axmem Averen) (AT AT ()))| —0asn—oo,  (4.132)

Q[0,7]

where the 3-tuple function satisfies (v(r),r(c),c(n)) — oo as n— oco. In addition, the notation
A in (4.132) denotes the difference between the corresponding processes of the system in (1.1)
and the one in (4.63) and (4.70) (see those as defined in (4.85)-(4.86)).

Hence, for each given € >0, it follows from the initial condition in (4.77) and the facts in
equations (4.98), (4.123), (4.129), (4.130), and (4.132) with suitably chosen constants K and
K, that

inf P{ 2" ()| <C,0<t<T}

Zinfmin{P{ (X ym )| <, ogth},

P{ H(V"“,V"“,V"“(.),F"“)(t)H <o, ogth}}
>1-¢ (4.133)

for some nonnegative constant C'. Thus, the sequence {="} along n € {1,2,...} satisfies condition
(4.79).

Now, we show this sequence {Z"} satisfies condition (4.80). In doing so, for any € >0 and
a constant 6 >0, we consider a finite set {¢;} of points satisfying 0=t9 <t1 <...<tp, =T and
ti—t;_1=0<e/L with le{1,...p} and pe {1,2,...}. Furthermore, for all 0<s<t¢<T, it follows
from (4.83) and (4.84) that

Iy @) = (XY )| <261 (IX O+ 127071 ) (4.134)
Vet o T ), P @) = (VL T O, F ) ()|

<201 (1 IXOIH1Z" g7y 107 g, 29 10 02

+ ||A‘7v,r,c,n+l(t)” + HA"”/v,r,c,rkl»l(.)(t)H + HDt,OU’UyTYC’n(t)H 4 ||'Dt’.U’U’T’c’n(t)

).

(4.135)



694 A UNIFIED SYSTEM OF COUPLED FB-SDES WITH LEVY JUMPS

Then, by equations (4.77), (4.93)—(4.96), (4.134)—(4.135), and the explanation given for (4.83),
we know that

P{w(Z{L,&T) ze}

3E2(5 n2 n| 2 n yrn yrn 2

<= _(E||X 1% vhvev

T (e—Lo)? ( [H o, 1 H[O’TJJFH( Moy
3L2 Ak+1Tk+1 . n .

< — .
is (Ao+§j T (1+1r<7)+,42k§:1j1r<W : (4.136)

where as stated for the inequality in (4.97), Ao, A1, and Az are nonnegative constants depending
only on L, T, d, and h. By Lemma 4.2.8 [2] (or the related theorem in [22]) and the linear
growth condition, we know that

P{w 72.6,T)> }

<5+ (E Ixeis] +se (v + ||l )
=2 3L2 T 7 Q,[0,T]

z Ak+1Tk+1 n n
<o (o (S A () s o)

(4.137)

for each nonnegative constant € > 3L25, where As is some nonnegative constant depending only
on L, T, d, and h. Similarly, there are some constants By, B1, B2, and Bs depending only on
L, T, d, and h such that

P{w(Ul",é,T)ze}
3126 BRtLTR+1 X "k
[ Bo+> +—— (1+K5)+B:» K|, 4.138
= (e—Lo)? ( 0 Z (k+1)! (1+55) 2; v (4.138)
P{ (U3,5,T) ze
BfHTkH k - k - k
ﬁ <Bo+ > (1+K5)+ B2y K +33;K7 . (4.139)

k=1

w‘ ol
h)
(=)

P{ () ze}

¢ 3L2 'ﬂ+1Bk+lTk+1 X n+1 .
<€ B (1 K) B S KF ) +BsS KE . 4.14
o <6< o+k21 i) + + zz + 3; . (4.140)

k=1

Next, instead of the interval [0,7"] consider the interval [¢,7] in the left-hand side of (4.2),
and just as in the discussion of (4.136)—(4.140) there are nonnegative constants Ao, A1, Az,
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By, Bi, Bs, and B; depending only on ﬁ, T, d, and h such that

P{uw(Dozf 7" 5,1.1]) 2 ¢ |
3L 5 Aktiht AR e
< 20 (4 1+K5) + 45K 4.141
(- ( o+z (1) ( + 5)+ 2; 8 | ( )
P{w(DoZ&”'C’"ﬁ,[t,TDze}
€ 3L2 Aptirktt K L5 N gk NS gk
<£ 1+ K5) + A5 KE ) + 4,5 K 4.142
_62+6— L2(5< < O+Z (k+1)! (+ ﬁ)Jr 2; o)t 3; i)t )
P{w(DOUf’””“C’”,&,[t7T])ze}
3026 [ 5 . BFHITREH AR
<= (Bo+> —=—_ (1+K§)+B> K}, 4.143
= (e—Lo)2 ( 0 ; (k+1)! ( ﬂ) 2; s ( )
P{w(DoU;””’T’C’”,é, [t,77) > e}
e 3L2 Bk+1Tk:+1
<@t a7 ( ( O+Z T (1+Kﬁ)+B2kleﬁ +BBZKﬁ (4.144)

Plw@ougrmom s, [t,T])ze}

e 3I2 n+1 Bk+1Tk+1 n+1
<—+4+— .
<S5+ BO+Z Y (1+Kﬁ)+BQ;K6 +ngZIKB (4.145)

where as in (4.94), there exists a nonnegative constant K depending only on L, T, d, and h,
such that, for a suitable chosen 8> 0,

<1. (4.146)

Furthermore, there are nonnegative constants /107 Al, Ay, B, B, Bg, and Bs depending only
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on ﬁ, T, d, and h such that

P{lw(z{" " 5,6 T))], > e}

3L5 Akt AR
<— .
is <A0+§ T (1+KE)+42) KE |, (4.147)

k=1

P{(I\w(DZS’“’C’",&[t,T])Hu)ze}

<€£2+ 3ﬁ;5< ( 0+2Akk+f;k+1 (1+K§)+A2;K§> + 43 ané“), (4.148)
P{(lo(@UE*"" 5[t T, > €}

S(gg_i/;fS)? <B0+§B?;_J:;!H (1+K§)+B2§K§>, (4.149)
P{(lw(DUS>™" 8, (6T, > €}

<€£2+ 3L ( (30+Z Bf]::ku (1+K§)+]§2§K§>+1§3;K§>, (4.150)
P{(Hw(DUs?’””"’C’"»&[t,T])Ilu)26}

¢ 3 2 n+1 k+1Tk+1 n+1
2+<<BO+Z (k+1)! (1+K<)+B2ZK<)+BSZK<> (4.151)

k=1

where as in (4.146) and for a suitable chosen ¢ >0,

KC:%<1. (4.152)

Hence, for each given € >0, it follows from the convergence in (4.130) and (4.132), the facts
n (4.136)—(4.145) and (4.147)—(4.151), there exist suitably chosen constants €, §, sufficiently
small numbers of v, 3, and ¢ (via the expressions of K, Kz, and K¢ in (4.94), (4.146), and
(4.152)) that

hmsupP{w ),d T)>e} <e. (4.153)

n—r00

Thus condition (4.80) is true for the sequence of {="}. Furthermore, by (4.84), (4.153), and
Corollary 7.4 in [20], this sequence is relatively compact. Therefore, there is a subsequence of
{="} that converges weakly in Skorohod topology to

E=((X,Y),(V,V,V,F)). (4.154)
For convenience, we suppose that the subsequence is the sequence itself, i.e.,
2" E. (4.155)

Due to the Skorohod representation theorem (see Theorem 1.8 in [20]), we can assume that the
convergence in (4.155) is a.s. in the Skorohod topology. Now, for each n€{1,2,...}, we define

it X"V VTV, z;)
ECji(t77Xn7Vn7‘7n7‘~/n7u7Zi)+‘7j7il+1(t77zi) _f/ﬁ(ti?zi)‘ (4'156)
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It follows from (4.63) and the It6-Lévy isometry that

h
E[/OTLiZKA(in(t_,Xm,Vm,‘_/m,f/n,u,zi)

j=1i=1

_ ~ 2
iji(f,X",V",V",V",u,zi)) )\,'yi(dz,')dt] -0 (4.157)

as m,n — oo for each given constant K>0. Thus, subject to the constraint of R’, we see that
T, X", VT V™ V™ u,z) is a Cauchy sequence along n€{1,2,...} in the mean-square sense.
Furthermore, as m,n — oo, it follows from the Lipschitz condition in (2.13) that

T a h _— o ,
E[/O /ZZZK/\ (Vm+ (t’,zi)—vu (tjzi)) Aivi(dz;)dt| — 0. (4.158)

j=11i=1

In other words, f/"“(t*,z) is also a Cauchy sequence along n€{1,2,...} in the mean-square
sense. Therefore, it has a convergent sequence in the mean-square sense, which further implies
that it has an a.s. convergent subsequence. Hence, we can conclude that V™! corresponding

to the subsequence converges a.s. along n€{1,2,...} to a limit V such that V in (4.154) can
be explicitly expressed as

<o

t)=V(t,)= V(t,2)\v(dz)
Zzm
under the constraint of K. Then, let K— 0, it follows from the monotone convergence theorem
that the required V (t,z) can be derived.
Finally, by claim (a) in Theorem 1.14 (or claim (a) in Proposition 2.1) of [26] and the
fact that Y™™ (0)=0 and Y™™ is nondecreasing, we can conclude that Y (0)=0 and Y is
nondecreasing. Furthermore, by Lemma 4.3 and (4.50)

¢
/ Ip,(X(s))dYi(s)=Y;(t) for all t>0,i€{1,...,b}. (4.159)
0
Analogously, we know that F'(0)=0, F is non-decreasing, and
t
/ Ip,(V(s))dFi(s)=F;(t) forallt>0,i€{1,...,b}. (4.160)
0

Therefore, by the Lipschitz condition in (2.11), we know that ((X,Y),(V,V,V,F)) satisfies the
FB-SDEs with Lévy jumps in (1.1) a.s. Thus, by the Skorohod representation theorem again,
it is a weak solution to the FB-SDEs in (1.1)—(1.5).

Part A (Uniqueness). Assume that ((X7,Y7),(V?, V7 VI F7)) for j € {1,2} are two weak
solutions to the FB-SDEs in (1.1). Since Y7 for each i € {1,...,b} and j € {1,2} is non-decreasing
and finite a.s. along each sample path, it can be approximated by a sequence of non-decreasing
continuous processes. Therefore, without loss of generality, we suppose that Yij for each i€
{1,...,b} and j€{1,2} is non-decreasing and continuous. Furthermore, it follows from the
discussion in (4.50) that

Y7 (t) :/Otai(S)ds (4.161)

for some process az(~ >0. Nevertheless as in (4.50), it may be unbounded. Thus, for each
ce{1,2,...}, we let a®’(t) be a b-dimensional vector whose component associated with each

i€{1,...,b} is given by

oS () =ad (t)] {ag‘ (t) < c} . (4.162)
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Then, by the monotone convergence theorem we have that

—0 a.s. as c—o00. (4.163)

v
[0,7]

In addition, for each given ¢, there exists a sequence {ar’c’j,r € {1,2,...}} of simple processes

such that
T
0

For convenience define

X . 2
ar,c,j (S)—aC’J(S)H d5:| _)0 as r — o0. (4164)

Y7o (1) = / ™% (s)ds. (4.165)
0

Similarly, we can find such a sequence {37’} corresponding to F(t). such that

Fr,c,j (t)E/tﬂT’c’j(S)dS. (4‘166)
0

Therefore, for each j € {1,2}, the corresponding FB-SDEs in (1.1) can be rewritten as

X7 (t) = £+ 27 (1) + R(Y? (t) =Y () + RY "7 (t), _ _
VI(t) = H(X)(T),)+ U7 () + S ((F(T) = F7 () = (F"(T) = F"7 (1)) (4.167)
+S(F™%9(T) — F"(t)).

Next, for each f7 € {X7, Y™ VI VI VI FrI} with je{1,2}, we define
Af=fl—f? (4.168)
and construct the following quadratic function
C(t)=(Tr(AX (1) +Tr(AV (1)) e (4.169)

where >0 is some constant, and Tr(A) denotes the trace of the matrix A’A for a given
matrix A. Then, by the expressions in (4.161) and (4.165)—(4.166), the Ité’s formula, and the
discussion for Proposition 18 in [16] and Lemma 4.1, we have that

2

H (AX,Aa™),(AV,AV,AV,AB"™)) H Q,[0,7)

C r.c ,C
<= B sup AV @)=Y @)I* | +E| sup [AF()—F" ()|
1-K, t€[0,T) te[0,T]
—0 as c— o0, (4.170)

where C and K, < 1 are nonnegative constants only depending on f}, T, d, and h. Furthermore,
r in (4.170) is a function of ¢, satisfying r(c) — oo as ¢— oo. In addition, the norm (4.170) is
defined as

|((ax, 207, (AV, AV, A7, 88™))| ;mﬂ

=F

sup (||AX(t)||2+||AV(t)|2)6272}

te[0,T]

T T
48| [ laar ol ea v | [ 1ar@) el
0 0

B MT HAV@)HQewdt] 1B VOT |av )

2
e2”tdt} . (4.171)

v
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Thus, it follows from (4.170) and (4.171) that
(AX,Aa",AV,AV,AV ,AB"°) =0 as r — 0o (4.172)

for almost all (¢,z,w) €[0,7] X Z™ x Q. By the same argument used in proving relatively com-
pactness for the sequence in (4.77), we know that the sequence {(AX,Aa™, AV,AV, AV,
AB"),ce{1,2,...}} is relatively compact in the Skorohod topology. It follows from (4.172)
that the zero process is the unique limit process for all of its convergent subsequences. Thus,
we can conclude that the whole sequence itself converges to the zero process weakly, which
implies that

(AX,AY"°, AV,AV AV ,AF"°) =0 as r— oo, (4.173)

where “=" denotes “convergence in distribution”. Therefore, it follows from (4.163)—(4.166)
and Theorem 4.4.6 in [7] that

(( D,(VEVEVEEY)

_ ((XI,YI),(Vl,Vl,Vl,Fl))— ((X17Yr,c,1)7(V17‘717‘71’F1~,c,1))
-‘r((XQ,YT’C’Q),(VQ,VQ,VQ,FT’C’Q)) _ ((XQ,YQ),(V27V2,V2,F2))
+((AX,AY "), (AV,AV, AV, AF™ )+ ((X>,Y?),(V?, V>,V F?))

= ((X2,Y?),(V2 V2 V2 F?) as 7— . (4.174)

Thus, we know that (X7,Y7, VI, V9, Vj,Fj) with j€{1,2} have the same distribution. In
other words, the weak uniqueness of solution to the system of FB-SDEs in (1.1) holds. This
completes the proof of Part A.

Part B. We consider the case that L(¢,w) appearing in (2.10)—(2.15) is a constant and
the spectral radii of S and each p X p sub-principal matrix of N’'R are strictly less than one. In
this case, we need to prove that there is a unique strong adapted solution ((X,Y"), (V,Vf/,F))
to system (1.1)—(1.5).

In fact, it follows from [24], [15], Lemma 7.1 and Theorem 7.2 in [6] that there exist two
Lipschitz continuous mappings ®; and ¥; such that

(XY™ ()= (27 (6) + @1 (Z27) (1), 21(Z27) (1)), (4.175)
(VPELETTH (@) = (0" () + 21 (0™)(1), 01(T™) (1)) (4.176)

for each n€{1,2,...} and ¢ € [0,T], where the processes Z" and U™ are defined by

ZM(t) =€+ 2" (1),
U™ (t) = H(X"(T), )+ SF™(T)+ U™ (t).

Then, it follows from (4.175)—(4.176), the related estimates in Part A, and the conventional
Picard’s iterative method, that we can prove the claim in terms of the unique existence of a
strong solution to (1.1)—(1.5) in Part B. Furthermore, we know that there are two Lipschitz
continuous mappings ¢ and ¥ such that

D(Z)(t) =1(2)(t),
() (t)=F(T) - F(t).

Hence, we finish the proof of Part B.

Part C. We consider the case that L(t,w) appearing in (2.10)—(2.15) is a constant and
both of the SDEs have no reflection boundaries. In this case, we need to prove that there is
a unique strong adapted solution ((X,Y),(V,V,V,F)) to system (1.1)—(1.5). In fact, by the
related estimates in Part A, this case can be proved by directly generalizing the conventional
Picard’s iterative method.
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Part D. We consider the case that L(t,w) appearing in (2.10)-(2.15) is a general adapted
and mean-square integrable stochastic process. The proofs corresponding to the cases stated
in Part A, Part B, and Part C can be accomplished along the lines of proofs for Lemma 4.1
in [14] associated with a forward SDE under random environment and Proposition 18 in [16]
for a backward SDE under random environment. The key in the proofs is to introduce the
following sequence of {F;}-stopping times, i.e.,

o =inf{t>0,||L(t)|| > n} for each ne {1,2,...}.

By the assumption in (2.16), 7, is nondecreasing and a.s. tends to infinity as n — oo.

Finally, by summarizing the cases presented in Part A to Part D, we finish the proof of
Theorem 2.1.

4.4. Proof of Proposition 3.1. First, we claim that the stochastic exponential
M defined in Proposition 3.1 is an {F;}- and P-local martingale. In fact, it follows from
Theorem 2.1 that the system described by the SDEs in (3.1)—(3.2) is well-posed, i.e., the joint
distribution Fg, z) of the processes S and Z is uniquely determined. Thus, we can conclude
that

E

/OT {’y(s,S,Z)’y(s7S,Z)'+Zh:/Z <(17¢(8,S,Z,zi)zi)2

+(ln((n(t,S,Z,zi)+1)zi))2>yi(/\idzi)}ds] <. (4.177)

Therefore, the following process, denoted by G(t) for each t € [0,77], is well-defined:

G(t):—/ot (%y(s*,&zh(sis,Z)’Jr/ (n(s*,s,zz)’ diag(z))a(xczz)> ds

-l-/ot'y(s*,S,Z)dW(s)
—’—/Ot/;371 (ln(n(s_,S,Z,z)—f—e)/ diag(z)> N(\ds,dz). (4.178)

Furthermore, it follows from the It6’s formula that the stochastic exponential M (t) =exp{G(t)}
defined in Proposition 3.1 is an {F;}- and P-local martingale.
Second, let I'(¢) denote the unique strong solution of the following SDE with Lévy jumps,

dr(t) =@t , S, D)W (t)+ | o(t™,S,T,2)N(Ndt,dz). (4.179)

Then, by the fact that the process M (t) is an {F; }-local martingale, and by the Girsanov—Meyer
Theorem (see [41] and [33]), we know that

D) (g, 7)(8) = M(1). (4.180)
Furthermore, we define a process X by
t —
ax(0)= [ 2 5.2 ()
0

—|—/t/ﬁ77(5_,5,Z,z)diag(z)]\:f(;\ds,dz). (4.181)
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Then it follows from the proof of Theorem 37 in [41] that the Doléans-Dade exponential of X
can be calculated by

E(X)tzexp{X(t)— 1[X,X]c(t)}l_[ (l—l—AX(s))exp{—AX(s)}

2 s<t
=M(t), (4.182)

where [X, X]¢ is the continuous part of [X, X]. Thus, it follows that
t
M(t) :1+/ M(s7)dX(s). (4.183)
0

Hence, by the assumption of independence among different driving noises in (3.1)—(3.2), we
know that

Es[M(t)] zlJr/0 Es[M(s™)v(s™,S,2)] dW (s)
+ /O t /Z Bs[M(s )n(s™.8.2.2)] diag(z) N (Nds,dz). (4.184)
In addition, let
H(t)=InEs[M(t)]. (4.185)

Then, by applying the Ité’s formula to the SDE in (4.184), we have that

1 _ _ _ _ /
dH(t):—mEs [M(t™)y(t,8,Z)| Es [M(t™)y(t™,S,2)] dt (4.186)
1 _ _ /. /Y
_/2’3 mEs [M(t)n(t™,S,Z,2) diag(z) | v(Adz)dt
1
Es[M(t7)]

+/hln(<ES [M(t_)n(t_,S,Z,z)} +6) diag(z)) N(\dt,dz)

+ Es [M(t™)y(t™,S,2)] dW (t)

Es[M(t7)]

—- <1ﬁ<t-,s,zw(fﬁvz)/+/

2 zh
+4(t7,S,Z)dW (t)

+/Z;; I ((A(t™,5.2,2) +¢) diag(=) ) N(Adt,dz2).

H(t,S,72,z) diag(z)ﬁ(j\dz)) dt

Note that by an explanation similar to the one for M (t), we know that the following process
M (t) is also an {F;}- and P- local martingale,

M(t)=Es[M(t)]=exp{H(t)}. (4.187)
Furthermore, by a similar argument given for (4.180), we know that

dFy .
TR (2(0) =M (). (4.188)

Next, it follows from (4.180) and (4.188) that the absolute continuity among the corresponding
measures of the distributions Fz, Fr, F(g,z), and F(sr) is true, i.e.,

Fz < Fr, F(S,Z) <<F(Z7p). (4.189)
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Thus, it follows from the chain rule for Radon-Nikodym derivatives, and (4.189), (4.180), and
(4.184), that

dF (s, 7)
dF(s,z)  aFsery (5:2)(®) .
m((S,Z)(t))— 2 (20) =M)M (). (4.190)

Furthermore, by the relationship in (4.190) and the definition of the mutual information in
(3.3), we know that

I(T,&Z):/(lnM(T)—1nM(T)) dF(s.7). (4.191)

Hence, it follows from equations (3.11), (4.184), (4.191), and Corollary 8.7 in [26] that the
formula given by (3.8) in Proposition 3.1 is true.

5. Conclusion

In this paper, we are concerned with the well-posedness and applications of a unified
system of coupled FB-SDEs with completely-S skew reflections and Lévy jumps. Owing to the
reflections, the solution to an embedded Skorohod problem may be not unique, i.e., bifurcations
may occur at reflection boundaries, the well-known contraction mapping approach can not be
extended directly to solve our problem. Thus, we develop a weak convergence method to
prove the well-posedness of an adapted 6-tuple weak solution (in the sense of distributions)
to the unified system. Furthermore, in our proof we adopt a generalized linear growth and
Lipschitz condition that guarantees the well-posedness of the unified system even under a
random environment. In addition, if the spectral radii for the reflections are strictly less than
unity, a unique adapted 6-tuple strong solution is considered. As applications of our unified
system, we also develop new techniques including deriving a generalized mutual information
formula for signal processing over possible non-Gaussian MIMO channels with dynamics driven
by Lévy processes. Finally, since our unified system is formulated possibly in the most general
form with feedback control concerning various SDEs, we predict that our main results can be
applied to more areas.
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