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INFINITE HORIZON BACKWARD STOCHASTIC VOLTERRA
INTEGRAL EQUATIONS AND DISCOUNTED CONTROL
PROBLEMS*

YusHt HAMAGUCHT™

Abstract. Infinite horizon backward stochastic Volterra integral equations (BSVIEs for short) are
investigated. We prove the existence and uniqueness of the adapted M-solution in a weighted L?-space.
Furthermore, we extend some important known results for finite horizon BSVIEs to the infinite horizon
setting. We provide a variation of constant formula for a class of infinite horizon linear BSVIEs and prove
a duality principle between a linear (forward) stochastic Volterra integral equation (SVIE for short) and
an infinite horizon linear BSVIE in a weighted L2-space. As an application, we investigate infinite hori-
zon stochastic control problems for SVIEs with discounted cost functional. We establish both necessary
and sufficient conditions for optimality by means of Pontryagin’s maximum principle, where the adjoint
equation is described as an infinite horizon BSVIE. These results are applied to discounted control
problems for fractional stochastic differential equations and stochastic integro-differential equations.
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1. INTRODUCTION

Backward stochastic Volterra integral equations (BSVIEs for short) are Volterra-type extensions of backward
stochastic differential equations (BSDEs for short). A class of BSVIEs introduced by Lin [20] and Yong [42, 44]
is the following:

Y(t) zil)(t)—&—/t g(t,s,Y(s),Z(t,s))ds—/t Z(t,s)dW (s), t € [0,T], (1.1)

where T' € (0,00) is a given terminal time, W(-) is a Brownian motion, ¢(-) is a given (not necessarily adapted)
stochastic process called the free term, and g is a given map called the driver. The unknown we are looking for
is the pair (Y'(-), Z(:,-)), where Y (-) = (Y (s))sepo,r) and Z(t,-) = (Z(t, 5))sep, 7] are adapted for each t € [0, T7].
Sometimes a BSVIE of the form (1.1) is called a Type-I BSVIE. If the free term () and the driver g of Type-I
BSVIE (1.1) does not depend on ¢, then the second term Z(t, s) of the solution becomes independent of ¢, and
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(1.1) becomes the standard BSDE:

T T
YO =0+ [ glsY(s).2()ds~ [ 2()aW(s), te 0.7,
t t
which can be written in the differential form:

dY (t) = —g(t, Y (), Z(£)) dt + Z(t) AW (2), t € [0, T,
Y(T) = 4.

BSDEs have very interesting applications in stochastic control, mathematical finance, PDE theory, and many
other fields. Relevant theory of BSDEs can be found in the textbook of Zhang [45] and references cited therein.
Type-I BSVIEs are important tools to study stochastic control and mathematical finance taking into account
the time-inconsistency. For example, time-inconsistent dynamic risk measures and time-inconsistent recursive
utilities can be modelled by the solutions to Type-I BSVIEs (see [2, 19, 32, 43]). Time-inconsistent stochastic
control problems related to Type-I BSVIEs were studied by Wang and Yong [33], Herndndez and Possamai [15],
and the author [13]. Also, Beissner and Rosazza Gianin [5] applied Type-I BSVIEs to arbitrage-free asset pricing
via a path of EMMs called an EMM-string.
As a further extension of Type-I BSVIEs, Yong [42, 44] considered the following equation:

Y(t)zz/}(t)—l—/t g(t,s,Y(s),Z(t,s),Z(s,t))ds—/t Z(t,5)dW(s), t € [0,T], (1.2)

which is called a Type-II BSVIE. Unlike Type-I BSVIE (1.1), the driver g of Type-II BSVIE (1.2) depends
on the term Z(s,t) for 0 <t < s < T, which is a part of the solution. Therefore, to obtain a solution of
Type-II BSVIE (1.2), one has to determine Z(t,s) for (¢,s) € [0,T]?. Since the equation (1.2) alone is not a
closed form for Y(-) = (Y (t))¢cjo,r) and Z(-,-) = (Z(t, 5))(¢,s)e[0,7]2, We have to impose an additional constraint
on the term Z(t,s), 0 < s <t < T, for the well-posedness of the equation. The so-called adapted M-solution
is a solution concept of Type-II BEVIE (1.2) which, by the definition, determines the values of Z(t,s) for
0 < s <t < T according to the martingale representation theorem Y (¢) = E[Y (¢)] + fot Z(t,s)dW (s). This kind
of solution concept was introduced by Yong [44] and applied to the duality principle appearing in stochastic
control problems for (forward) stochastic Volterra integral equations (SVIEs for short). Since then, Type-II
BSVIEs have been found important to study stochastic control problems of SVIEs (see [7, 30, 31, 36, 38]).

We emphasize that, in all the previous works mentioned above, BSVIEs and the related stochastic control
problems are considered on a finite horizon [0,7] with a given (deterministic) terminal time T € (0,00). In
contrast, in this paper, we are interested in BSVIEs and stochastic control problems with 7" = oco. More precisely,
we consider an infinite horizon BSVIE of the following form:

Y(t) =) + /too e_)‘(s_t)g(t7 5,Y(s), Z(t,s), Z(s,t))ds — /too Z(t,s)dW (s), t >0, (1.3)

where A € R represents a given (not necessarily positive) “discount rate” which determines the long-time behav-
ior of the solution. This form of BSVIE appears for the first time in the literature. As in the finite horizon
case, we often call equation (1.3) an infinite horizon Type-II BSVIE and the equation (1.3) with the driver
g(t, s,y, 21, z2) being independent of z5 an infinite horizon Type-I BSVIE. Infinite horizon BSVIE (1.3) can be
seen as an extension of an infinite horizon BSDE of the following form:

Y (t) = —{g(t, Y (t), Z(t)) — AY (t) } dt + Z(t) dW (1), t > 0, (1.4)
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which was studied in, for example, [10, 11, 27, 28, 40, 41]. Compared with the finite horizon case, in the infinite
horizon BSDE (1.4), the terminal condition for Y'(-) is replaced by a (given) growth condition at infinity. The
main difficulty appearing in the infinite horizon case is to identify the condition for the discount rate A\ which
ensures the existence and uniqueness of the solution in a given weighted space. A similar difficulty also arises
in the study of infinite horizon BSVIE (1.3). Specifically, consider the situation where we are given a free term

(-) satisfying
E[/OO 2y (t) dt] < oo
0

for some fixed weight 7 € R. Then the adapted M-solution (Y (), Z(-,-)) to the infinite horizon BSVIE (1.3)
should satisfy a similar growth condition at infinity:

]EU 62’7t|Y(t)|2dt+/ 62’”/ |Z(t, s)|2dsdt} < oo.
0 0 0

A delicate question is the condition which ensures the existence and uniqueness of the adapted M-solution for
any free term () in a given weighted L2-space. In this paper, we mainly focus on this problem. Intuitively
speaking, in order to ensure the well-posedness in a large space (i.e., the weight n € R is a large negative
number), the driver g has to be discounted sufficiently at infinity (i.e., the discount rate A € R should be a
sufficiently large positive number). A criterion for this trade-off relationship between the weight n and the
discount rate A\ is determined by the driver g.

With the above intuitive discussions in mind, we prove the well-posedness of infinite horizon BSVIE (1.3)
(see Thm. 3.8). We also show that the adapted M-solutions of finite horizon BSVIEs converge to the adapted
M-solution of the original infinite horizon BSVIE (see Thm. 3.10). Furthermore, we extend some important
known results for finite horizon BSVIEs to the infinite horizon setting. We provide a variation of constant
formula for an infinite horizon linear Type-I BSVIE (see Thm. 3.14), which is an extension of the results of Hu
and Oksendal [17] and Wang, Yong, and Zhang [34]. We also show a duality principle between a linear SVIE and
an infinite horizon linear Type-II BSVIE in a weighted L2-space (see Thm. 3.18), which is an extension of that
of Yong [44]. We remark that our results mentioned above are not only extensions of the corresponding known
results to infinite horizon cases, but also generalizations to unbounded coefficients cases. Indeed, in [17, 34] and
[44], they considered linear (finite horizon) BSVIEs with bounded coefficients, while in this paper we treat linear
infinite horizon BSVIEs with unbounded coefficients. These generalizations are important to apply the results
to stochastic control problems for a forward SVIEs with singular coefficients.

As an application of infinite horizon BSVIEs, we investigate an infinite horizon optimal control problem for
a forward SVIE. There are many applications of SVIEs in different research areas concerned with the effects of
memory and delay, such as stochastic production management models (see [38]), epidemic models (see [8, 26]),
and rough volatility models in mathematical finance (see [12]). In this paper, we define the state process X*(-)
corresponding to a given control process u(-) by the solution to a controlled SVIE of the form

t t
X0 = plt)+ [ U5 X6 ul)ds + [ atos, XU u(s) AW (s), 20
0 0
The objective is to minimize a discounted cost functional
@) =E[ [ et X0, u(t)
0

over all admissible control processes u(-). The coefficients b and o are allowed to be singular at the diagonal
t = s. The state process X*(-) is in general neither Markovian nor semimartingales and includes the fractional
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Brownian motion with Hurst parameter smaller than 1/2 as a special case. In this framework, by using the
duality principle mentioned above, we provide a necessary condition for optimality by means of Pontryagin’s
maximum principle (see Thm. 4.4). The corresponding adjoint equation can be expressed as an infinite horizon
linear Type-IT BSVIE with unbounded coefficients. We also provide sufficient conditions for optimality in terms
of the related Hamiltonian (see Thm. 4.6). The theoretical and practical significances of our main theorems 4.4
and 4.6 are their applicability to many kinds of discounted control problems which are concerned with effects of
memory and delay in different ways. We apply our general results to infinite horizon stochastic control problems
of linear-quadratic types (see Ex. 4.8), fractional stochastic differential equations (see Ex. 4.11), and stochastic
integro-differential equations (see Ex. 4.13). Furthermore, in our forthcoming paper [14], we show that our results
can be applied to stochastic delay differential equations (SDDEs, for short), fractional SDDEs, and SVIEs with
finite delay. Therefore, our main theorems 4.4 and 4.6 provide a unified approach to the above important classes
of discounted control problems.

Let us further discuss some novelties of this paper compared with the related works. As we mentioned above,
this paper is the first to investigate BSVIEs on the infinite horizon. Furthermore, our method to show the well-
posedness is completely different from the ones in the literature of (finite horizon) BSVIEs. A main technique
used in the literature is a fixed point argument based on some estimates for auxiliary BSDE systems (see, for
example, [44]). In contrast, our method to show the well-posedness of infinite horizon BSVIEs does not rely on
the theory of BSDEs or It6’s calculus. Instead, we first show a priori estimates for the adapted M-solutions by
some very simple calculations and then prove the well-posedness by using the so-called method of continuation
which is known as a fundamental technique in the theory of forward-backward SDEs (see the textbook of Ma
and Yong [22]).

Infinite horizon stochastic control problems for stochastic differential equations (SDEs for short) with dis-
counted cost functional have been studied in, for example, [11, 24, 25]. In these papers, infinite horizon BSDEs
play central roles in different ways. Fuhrman and Tessitore [11] investigated a relationship between an infinite
horizon BSDE and an elliptic Hamilton—Jacobi-Bellman equation to obtain the optimal control. Maslowski
and Veverka [24] obtained a sufficient maximum principle, and Orrieri and Veverka [25] established a necessary
maximum principle for an SDE with dissipative coefficients. Our results are extensions of [24, 25] to the Volterra
setting. Indeed, in the SDEs setting, the adjoint equation which we obtain in the general Volterra setting is
reduced to the infinite horizon BSDE considered in the aforementioned papers (see Ex. 4.10).

Concerned with stochastic control problems for SVIEs, Yong [44] and Wang [36] obtained a necessary condi-
tion for optimality by means of the stochastic maximum principle, where the (first order) adjoint equation can
be described as a finite horizon BSVIE with bounded coefficients. Shi, Wang, and Yong [30] considered a mean-
field type stochastic control problem and obtained a necessary condition by using a mean-field BSVIE. Agram
and Oksendal [3] proposed a Malliavin calculus technique to obtain the optimal control. Chen and Yong [7]
and Wang [35] studied linear-quadratic control problems for SVIEs. The aforementioned papers are restricted
to finite horizon cases. Also, since some kinds of regularity are required for the coefficients, they exclude the
case of singular coefficients such as the fractional Brownian motion with Hurst parameter H < 1/2. Concerned
with the later problem, Abi Jaber, Miller, and Pham [1] considered a finite horizon linear-quadratic control
problem for an SVIE of convolution type, which includes a singular coefficients case. They used a technique of
the so-called Markovian lift of a stochastic Volterra process and obtained the optimal feedback control, depend-
ing on non-standard Banach space-valued Riccati equations. Their results heavily rely on the special structure
of the state process and the cost functional. Compared with the above papers, we consider an infinite horizon
stochastic control problem with a discounted cost functional of a general form including the quadratic cost,
where the controlled dynamics of the state process is described as an SVIE with nonlinear, non-convolution
type, and singular coefficients. Therefore, apart from the extension to the infinite horizon case, our results give
a new insight at this general setting.

This paper is organized as follows. In Section 2, we briefly discuss the well-posedness of (forward) SVIEs with
singular coefficients. In Section 3, we prove the well-posedness of infinite horizon BSVIEs. We also provide a
convergence result for finite horizon BSVIESs, a variation of constant formula for an infinite horizon linear Type-I
BSVIE, and a duality principle between a linear SVIE and an infinite horizon linear Type-II BSVIE in a weighted
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L?-space. In Section 4, as an application of infinite horizon BSVIEs, we study an infinite horizon stochastic
control problem for an SVIE with singular coefficients. Some examples including controlled fractional stochastic
differential equations and controlled stochastic integro-differential equations are presented in Section 4.3.

Notation

For each dy,ds € N, we denote the space of (d; x dz)-matrices by R%*% which is endowed with the Frobenius
norm denoted by |- |. We define R% := R%*! that is, each element of R% is understood as a column vector.
We denote by (-,-) the usual inner product in a Euclidean space. For each matrix A, AT denotes the transpose
of A.

(9, F,P) is a complete probability space and W (-) = (Wy(-),...,Wa(-))T is a d-dimensional Brownian motion

n (Q,F,P) with d € N. F = (F})¢>0 denotes the filtration generated by W(-) and augmented by P. We define
Foo = V}>o Ft- For each t > 0, E.[-] := E[-|F;] is the conditional expectation given by F;.
We define

AJ0,00) := {(t,5) €[0,00)?|0 <t < s < 00} and A°[0,00) := {(t,5) € [0,00)*|0 < s <t < o0}

Let U be a nonempty Borel subset of a Euclidean space, and let p € [1,00) and 8 € R be fixed. L’}w (0)
denotes the set of U-valued and F,.-measurable LP-random variables. Define

LPB(0,00;U) := {f :[0,00) — U | f is measurable, / PP F(t) P dt < oo}.
0

Note that L7 (0, 00; U) € LP#(0,00;U) if p < p/ and 8 < . However, p < p’ does not imply L #(0,00;U) C
LPB(0,00; U). We define

LP(0,00;U) := LP°(0,00; U) and LP*(0,00;U) := U LPB(0, 00, U).
BeR

Also, we define

LI}Z(O’OO; U):= {f :Q x[0,00) = U| fis Feo ® B(]0, 00))-measurable, E[/C’O PP f(t)[P dt] < oo},
0
LE"(0,003U) = {f(:) € L3 (0,00 U) | () is adapted},
and

fis ]-'® B([0, 00)?)-measurable,
-) is adapted for a.e. t > 0,

/ epﬂt/ f(t,s |pdsdt] < o0

If U is a Euclidean space, these spaces are Banach spaces with the norms, for example,

.,%?’B(O,OO;U):: f:Qx[0,00)?2=U 1,

L 0.00:0) 3 £ B[ [ epop al]
0
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and
2P (0,00;U) 3 f(, HE/ epﬁt/ ts\pdsdt

L% (0,00;U), LE(0, 00; U), Z¢ (0,005 U), L (0,00;U), L™ (0, 00; U), and Z"* (0, 00; U) are defined by similar
manners as before.

For each 2(-) € L2(0, 00; R4 *4) with d; € N, the stochastic integral of z(-) with respect to the d-dimensional
Brownian motion W () is defined by

/t Z/ s)dWi(s), t >0,
0

which is a d;-dimensional square-integrable martingale. Here and elsewhere, for each z € R% x4k ¢ Rh

denotes the k-th column vector for k=1,...,d.
We denote by M2 (0, 00; R® x R%1%4) with d; € Nand 3 € R the set of pairs (y(-), 2(-, -)) € Lo’ (0, 00; R4 ) x
f]FQ’ﬁ(O, 00; R%41%d) such that

yw=EMm+Azw®MW@

for a.e. t > 0, a.s. Clearly, the space /\/l;’ﬁ(o,oo;]Rdl x R%>d) is a closed subspace of the product space
LIfJ'B(O,oo;Rdl) X f;’ﬁ(o,oo;Rd1Xd)7 and thus it is a Hilbert space. As before7 we define M2(0, 0o; RN x
RE*d) := ME°(0,00; R x RE%) and MZ*(0,00; RN x REX) = ] o MEP (0, 00; R x RT %),

Lastly, for each f € LP*(0,00;R.), deﬁne [f]p : R — [0, 00] by

> 1/p
o= (| emsera)”, per
0
Note that the function [f], is non-increasing and satisfies lim,_,[f],(p) = 0.

2. FORWARD SVIES WITH SINGULAR COEFFICIENTS

Before studying infinite horizon BSVIEs, we investigate the following (forward) SVIE:

X(0) = o)+ [ blts XD ds+ [ otts X()aw(s), >0 (2.1)

where ¢(-) € L]%’*(O, o0; R™) is a given n-dimensional adapted process with n € N, and b, o are given maps. We
impose the following assumptions on the coefficients b and o:

Assumption 2.1. (i) b:Q x A°[0,00) x R” — R” and o : Q x A°[0,00) x R® — R™*? are measurable.
(ii) (b(t,s,2))seqo, and (o(t,s,))sef0,4 are adapted for each ¢ € [0,00) and z € R™.
(iii) There exist K, € L1'*(0,00;R,) and K, € L**(0,00; R ) such that

|b(t,s,x) — b(t,s,2")| < Kp(t — s)|z — 2’| and |o(t, s,2) — o(t, s,2")| < K, (t — s)|x — 2|

for any x,2’ € R™, for a.e. (¢,s) € A°[0, ), a.s.
(iv) b(t,s,0) =0 and o(t,s,0) =0 for a.e. (t,s) € A°[0,00), a.s.
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Remark 2.2. We note that b and o can be singular at the diagonal ¢ = s in the sense that the Lipschitz
coefficients K;(7) and K, (7) allows to diverge as 7 | 0. Also, they are allowed to diverge as 7 1 co. For example,
we can choose b(t, s,z) = K(t — s)b(x) and o(t,s,z) = K(t — s)o(x) for some Lipschitz continuous functions
b(z) and o(z) and the fractional kernel K (1) = 7971 with o € (1/2,1).

We say that a process X (-) is a solution to SVIE (2.1) if X(-) is in L]%’*(O7 o0; R™) and satisfies the equality
for a.e. t > 0, a.s. A delicate problem is the identification of the weight of the space where the solution uniquely
exists. The following lemma is useful for the analysis of SVIEs.

Lemma 2.3. Suppose that Assumption 2.1 holds. Fix pn € R with [Kp|1(u) + [Ks]2(p) < oo. Then for any
z(-),2'(-) € Ly~"(0,00; R™), it holds that

oo

/ wt/,btsx ) = b(t,s,a'( ))|ds)2dt]1/2g[Kb]l(u)E[/O 672“t|$(t)*xl(t)|2dt}l/2 (2.2)

and

oo

E[/m o—2nt /t\a(t,s,x(s)) ~o(t .2 (s))] ds ] R [KU]Q(M)E{/ o2 (1) —x’(t)|2dtr/2. (2.3)

0 0 0

Proof. By using the assumptions, together with Young’s convolution inequality, we have

E[/OO 672/”( Ot|b(t, 5,2(s)) — b(t, s, 2 (s)))| ds)2 dt} i

0

E{/OOC e—2ut (/Ot Kot — )a(s) — 2/(5)] d5)2 dt} 1/2
[/Ooo (/Ot e,u(tfs)Kb(t — s)e M|z (s) — 117/(5)‘ d5)2 dt} 1/2
EK/OOO e—/“be(t) dt)2 /OOC 6_2“t|x(t) _ $/(t)|2 dt} 1/2

= [ (e /000 e 2tlat) — /(2]

IN

I
&=

IN

Thus the estimate (2.2) holds. Similarly, we have

E[/ —W/ l0(t, 5,2(s)) — ot 5,2/ (s ))|2dsdt]

<s[[ " / Kot - 5)2le(s) — /(s) P dsat]
e[ [T [ e e ) - P asar]
<B[ [T emr 0P [T e et - o ar]
~ s ] [ e - 0P ]

Thus the estimate (2.3) holds. O
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Observe that, if Kj, € L1*(0,00; Ry )\ L!(0,00; R) or K, € L**(0,00; R\ L?(0,00; R} ), then the number
v in the above lemma has to be strictly positive, and this is indeed a typical case. Motivated by the above
lemma, we define

poo = int{p € R|[Kyi(p) + [KoJa(p) < 1} € R. (2.4)

Note that [K3)i(p) + [Ks]2(p) < 1 for any p € (pp,o,00). The number p, , gives a criterion for the weight of
the space in which the solution to SVIE (2.1) uniquely exists for any ¢(-). Now we prove the well-posedness of
SVIE (2.1).

Proposition 2.4. Suppose that Assumption 2.1 holds, and fix p € (pyy,00). Then for any ¢(-) €
Ly 7"(0,00;R™), SVIE (2.1) admits a unique solution X(-) € Lz "(0,00;R™). Furthermore, the following
estimate holds:

o0

JE[/OOO 6*2#t|X(t)|2dt} V2 C,.E [/O e~ 21t (1) dt} V2 (2.5)

where

1
T K () — [Kola(i) ©

Cu: (0, 00).

Let V' and o' satisfy Assumption 2.1, let ©'(+) € L]2F’_”(O, 00; R™) be given, and denote by X'(+) € LIQF’_“(O, oo; R™)
the solution of SVIE (2.1) corresponding to (¢',b',0"). Then it holds that

1/2

E[/OOO 2| X (1) — X' ()2 dt}

<CLE {/ e 2Kt
0

o) — & (1) + /0 [b(t,5, X'(s)) — b'(t, 5, X"(5))} ds (2.6)

+ /Ot{a(ts,X’(s)) — ot 5, X'(5))} dW(s)fdtT/2.

Proof. Define a map © : LY ™"(0,00; R™) — L2 (0, 00; R") by

Ol ()](t) = (t) + / b, s,2(s)) ds + / o(t,5,2(s)) AW (s), £ >0,

for each z(-) € Ly ~"(0,00; R™). By Lemma 2.3, the map © is well-defined. Let x(-),2(-) € Ly’ *(0, 00; R") be
fixed. By Lemma 2.3,

B[ e lelsn - ol Ll ar]

< E[/OOO e 2mt (/Ot}b(Lg,x(s)) — b(t, S,m’(s))’ ds)2 dt} 1/2
+E{/OOO e 2t /Ot|0(t7$,$(8)) - 0(t787l‘/(8))|2d8dt:| 2
< {[Kbh(u) + [KU]2(M)}]E [/OOO e—2ut|x(t) _ x/(t)|2 dt] 1/2.
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Since p € (pp,0,00) With p, » € R defined by (2.4), it holds that [K3]i(p) + [Ks]2() < 1. This implies that
O is a contraction map on the Banach space L]f-"*“(O, 00; R™). Thus, there exists a unique fixed point X (-) €
L]f:_“ (0, 00; R™) of ©, which is the solution of SVIE (2.1). Furthermore, by the same calculation yields that

oo

IE[/OOO e 2| X (1) ]2 dt] 1/2 < EUO 672m|¢(t)’2 dt]w + {[Kp)1(w) + [KU]Q(#)}E[/OOO 6*2“t\X(t)|2dtT/2,

which implies the estimate (2.5). o
We prove the estimate (2.6). Observe that X (-) := X (-) — X'(:) € Ly"(0, 00; R™) is the solution of the SVIE

X(t) = p(t) + / B(t, 5, X(s)) ds + / o(t, 5, X(s)) AW (s), t >0,

where
B(t) = o / [b(t,5, X'(s)) - b'(t,s,x’(s))}ds+/0 (o(t, 5, X"(5)) — o' (t, 5, X'(s))} AW (s)
b(t,s,x) == b(t,s,x + X'(s)) — b(t,s,X'(s)), o(t,s,2) = o(t,s,x + X'(s)) — o(t,s, X'(s)).

Note that @(-) € L?F’*”(O7 o0; R™), and b and @ satisfy Assumption 2.1 with the functions Kj and K,. Therefore,
by the estimate (2.5), we have

> —2ut 2 1/2 > —2ut|— 2 1/2
E[ X ()] dt] chE[ e 2t |52 dt|
0 0

Thus the estimate (2.6) holds, and we finish the proof. O

Remark 2.5. The above results can be easily generalized to the case where b(¢, s,0) and o(t, s,0) are nonzero.
Indeed, suppose that b and o satisfy Assumption 2.1 (i), (ii), (iii), and

oo t 2 oo t
E[/ e 2Kt (/ \b(t,s,0)|ds) dt+/ 672Mt/ lo(t, s,0)]*ds dt} < oo
0 0 0 0

with p € (pp,0,00). For any given ¢(-) € L]?4-’7’L(0,oo;}1Q”)7 define
t t
A(t) = (1) +/ b(t, 5,0) ds +/ o (1, 5,0) IV (s),
0 0
B(t, s,x) :=b(t,s,x) — b(t,s,0), a(t,s,z) :=o(t,s,x) —o(t,s,0),
for (t,s,x) € A°[0,00) x R™. Then @(-) € L "(0,00;R™), and b and & satisfy all the conditions in Assump-

tion 2.1 with the functions K} and K,. Thus, there exists a unique solution X(-) € LI%’*“(O?oo;R”) to the
SVIE

X(t) = ¢(t) +/0 b(t,s, X (s))ds +/0 a(t,s,X(s))dW(s), t > 0.

Clearly, X () is the unique solution of the original SVIE (2.1).
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3. INFINITE HORIZON BSVIESs

In this section, we investigate infinite horizon BSVIE (1.3), which we rewrite for readers’ convenience:

Y(t)=(t) + /tOO e_)‘(s_t)g(t7 5, Y(s), Z(t,s), Z(s,t))ds — /too Z(t,s)dW (s), t >0, (3.1)

where the free term ¥ (-) € Li-; (0, 00; R™) with m € N, the driver g, and the discount rate A € R are given. We
impose the following assumptions on the driver g:

Assumption 3.1. (i) g: Q x A[0,00) x R™ x R™*4 x R™*4 5 R™ is measurable.
(ii) (g(t, s,y 21, 22))se(t,00) is adapted for each ¢ € [0,00) and (y, z1,22) € R™ x R™*4 x Rm*d,
(iii) There exist K, € L"*(0,00;Ry) and K, .,, K, ., € L*»*(0,00; R ) such that

|g(tvsvy’21’z2) - g(t,s,y’,zi,z§)| < Kg,y(s - t)ly - y/| + Kg,21 (S - t)‘zl - Zil + Kg,zz(s - t)|22 - Zé
for any (y, 21, 22), (i, 21, 25) € R™ x Rm*d x R™*4_for a.e. (t,s) € A[0,00), a.s.
(iv) ¢(t,s,0,0,0) = 0 for a.e. (t,s) € Al0,00), a.s.

Note that, as in the SVIEs case, the Lipschitz coefficients are allowed to be singular at the diagonal ¢t = s
and the infinity. We give a definition of the solution.

Definition 3.2. We call a pair (Y(-),Z(:,-)) the adapted M-solution of infinite horizon BSVIE (3.1) if
(Y(),Z(-,-)) is in M;’*(O, 00; R™ x R™*4) and satisfies the equality for a.e. t > 0, a.s.

The above definition is a natural extension of that of [44] to the inﬁnite horizon setting. The “M”-solution

is named after the martingale representation theorem Y (t) = ]+ fo (t,s) dW(s) which determines
the values of Z(t,s) for (t,s) € A°[0,00). Recall that this relatlon is a part of the definition of the space
ME*(0, 00, R™ x R™*d),

3.1. Well-posedness of infinite horizon BSVIEs

In this subsection, we prove the well-posedness of infinite horizon BSVIE (3.1) under Assumption 3.1. A
delicate problem is the condition which ensures the existence and uniqueness of the adapted M-solution for any
free term 1)(+) in a given weighted L2-space. As we mentioned in the introductory section, in order to ensure the
well-posedness in a large space, the driver g has to be discounted sufficiently at infinity. The following lemma
provides a useful criterion for this trade-off relationship.

Lemma 3.3. Suppose that Assumption 3.1 holds. Fiz n,\ € R satisfying [Kgyl1(n + X) + [Kg2,]2(A) +
[Ky.2,)2(n+ A) < co. Then for any (y(-), 2(-, ), (¥ (), 2'(,)) € M2(0,00; R™ x R"™*4) it holds that

E[/OOO e2nt (/too e N0 g(t, 5, y(s), 2(t, 5), 2(s, 1)) — g(t, 5,9/ (s), 2 (L, 5), 2 (s,1))] ds)2 dt] 2

< (ahto )+ (ol + A)}E[ | et - vopal™”

Znt 2 1/2
+ Ky, -] z(t,s) — 2'(t, s)] dsdt} .

Proof. We observe that

E[/OOO e2nt (/too ef)‘(sft)|g(t, s,9(8), 2(t, 8), 2(s, 1)) — g(t, 8,9/ (s),2' (L, 8), 2" (s5,1))| ds)2 dt] 2
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S Iy +Izl +1227

where

1/2

(@] oo 2 /
1, =E| / e / ATy (s = Oly(s) — v/ ()] ds) ]
0 t
oo oo 2 q1/2
I, = {/ et (/ e MK, (s —t)|2(t,s) — 2'(L, s)| ds) dt} ;
0 t
o0 o0 2 q1/2
I, =Ef / et / MK (s = )20, 1) — 2/ (s, )] ds) ]
0 t
By using Young’s convolution inequality, we get
oo, oo 2 q1/2
B[ ([ e 0K (5 Demly(s) - y/(s)|ds) ]
0 t

B[([ e 0a) [T emyo - yora)

Kyl + 0B /Ooo ty(t) —y' 2]

Iy

IN

Next, by Holder’s inequality,
1/2
SE / / o2\ (s— t)K (sft) ds/ |z (tvs)*zl(t,8)|2d8dt:|

1/2
(/ e MK, L (1) / 2"t/ 2(t,s) — 2'(t,s)]*ds dt}
1/2
Ky . ] / / 2(t,s) — 2/ (t s)\stdt]

Lastly, by using Hélder’s inequality and Fubini’s theorem, we have

1/2

oo o0 2
I, = E{/ (/ e~ MTNE=O K (s —1)e™|2(s,t) — 2/ (5,1)] ds) dt}
1/2
<E / / e 2NER (s —t)? ds/ ¥ |2(s,t) — 2'(s,1)|? ds dt}

(/ e 2N / / e\ 2(s,t) — 2'(s,1))* ds dt}

= [Kg ]2+ A) (/0 eQntE /0 |z(t,s) — 2'(t,s)]? ds} dt) i

We note that, since (y(-), 2(-, ), (' (), 2/ (-, -)) € Mz"(0,00; R™ x R™*%) it holds that

/|zts—zts\2ds :E‘/{zts—zts}dW H
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for a.e. t > 0. Thus, we get

Loy < [yl NE[ [ ) v ]

From the above observations, we get the assertion of the lemma. O

With the above lemma in mind, we introduce the following domain:

Ry ={(n,X) € R*[[Kgyl1(n+A) + [Kg.2,]2(N) + [Kg.z,]2(n + A) < 1}, (3-2)

which gives a criterion for the trade-off relationship between the weight of the space of the solution and the
discount rate. Note that, since K, € L'*(0,00;R) and K, .,, K, ., € L**(0,00; Ry ), the set R, is nonempty.

Remark 3.4. (i) If (n,\) € Ry, then for any (', \') € R? such that n <7’ and A < X, we have (n/, \) € R,.
(ii) If the driver g(t,s,y, 21, 22) does not depend on zi, then we can take K, ., = 0. In this case, we have

Rg ={(mA) € R? [+ X > pgy 2, } With pgy 2, = inf{p € R|[Kgy]1(p) + [Kp.2,]2(p) <1}
(iii) If the driver g(t,s,y, z1,22) does not depend on (y, z2), then we can take K, , = K, ., = 0. In this case,
we have Ry = {(n,\) € R?| X > py.., } with pg.., :=inf{p € R|[K, ., ]2(p) < 1}.

We prove the well-posedness of infinite horizon BSVIE (3.1) by using the so-called method of continuation.
For this purpose, we first provide a prior: estimates for infinite horizon BSVIEs, which is important on its own
right.

Proposition 3.5. Suppose that Assumption 3.1 holds, and fiz (n,\) € Ry. Let (-) € L?_il(o, 00; R™) be given,

and let (Y (), Z(-,-)) € M2"(0,00; R™ x R"™*%) be an adapted M-solution of infinite horizon BSVIE (3.1). Then
it holds that

E{ MY (t |2dt—|— Z(t,s)]*ds dt} <, IE[ 2nt ?q i 3.3
A e ‘w(t)| t} , (3.3)
0 0

where

V2
L= Koyl (n+2A) = [Kg .z ]2(A) = [Kg 2 ]2(n +2)

Cy = € (0, 00).

Suppose that g satisfies Assumption 3.1, let ¥'(-) € Lifl (0,00; R™), and let (Y'(-), Z'(-,-)) € Mz"(0,00; R™ x
R™*4) be an adapted M-solution of (3.1) corresponding to (1',g’,\). Then it holds that

oo 1/2
E[/ e2MY (1) — \th-i-/ 2nt/ Z’(t,s)|2dsdt}
0

< Cn,A]E[/OOO ez”t\w(t) — ' (t) + /t e DL g(t,5,Y(5), Z' (L, 5), Z' (s, 1)) (3.4)
—g’(t,s,Y’(s),Z’(t,s),zxs,t))}dsfdt} V2

Proof. By equation (3.1), it holds that

]E[|Y(t)|2 + /too \Z(t, s)|2ds} - EHY(t) + /too Z(t,5) dW(s)m
— EHw(t) + /too e Dg(t,5,Y (s), Z(t,5), Z(s,t)) ds

]
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for a.e. t > 0. Thus, by using Minkowski’s inequality, we get

1/2
]E[/ 2|y (¢ |2dt+/ 2“/ |2dsdt}
0

< E[/O 62"t|¢(t)‘ dt} + E[/o e2nt (/t e—k(s—t)|g(t, 5,Y(s), Z(t,s), Z(s,t))] ds)2 dt} 1/2

By Lemma 3.3, the second term in the right-hand side is estimated as

1/2

]EL/OOO et (/too e M g(t,5,Y (s), Z(t,5), Z(s,1))] ds)zdt}
<A{[Kgyhi(n+A) + [Ky,2,)2 (n+/\)}]E[/OO e2nt|Y(t)‘2dt} 1/2

1/2
Ky 2] / / Z(t,s |2dsdt}

g{[Kg,yh(n+A)+[Kg,ZI]z(AH[Kg,m}z(nﬂ)}E[/o 2|y (¢ |2dt+/ 2"t/ 21,9 ds ] V2
(3.6)

Noting that (n,A) € R, with R, defined by (3.2), by the estimates (3.5) and (3.6), we get

1/2
E[/ 21y (1) |2dt+/ / Z(t,s) \2dsdt}
0

<

. /
S TRy o o ey ovmmE s ARG
On the other hand, since (Y'(-), Z(-,-)) € Mz"(0, 00; R™ x R™*%)_ it holds that
5 [ 1o as] B[] [ 2.5 awo)] ] = By (o) -2y )] <EIVE)?]

for a.e. t > 0. Therefore, we obtain

oo [e.e] (oo} 1/2
E[/ 62"t|Y(t)|2dt+/ eznt/ |Z(t,s)|2dsdt}
0
1/2
S\/iﬂ-z[/ 21V (1) |2dt+/ 2“/ Z(t,5) |2dsdt}

2nt /
< 1— [K,]1(n+ M=K, wlb@)[Kg,ZQ]g(n+A)]E{/O e (t)| dt} ,

and thus the estimate (3.3) holds. o B
_ Next, we prove the estimate (3.4). Define Y(:) := Y(-) = Y'(-) and Z(-,-) := Z(-,-) — Z'(-,-). Then
Y(),Z(-,-) € M;’”(Q 00; R™ x R™*4) is an adapted M-solution of the infinite horizon BSVIE

Y (t) = o(t) + /t - e MTG(t, 5, Y (s), Z(t, s), Z(s,t)) ds — /t - Z(t,s)dW (s), t >0,
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where

P(t) = p(t) — ' (t) + /Oo e M0 g(t,5,Y(s), Z'(t,8), Z'(5,1)) — g (t,8,Y'(s5), Z'(t,5), Z'(s5,1)) } ds,

t
g(tv S5, Y, 21, 22) = g(tv $Y + Y/(S)a 21 + Z/(t7 S)az2 + Z/(Sat)) - g(ta S, Y/(S)a Z/(ta 5)7 Z/(Sat))'

Note that ¢(-) € L?rl (0,00; R™), and the driver g satisfies Assumption 3.1 with the functions K ,, K, .,, and
K, .,. By estimate (3.3), it holds that

1/2 jee} o 1/2
]E{/ 2nt|Y |2 dt+/ 217t/ t s) |2 dsdt} < CU,AIE[/ 62nt‘¢(t)|2 dt
0 0

Thus the estimate (3.4) holds. O
Next, we consider a trivial infinite horizon BSVIE whose generator g vanishes.

Lemma 3.6. For any ¢(:) € Li-l (0, 00; R™) with n € R, the infinite horizon BSVIE
oo
Y =00 - [ Z(ts)awis), 1o, (3.7)
t

has a unique adapted M-solution (Y (-), Z(-,-)) € M2"(0,00; R™ x R™*%).

Proof. The uniqueness is trivial. We prove the existence. We should consider the issues of (joint) measurability
and the integrability carefully. We split the proof into three steps.

Step 1. Assume that ¢ — ¢(t) € L% _(R™) is continuous. By the martingale representation theorem,
for any ¢t > 0, there exists a unique adapted process Z(t,-) € L2(0,00;R™*4) such that ¢(t) = E[t(t)] +
IS Z(t,s) AW (s) a.s. Define Y (t) := E¢[¢(t)]. Then it holds that

Y(t):z/)(t)—/too Z(t, ) dW(s):E[Y(t)]—l—/o Z(t,5) AW (s) as

for any t > 0. By the continuity of the map ¢ — ¥(t) € L%_—oo (;R™), it is easy to see that the maps t — Y (t) €
L% (R™) and t — Z(t,-) € LE(0,00; R™*) are continuous. Thus, there exist (jointly) measurable versions
of Y(-) and Z(+,-). Furthermore, we have

E[/Oo 2y ()2 di] <1E[/ o (r)dt] < oo,

/ m/ “V®M<EU (1) e < oo.

Thus, the measurable version (Y (-), Z(-,-)) is in M2"(0, 00; R™ x R™*%) and it is the adapted M-solution of

(3.7).
Step 2. Assume that there exists a constant M € (0,00) such that |1 (t)] < Me= (7Dt for ae. t > 0, a.s.
For each N € N, define ¢y (t) := thH/N s)ds. Then the map ¢ — ¢n(t) € L3 (% R™) is continuous.

Furthermore, it holds that |1/)N( ) < Me™ ("7‘“ , and hence ¥y(-) € LQFZ (0, 00; R™). By Step 1, there exists a
unique adapted M-solution (Yn(+), Zn(+,)) € MF’"(O, 00; R™ x R™*4) of the infinite horizon BSVIE

Y (t) = ¥n (t) — /too Zn(t,s)dW (s), t > 0.
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By Lebesgue’s differentiation theorem, we see that limy_ o ¥n(t) = ¥(t) for a.e. t > 0, a.s. Thus, by the
dominated convergence theorem, it holds that

lim E[/Oo M (t) — (t)* dt| = 0.
0

N—o00

From this, it is easy to see that {(Yn(:),Zn(+,*))}nen is a Cauchy sequence in M;’"(O, 00; R™ x R™*4) and
the limit (Y (-), Z(-,-)) € M2"(0, 00; R™ x R"™*9) is the adapted M-solution of (3.7).
Step 3. We consider the general ¢(-) € Lffl (0, 00; R™). For each M € N, define

Y (t) = P() Lgjp(e) | <pe—niney-

By Step 2, there exists a unique adapted M-solution (Yas(-), Zar(-,-)) € MZ"(0, 00; R”™ x R™*9) of the infinite
horizon BSVIE

YM(t) = 77/}]\/[(t) - /OO ZM(t,S) dW(S), t 2 0.

By the dominated convergence theorem, we see that

lim E[/OOO 2|4y (£) — ¢(t)|2dt} = 0.

M— o0

Thus the sequence {(Yas(+), Zasr (-, )} men converges in .MIQF”’(O, 00; R™ x R™*4) " and the limit is the adapted
M-solution of (3.7). This completes the proof. O

For each ¢(-) € Li—l (0,00; R™) and v € [0, 1], consider the following infinite horizon BSVIE:

Y, () = (t) + / g 15, Yy (5), 74 1, ), 7y (s,1)) ds — / T Z(ts)dW(s), t20.  (38)

We note that when v = 0, the equation (3.8) becomes the trivial infinite horizon BSVIE (3.7), while when
~v =1, it coincides with the original infinite horizon BSVIE (3.1). For each v € [0, 1], we consider the following
property:

(Py) For any ¢(-) € Lg.ll((),OO;Rm), the infinite horizon BSVIE (3.8) admits a unique adapted M-solution
(Y, (1), Z4(-, ) € M%”(Qoo;Rm x Rmxd),

The following lemma is a key step of the method of continuation.

Lemma 3.7. Suppose that Assumption 3.1 holds, and fix (n,\) € Ry. Assume that the property (P,) holds
for some vy € [0,1). Then (P,) holds for any ~v € [0,1] with vo < v < 7y + C;/l\, where Cy x € (0,00) is the
constant defined in Proposition 3.5.

Proof. Let v € [0,1] with v < v < v + C;i be fixed. Take an arbitrary () € Lill(O,oo;Rm). Let

-), ) = (0,0), and define (), ZW () e (0, 00; R™ x R™ or ¢ € N as the unique
Y0, Z©) 0,0), and define (Y (.), 2 ME(0, 00; R™ x R™¥4) f N as th
adapted M-solution of the following infinite horizon BSVIE:

YO (1) =D (t) + / e M09t 5, YD (s), 20(t,s), 2D (s,)) ds — / ZW(t,s)dW (s), t >0,

t t
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where
PO (t) = P(t) + (v — ) / e M g(t, s, Y (5), 2071 (1,5), 207 (s, 1)) ds, t > 0.
t

By the assumption, the sequence {(Y ) (-), Z()(-,-))}ien can be defined inductively. Noting that vy € [0,1), by
the stability estimate (3.4), together with Lemma 3.3, for each i € N, we have

Rl . . 0 o0 ) ) 1/2
E| / 20|y (D) () — y () ()2 dt + / 2t / 120D (1, 5) — 202, 8)[2 ds dt
0 0 0

oo X . 1/2
< CoaB[ [ M) - v o) 8

0
<Coalr=wB[ [ ([ eyt 5, Y O(5), 20 5), 20(5,1)
0 t

) ) ) 2 1/2
= g(ts, YO (5), 207D (t,5), 207 (s5,0))] ds) ]

< CW,A('Y — ’Yo){([Kg,yh(?? +A)+ [K9722]2(77 i )‘))E[/OOO eznt|y(i)(t) _ y(ifl)(t)|2dt} 1/2

+ [Kg,2 ]2(ME / e / OO|Z(“(t, s)—z<i—1>(t,s)|2dsdt} Y 2}
SCTIA('Y_'YO){[KQ,ZJ] (n+A)+[ 921] () + 922 77+)‘)}

el . i 1/2
XE[/ YD) —y =N |2dt+/ / Z<H>(t,s)|2dsdt} !
0

Since (n,\) € Ry with R, defined by (3.2), and vo < v < v + C > we have Gy x(y — Yo){[Kgyli(n+ A) +
[Kg.2]2(A) 4 [Kg.2]2(n+ A)} < 1. Thus the sequence {(Y(i)('),Z( (-, ) }ien is Cauchy in M27(0, c0; R™ x
R™*?). Denote the limit by (Y(°)(-), Z(>)(-,.)) € Ma"(0, 00; R™ x R™*4). Again by Lemma 3.3, we see that

(/ e N g(t, s, YD (s), 20(t, 5), 2 (s,1)) ds)
t

t>0

= ( / e Mgt 5, Y () (s), 2091, s),Z<°°><s,t)>ds)
t

>0

in Li-l (0, 00; R™) as @ — oo. Therefore, it holds that

Y (1) = (1) + / e 2 g(t,5,Y ) (s5), 209t 5), 2059 (s, 1)) ds — / Z)(t,5) AW (s)
t t
for a.e. t > 0, a.s., and thus the pair (Y(%)(.), Z()(.,.)) € M%”(O, o0; R™ x R™*4) is an adapted M-solution of
the infinite horizon BSVIE (3.8) with the parameter 4. Furthermore, by Proposition 3.5, the adapted M-solution
is unique. Since ¥(-) € Li—l (0,00; R™) is arbitrary, we see that the property (P,) holds. This completes the
proof. O

Now we are ready to prove the well-posedness of infinite horizon BSVIE (3.1).

Theorem 3.8. Suppose that Assumption 8.1 holds, and fiz (n,\) € Ry. Then for any ¢(-) € Li—l (0, c0; R™),
there exists a wunique adapted M-solution (Y (.),Z(-,-)) € MIQF’"(O,OO;R’" x R™>X4) of infinite horizon
BSVIE (3.1).
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Proof. By Lemma 3.6, the property (Po) holds. By Lemma 3.7, we see that the property (P,,) holds for any
~v1 € [0,1] with 0 <1 < Cm Again by Lemma 3.7, (P,,) holds for any . € [0, 1] with ; S Yo <1+ C’m/l\
By repeating this procedure, we see that the property (P1) holds. This completes the proof. O

Remark 3.9. As in the SVIEs case, the above results can be easily generalized to the case where g(¢, s, 0,0,0)
is nonzero. Indeed, suppose that g satisfies Assumption 3.1 (i), (ii), (iii), and

E[/Ooo et (/too e M5 g(t,5,0,0,0)| d5>2dt} < 0

with (7, A) € R,. For any given (-) € LQIZO (0, 00; R™), define
,(/J(t) = w(t) + / e_)\(s_t)g(t? S, 07 07 O) ds and g(tv S$,Y, %1, Z?) = g(ta S$,Y, 21, Z?) - g(t7 S, 07 07 O)
t

for (t,s,y, 21, 22) € A0, 00) x R™ x R"*4 x R"™*d_Then ¢)(-) € Li-l (0,00; R™), and ¢ satisfies all the conditions

in Assumption 3.1 with the functions K, ,, K, ., and K .,. Thus, there exists a unique adapted M-solution

(Y(-),Z(-,-)) € MZ"(0,00; R™ x R™*?) to the infinite horizon BSVIE

Y1) :z;(t)+/ e*MS*t)g(t,s,Y(s),Z(t,s),Z(s,t))ds—/ Z(t,5)dW (s), t > 0.
t t
Clearly, (Y(-), Z(-,-)) is the unique adapted M-solution of the original infinite horizon BSVIE (3.1).
3.2. Convergence of finite horizon BSVIEs
In this subsection, we show that the adapted M-solutions to finite horizon BSVIEs converge to the one of

the original infinite horizon BSVIE (3.1). For each (:) € Li—l (0,00;R™) and T > 0, define
Yr(t) == Er [ ()] 1jo,r(t), t > 0.
We consider the following BSVIE on [0, T7:
Yr(t) = ¢r(t) + / e M g(t,5,Yr(s), Zr(t, s), Zr(s, b)) ds — / Zp(t,s)dW (s), t € [0,T].
¢ t

The above BSVIE has a unique adapted M-solution (Y7(-), Zr(-,-)) on [0,T] (see Yong [44]). We extend it to
infinite horizon processes:

{m): () Lo,1y(2), t € [0,00),
Zr(t,s) = Zr(t,s) Loy (1, 8), (t,5) € [0,00)2

Theorem 3.10. Suppose that Assumption 3.1 holds, and fix (n,\) € Ry with Ry defined by (3.2). Then for
any ¥(-) € L% (0,00;R™), it holds that

lim E[/ 2 Y (t) — Yop(t |2dt+/ / — Zr(t,s)|*dsdt| = 0.
0

T—o0
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Proof. Let T > 0 be fixed. Clearly, Y7 () € LIQF’”(O, oo; R™), Zr(-,-) € f;’"(0,00;Rde), and the following
relation holds:

Yr(t) = EYr(8)] + / Za(t, s) AW (s)

for a.e. t > 0, a.s. Thus the pair (Y7 (-), Zr(-,-)) is in Mz"(0, 00; R™ x R™*?). Furthermore, noting that ¢ (t) =
0 for t > T and g¢(t,s,0,0,0) =0 for a.e. (t,s) € Al0,00), a.s., we see that

YT(t):wT(t)+/OOe—Ms—ﬂg(t,s,YT(s),ZT<t,s),ZT(s,t))ds—/OO Zo(t,$) AW (s)

for a.e. t > 0, a.s. This implies that (Yr(-), Zr(-,-)) € M;’"(O,oo;Rm x R™*4) is the (unique) adapted M-

solution of the infinite horizon BSVIE (3.1) with the free term 17 () and the discount rate A. By Proposition 3.5,
we see that

oo (oo} [ee] 1/2
E[/ 62"t|Y(t)—YT(t)|2dt+/ e%f/ |Z(t,s)—ZT(t,s)\2dsdt}
0 0 0

1/2

<[ [ e - wrof al] " = B[ [ (o - Brlpem o o]

where €y, » € (0,00) is the constant defined in Proposition 3.5. Since 1 (-) € Lfrl (0, 00; R™), the last expectation
tends to zero as T — oo. This completes the proof. O

Remark 3.11. From the above result, we can extend some important properties of finite horizon BSVIEs to
the infinite horizon case. For example, under suitable assumptions, comparison theorems for infinite horizon
BSVIEs can be proved by considering the corresponding convergent sequence of finite horizon BSVIEs. We
do not come into this topic in this paper. For detailed discussions on comparison theorems for finite horizon
BSVIEs, see Wang and Yong [37].

3.3. A variation of constant formula

Consider the following infinite horizon linear Type-I1 BSVIE:

o0 d oo
Y(t) = (1) +/ e_’\(s_t){A(t, Y (s)+ 3 Bult,s) 2" (t, 3)} ds — / Z(t,s)dW (s), t > 0. (3.9)
¢ P t
We impose the following assumptions on the coefficients A, By, k =1,...,d:

Assumption 3.12. A, By : Q x A[0,00) — R™*™ k =1,...,d, are measurable; A(t,-), Bx(t,-), k=1,...,d,
are adapted for each t > 0; there exist K4 € L1*(0,00; R, ) and Kp € L?*(0,00; R, ) such that

d 1/2
|A(t, )| < Ka(s — t) and (Z |Bk(t,s)|2) < Kp(s—1)
k=1
for a.e. (t,s) € A0, 0), a.s.

As before, we define

Rap:={(mA) € R*|[Kali(n+ \) + [Kp]2(\) < 1}. (3.10)
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By Theorem 3.8, under Assumption 3.12, for any ¢(-) € L;Zo (0, 00; R™) with (n, \) € Ra,p, there exists a unique
adapted M-solution (Y (-), Z(-,-)) € Mz"(0,00; R™ x R™*4) of infinite horizon linear Type-I BSVIE (3.9).

The objective of this subsection is to establish a variation of constant formula for (3.9), which provides an
explicit form of Y(+). To do so, we introduce the following notations:

— B denotes the Banach space consisting of (jointly) measurable maps ¢ : Q x A[0, 00) — R™*™ guch that
¢(t,-) is adapted for a.e. t > 0, [t,00) D s — ((t,5) € L?-N(Q;Rmxm) is continuous for a.e. t > 0, and the

/2. ..
norm [¢(-, )l = €55 5UDyc 0.0y SUPe .00y BIC(E, 8)[2] is finite.
— For a.e. t € [0,00), define ®(¢,-) as the solution of the SDE

d s
B(t,s) = m+Z/ e Nt ) By (t,r) AWy (r), s > t, (3.11)
k=1Y?

where I,,, € R™*™ is the identity matrix.
— Z1(t,8) := D(t, s)A(t, s) and

S
Ei+1(t,8) ::/ Ei(t,r)El(T,S) dT, 1€ N,
t

for (t,s) € A0, x0).
— R(t,s) == > 2 Ei(t, s) for (¢,5) € A0, 00).
Since the coefficients A, By, k = 1,...,d, are possibly unbounded, we have to treat some estimates carefully.

The following lemma justifies the above notations.

Lemma 3.13. Suppose that measurable maps A, By : Q x A[0,00) — R™*™ Lk =1,...,d, satisfy Assump-
tion 3.12. Let (9, \) € Ra,p, where Ra p is defined by (3.10).

(i) There exists a unique process ®(-,-) € B satisfying (3.11) for any s > 0, for a.e. t > 0, a.s. Moreover,
for a.e. t € [0,00), ®(t,-) is a square integrable martingale, and thus the limit ®(t,00) := lim,_, o0 P(t, s)
exists in L%—w (Q; R™*™) . Furthermore, the following estimate holds:

1
E[|@(t,5)2,) " <

STy o€ [t,00), for a.e. t € [0,00), a.s., (3.12)

where, for each A € R™*™ | Alop denotes the operator norm of A as a linear operator on R™.
(it) For any () € Le"(0,00; R™), it holds that

o0

SSE[[ e[ e m e ] (313)
< g(%)ﬁ{/{)m eZntK(t)'th} < .

In particular, R(t,s) is well-defined for a.e. (t,s) € A[0,00), a.s.
Proof. First, we prove the assertion (i). Observe that, for each ®(-,-) € B,

d 00 oo
> E [/ le A0 D (L, 5) By (t, s)[* ds| < [|®(-,-)||2 / e AR p(s — )2 ds
k=1 7t ¢
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= [Kpl2(W)? (-, )z < o0

for a.e. t > 0. Thus the stochastic integral Zk e (=& (t,r) By (t,r) dWy(r) is well-defined for a.e. t > 0.
By Lemma 2.A in [6], there exists a jointly measurable version of the map

d s
Q x A[0,50) 3 (w,t,5) = 3 / 0Bt 7) Bi(t,r) AW (r) ().
We define ®(-,-) € B by
B(t,s) = I, +Z/ =D (¢, 1) Br(t,r) dWi(r), (L, 5) € A0, 00).

For another @'(-,-) € B, define ®'(,-) € B by the same manner. By the same arguments as above, we see that
(-, ) = @', )ls < [Kla(W|2(,-) — (-, ) e

Since [Kp]2(\) < 1, the map ®(-,-) — ®(-,-) is a contraction map on the Banach space B. Thus, the map
admits a unique fixed point in B, which is the solution of (3.11). Denote the unique solution by ®(,-). Clearly,
for a.e. t € [0,00), ®(t,-) is a square integrable martingale, and thus the limit ®(¢, 00) := lims_,oc P(t, ) exists
in L% _(€;R™*™). Now we prove the estimate (3.12). We note that, for each A, B € R™*™, |Al,, < |A| and
|AB| < |Alop|B]| (recall that |- | denotes the Frobenius norm, and | - |Op denotes the operator norm). By using
these inequalities, we have, for a.e. t > 0, a.s.,

d s 2 11/2
sup B [|9(t,5)2,]* = sup Et[Im+Z / e OB (¢, 1) By (t, 1) AWy (1) ]

s€E[t,00) SE[t,00)

op

1/2
<14+ sup E; Z/ “A=DP (L, r) By (t, r) AW (r )‘ }

s€E[t,00)

1/2
=14+ sup E; Z/ —2A(r— t)|<I>tertr’dT}

s€E[t,00)

<1+ sup Et[/ =019 (8, r)|? Z\Bktr’dr}

s€[t,00)

1/2
<1+ sup E|®(t,s)[2,] 1/2 (/ e AV Kp(r —t)? dr)
t

SE[t,00)
2 711/2
+ [Kgl2(A) sup Et“@(t,s) ] .

‘op
s€[t,00)

Thus the estimate (3.12) holds.
Next, we prove the assertion (ii). We show that, for any ¢ € N, the following estimate holds:

e~ NG, [|2,(t, S)|2]1/2 < B (s —t) (3.14)
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for a.e. (t,s) € Al0,00), a.s., where

1

—(+N7 | >0
e T 5 T =~ 5
T KalaV a(m)

Boa(T) =
and @;fx denotes the i-times convolution of 3, x. For i = 1, by using the estimate (3.12), we see that

6*(n+>\)(sft)]Et [|El(t, s)m 1/2 < e’(”+’\)(5*t)Et U(I)(t’ s)|gp\A(t, 8)‘2]1/2

<E[J0(t, 5))2,] e N K, (s — 1)
1

< ooy T KA 1) = Bals —0)

for a.e. (t,s) € A[0,00), a.s. For a fixed j € N, assume that (3.14) holds for i = j. By using the (conditional)
Minkowski’s inequality, we have

(40 (5—1) /2 mia)(s—t * = ni2
(n+X) (s— Et[|u (s = (n+\)(s )EtH/ :j(t,r):,l(r,s)dr‘ }
t
~tN 60 [CB NIE (1 E (5212
<e E¢[|Z;(t, r)E(r, s)[?] /" dr
t

_ / e N0, [
t

S
< [ e OB 150 Bl - ) dr

1/2
25t 7)Pe 2R, 12 9) ]|

/ B9\ (r — By a(s — ) dr = B4 (s — )

for a.e. (t,s) € A0, 00), a.s. By the induction, the estimate (3.14) holds for any ¢ € N.
Let ¢(-) € L2"(0, 00; R™) be fixed. For each i € N, we have

E[/j*"“t[/ﬁ 0 9]¢l s ar]

<u[[ ([ e m P E P 2 as) ]
—s[[ ([ e R o)) o)) as) ]
<B[[ ([ arate - omerice)?)  as) 0]

<E / / Bi\(s —t)ds /OOBZfA(sft)]Et[e2"S|C(5)\2]dsdt}lm
([ mwa) B[ [T s -0 asa]
/ B dﬂa[/ c()ar] 2,

where, in the first inequality, we used the Cauchy—Schwarz inequality for the conditional expectation E;[-]; in the
second inequality, we used the estimate (3.14); in the third inequality, we used the Cauchy—Schwarz inequality
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for the integral ftoo .-+ ds; in the last inequality, we used Young’s convolution inequality. Observe that

/ooo st < ( /OOO Bua®)d) = (W)i

for each i € N. Since (1, A) € Ra,p with R4 g defined by (3.10), we see that [Ka]1(n+ A)/(1 — [Kg]2(N)) < 1.
Thus the estimate (3.13) holds. This completes the proof. O

Now we provide a variation of constant formula for the adapted M-solution to infinite horizon linear Type-I
BSVIE (3.9).

Theorem 3.14. Suppose that Assumption 3.12 holds, and fix (n,\) € Ra,p. For a given i(-) € Li-l (0, c0; R™),
let (Y(-),Z(-,-)) € M%’"(O,oo;Rm x R™*) be the adapted M-solution of the infinite horizon linear Type-I
BSVIE (3.9). Then it holds that

Y (t) = By | D(t, 00)(t) + / T eNOR(E, 5)B (s, 00)1(s) ds]

t

for a.e. t >0, a.s.

Proof. Define

d

Y(t,s) = E, [¢(t) + / h e*MH){A(t, nY(r)+ Y Bilt,r) 2, 7")} dr]

k=1

for (t,s) € A[0,00). For each (¢, s) € A[0, 00), by taking the conditional expectation E,[-] on both sides of (3.9),
we have

o0 d o0
VO =Efo0+ [ Ay 0)+ X Bt ZMen far = [ 20 aw )
S dk_l S
() + [ ANy )+ Y Bt nZi e far - [ Zenaw),
t k=1 t
and hence
S d S
Y(t,s)=Y(t) - / e—MT'—t){A(t,r)Y(r) + ZBk(m)z’f(t,r)} dr + / Z(t,r) AW (r).
t 1 t

For a.e. t > 0, by using Itd’s formula for the product ®(¢,-)Y (¢, ), we obtain

O(t,8)Y(t,s) =Y (t) — /ts e MOt )AL, 7)Y () dr
d s (3.15)
+) / {@(t,r)Z%(t,r) + e 2D (t, 1) By (t, )Y (t,7) } AW (r)
k=171
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for any s > t, a.s. Note that the left-hand side tends to ®(t,00)4(t) in Lx_(€;R™) as s — co. Furthermore,
noting that IEl[supSE )| @(t, 5)[?] < 00 and E[sup,e(; o0y [V (£, 5)[?] < 00, we have

Z/ b7 8)‘2ds)1/2} SE[ . |(I)(t7s)|2]1/2E[/too|Z(t,3)|2ds}1/2 < o0

SE[t,00)

and

sz: /oo “AETDH (¢, 5) By (t, S)Y(t75)|2ds)1/2}
k=1
< E[(/too |B(t, s)|*|Y (¢, S)|2672>\(57t)KB(S 2 d8>1/2}

<[ sw fo9P] 5] s e ol] ([T e Kss - 02as) <o
t

SE[t,00) SE[t,00)

Thus, the stochastic integral in the right-hand side of (3.15) is a uniformly integrable martingale (with respect
to the time parameter s € [t,00)). By letting s — co and taking the conditional expectation E;[-] on both sides
of (3.15), we obtain

&@@m%ﬁﬂ:Y@—E{lmemt@@@A@@ﬂ@@}

Hence, by using the notation 24 (¢, s) := ®(t, s) A(t, s),
nmzmﬁ@mm@+/ amﬂa@gngﬁ] (3.16)
t

for a.e. t > 0, a.s.
We shall show that, for each N € N,

Y(t) =E;|®(¢,00)(t) +/t°° e MO RN (t, ) B [@(s,00)1(s)] ds+/tooe A== N 1, 8)Y (s) ds} (3.17)

for a.e. t > 0, a.s., where Ry(t,s) := Zf;l E;(t,s) for (t,s) € A[0,00). By using (3.16) and Fubini’s theorem,
we have

V() = E[oltoci) + [ eNOIE (0B 05,0000 (5)] ds

t

+/ e METDE (¢, 5)E, {/ e M =I=, (5, 7)Y (1) dr} ds}
t s

=E, [@(t, 00)t(t) + / TN (1, S)E, [®(s,00)¢b(s)] ds

t

+ /too Ei(t, s) /:O e MNOZ (5, 7)Y () drr ds}
=E, {@(t, o)y (t) + /00 e METUR (¢, 8)E, [®(s, 00)p(s)] ds + /tOO e M=, (¢, 5)Y (s) ds}

t
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for a.e. t > 0, a.s. Thus the equality (3.17) holds for N = 1. Let M € N be fixed, and assume that (3.17) holds
for N = M. Again by using (3.16) and Fubini’s theorem, we have

V(0 = B[t 00)pe) + [ e Rt B [B(5,50)(s)] ds

o0

_l_

/ e XTDE 1 (1 8B [®(s, 00)(s)] ds
+/Oo IRt 5)Es [/OO e NTIE (5, 1)Y () dr} ds}

t s

= B[00 () + [N Rar (9, [B(5.00)0()] ds

t

+/ Enm(t 5/ e*A(T*t)El(s,r)Y(r)drds}

=E, [<I>(t, 00)t)(t) + / e AT Ry (t, 5)E [®(s,00)¢0(s)] ds + /t T e NN, ot )Y (5) ds

t

for a.e. t > 0, a.s. Thus, the equality (3.17) holds for N = M + 1. By the induction, we see that (3.17) holds for
any N € N.
Noting that the process Y'(-) is in L%’"(Q 00; R™), by Lemma 3.13 (ii), the process

(Et {/too e AN (8, 8)Y (s) dsD

t>0

converges to zero in LIQF"7 (0,00;R™) as N — o0o. On the other hand, by the estimate (3.12),

E[/OOO e |Ey [@(t, 00)1b(t)] |2 dt] 2 < E[/OOO e ME, [|@(t, 00) ][4 (2) 2 dt} i
< ME{AM e2ﬂt|¢(t)|2dt] 7 ¢ .

This implies that the process (E;[®(t,00)1(t)])i>0 is in LIZF’"(O, oo; R™), and thus the process

(Et [/too e MU RN (8, 5)Es [®(s,00)1(s)] dsD

t>0

converges to

(Et {/00 e NI R(t, 5)E, [@(s,00)1(s)] dsD

t t>0

in L2"(0,00; R™) as N — oo. Consequently, it holds that

Y () = B [@(t, 00)(t) + / T e NOR(t, 6)E, [8(s, 00) ()] ds]

t

=E,; {<I>(t, 00)(t) + /OO e METUR(E, 5)®(s, 00)1(s) ds}

t

for a.e. t > 0, a.s. This completes the proof. O
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Remark 3.15. The process R(-,-) can be seen as a resolvent of the kernel Z1(+,-) = ®(-,-)A(+, ). Indeed, the
following holds:

R(t,s) = Zu(t,s) + / R(t,7)E1 (1, 5) dr
t

for a.e. (t,s) € A]0,00), a.s. Theorem 3.14 is an extension of the results of Hu and @ksendal [17] and Wang,
Yong, and Zhang [34] to the infinite horizon and unbounded coefficients setting.

3.4. A duality principle

In this subsection, we establish a duality principle between a linear SVIE

t d t
X(t) = o(t) +/0 C(t, )X (s) ds—i—Z/O Dy (t, $)X (s) dWi(s), t > 0, (3.18)
k=1

and an infinite horizon linear Type-II BSVIE
oo d oo
Y(t) :¢(t)+/ e_’\(s_t){C(s,t)TY(s)+2Dk(s,t)TZk(s,t)}ds—/ Z(t,s)dW(s), t >0,  (3.19)
t 1 t

in a weighted L?-space. We impose the following assumptions on the coefficients C, Dy, k= 1,...,d:

Assumption 3.16. C, Dy : Q x A°[0,00) — R"*" k = 1,...,d, are measurable; C(¢,-) and Dy(t,-), k =
1,...,d, are adapted for each t > 0; there exist Ko € L1*(0,00; R, ) and Kp € L?*(0,00; R, ) such that

d

1/2
C(t5)| < Kot —s) and (3 IDs(t9)2) < Kp(t - s)
k=1
for a.e. (t,s) € A°[0,00), a.s.
As before, we define
po.p = inf{p € R|[Kcli(p) + [Kpla(p) < 1} (3.20)

Remark 3.17. (i) By Proposition 2.4, for any ¢(-) € Ly #(0,00;R™) with u > pc.p, the (forward)
SVIE (3.18) admits a unique solution X(-) € Le’ *(0,00;R"). By the uniqueness of the solution, we
see that the map

LE(0,00,R™) 3 () = X () € Ly (0, 005 R™)

is linear.

(ii) By Theorem 3.8, for any (-) € Li—l (0,00;R™) with n + A > pc.p, the infinite horizon Type-II
BSVIE (3.19) admits a unique adapted M-solution (Y(-),Z(-,-)) € MZ"(0,00;R™ x R"*9). By the
uniqueness of the solution, we see that the map

L7 (0,00;R™) 3 4(-) = (Y(), Z(, ) € MF™(0,00; R™ x R™*%)

is linear.
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(iii) Foreach p,m, A € Rwithn+X > p and given processes 6,,(-) € L?;;“(O, oo; R™) and 6,,(-) € Li-:’o (0, 00; R™),
it holds that

B[ [ e Moo, 0la] <E[ [ e, 0lerio o)

oo 1/2 oo 1/2
< E[/ e2110,,(1) di] E[/ 10, () at] < oc.
0 0

This implies that the process ((0,(t),8,(t)))t>0 is in L}’;A(O, oo; R), where (-, -) denotes the usual inner
product in R™.

Now we show the duality principle. This is an extension of Theorem 5.1 in [44] to the infinite horizon (and
unbounded coefficients) case.

Theorem 3.18. Suppose that Assumption 3.16 holds, and let p1,n, A € R satisfy n+ X > p > pc.p. For given
o() € Ly ™"(0,00; R™) and (-) € LQFZ’O (0,00; R™), let X(-) € Ly™"(0,00; R™) be the solution of SVIE (3.18),

and let (Y (), Z(-,-)) € M2"(0,00;R"™ x R"*9) be the adapted M-solution of infinite horizon BSVIE (3.19).
Then it holds that

E[/OOO e”\tw(t),X(t))dt} = E[/OOO e MY (1), (1)) dt]. (3.21)

Proof. By the (forward) SVIE (3.18), the definition of adapted M-solutions, and Fubini’s theorem, we have

e[ MY (D). 0(0)

B[ e [T (v, | Cft,9)X(s)ds)

- [T (el él [ #ws) de<s>é [ putesx o) awis) )]
= [ xnar- [ [ Tr0.x6) asa

e t<ka<t7s>Tz’“<t,s>7X<s>>dsdt]
5[ [T . X0 dr- / (e v asxm)ar

[ > Dulo, )7 245, X))

> 0 d
:]E[/O ew<y(t)—/t e*A(sft){C(S,t)TY(S)+ZDk(s,t)Tzk(s,t)}ds,X(t)>dt}.

k=1
On the other hand, by the infinite horizon BSVIE (3.19),

d

Y(t) = E, [mw + /t A {C(s, 7Y (s) + > Dils.t)" 2% (s, t)} ds]

k=1
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for a.e. t > 0, a.s. Noting that X (-) is adapted, we see that

d

E[/OOO e**t<y(t) - /too e”\(s’t){C(s,t)TY(s) + ; Di(s,t)T Z"(s, t)} ds, X(t)> dt}
- E[/OOO e M (1), X (1) dt]
Thus, the equality (3.21) holds. O

In the end of this section, we show the following abstract lemma, which is useful to study some relationships
between adapted M-solutions of infinite horizon BSVIEs and various types of infinite horizon BSDEs.

Lemma 3.19. Suppose that pu, A € R satisfy X > 2u > 0, and let (Y(-), Z(-,-)) € Mz 7"(0,00; R™ x R™*%) pe
fized. Define a pair of processes (Y(-), Z(-)) by

Y(t) :=E, [/too e My (s) ds} and Z(t) == /too e MY Z(s, 1) ds (3.22)

for t > 0. Then (Y(-), Z(-)) is in Ly~ "(0,00;R™) x Ler*(0, 00; R™*4), V() is continuous a.s., and it holds
that

T
/{Y )}ds—/t Z(s) dW(s) (3.23)

for any (t,T) € A[0,0), a.s. Conversely, if a pair (Y'(+),2'()) € L _“(O 00; R™) x L ™"(0, 00; R™*4) with
Y'(+) being continuous a.s. satisfies (3.23) for any (t,T) € Al0,0), a.s., then it holds that Y'(t) = Y(t) for any
t>0, and Z'(t) = Z(t) for a.e. t >0, a.s.

Proof. Observe that, by Young’s convolution inequality,

E [/OOO e~ 2nt (/too e A=Y (s)] ds) ’ dt} <E [/Ooo =2t (/too e 21|y (5)] ds) ’ dt}
E[/Ow(/t e Hs=temns|y (5 )|ds>2dt}
/ e Mfdt) E[/OOO e*2uf\Y(t)|2dt] < .

This shows that the process Y(-) defined by (3.22) is well-defined and in Ly'™*(0, 00; R™). Clearly, Y(-) has
continuous paths a.s. Also, by Holder’s inequality, we have

o] [ee] 2 o0 oo 2
E[/o e 2mt (/ e N Z (s, 1) ds) dt} < E{/O e 2mt (/t e 20 Z (s, )| ds) dt]
¢
< E{/ 672‘%/ e 21(s=Y) ds/ e 217D Z(s,1))? ds dt}
0 ¢ t
o) o0 t
:/ e 2mt th{/ e_Q”t/ |Z(t,s)|2dsdt} < 00.
0 0 0

This shows that Z(-) defined by (3.22) is well-defined and in L *(0, co; R™*%).
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We show that (V(-), Z(-)) € La™"(0,00; R™) x L27#(0, 00; R™*%) defined by (3.22) satisfies (3.23) for any
(t, ) E A[O 00). We note that, by the definition of the space My ~#(0, 00; R™ x R™*4) it holds that Y (t) =
E[Y ()] + fo (t,s) dW (s) for a.e. t > 0, a.s. For each ¢t > 0, define

Y(t) = e MY(t) = E, [/OO e MY (s)ds
and
Z(t):=e MZ(t) = /OO e M Z(s,t) ds.

For any (¢,T) € A0, 0), by using stochastic Fubini’s theorem (cf. Thm. 4.A in [6]), we have

9] T
V(t) :/ e ME, [Y(s)] ds—i—/t e MR, [Y(s)] ds

T

:/: e*’\S{IET[Y(s)} —/tT Z(s,7) dW(r)}ds+/tTe’\S{Y(s)—/tsZ(s,r)dW(r)}ds
:ET[/TOO ey (s) ds] —&—/tTe"\sY(s)ds—/tT/roo =57 (s, ) ds AW (r)

T T
:y(T)+/t V() ds— [ 2@ W)

Thus, by using It6’s formula, we see that

() = e)‘t:)}( t) = ATy / {Y(s) )\e’\s)}(s)} ds — /T e’\sé(s) dW (s)

t

/ () = yds— [ " 2(s)am(),

and hence (3.23) holds.
Next, suppose that (V'(:), 2()) € Lﬂ%’_“(o,oo;Rm) X Lﬁ’_“(o,oo;Rde) with )’(-) being continuous also
satisfies (3.23) for any (¢,T) € A[0,00). Then It6’s formula yields that

MY () = Y()} = e MH{Y(T) = V(1)) — / e {2/ (s) = Z(5)} W (s),

and hence e M{Y/(t) — V(t)} = E,[e AT{Y(T) — Y(T)}] ass. for any (¢,T) € A[0,00). Since —A < —p, we see
that L2 (0, 00; R™) C Ly~ (0, 00; R™), and hence the process (e *{)'(t) — V(£)})i>0 is in LE(0, 00; R™). This
implies that there exists a sequence {7, },en € (0,00) such that lim,, . T}, = 0o and lim,, o, e A7 {Y'(T},) —
V(Tn)} = 0in Ly _(Q;R™). Therefore, we have V'(t) = Y(t) a.s. for any ¢t > 0. This implies that Z'(t) = Z(t)
for a.e. t > 0, a.s. We complete the proof. O

Remark 3.20. Equation (3.23) can be seen as an infinite horizon BSDE, which is written in the differential
form:

AV(t) = —{Y(t) — \V@)} dt + Z(t) dW (t), t > 0. (3.24)
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For a given constant A € R and a given R"-valued adapted process Y(-) such that E[ fOT [Y'(¢)|?dt] < oo for
any T > 0, we say that a pair (Y(-), Z(-)) of an R™-valued adapted process J(-) and an R™*%valued adapted
process Z(-) is an adapted solution to the infinite horizon BSDE (3.24) if IEI[fOT{|y(t)|2 + |Z(#)]?} dt] < o0
for any T > 0, and (3.23) holds for any (¢,7) € A[0,00), a.s. For detailed discussions on infinite hori-
zon BSDEs, see, for example, [11] and references cited therein. Lemma 3.19 shows that, for each given
Y(),Z(,-)) € MIQF’_”(O, o0; R™ x R™*4) with A > 2u > 0, there exists a unique adapted solution ()(-), Z(-))
to the infinite horizon BSDE (3.24) in L;’_”(O, oo; R™) x L;’_“(Q oo; R™*4) given by the explicit formula (3.22).
Some interesting applications of this result are discussed in Section 4.3.

4. DISCOUNTED CONTROL PROBLEMS FOR SVIES WITH SINGULAR
COEFFICIENTS

As an application of the results on infinite horizon BSVIEs, we consider an infinite horizon stochastic control
problem where the dynamics of the state process is described as a (forward) SVIE with singular coefficients.
The duality principle which we proved in the previous section plays a crucial role.

For each p € R, define the set of control processes by U_,, := L]QF’_”(O, o0; U), where U is a convex body (i.e.,
U is convex and has a nonempty interior) in R with £ € N. For each control process u(-) € U_ u, define the
corresponding state process X"(-) as the solution of the following controlled SVIE:

X0 =0+ [ b5 X)) ds [ o5, X)) W), £ 2 0 (4.1)

where ¢(+) is a given process, and b, o are given deterministic maps. In order to measure the performance of
u(+) and X*(-), we consider the following discounted cost functional:

Inu() = E[/OOO e MA(t, XU(t), u(t)) dt|, (4.2)

where h is a given R-valued deterministic function and A € R is a discount rate. The stochastic control problem
is a problem to seek a control process u(-) € U_,, such that

B@) = inf ()

If it is the case, we call 4(-) an optimal control.
Assumption 4.1. (i) ¢(-) € Ly 7"(0,00;R™).
(ii) b: A°[0,00) x R” x R = R™ and ¢ : A°[0,00) x R” x R — R™*¢ are measurable; b(t, s, -, -) and o(t, s, -, -)
are continuously differentiable in (x,u) € R® x R’ for a.e. (t,5) € A°[0,00); there exist Kjp ., Kp. €
LY*(0,00;Ry) and K, 4, Ky € L?*(0,00; Ry ) such that

b(t, s,z,u) —b(t,s, 2", u")| < Kpo(t — )|z — 2’| + Kpu(t — 8)|u— ],

lo(t,s,x,u) —o(t, s, 2’ u)| < Ky ot — s)|w— 2| + Ko u(t — 8)|u — |
for any x,2’ € R and u,u’ € RY, for a.e. (t,s) € A°[0,00); b(t,5,0,0) = 0 and o(t,s,0,0) = 0 for a.e.
(t,s) € A°[0,00).

(iii) & :[0,00) x R® x R — R is measurable; h(t,-, ) is continuously differentiable in (z,u) € R™ x R* for a.e.
t > 0; there exists a constant C' > 0 such that

h(t, 2, )] < C(L+ |2 + |uf?), 10:h(t, 2, u)] < O+ [a] + |u]), [0uh(t, 2, w)] < C(1+ || + |ul),
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for any (x,u) € R™ x R, for a.e. t > 0.

Now we discuss the choice of the parameters p and A. First, in order to ensure a nonzero constant control
u(-) = u € U and a nonzero initial state ¢(-) = z¢p € R”, the weight parameter p has to be strictly positive.
Second, by Lemma 2.3, if [Kp ]1 (1) + [Kou]2(p) < 00, then for any u(-) € U_,,

E[/OOO o 2mt (/Ot Ib(t, 5,0, u(s))| ds)zdt} 2 < [Kb,uh(u)IE[/ooo e_z“t\U(t)|2dtT/2 < 00

and

oo

E[/OOO o2t /Ot|0(t,s,0,u(8))|2 ds dt} 1/2 < [Koul2(W)E {/O e_zmw(t)‘th} 1/2 e

Third, if in addition [Kp 4|1 () + [Ks)2(p) < 1, by Proposition 2.4 and Remark 2.5, the controlled SVIE (4.1)
admits a unique solution X“(-) € L¥~"(0, 00; R™) for any u(-) € U_,,. From these observations, we define

Po,oz i= nf{p € Ry [[Kpu]i(p) + [Koul2(p) < 00, [Kp2]i(p) + [Kozl2(p) < 1} (4.3)

If 44> ppoww and X > 2p, the state process X*(-) € Ly *(0,00;R") and the discounted cost functional
Jr(u(-)) € Ris well-defined for any u(-) € U_,,. We note that the parameters 1 and X satisfying these conditions
are strictly positive.

4.1. Pontryagin’s maximum principle
In this subsection, we provide a necessary condition for optimality by means of Pontryagin’s mazimum
principle. Let Assumption 4.1 hold, and suppose that u, A € R satisfy the conditions
> Pbozu and X > 2. (4.4)

Fix a control process @(-) € U_,, and denote the corresponding state process by X (-) := X%(-). We use the
following notations:
be(t, 5) i= Dbt 5, X (5),(5), bult, s) i= Dbt 5, X (s), (s)),
ok (t,s) = 0,0"(t, s, X (s),0(s)), oF(t,s) := Duoh(t,s, X (s),a(s)), k=1,...,d,

x

for (t,s) € A°[0,00), and
ha(t) := 8:h(t, X (), 0(t)), hu(t) := duh(t, X(t),0(t)),

fort > 0.

Remark 4.2. Here and elsewhere, for each scalar-valued differentiable function f on R% with d; € N, the
derivative 0, f(z') € R% of f at 2’ € R% is understood as a column vector. If f is R%-valued with dy € N, the
derivative 0, f(x') is understood as a (ds X dj)-matrix.

Note that b, (-,-),c%(-,-), k = 1,...,d, are R"*"-valued and measurauble7 bu(-,), 08, ), k=1,...,d, are

) u

R™**_valued and measurable, b,(t,),by,(t,-),0k(t,-),0k(t,-), k =1,...,d, are adapted for each ¢ > 0, and

|bx(t7 S)| < Kb,x(t - 5)7 ‘bu(ta S)| < Kb,u(t - S)v
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d 1/2 d 1/2
(D lokt o)) " < Koalt =), (P lokit.s)2) < Koult =),
k=1 k=1

for a.e. (t,s) € A°|0,00), a.s. Furthermore,
ha(-) € LE7H(0,00;R™), hy() € L (0, 00; R).

We first show the following proposition.

Proposition 4.3. Let Assumption 4.1 hold, and suppose that p, A € R satisfy the condition (4.4). If 4(-) is an
optimal control, then for any u(-) € U_,, the following variational inequality holds:

E[ / h e (ha(t), X1 (8)) + (hu(t), u(t) — a(t))} dt} >0, (4.5)
0

where X4 (-) € LIZF’_“(O, 00; R™) is the solution of the following variational SVIE:

t d t
= s)(u(s) —u(s))ds ok (t, s)(u(s) — (s s
Xl(t)—/o bu(t, s)(u(s) —a(s))d +kz_:1/0 u(ts s)(u(s) —a(s)) dWi(s) "

t d t
k
+ /0 ba(t,5) X1 (s) ds+]; /0 ok (t, ) X1 (s) AWy (s), t > 0.

Proof. By Proposition 2.4, for any u(-) € U_,, the variational SVIE (4.6) admits a unique solution X;(-) €
L2 7"(0,00;R™), and thus the expectation in the left-hand side of (4.5) is well-defined.
Let u(-) € U_,, be fixed. For each v € (0, 1], define

w?(:) = yu) + (L =7)a() = al) +(u() —al)).
Since U C R’ is convex, the process u7(+) is in _,,. Denote the corresponding state process by X7(-) := X' (4,

and define X7 (-) := %(X”() — X(+)). By simple calculations, we see that X7 (-) € L27"(0, 00; R™) is the solution
of the following linear SVIE:

X0 = [ Bt o)) — i) ds+ 3 [ a9 u(e)  als) AWl
k=1
t d t
(¢, 5)X7(s)ds 1Rt ) X7 (s s
+ [ 9% ) +;/ (1, $)X7(s) AWi(s), ¢ >0,

where

for (t,s) € A°[0,00), and similar for bJ(-,-),52%(-,-),52*%(-,-), k = 1,...,d. By Proposition 2.4, the following
estimate holds:

E[/OOO e~ 2 X (1) — Xl(t)|2dt}1/2
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<CLE [/ e 2
0

d t
Yy / (6% (t.5) — o (1, ) (u(s) — a(s)) AW (s)
k=1"0

/O (B1(t,5) — bu(t,9)) (u(s) — a(s)) ds

+ /Ot(g;*(t, s) — by(t,s)) X1(s)ds + kzi:l /Ot (5;7k(t7 s) — ok (t, $)) X1(s) de(s)‘Z dt} i
< CM{E[/OOO 020t (/t B7(2, ) — bu(t, )| [u(s) — a(s)] ds)th} i
_ e 2mt o — ok (t, )P |u(s) — a(s)|[*ds 2

B[ e | ;\am,s) (1, 9)Phuls) — ()] dsdi]
+]E:/O *21“(/ (¢, 5) — ba(t, s)| |X1(5)|d5)2dt] i

+1E'/ -W/o Z\a% () — 0¥ (¢, )2 X1 (s )|2dsdt]1/2},

where C), := 1/(1 — [Kp z]1 (1) — [Ko,z]2(1)) € (0,00). Now we show that
%E[/OOO o—2ut (/Ot 1B(t, 8) — ba(t, )| | X1 (s)] ds)2 dt] = 0. (4.7)

Since X1 (-) € LIQF’_”(O, 00; R™) with ft > pp 51,4, by using Young’s convolution inequality, we see that

E[/OOO eQW(/Ot Kbym(t—s)|X1(s)|ds)2dt} < .

Clearly, u”(-) converges to 4(-) in L]%’_“(O, oo; RY) as 7 | 0. By the stability estimate for SVIEs (see Prop. 2.6),
we can easily show that X7(-) — X (-) in LY #(0,00; R") as v | 0. Take an arbitrary sequence {7, }nen C (0, 1].
Then there exists a subsequence {7, }ren of {7 }nen such that ux (s) — a(s) and X7 (s) — X (s) as k — oo
for a.e. s > 0, a.s. Since 9,b(t, s, z,u) is continuous in (r,u) € R® x R* and bounded by Kj .(t — s) for a.e.
(t,s) € A°[0,00), by the dominated convergence theorem, we see that

lim E| /O T et ( /O () — bt 8)] X (5) ds)2 at) =o.

k—o0

Since the sequence {v,}nen C (0,1] is arbitrary, we get (4.7). By the same arguments, we can show that

limE| /O e /O 1 5) — bt 8)] [u(s) — () ds)"at] =

740

[ee] t d
limE *2%“/ 51kt s) — ok (t, s)|2| X1 (s) > dsdt| =
li [/O e ; g:ll% (t,s) — o, (¢, 8)[7[X1(s)|" ds ]

0o t d
limE[/O e 2mt Z |67k (t, s) — ok (t, s)|*|u(s) — a(s)|? ds dt] = 0.

0
2 0 11
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Thus, we see that

hmE[/ e 2 XT (1) — X1 (¢)|2dt| = 0. (4.8)
710 0

Since (-) is optimal, the following inequality holds for any v € (0, 1]:

< ARG [/ e MR, KT () + (), ult) - ()} dt] (4.9)

B Y

where
RY(t) == /0 Auh(t, X (t) + 0(X7(t) — X (1)), a(t) + O(u” (t) — a(t))) do

for t > 0, and similar for 27 (-). Noting (4.8) and the assumption A > 2u, we can easily show that the right-hand
side of (4.9) tends to

E| / T e (hal1), X0 (0) + (hu(t), ult) — (e} ]

as 7 J 0. Therefore, the variational inequality (4.5) holds, and we finish the proof. O

The above proposition provides a necessary condition for () to be optimal. However, since the process X (-)
depends on another control process u(-), the variational inequality (4.3) itself is not useful to determine (-). In
order to obtain a more informative necessary condition, we have to get rid of X;(-). To do so, we introduce the
following adjoint equation of the form of an infinite horizon Type-II BSVIE:

Y(t) = hx(t)+/oo e 0L, (5,6) TV (5) —|—Zcr s,4)T 2% (s, t)}ds—/oo Z(t,s)dW(s), t > 0. (4.10)

Since ha(-) € LE7(0,00;R™), [ba(s, )| < Kpal(s — 1) and (S0, |05 (5,8)[2)"/? < K, a(s —t) for ae. (t,s) €

A0, 00), a.s., and —pu+X> > ppoawu, by Theorem 3.8, there exists a umque adapted M-solution
Y(-),Z(,-) e ./\/l2 10, 00; R™ x R™*4) of the adjoint equation (4.10). We note that (Y(-), Z(-,-)) depends on
the given control-state pair (a(-), X(-)), but it does not depend on another control process u(-). The following
theorem is a type of Pontryagin’s mazimum principle which provides a necessary condition for optimality.

Theorem 4.4. Let Assumption 4.1 hold, and suppose that i, A € R satisfy the condition (4.4). If 4(-) € U_,,
is an optimal control, then it holds that

Ooe*)‘(sft) w(s,t) TE, [Y ou(s, k(s s,u—1 >0, Vu ) .
<hu(t)+/t {b( 1 TE [V (s) +kzl A t)}d ()>>o Vuel. (4.11)

for a.e. t >0, a.s.

Proof. Let an arbitrary u(-) € U_,, be fixed. We apply the duality principle (Thm. 3.18) to the variational
SVIE (4.6) and the adjoint equation (4.10). By using the definition of adapted M-solutions and Fubini’s theorem,
we have

E[/OOO e M (ha (1), X1 () dt]
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d t
=FE {/ - / bu(t, s) —a(s)) ds + ,;/0 ou(t,s)(u(s) —a(s)) de(s)> dt}

/ *At/ VT 25 (¢, 5), u(s )—a(s)>dsdt}

d

:E[/ </ —AS{bu( TV (s)+ D ok(s,)T 2% (s, t)}ds ul(t) — (t)>dt}
0 t et
oo (oo} .
:E[/ e_)‘t</ e_’\(s_t){bu(s,t)TEt [Y(s) —|—ZU s,8) T 2" (s, t)}ds u(t) — (t)>dt}.
0 t P
Thus, by the variational inequality (4.5), we get
o0 oo d
E[/ e”\t<hu(t) +/ e”\(s’t){bu(s,t)TEt V()] + > ok(s, )T 25, t)}ds ult) — (t)>dt] > 0.
0 t Pt
Since u(-) € U_,, is arbitrary, we see that (4.11) holds for a.e. ¢ > 0, a.s. This completes the proof. O

Remark 4.5. The above result can be rewritten by using a Hamiltonian defined by

&) d
Hy(t,2z,u,p(-),q(-)) == h(t,z,u) —|—/ e_/\(s_t){a)(s t,x,u) +Z (s,t,z,u) k(s))}ds (4.12)
k=1

t

for (t, z,u,p(-),q(+)) € [0,00) x R x U x L%7#(0, 00; R™) x L?*~#(0, 00; R"*?). An interesting feature is that the
Hamiltonian H) is a functional of the adjoint components p(-) € L% #(0,00;R™) and q(-) € L*»#(0, co; R"*%)
which are (deterministic) functions. The adjoint equation (4.10) can be written as

{Y(t)zaH/\(tX()ﬁ() (YOLZGD) s e (4.13)
e >0, as., :

V() = E[Y ()] + [y Z(t,s)dW (s),

which determines the adapted process Y(-) and the values of Z(t, s) for (¢, s) € A°[0,00). The values of Z(t, s)
for (t,s) € A0, 00) is determined via the martingale representation theorem:

OnH\ (8, X (1), 0(t), Y (-), Z(-, 1)) = By [0 H (£, X (¢),0(t), Y (-), Z(-,1))] +/ Z(t,5)dW (s)
t
for each ¢ > 0. Furthermore, the optimality condition (4.11) can be written as

(0 H (6, X (1), 0(t), B[V ()], Z(-,t)),u — a(t)) > 0, Vu € U. (4.14)

4.2. Sufficient conditions for optimality

In this subsection, we provide sufficient conditions for optimality in terms of the Hamiltonian H) defined by
(4.12).
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Theorem 4.6. Let Assumption 4.1 hold, and suppose that i, X € R satisfy the condition (4.4). Let u(-) € U_,, be
a given control process, and denote the state process corresponding to 4(-) by X () :== X%(-). Let (Y(-), Z(-,")) €
./\/l;’_“(O,oo;R" x R"*4) be the adapted M-solution of the infinite horizon BSVIE (4.10). Assume that the
function

R" x U 3 (x,u) — H,\(t,x,u,Et[f/(-)],Z(-,t)) eRrR

is convex for a.e. t >0, a.s. Furthermore, assume that the condition (4.14) holds for a.e. t > 0, a.s. Then 4(-)
s optimal.

Proof. Take an arbitrary u(-) € U_,, and denote the corresponding state process by X (-) := X“(-). Observe
that

Ia(u(-)) = Ia(a(-))
E{/ ML X (8),u(t) — h(t, X (1), a(t)) } dt]

0

E[/m e’/\t{H,\ (t, X (1), u(t), B[V ()], Z(- 1)) — Ha(t, X (2), a(t), B[V ()], Z(-, 1))

- /oo e (b(s, b, X (1), ult)) = (s, t, X (¢), a(1)), Be[Y (5)] ) ds

t

0o d
—/ e AN ok (s, 1, X (8), ult)) — Uk(s,t,X(t)ﬁ(t)),Zk(s,t)>ds}dt].
t k=1
By using Fubini’s theorem and the definition of adapted M-solutions, we see that

E| /O h e /t T e (b(s, b, X (1), ult)) — bls, £, X(8), a(6)), Ee [V (s)]) ds

00 d
+ / AN (M (s, X (1), u(t)) — o (s, (1), (1)), 27(s, 1)) ds ]
t k=

1

_ E[/Ooo e—xt</t (b(t. 5, X (s) u(s)) — b(t. 5, X (s). i(s))) s, V(1) )

0

k=1

+ /000 e M /Ot zdxak(t, 5, X (s),u(s)) — o®(t, S,X(s), a(s)), ZAk(t7 5)> ds dt}
— EUOOO 6/\t</0t (b(t, s, X (5),u(s)) — b(t, s, X (s),1(s))) ds

+/0 (o(t, s, X (s),u(s)) — olt, s, X(s),i(s))) dW(s),ff(t)>dt]

Noting the controlled SVIE (4.1) and the equation (4.13), we see that the last term in the above equalities is
equal to

E[/Ooo X () = X (1), 0, Ha (8 X (8), al6), B[V ()], Z( 1)) ).
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Consequently, we obtain

Since u(-) € U_,, is arbitrary, we see that

Ia(a() = inf - Jy(u(-)),

u(-) €Uy

and thus @(-) is optimal. This completes the proof. O

Remark 4.7. The above arguments can be easily generalized to the case where b(t, s,0,0) and o(t,s,0,0) are
nonzero (see Rem. 2.5 and 3.9). Also, the case of random coefficients b and o (with suitable measurability and
integrability conditions) can be treated by the same way as above.

4.3. Examples

In this subsection, we apply the above results to some concrete examples. First, we investigate an infinite
horizon linear-quadratic (LQ for short) control problem for an SVIE.

Example 4.8 (Infinite horizon LQ stochastic control problems). Let U = R’. For each control process u(-) €
U_,, consider the following controlled linear SVIE:

XU(t) = ¢ /{AtsX“(H—Bts }ds+Z/{C’kts 8) + Dy(t, s)u(s) } dWy(s), t >0,
(4.15)
where ¢(-) € L™"(0,00; R™) is a given initial process, and A, Cy, : A°[0,00) — R™ ™ and B, D}, : A°[0,00) —
R™*¢ k=1,...,d, are given measurable functions. Define a discounted quadratic cost functional by
1 _ w u
) = B[ [ e MM OX 0, X0) + (a(Ou(0),u(0) + 060X OuO)} d], (@16

where M : [0,00) — R™ ™ My : [0,00) — R** and Mj : [0,00) — R**™ are given measurable and bounded
functions. We assume that there exist Kp oz, Kpo € LV*(0,00;R ) and K, 4, Ky € L2*(0,00; R;) such that

[A(t,s)| < Kp o (t—s), |B(t,s)] < Kpu(t—s),
d

(S ie0) " < Kol —5). (31060 P) " < Kot - ),

k=1 k=1

for a.e. (t,s) € A°[0,00), and that M; and M take values in the spaces of symmetric matrices with suitable
dimensions. Define pp sz € R by (4.3). We see that if g > pp g0 and X > 2pu, then for any u(-) € U,
there exists a unique solution X*(-) € L~ #(0, 00; R") of the controlled linear SVIE (4.15), and the discounted
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quadratic cost functional (4.16) is well-defined. An infinite horizon LQ stochastic control problem is a problem

to seek a control process (-) € U_, = Lo’ *(0,00;RY) which minimizes Jy(u(-)) over all control processes
u(-) € U_,,. The corresponding Hamiltonian is defined by

(12,0, 5(0),00)) = 5 { (M (02, 2) + (Ma (), u) + 2(My 2)2, )

o d
+ / e MO {(As e+ Bs, ), pl(s) + Y (Culs, O + Di(s Hu,q"(s)) | ds
t k=1

for each (t,z,u,p(-),q(-)) € [0,00) x R? x R x L%7#(0,00;R") x L27#(0,00;R"*4). Let 4(-) be given, and
define X(-) := X%(-) € Lg'*(0, 00; R™). The corresponding adjoint equation (4.10) becomes

V() = My ()X () + Ms(t) Tat) + /oo e—Ms—t){A (s,) TV (s) + ch )T 2k (s t)}d
- /Oo Z(t,s)dW(s), t >0,

which admits a unique adapted M-solution (Y (), Z(-,-)) € M%’_“(O, 00; R™ x R"*4). Also, noting that U = R?,
the optimality condition (4.14) becomes

0o d
My(t)a(t) + Ms(t) X (t) + / e_’\(s_t){B(s, ) E [V ()] + Y Duls, )T 2% (s, t)} ds = 0. (4.17)
k=1

t

My(t) Ms(t)"
Ms(t)  Ms(t)
function (x,u) — Hx(t,z,u,p(-),q(-)) is convex for a.e. t > 0 and any p(-) and ¢(-). In this case, by Theorems 4.4
and 4.6, we see that 4(-) is optimal if and only if (4.17) holds for a.e. t > 0, a.s.

We note that if the symmetric matrix < ) is nonnegative-definite for a.e. ¢ > 0, then the

Remark 4.9. In finite horizon settings, LQ control problems for SVIEs with non-singular coefficients were
studied by Chen and Yong [7] and Wang [35]. Also, Abi Jaber, Miller, and Pham [1] investigated a finite horizon
LQ control problem for an SVIE with singular coefficients of convolution type. Compared with these papers, the
above example provides a characterization of the optimal control of an infinite horizon LQ control problem for
an SVIE with singular coefficients of non-convolution type. However, the optimality condition (4.17) alone dose
not give a (causal) state-feedback representation of the optimal control, and further analysis would be needed.
We hope to report some further results on this problem in the near future.

Next, we observe a classical SDEs case.

Example 4.10 (Discounted control problems for SDEs). If the coefficients ¢(t) = o € R™, b(t,s,z,u) =
b(s,z,u), and o(t, s,z,u) = o(s,z,u) are independent of ¢, then the stochastic control problem becomes a usual
(infinite horizon) problem for a controlled SDE (see [24, 25]). Assume that b(s,0,0) and o(s,0,0) are bounded,
b(s,z,u) and o(s,z,u) are continuously differentiable with respect to (z,u) € R” x R’ for a.e. s > 0, and there
exist four constants Ly 5, Lp.us Loz, Lo > 0 such that

‘b(svxau) - b(sax/7u/)| < Lb7I|x - ZL'/| + Lb,u‘u - u/|7
‘0(85 a:,u) - 0-(57xla ul)| < LU,$|x - .73/‘ + L07u|u - U/‘
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for any z, 2’ € R™ and u, v’ € RY, for a.e. s > 0. In this case, the condition (4.4) becomes p > ffl(l) and A > 2pu,

where f1 : (0,00) — (0,00) is defined by f1(p) := LZ’I + L\/'Q’—; for p € (0,00). The Hamiltonian Hy reduces to

Hy(t,z,u,p(-),q(-)) = h(t,z,u) + <b(t7m,u),/ e 7 p(s) > + i< (t,z,u) /00 e N gk (5) ds>
t Pt t

:H(t,z,u,/ ef)‘(sft)p(s) ds,/ efA(Sft)q(s) ds),
t t

where H : [0,00) x R" x U x R"® x R"*4 — R is the standard Hamiltonian defined by

ta:u

Mg

H(tvxauapaq) = h(t,x,u) + < t €, U +
k:l

for (t,x,u,p,q) € [0,00) x R" x U x R" x R"*%. Let a(-) be given, and define X (-) := X%(-) € Lo’ "(0, 00; R™).
Then the adjoint equation (4.10) can be written as

?(t):axh(t,f((t),ﬁ(t))—k/oo e_’\(s_t){amb(t,f(() +Za ok (t, X (¢ ())Tzk(s,t)}ds

which admits a unique adapted M-solution (Y (-), Z(-,-)) € Mz #(0, 00; R™ x R"*%). Furthermore, the following
holds:

Y(t)=0 H(t X(t),a(t), Eq [/00 e MDY (6) ds}/OO e MY Z (s, 1) ds) (4.18)

t t

for a.e. t > 0, a.s. Now we define Y(t) := E;[ [ e A¢~DY (s) ds] and Z(t) := [[° e 2= Z(s,t)ds for t > 0. By
Lemma 3.19, we have (V(-), Z(-)) € L2 “(0 00; R") L]?;*”(O, 00; R™*4) " and it is the unique adapted solution

of the infinite horizon BSDE dY(t) = —{Y(t) = AV(t)} dt + Z(t) dW(t), t > 0. By inserting (4.18) into this
formula, we see that (J(-), Z(+)) solves the following infinite horizon BSDE:

AY(t) = —{9.H(t, X (1), a(t), V(t), Z(t)) — A\V(t)} dt + Z(t) dW (t), t > 0.

Conversely, if a pair (V(), Z(-)) € Ly "(0,00;R™) x L2 (0, 00; R"*?) satisfies the above infinite horizon
BSDE, then (Y (-), Z(-,-)) € Mz ~#(0,00; R x R"*%) defined by

Y (t ) = 0, H(t, X (1), a(t), V(t), Z(t)),
122 2t 5) dW (s) = az’H(t,X(t),a 1), [ e MDY (s) ds, Z(t ))

(
“E [&;H(t,f((t),ﬁ(t), 72 e Y () ds, 2(15))}7
satisfies (4.18). Consequently, in this case, the optimality condition (4.14) is equivalent to the following condition:

(DuH(t, X (8),a(t), V(1) Z(t)),u — a(t)) > 0, Vu € U.
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Therefore, Theorems 4.4 and 4.6 reduce to the counterparts in SDEs cases [24, 25].
The next example is concerned with a controlled dynamics with a fractional time derivative.

Example 4.11 (Discounted control problems for fractional stochastic differential equations). Consider a min-
imization problem for a discounted cost functional Jy(u(-)) defined by (4.2). Suppose that the state process
X*(-) solves the following controlled Caputo fractional stochastic differential equation (Caputo-FSDE for short):

{CD3+X“(t) = b(t, X" (t), u(t)) + o(t, X (t), u(t) 220 ¢ >0, (119)

XU’(O) = Xy,

where o € R” is a given initial state, b : [0,00) x R" x R® = R™ and ¢ : [0,00) x R" x R — R™*? are given
measurable maps satisfying the same assumptions as in Example 4.10, and “Dg " denotes the Caputo fractional
derivative of order a € (%, 1) defined by

1 d

s [ U - s ds 20

°DgLf(t) =

for each differentiable function f : [0,00) — R (see [18]). Here and elsewhere, I'(c) = [~ 7@ 1e™7 dr denotes

the Gamma function. We say that X“(-) € L]%;*(O7 00; R™) is a solution of the controlled Caputo-FSDE (4.19) if
it holds that

X“(t)—:coqtr(la){/o (tfs)aflb(&X“(s),u(s))dH/o (tfs)a*a(s,xu(s),u(s))dW(s)} (4.20)

for a.e. t > 0, a.s. For further discussions on the concept of solutions to Caputo-FSDEs, see [39]. We note that
(4.20) can be seen as a controlled SVIE (4.1) with the coefficients

b(t,s,z,u) = ﬁ(t —8)* (s, 2,u), ot,s,r,u) = ﬁ(t —8)* Lo(s,x,u).

Note that the coefficients are singular at the diagonal ¢ = s. In this case, we can take the functions
Kp 2o Kb us Ko o, Koy, in Assumption 4.1 as follows:

o Lb,$

LU T La’,u
KD = o)

a—1 KO’:E _ 5 a—1 Ko‘u _ afl.
P Koa(7) = G5 K lr) = [

L
a—1 K . _ b,u
T ’ b, (T) F(a)

By simple calculations, we see that the condition (4.4) becomes p > f; (1) and A > 2u, where f, : (0,00) —
(0,00) is defined by

T(2a—1)

) (2p)" 72 p e (0,00).

falp) == [Kbmc]l(p) + [Ka,x]Q(p) = Lb,xpia +Loo

Under the above conditions, for any control process u(-) € U—_,, there exists a unique solution X“(-) €
L2 7"(0,00;R™) to the controlled Caputo-FSDE (4.19), and the discounted cost functional Jy(u(-)) € R is
well-defined. The corresponding Hamiltonian H) is defined by

Ha(t,2,u,p(-), q()) = h(t, ,u) + ﬁ{<b(t,x,u), /tm e M0 (s — 1) p(s) ds)
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d )
+ Z<ak(t, x, u),/t e D (5 — )2 gk (s) ds>}

k=1

for (t,x,u,p(-),q(+)) € [0,00) x R™ x U x L%7#(0,00; R"™) x L?7#(0,00; R"*4). Let a(-) € U, be given, and
define X (-) := X%(-) € L¥7"(0, 00; R™). Then the corresponding adjoint equation (4.10) becomes the following
infinite horizon BSVIE:

V() = 0uh(t, X (1), at)) + ﬁ{@gb(t, X(t),a(6)T /too e A0 (5 — a1 (g) ds

d e’}
30,00 (1 X (), ()T / e (s — 1) 24 (s, 1) ds}
k=1 t

- /OO Z(t,s)dW(s), t >0,

which admits a unique adapted M-solution (Y(-),Z(-,-)) € Mz #(0,00;R™ x R™ %), Furthermore, the
optimality condition (4.14) becomes

<auh<t,f((t),a(t)) + L{aub@,)?(t),a(t)f / T eAG=0 (5 _ pyo-1E, [V (s)] ds

[(a) t
(4.21)

d oo
+ Zauak(t,X(t),a(t))T/ e A=t (5 gyl k(g ¢) ds},u - ﬂ(t)> >0, VueU.
k=1 t

Theorem 4.4 implies that if () is optimal, then (4.21) holds for a.e. ¢ > 0, a.s. Conversely, by Theorem 4.6, if
the map

(z,u) = h(t,z,u) + ﬁ{@(t, x,u), /too e AT (s — )R, [)A’(s)] d5>

d o
+ Z<ok(t, x, u),/ e M (s — )21 2R (s, 1) ds>}
k=1 t

is convex for a.e. t > 0, a.s., and if (4.21) holds for a.e. t > 0, a.s., then the control process 4(-) is optimal.

Remark 4.12. The above observations are also valid in the cases of other fractional derivatives such as the
Riemann-Liouville fractional derivative (see [18]) and the Hilfer fractional derivative (see [16]). We remark that
Lin and Yong [21] established Pontryagin’s (necessary) maximum principle for a finite horizon control problem
of a deterministic singular Volterra equation and applied it to fractional order ordinary differential equations of
the Riemann—Liouville and Caputo types. Our result shown in the above example is a stochastic and infinite
horizon version of [21]. For more detailed analysis on this example, see our forthcoming paper [14].

Lastly, we consider a controlled stochastic integro-differential equation of an It6—Volterra type, which can be
seen as an SDE with unbounded delay. Since many systems arising from realistic models can be described as
differential equations with unbounded delay (see [9] and references cited therein), optimal control problems for
integro-differential systems are important problems.

Example 4.13 (Discounted control problems for stochastic integro-differential equations). Consider a mini-
mization problem for a discounted cost functional Jy(u(-)) defined by (4.2). Suppose that the state process
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X(-) solves the following controlled stochastic integro-differential equation:

AX"(t) = b(t,X“(t),u(t), JE Ayt )X () ds, [T Aa(t, s)u(s) ds) dt
—|—0(t, Xu(t), ult), [} As(t, s)X"(s)ds, [ Aa(t, s)u(s) ds) AW (t), t >0, (4.22)
X*(0) = xo,

where o € R” is a given initial state, A; : A°[0,00) — R™ X" A, : A°[0,00) — R™2%¢ Az : A°[0,00) —
R™3*" and Ay : A°[0,00) — R™** are given measurable functions with my,mo, ms,ms € N, and b : [0, 00) x
R™ x R x R™ x R™2 — R" and o : [0,00) x R™ x R x R™3 x R™+ — R"*4 are given measurable maps. Similar
equations without control were studied by, for example, Appleby [4] and Mao and Riedle [23]. Also, Sakthivel,
Nieto, and Mahmudov [29] investigated approximate controllability of both deterministic and stochastic integro-
differential equations, which include delay of the state process alone (without delay of the control process). We
note that the controlled stochastic integro-differential equation (4.22) includes not only delay of the state process
X*(-), but also delay of the control process u(-).

Assume that there exist Ki, Ko, K3, K4 € LY*(0,00;R,) such that |A4;(¢,s)| < K;(t — s) for a.e. (¢,5) €
A°[0,00), i = 1,2,3,4. Furthermore, assume that b(¢,0,0,0,0) and o(¢,0,0,0,0) are bounded, b(t, z, u, 21, z2)
and o(t, z,u, x3,4) are continuously differentiable with respect to (z,u, z1, 22, x5, 74) € R® x R x R™1 x R™2 x
R™3 x R™4 for a.e. t > 0, and there exist eight constants Ly », Lt v, Loz, Lo, Li > 0, 1 =1,2, 3,4, such that

|b(tvx7u7x17$2) - b(t?‘rlvu/7x/17xl2)| S waf“r - 1'/| =+ Lb,“‘u - ul| =+ L1|1"1 - JU/1| =+ L2|I2 - xl2|’

lo(t,z,u, x3,24) — o(t, 2’ 0/, 2%, 24)| < Lo z|w — 2’| + Lou|u — o'| + L|zs — a4| + La|zg — 2,

for any (z,u,z1,T2,23,74), (2,0, 2], b, 25, 7)) € R® x R x R™ x R™2 x R™s x R™4_ for a.e. t > 0. Let N =
n+ mi + moe + mg + my, and define an N-dimensional auxiliary state process X“(-) by

Xu(t)
7 Av(t, 8)X"(s) ds
XUty = | fo As(t,s)u(s)ds |, t>0.
7 As(t, s)X“(s) ds
fot Ay(t, s)u(s)ds

Then the stochastic integro-differential equation (4.22) can be written as the following SVIE for X*(-):

XU(t) = Xo + /O B(t, 5, X"(s), u(s)) ds + /0 5 (s, X" (s), u(s)) AW (s), ¢ > 0, (4.23)

where

8
=)

e RY,

o o o o
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and b : A[0,00) x RN x R - RN and 4 : [0,00) x RN x R — RN*? are defined by

b(s, JnX, uy Jin, X, T, X) o (s, Jn X, ty Iy X, T, X)
] Ai(t,8)JnX 0
b(t,s, X, u) := As(t, s)u , (s, X u) := 0 ,
Ag(t, S)Jnx 0
Ayu(t, s)u 0

for (t,s,X,u) € A°[0,00) x RV x R*. Here, J, € R"™*¥ and J,,, € R™*N =123 4, are defined by

Jn = (Ina0n><m170n><m270n><m3a0n><7n4)7 J’ml = (Om1Xn7Im1a0m1><m27Om1 Xmg;omlxrm;)a

and similar for J,,, Jm,, and Jp,,. Also, the discounted cost functional can be written as

() = E[ /O e MR XU(E), u(t)) at] =E| /O MR XU (1), u(t)) dt

with A (t, X, u) := h(t, J,X,u) for (t,X,u) € [0,00) x RN x R, By simple calculations show that the condition
(4.4) becomes

Lb,;v +L1 +L2 + Lo,w +L3 +L4

p>0, [Koli(p) + [Kali(p) < oo, . N

+ [Kali(p) + [Ksli(p) <1, A > 2pu.

In this case, for any u(-) € U_,, there exists a unique solution X“(-) € L;’f”(O, o0; RY) of the auxiliary con-
trolled SVIE (4.23), and the discounted cost functional Jy(u(-)) is well-defined. Note that X*(-) = J,X%(-) €
LIQF’_” (0, 00; R™) is the unique solution of the original controlled stochastic integro-differential equation (4.22).
The corresponding Hamiltonian for the auxiliary controlled SVIE (4.23) is defined by

HA(t,X,u, p(-), q() = h(t, X, u) +/ (b5, 1, X, ), p(s)) + § Bt X, u), 0" (5)) } ds
t
= s I, 0) - (Bl T Xty T, X, T X), / e*“*%p(s) ds)
t
—|—/ e A (5, 1) T, X, Jmlp(s)>ds—|—/ e MDAy (8, )y Ty p(s)) ds
t

+/ e e t) (A3(8,1) Jn X, Jmsp(s )>ds—|—/ e_)‘(s_t)<A4(s,t)u, Imsp(8)) ds
t

Q, o

+Z< (t, Jn X,y Ty X, T, X, /t e 67D 165 (s) ds>
=1

for (¢, X, u,p(:)

,q(+)) € [0,00) x RY x U x L»7#(0,00;RY) x L27#(0,00; RV*4). Let a(-) € U_, be given,
and define X (-) :

q(+))
= X%(-) € LY "(0,00; R™) and X(-) := X%(-) € Ly #(0,00; RY). The corresponding adjoint
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equation is the following infinite horizon BSVIE:

V(1) = dxh(t, X(¢), a(t)) +/too e—*<s—t){axz3(s,t,§g(t),a( )T +Zaxa (¢, X(t), a(t)) T2 (s, t)}d

k=1

7/ Z(t,s) AW (s), t >0,
t
(4.24)
which admits a unique adapted M-solution (Y(-),Z(-,-)) € Mz #(0,00; RN x RN*4). Also, the optimality
condition is
~ A~ © ~ ~ A d A~ A
(Pute, 700 + [ N0 0,50t K0, a0 BT ()] + 3 001 K0, 00) T, 1) s,
: ot (4.25)
u—ﬁ(t)> >0, VueU.

We further observe the adjoint equation (4.24) and the optimality condition (4.25). Define (Y (), Z(-,-)) €

M; “(0 oo; R” x R™ ) by V() := J,Y(-) and Z(-,-) := J.Z(-,-). Also, for each i = 1,2,3,4, define
(Yi(), Zi(-, ) € Mp™H(0, 00; R™ x R™%9) by Y;(-) := J,,, Y () and Z;(-,-) := Jm,Z(-,-). Then we have

V() = B,h(t, X (1), a(t)) + / N0 Ay (5, 0) TR [ (5)] ds + / N0 g (5, 1) TR [Va(9)] ds

t

bt / Axt, )X (s) ds, / tA2<t7s>a<s>ds)T | e m i) as (4.26)

d o
+ Z@wa / As(t, )X (s)ds / Ayt s) ) / e M= ZE (5 1) ds,
k=1 t

and
Yi(t) = 9, (1, X (1) (1), /0 CAL(t )X (s) ds, /O " Aol s)a(s) ds)T /t " N0, [7()] ds,

Va(t) = 02, (8, X (1), (o), /0 " Ayt 5)X (s) ds, /0 " Aol 8)i(s) ds)T /t " M0, [§(s)] ds,

k(t,f((t)ﬁ(t)’/o A3(t>5)j{(s) dsa/ot Ay(t, s)a(s) ds)T/too e—A(s—t)Zk(S,t) ds, (4.27)

8
w
Q

8
I
Q

R t R t T [e%¢) .
(1 %0, a00). / As(t, 5)X (5) ds, / Ay(t, 9)i(s) ds) / =M= 7k (5 ) ds,
0 0 t
for a.e. t > 0, a.s. Also, the optimality condition (4.25) can be rewritten as

<6uh(t,f((t),ﬁ(t))+/oo e ML Ay (5,8) TE, [Ya(s)] + Aa(s,t) "E,[Ya(s)] } ds

+0ub(1, X (1), (1), /O CAL(t )X (s) ds. /O " Aol s)a(s) ds)T /t ¥ M0, [(5)] ds



44 Y. HAMAGUCHI

oo

+zd:6uak(t,f((t),ﬁ() /OtAg(t )X (s)ds, /OtA4(t,s)ﬁ(s)ds)T/t =M= 2k (5 ) ds,

k=1
u—ﬁ(t)> >0, Vuel.

Letting Y(t) := [~ e A~VE,[Y(s)]ds and Z(t) := [ e A0 Z(s,t)ds for t > 0, by Lemma 3.19, we see
that the pair ()>( ), Z(-)) is in L27(0,00;R™) x L #(0,00; R %) and satisfies the infinite horizon BSDE

: 2 7
dY(t) =—{Y(t) = AV()}dt + Z(t) dW(t), t > 0. By inserting (4.26) and (4.27) into this formula, we see that
(V(-), Z(-)) solves the following infinite horizon anticipated BSDE of an Ito-Volterra type:

(1) = ~{ouh(t, X (), a(t))

+/OO —A(s— t)A (s, t)TEt[amb s, X / Ai(s,r) X
/ As(s,r)l dr) 37( )}
+Zd:/oo e_A(S_t)Ag(s,t)TEt {8w30k<3 X( ), a(s), /S A3(S,7‘)X(T) dr,
k=171 (4.28)
/A4sr dr) Zk( )]d

+AY(t) dt + Z(t) dW (t), t > 0.

Conversely, suppose that (J(-),Z(-)) € Ly "(0,00;R™) x Le™"(0,00; R"*%) satisfies the infinite horizon
anticipated BSDE (4.28). Define (Y (-), Z(-,-)) € M2 (0, 00; R™ x R"*4) by

Y(t) = duh(t, X (1), a(t))

+ [ e A= A, (s, )Et[axlb(SX( s), fy Ai(s, )X X (r) dr,

fo As(s r) (r )dr) V(s )} ds

+ZZ:1 ftoo e M7 Az (s, 1) TR, [83030 (s X(s), fo Asz(s,7)X (r)dr,
I Au(s,m)a(r )dr) Zk(s)} ds

t T
(), Ji A (t, $)X (s) ds fo Aot s)ﬁ(s)ds) ()

+0,b(t, X (1), (e
+3¢ 0 k(,f(( £), [1 As(t, )X (s)ds, [ Ag( t,s)a(s)ds) ZR(1),
JoS Z(t,s) AW (s) = Y (1) —E[Y”(t)],

> 0 (which implies that AZA(t,s) = 0 for ae. (t,s) € A[0,00), a.s.). Then (4.28) is written by
= —{Y( ) = AY(@)}dt + Z(t)dW(t), t > 0. By the uniqueness part of Lemma 3.19, we obtain
e ATDY (s)ds] and Z(t) = [T e Mo Z(s,t)ds for ae. t > 0, as. Thus, defining Yi(-) €
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Lo ™"(0,00; R™), i = 1,2,3,4, by (4.27), we sce that Y (-) satisfies (4.26) for a.c. t > 0, a.s. Now we define
(Y(),Z(-, ) € METH(0,00; RN x RN*d) by

=
|
S

22 2t ) AW (s) = 8Xh(t X(t), a(t)) + [ e C=0agb(s, ¢, X(t), 0(t)) T¥(s) ds
St X() <>>TJTZ<> A

—E[@xh(t X(8), (1)) + [ e =0ab(s, ¢, X(¢), (1)) TV (s) ds
+ Y 15X0’ <t X(t), a()TIT2(1)]

for t > 0. Then (Y(-),Z(-,-)) satisfies (4.24), and it holds that

V(t) = E; {/Oo e 70 1Y (s) ds} and Z(t) = /OO e 70, Z(s, t) ds (4.29)
t t

for a.e. t > 0, a.s. By the uniqueness of the adapted M-solution to the infinite horizon BSVIE (4.24), we see
that, for each control process a(-) € U_,, and the corresponding state process X (-) = X%(-) € Le'*(0, 00; R™),
the infinite horizon anticipated BSDE (4.28) admits a unique adapted solution (Y(-), Z(-)) € Lz ~*(0, o0; R™)

L27H(0, 00; R"*4) given by (4.29). Furthermore, the optimality condition (4.25) is equivalent to the following

condition:

<8uh(t,X(t),ﬂ(t))+/oo e~ A0 4, (5,4) TE, {Bmzb s, X (s / Ay (s,7)

t

—l—Z/ e e t)A4(s t) E, [Bua s, X / As(s,r)
(4.30)

CIJ
Q)
=
[oN
Va)
N—
|
<
—~
=

+aub(t (1)), /tAla %) ds. [ At
d
—|—Za /Agts ds/A4t8 ds) ﬁk(t),u—zl(t)>207 Vuel.

k=1
Consequently, by Theorem 4.4, if 4(+) is optimal, then (4.30) holds for a.e. t > 0, a.s. Conversely, by Theorem 4.6,

if the map

d
(z,x1, T2, 23, T4, u) —h(t,x,u) + <b(t,x,u,:c1,x2)7)>(t)> 4 Z:<gk(t7x,u,x3,x4)7 Zk(t)>
k=1
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is convex in (z, 1, T2, T3, T4, u) € R” Xx R™M x R™2 x R™3 x R™ x U for a.e. t > 0, a.s., and if (4.30) holds for

a.e.
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