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Abstract

We study optimal control problems for (time-) delayed stochastic differential equa-
tions with jumps. We establish sufficient and necessary (Pontryagin type) maximum
principles for an optimal control of such systems. The associated adjoint processes
are shown to satisfy a (time-) advanced backward stochastic differential equation (AB-
SDE). Several results on existence and uniqueness of such ABSDEs are shown. The
results are illustrated by an application to optimal consumption from a cash flow with
delay.

1 Introduction
Let B(t) = B(t,w) be a Brownian motion and N(dt,dz) := N(dt,dz) — v(dz)dt, where v

is the Lévy measure of the jump measure N(-,-), be an independent compensated Poisson
random measure on a filtered probability space (2, F, {F: }o<i<r, P).
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We consider a controlled stochastic delay equation of the form

dX (1) = b(t, X (£), Y (£), A(t), u(t), w)dt + o (t, X (), Y (£), A(t), u(t), w)dB(¢)

w0, X (), Y (1), At), ult), =, w)N(dt, dz) ; ¢ € [0,T] (1.1)
X(t) = zo(t) ; t € [—0,0], (1.2)

where .
Y(t) = X(t—6), A(t) = / =1 X (r)dr, (13)

t—0

and 0 >0, p>0and T > 0 are given constants. Here

b:0,T]xRXxRXxRxUxN—R
o0, T]XxRXxRXxRxUxXxQ—R

and
O:0,T|xRXxRXxRXxUXRyxQ—R

are given functions such that, for all t, b(t,z,y,a,u,-), o(t,x,y,a,u,-) and 0(t, z,y, a,u, z, )
are Fi-measurable for all z € R, y € R, a € R, u € U and z € Ry := R\{0}. The function
xo(t) is assumed to be continuous, deterministic.

Let & C F; 5 t € [0,T] be a given subfiltration of {F; }ic[o,1), representing the information
available to the controller who decides the value of u(t) at time ¢. For example, we could
have & = F(;_cy+ for some given ¢ > 0. Let i C R be a given set of admissible control values
u(t) ; t € [0,7] and let Ag be a given family of admissible control processes u(-), included
in the set of cadlag, £-adapted and U-valued processes u(t) ; ¢ € [0,T] such that (1.1)-(1.2)
has a unique solution X () € L*(\ x P) where X denotes the Lebesgue measure on [0, 7.

The performance functional is assumed to have the form

J(u)=F {/0 Fl&, X (@),Y(t), A(t), u(t),w)dt + g(X(T),w)} s u € Ag (1.4)

where f = f(t,z,y,a,u,w) : [0, T] X RXRXRXxUXxQ—Rand g=g(zr,w) : RxQ—R
are given C! functions w.r.t. (z,y,a,u) such that
T af

E i S X (@), A, u®))] + |5 X (1), Y(2), Alt), u(t))

+g(X(T))| + 19" (X(T))]!] < ¢ for ; = x,y,a and u.

2

ydt

Here, and in the following, we suppress the w, for notational simplicity. The problem we
consider in this paper is the following:
Find ®(z¢) and u* € Ag¢ such that

O(xg) := sup J(u) = J(u"). (1.5)

u€EAg
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Any control u* € A¢ satisfying (1.5) is called an optimal control.

Variants of this problem have been studied in several papers. Stochastic control of delay
systems is a challenging research area, because delay systems have, in general, an infinite-
dimensional nature. Hence, the natural general approach to them is infinite-dimensional.
For this kind of approach in the context of control problems we refer to [1, 7, 8, 9] in the
stochastic Brownian case. To the best of our knowledge, despite the statement of a result in
[19], this kind of approach was not developed for delay systems driven by a Lévy noise.

Nonetheless, in some cases still very interesting for the applications, it happens that sys-
tems with delay can be reduced to finite-dimensional systems, since the information we need
from their dynamics can be represented by a finite-dimensional variable evolving in terms
of itself. In such a context, the crucial point is to understand when this finite dimensional
reduction of the problem is possible and/or to find conditions ensuring that. There are some
papers dealing with this subject in the stochastic Brownian case: we refer to [10, 6, 12, 13, 15].
The paper [3] represents an extension of [13] to the case when the equation is driven by a
Lévy noise.

We also mention the paper [5], where certain control problems of stochastic functional
differential equations are studied by means of the Girsanov transformation. This approach,
however, does not work if there is a delay in the noise components.

Our approach in the current paper is different from all the above. Note that the presence
of the terms Y'(¢) and A(t) in (1.1) makes the problem non-Markovian and we cannot use
a (finite dimensional) dynamic programming approach. However, we will show that it is
possible to obtain a (Pontryagin type) maximum principle for the problem. To this end, we
define the Hamultonian

H:0,T]XxRXRXxRXUXRxRxRxQ—R

H(t,x,y,a,u,p, Q7T(')7w) = H(taxayaa>uap7Q7r(')) = f(taxayaa'a U)

+b(t,z,y,a,u)p+o(t,z,y,a,u)g+ | 0(t,x,y,a,u,2)r(z)v(dz); (1.6)
Ro

where R is the set of functions r : Ry — R such that the last term in (1.6) converges.
We assume that b, o and 0 are C' functions with respect to (x,y, a,u) and that

2
+

Jo 2

P St X (D), Y (1), Alt), u(t)

/ {\ 24, X(0), Y (), A0, u(0)

/ 00
+
Ro

_(t> X(t>7 Y(t)7 A(t), u(t)’ Z)
for x; = x,y,a and u.

. y(dz)} dt] < 00 (1.7)



Associated to H we define the adjoint processes p(t),q(t),r(t,z) ; t € [0,T], z € Rg, by
the following backward stochastic differential equation (BSDE):

dp(t) = Elu(t)|Fldt +q(t)dB(t) + /R Or(t, 2)N(dt,dz) ; t € [0,T] 19
p(T) = g'(X(T)),

where
) = —%—Z(%X(t%Y(t),A(t),u(t),p(t),q(t),r(t )
- %—Z(t F 0, X (t+08),Y(t+68), At +8),u(t +6),p(t + ), q(t + 8),r(t +6,-))xp.r—a(t)

t+9
—ePt (/t %—];[(S, X($)> Y(5)7 A(S)a u(s),p(s), (](3), T(Sv '))e_st[O»T}(S)dS> : (19)

Note that this BSDE is anticipative, or time-advanced in the sense that the driver u(t)
contains future values of X (s), u(s),p(s),q(s),r(s,-); s <t+9.

In the case when there are no jumps and no integral term in (1.9), anticipative BSDEs
(ABSDES for short) have been studied by [18], who prove existence and uniqueness of such
equations under certain conditions. They also relate a class of linear ABSDEs to a class
of linear stochastic delay control problems where there is no delay in the noise coefficients.
Thus, in our paper we extend this relation to general nonlinear control problems and general
nonlinear ABSDEs by means of the maximum principle, where we throughout the study
include the possibility of delays also in the noise coefficients, as well as the possibility of
jumps.

2 A sufficient maximum principle

In this section we establish a maximum principe of sufficient type, i.e. we show that -under
some assumptions- maximizing the Hamiltonian leads to an optimal control.

Theorem 2.1 (Sufficient maximum principle) Let @ € Ag with corresponding state
processes X (t),Y (t), A(t) and adjoint processes p(t),q(t),7(t, z), assumed to satisfy the AB-
SDE (1.8)-(1.9). Suppose the following hold:
(i) The functions x — g(z) and
($, Y, a, U) - H(ta r,y,a, uaﬁ(t)a qA(t>7 72<t7 )) (21)

are concave, for each t € [0,T], a.s.



(ii)
E [/OT {ﬁ(t)Q (02(t) + /RO 0% (t, z)y(dz))
+X3(t) (q%) + /R O 72 (t, z)u(dz)) } dt] <

for all u € Ag.
(iii)
max B [ H(t, X (), X(t = 8), A(®), v, 5(8), 4(1), 7 (¢, ) | &|
= B [H(t, X (1), X(t = 8), A@®), a(t), (1), 4(1), 7(t, ) | &|

forallt €10,7T], a.s
Then u(t) is an optimal control for the problem (1.5).
Proof.  Choose u € A¢ and consider
Jw)—Jw) =1L + I,
where

—F UO {F(t, X (1), Y (1), At), u(t)) — f(t, X(t), YV (t), A(t), a(t))}dt

I = Elg(X(T)) = g(X(T)].
By the definition of H and concavity of H we have

< B | [ G000 - X(0) + GO0 0 =V (0) + Zr040 - A)
2 () (w(e) — a(0)) — () — BAE) — (o (1) — (a0

(2.3)

(2.7)



where we have used the abbreviated notation

20 = I %0, ¥ @), A, a0, 1), a00), 71, ),

b(t) = b(t, X (1), Y (£), A(1), u(t)),
b(t) = b(t, X (1), Y (), A(t), a(1) etc.

Since g is concave we have, by (2.2),

b
b

I, < B¢ (X(T))(X(T) - X(T))] = Ep(T)(X(T) — X(T))]
—E [/ P()(AX (1) — dX (1)) +/ (X (1) — X(1))dp(t)

+/( dt+/ / (t,2) )y(dz)dt}

- [ / T<b< £) — b(t))p(t)dt + / (X(8) = X (0) Elu(t)| Flde
- "(o(t) - sty + / ' 6.2 - pie ). 2s)
Combining (2.4)-(2.8) we get, using that X () = X (t) = 2o(¢t) for all t € [—4,0],
s - < B[ [ {2 - xan+ St e - o)
oH - OH

+or (OAQR) — A)) + 5~ () (u(t) — at)) + p() (X () — f((t))} dt]

=K

/5 {ZIZ (t —8) + %—[;(t)X[o,T} (8) + pult 5)} (Y (t) = Y (£)dt

O - Aoy [ eyt - a(t))dt] . (29)

0 0

Using integration by parts and substituting r =t — 9, we get

ToH . T oH
i %(sﬂA(s)—A(s))ds: . a s) -

T ) 2 R
_ /0 < / %_f(s)e—wxm(s)ds) (X (r) — X (r))dr

:/ m( | @@)e—w»qom(s)ds) HN(X (- 8) = X(t—0)dt.  (2.10)
4

—s Oa

e P (X (r) — X (r))drds
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Combining this with (2.9) and using (1.9) we obtain
™ foH 0H

—( — — (7 t

/ { 5t =9+ 5 (Oxen(®)

+ ( a—H(s)e_pSX[07T](s)ds) ePt=9) 4 p(t — 5)} (Y(t) — Y(t))dt

J(u) — J(u) <

-5 Oa

ToH X
%(t)(u(t) - u(t)>dt]

0

_E /0 %—[Z(t)(u(t)—ﬁ(t))dt]

_F /0 E %—Z(t)(u(t)—a(t))]&] dt

_E /0 E %—Z(tﬂ&] (u(t) — a())dt| < 0.

The last inequality holds because v = 4i(t) maximizes E[H (¢, X (t), Y (t), A(t), v, p(t)
& for each t € [0,T]. This proves that @ is an optimal control. O

3 A necessary maximum principle

A drawback with the sufficient maximum principle in Section 2 is the condition of concavity,
which does not always hold in the applications. In this section we will prove a result going in
the other direction. More precisely, we will prove the equivalence between being a directional
critical point for J(u) and a critical point for the conditional Hamiltonian. To this end, we
need to make the following assumptions:

A 1 For allu € Ag and all bounded 5 € Ag there exists € > 0 such that
u+sp e Ag for all s € (—¢,¢).

A 2 Forallty € [0,T] and all bounded &;,-measurable random variables o the control process
B(t) defined by

B(t) = axpom(t) ; t €[0,T] (3.1)
belongs to Ag.
A 3 For all bounded 5 € Ag¢ the derivative process

d
t) = —X"T0(t) | o= 3.2
E(1) = X0 |uco (3.2

exists and belongs to L*(\ x P).

2>
—~
~
N—
3>
—~
~
S—



It follows from (1.1) that

{% 066+ 5(0) [ e+ 5 000
H{Gp0s0+ F 0 -0+ 520 [ e+ 50
[ { G2l —0)

T / gy >dr+¥<t>ﬁ<t>}mdt,dz>

where we for Slmpllclty of notation have put

0b ob
—(t)=—(tX(#). X(t—=90),A
1) = 5 (1 X (1), X (¢ 6), A1), u(t) ete
and we have used that
d d
—YUB (1) |mg= — X0t — o= &t —
ds ( ) |5*0 dS ( 5) |870 g( 6)
and
d d t
_Au+sﬁ ¢ 0= — / 7p(tfr)Xu+56 d o
Ao a1 ([ e ) ) |
t d t
- / =) L yrurssry | Lo dt = / e PEE () dr.
t—5 ds t—5
Note that

£(t) =0 for t € [—4,0].

} it

} dB(t)
(3.3)
(3.4)
(3.5)
(3.6)

Theorem 3.1 (Necessary maximum principle) Suppose i € Ag with corresponding so-
lutions X (t) of (1.1)-(1.2) and p(t), 4(t), #(t,2) of (1.7)-(1.8) and corresponding derivative

process £(t) given by (3.2).
Assume that

E

y
(@Y o[ i) (20
+ /RO { (%)2 (t,2)€(t) + (2—3)2 (t, 2)E(t — 8)

i (%)2 (t, 2) (/t: e—P“—T)g(r)dr)Q + (%)2 (t, z)} V(dz)} dt

+ /OTéQ(t){(jQ(t)Jr/RO P (t, z)y(dz)}dt} < o0.

8
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Then the following are equivalent:

(i) iJ(ﬁ + 50) |s=0= 0 for all bounded 5 € Ag.

(ii) F %H(t X(1),Y (1), A(t), u,p(t), 4(t), #(t,-) | & =0 a.s. for allt € [0,T].

u=1(t)

Proof.  For simplicity of notation we write @ = u, X=X, p=p,G=qand # =r in the
following. Suppose (i) holds. Then

d
0= EJ(u + 50) |s=o0

= %E’ |:/ f t X“+S’8(t),Y“+Sﬂ(t) AqusB( ) ( )+ 56( ))dt +g<X“+S’B(T))} | _0
_ of of B of - _f
_E[/ {(%()f(t)Jray(t)f(t ) + aa“/w g ()t ()5()}dt+g( (T ))gm]

) oo Op(e) — S (0)alt) - )
+/0T (1) - S 0a(0) - ay< et 2l >}£ gt
(L,

{5
+/T{6—H _o %(t)q(t) gz } et )dt

+ /0 % t)dt + g (T))g(T)]. (3.8)



By (3.3)

Elg'(X(T)&(T)] = Ep(T)§(T)] = E { /0 p(t)de(t) + /0 §(t)dp(t)

+ [Lan {Geo + st -0+ o [ g

Trz%z @z — @zte’p(t”")rr
w [ [ {Gheas0+ G asee -0+ G [ e

R

(t)ﬁ(t)} i

— | [ o {Gos0+ S -0+ g0 [ e e+ Lo b

00 00

+ [Lan { Gwe0 + e -0+ 510 [ e+ w60 far
r(t, z % z —(t, z — —(t, z t e P (r)dr
[ [reaf{ S+ Fasee -0+ g [ e

(3.9)

10



Combining (3.8) and (3.9) we get

0=EUOT5(”{80HW+M }dt~|—/ £(t— 6 88];
+ /0 ' ( /t;ep(t")g(r)dr) %—Z](t)dH 0 88—]515
- UOTg(t){%—Z[(t)—%—f(t)—%—f(tw)xm (1)

t+6 T
—eft (/t %—Z](s)e_psx[oﬂ(s)ds> } dt + i E(t— 5)%—];(t)dt

Trors OH T oH
—p(s—t) il -
-I—/O (/856 f(t)dt) 5 (s)ds —I—/O M t

=L {/Té(t) {—%—H(t+5) 075 (t) — €™ (/j”@_H

/ft— 8H)

+€pt/0 (/tt-i-é %—Z(s)e pSX[o,T](S)dS> g(t)dtJr/O

_F { OT %—f(tw(wdt] ,

where we again have used integration by parts.
If we apply (3.10) to
B(t) = aw)xpsr1(t)

where a(w) bounded and &,-measurable, s > t,, we get

E[/ %Z()dta]—o.

Differentiating with respect to s we obtain
0OH
E {%(s)a] = 0.

Since this holds for all s >ty and all & we conclude that

B |G t) | €] =0

This shows that (i) = (ii).

(s)e™ X011 (S)ds) } dt

(3.10)

Conversely, since every bounded § € Ag can be approximated by linear combinations of
controls (3 of the form (3.1), we can prove that (ii) = (i) by reversing the above argument.

O
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4 Time-advanced BSDEs with jumps

We now study time-advanced backward stochastic differential equations driven both by
Brownian motion B(t) and compensated Poisson random measures N (dt, dz).

4.1 Framework

Given a positive constant d, denote by D([0, d], R) the space of all cadlag paths from [0, §] into
R. For a path X(-) : Ry — R, X; will denote the function defined by X;(s) = X (¢ + s) for
s € [0,0]. Put H = L*(v). Consider the L? spaces V; := L?([0,],ds) and V5 := L*([0,0] —
H,ds). Let

FR, XRXRXVIXRXRXVIXHXHXxVxOQ—=R

be a predictable function. Introduce the following Lipschitz condition: There exists a con-
stant C' such that

|F<taplap27p7 q17QQ7Q7r17r27r7w) - F(tvphp%pu 517527@7:177727faw)‘
< C(lp1 = prl + |p2 — P2l + [p = Plvi + s — @1l + g2 — @l + |g — dlw
—|—|T’1—771|H+|7’2—772|H+|7“—77‘V2. (41)

4.2 First existence and uniqueness theorem

We first consider the following time-advanced backward stochastic differential equation in
the unknown F; adapted processes (p(t), q(t),r(t, z)):

dp(t) = E[F (t,p(t), p(t + 8)X[0,r—6)(t), PeXpo.r—6)(t), a(t), a(t + 8)Xjor—4) (1),
4t X[0,7-5) (t),r(t), r(t + 5)X[0,T—6] (1), Tt X[0,7—6) (75)) | F]dt

+q(t)dB(t) + / r(t,z)N(dt,dz) ; t € [0,T] (4.2)

p(T) =G, (4.3)

where (G is a given JFp-measurable random variable.

Note that the time-advanced BSDE (1.8)-(1.9) for the adjoint processes of the Hamilto-
nian is of this form.

For this type of time-advanced BSDEs we have the following result:

Theorem 4.1 Assume that E|G?] < oo and that condition (4.1) is satisfied. Then the
BSDE (4.2)-(4.3) has a unique solution p(t), q(t),r(t,z)) such that

E [/OT {p2(t) + ¢*(t) + /Rr?(t,z)u(dz)} dt} < o0. (4.4)

Moreover, the solution can be found by inductively solving a sequence of BSDEs back-
wards as follows:

12



Step 0: In the interval [T — 6, T] we let p(t), q(t) and r(t, z) be defined as the solution of
the classical BSDE

dp(t) = F (t,p(t),0,0,q(t),0,0,r(t,2),0,0) dt
+q(t)dB(t) + / r(t, 2)N(dt,dz) ; t € [T —6,T) (4.5)
R
p(T) =G. (4.6)
Step k ; k > 1: 1If the values of (p(t),q(t),r(t,z)) have been found for ¢t € [T — ko, T —

(k —1)d], then if t € [T — (k + 1)5,T — k6| the values of p(t + §),p, q(t + 0), g, r(t + 9, 2)
and r; are known and hence the BSDE

dp(t) = E[F (t,p(t),p(t +6), i, q(t), q(t +6), qu, r(t), r(t + 0), 1) | Fi]dt
+q(B)dB(t) + / r(t, 2)N(dt,d2) : t € [T — (k +1)5,T — kd] (@7)

p(T — ké) = the value found in Step k — 1 (4.8)

has a unique solution in [T — (k + 1)4, T — kd].
We proceed like this until & is such that T'— (k + 1) < 0 < T — k6 and then we solve
the corresponding BSDE on the interval [0, T — kd].

Proof.  The proof follows directly from the above inductive procedure. The estimate (4.4)
is a consequence of known estimates for classical BSDEs. 0

4.3 Second existence and uniqueness theorem

Next, we consider the following backward stochastic differential equation in the unknown
Fi-adapted processes (p(t),q(t),r(t,x)):

dp(t) = EIF(t,p(t), p(t + 6), pr, q(t), q(t + 6), qe, v (t), 7(£ 4 6),7¢) | Fi]dt
+q(t)dB; + / r(t, 2)N(dt,dz), ; t € [0,T] (4.9)
R
p(t) = G(t), te T, T +9]. (4.10)
where G is a given continuous F;-adapted stochastic process.

Theorem 4.2 Assume Elsuprc<p,s|G(t)[?] < oo and that the condition (4.1) is satis-
fied.  Then the backward stochastic differential equation (4.9) admits a unique solution
(0(t), a(t), r(t, 2)) such that

E[/O {P*(t) + () + /RrQ(t,z)l/(dz)}dt] < o0

13
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Step 1 Assume F is independent of py, p; and p. Set ¢°(¢) := 0,7°(t,z) = 0. For n > 1,
define (p"(t),q"(t),r™(t,z)) to be the unique solution to the following backward stochastic
differential equation equation:

dp"(t) =E[F(t,¢" ' (t), ¢ (t+0), ¢, r" e, ), r 45, ), e () | Fdt
¢"(t)dB; +r"(t, 2)N(dt,dz), te[0,T] (4.11)
p"(t) = G(t) te [T, T+94).

It is a consequence of the martingale representation theorem that the above equation admits
a unique solution, see, e.g. [22], [17]. We extend ¢", 7™ to [0,T + ¢] by setting ¢"(s) = 0,
r(s,2) = 0 for T < s < T+ 0. We are going to show that (p"(t),q"(¢t),r"(t,z)) forms a
Cauchy sequence. By Ito’s formula, we have

0= [p"*(T) — p™(T)]* = [p""(t) — p"(1)[?
+2/t (" (s) = " () (E[F(s,q"(s), q" (s +6), 48, 7" (s,-), 7" (s + 0,-), 7% (-)) | F]
F(s,q" ' (s),q" (s +0), 0 r" (s, ), " (s 4 0,-), 70 ()| Felds

/ /|7“”Jrl s,2) —r"(s, 2)2ds v(dz) + / 1" (5) — q"(s)|*ds

Lo / (" () — "(9)) (0" (5) — ¢"(5))dB

n / / (s, 2) — (s, 2)[2 4+ 20" (s—) — P (5= ) (" (s, 2) — (s, 2))} N (ds, d=)
(4.12)
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Rearranging terms, in view of (4.1), we get

E[lp"*(t)
+ F {/ / |r" n+l  Z) — (dz)] + F [/tT |q”+1(s) — q”(s)|2d8]
<2EU| F(s,q"(5), "(5 + 8), 1" (5,), 7"(5 + 6, )

—F(s,¢" 1 (s),q" (s +0),r" (s, ), 7" (s + 0, ))!f])ldﬂ

gCEV pt S\db’}—l—aE{/ (s 5 Ids]

+5E/|q (54 8) — g s+5|ds}—|—eE{/ /+|q u)[2du)d ]
4B / () \Hds} |

+5E/| (s 4 ) s }%—EE{/ (/+| |Hdu) }

(4.13)

Note that

[/ |q"(s +6) — " (s + )| dS] <E [/ |q" (s qn1<s)|2ds] . (4.14)
Interchanging the order of integration,
e[ ([ e caraa] =z [ orad Lo
=0k U (s )| ds} ' (4.15)

Similar inequalities hold also for . It follows from (4.13) that

E[lp"*(t)

[ /' it ]*E[/ NG
<0EU it \ds] (2+M5EU " (s ()]ds}

4 3E [ / (s Hds] | (4.16)
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Choose € > 0 sufficiently small so that

Bl (1) — " (1))
e ' [t = s s v | + £ | [ ) - (o))

<o [ e -] +1e [ [ e - o)
+ 3B UtT [ (s) — r"—l(s>|$1ds} | (4.17)

This implies that
T
(| [ - pops) )
at t
T T
+ e%'E [/ / [t (s, 2) — r"(s, 2)|*ds V(dz)] +e%E [/ " (s) — q"(s)|2ds]
t R t
T T
< %eCEtE [ / 1" (s) — q"l(s)IQdS} + %eCEtE [ / r(s) — r“(s)mds] o a8)

t t

Integrating the last inequality we get

e[ [ o -pora] + [aew [ [Cane - eors
+ /0 gt [ / / (s, 2) (s,z)|2dsy(dz)]
<3 [aen [ [ e -awrs] + 3 [Caes ] [ e -]

(4.19)

In particular,

/0 Lt { /t ' /R |r”+1(s,z)—r”(s,z)|2dsu(dz)}—I— / dt ¢ { / " (s) — (s)|2ds}
<3 [aen [ [ e -awrs] + 3 [Caew ] [ e - o)

(4.20)
This yields

/0 Lt O { /t ' /R |r”+1(s,z)—r”(s,z)|2dsu(dz)} + /0 Lt O { /t T|q"+1(s)—q”(s)|2ds]

< (%)nc (4.21)
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for some constant C. It follows from (4.19) that

E [ /0 ") —p”(s)]2ds} < (%)nc (4.22)

(4.16) and ((4.19) further gives

ay ) [t = s pasvian)| + £ | | ) - (o)fas) < (%)Onc
(4.23)

In view of (4.16), (4.19) and (4.20), we conclude that there exist progressively measurable
processes (p(t), q(t),r(t, z)) such that

lim E[|p"(t) — p(t)|"] =0,

n—oo

lim [ E[[p"(t) — p(t)|*)dt = 0,

n—oo 0
T
lim [ Ellq"(t) — q(t)|*]dt =0,

n—oo

lim /0 /REHT”(t, z) —r(t, z)|*|v(dz)dt = 0.

n—oo

Letting n — oo in (4.11) we see that (p(t),q(t),r(t, z)) satisfies
p(t) + /t E[F(S7 q(s)v Q(S + 5)a s, T(Sa ')7 T(S + 57 ')7 Ts('))|~¢s]d8

o " (5)dB.+ / ' [ (s ds, d2) = (1) (4:24)

i.e., (p(t),q(t),r(t, 2)) is a solution. Uniqueness follows easily from the Ito’s formula, a similar
calculation of deducing (4.12) and (4.13), and Gronwall’s Lemma.

Step 2. General case. Let p'(t) = 0. For n > 1, define (p"(t),q"(t),r"(t,2)) to be the
unique solution to the following BSDE:

dp™(t) = E[F(t,p”’l(t),p"’i(t +6), 00 (), q" (E+6), g "t ), " (E 4 0,-), i () | Feldt

+ ¢"(t)dB; + r"(t, z) N(dt, dz), (4.25)

p"(t) = G(t); te[T,T+9d].
The existence of (p™(t), ¢"(t),r"(t, z)) is proved in Step 1. By the same arguments leading
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0 (4.16), we deduce that
Bl - OF + 5| [ [ e - rn(s, o Pasviaz)|

wye [ [ 0o - e
<op|[ v -pras| + 38| [ e -rers] e

This implies that

i < “E [ / e —p”<s>|2ds]) < 3¢B [ / a0 —p”-1<s>|2ds] (1.27)

Integrating (4.27) from u to T we get

B[ v —rora] < g [ p ][ o

T T
<t [CaE([ i) - o)) (1.28)
u t
Iterating the above inequality we obtain that
T CnTrmn
e“™ T
BU[150s) — o) Ps) <
0 .

Using above inequality and a similar argument as in Step 1, it can be shown that (p"(t), ¢"(t), "(t, 2))
converges to some limit (p(t), q(t),r(t, z)), which is the unique solution of equation (4. 9) O

Theorem 4.3 Assume E [supr<<p 5 |G(t)|**] < oo for some a > 1 and that the following
condition hold:

|F(taplap27p7 q1aq27Q7T1ar27T) - F(tﬁl;p?vpa q1»q2>q;f17772777)|
< C(|lpy = pu| + |p2 — Pa| + oS<uI<)5 Ip(s) = p(s)| + a1 — @] + |2 — @| + |lg — alw;

+ | — Ty + re — Faln + |1 — 7lg)- (4.29)

Then the BSDE (4.9) admits a unique solution (p(t),q(t),r(t,z)) such that

B[ s bor+ [0+ [l <o

Proof.
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Step 1 . Assume F is independent of py,p; and p. In this case condition (4.29) reduces
to assumption (4.1). By the Step 1 in the proof of Theorem 4.2, there is a unique solution
(p(t),q(t),r(t, 2)) to equation (4.9).

Step 2. General case. Let p(t) = 0. For n > 1, define (p"(t), ¢"(t),r"(t, 2)) to be the
unique solution to the following BSDE:

dp"(t) =E[F(t,p" (t),p" (¢ + ), i q" (t), q" (t+ ), g, " (8, ), 7" (t 4 6, ), r7 ()| Feldt

+ ¢"(t)dB; + r"(t,z) N(dt, dz), (4.30)

p"(t) = G(t), te[T,T+9d].

By Step 1, (p"(t),q"(t),7"(t,2)) exists. We are going to show that (p"(t),q"(t),r"(t, z))
forms a Cauchy sequence. Using It0’s formula, we have

) — O / / (s, 2) — (s, ) Pdsw(dz) + / 14 (s) — ¢ (s)|ds
. / (0" () — p"(s)

X [E[F(s,p"(s),p" (s + 6), 08, 4" (5), ¢" (5 +6), g0, (s, ), r" (s + 6, ), 757 ()
- F(Svpnil(‘g%pnil(s + 5)7]9?717 qn(s)v qn<3 + 5)? C]?, rn<s> ')? rn(s + 5> ')77'?('))“7:5]]d5

9 / (17 (s) — () (¢ (s) — ¢"(s))dB,

- / / 17 (5, 2) — (5, 22 + 2™ (5—) — p"(5—)) (" (5, 2) — (s, 2))| N (ds, dz)
(4.31)
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Take conditional expectation with respect to F;, take the supremum over the interval [u, T
and use the condition (4.29) to get

sup [ () — (0P + sup E[ / 1 (s) <s>|2ds|ft}
u<t<T u<t<T

u<t<T

v £ | / [ 2) = (s, ) Pasvta) 7

<C.oswp E [ / rp"“(s)—p”(s)\?dsvt}

u<t<T

r T
e | [ |p"<s>—p“1<s>r2dsm]

u<t<T

T
+ Cye sup E / E] sup [p"(v) —p"_l(v)\2|fs]ds|ft]

u<t<T s<v<T

Gy sup B / "(s) <s>|2ds|z]
u<t<T

+Cye sup E / /|7’"+1(s,z) —1r"(s,2)|*ds V(d2)|.7:t:| (4.32)
u<t<T t JR

Choosing £ > 0 such that C3e < 1 and Cye < 1 it follows from (4.32) that

T
sup [0~ "0 < C. sy B[ [ 6) = (o sl

u<t<T u<t<T

+ (C1 + Cy)e sup FE [/ E[ sup |p"(v) —p”_l(v)|2|.7:s]ds].7-}] (4.33)

u<t<T s<v<T

Note that £ | [ ) P Pasi| and | "B sup p"(0) 1<v>12\fs1ds\ft]

s<v<T

are right-continuous martingales on [0,7] with terminal random variables / lp" " (s) —

T
p"(s)|*ds and / E[ sup [p"(v) — p" ' (v)|*|F.]ds. Thus for a > 1, we have

B (sw p|f R (RSl )] <ar|(/f ) - p"<s>r2ds)a]
<oralt [ [ s w*i0) -] (4.34)
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and

E K ah UuTE[ sup p(v) _pn_l(v)!Q\fs]dS\ftDa}

u<lt<T s<v<T

<eralt [ [ s b70) -yt R

s<v<T

< ernE l / " [p(0) p"_l(v)|2ads] , (4.35)

s<v<T

(4.33), (4.34) and (4.35) yield that for a > 1,

B s 15770 - 0] < cum | " ) = )

u<t<T s<v<T

+ CyoF { / ' sup |p"(v) — p"_l(v)|2ads} (4.36)

s<v<T

Put

Gnlu) = E [/uT sup [p"(s) —pn_1(8)|2a]

t<s<T
(4.36) implies that
d

—E(ecl“’ugnﬂ (1)) < eCh agn(u) (4.37)

Integrating (4.37) from ¢ to T" we get

T T
Gna1(t) < CQ,Q/ eClva(S_t)gn(s)ds < CQ’QQCLQT/ gn(s)ds. (4.38)
¢ ¢

Iterating the above inequality we obtain that

:| eCnTTn
<

T
E { / sup [ (s) — p"(s) P dt ,
0 n:

t<s<T

Using above inequality and a similar argument as in step 1, we can show that (p"(t), ¢"(t), (¢, 2))
converges to some limit (p(t), q(t), (¢, z)), which is the unique solution of equation (4.9). OJ

Finally we present a result when the coefficient f is independent of z and r.

Theorem 4.4 Assume E [ sup |G(t)|2} < oo and F' satisfies
T<t<T+d

[E (915 42,0) = F (691,92, P)] < Clyy = 31| + |y2 — 52| + sup |p(s) = pls)]).  (4.39)

0<s<d

Then the backward stochastic differential equation (4.9) admits a unique solution.
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Proof.  Let p°(t) = 0. For n > 1, define (p"(¢), ¢"(t),r"(t, 2)) to be the unique solution to
the following BSDE:

dp"(t) = E[F(t,p" " (t),p" (¢ + 6), pp V| Fi]dt + " (t)dB, +1"(t, 2)N(dt,dz),  (4.40)

p"(t) = G(t) te [T, T+d]

We will show that (p"(t),¢"(t),7™(t, z)) forms a Cauchy sequence. Subtracting p" from
p"*! and taking conditional expectation with respect to F; we get

) — (1)
- g / (E[F(s,"(s), 9" (s + 8), p)| F.]
CE[F(s, g (), (s 4 6), gV Fl s | F (4.41)

Take the supremum over the interval [u, 7] and use the assumption (4.39) to get

2

sup [p"(8) — p ()2 < C sup (E {/UT 1" (s) —p"_l(s)|ds|]:tD

u<t<T u<t<T
T 2
+ C sup (E [/ E[ sup |p"(v) —p”l(v)\\fs]ds|ft}) (4.42)
u<t<T m s<v<T

By the Martingale Inequality, we have

B (s 5| / (s -1<s>|ds|ftD2 < |( /UT|p”<s>—p“—1<s>|ds)2]
<ot / sup [50) - ) s (4.43)
and
P\ (2, # [ P, b —p”‘“”"““'ﬂ]f]
< oF [ / ) Bl sup I0"(0) - p“-1<v>|2|fs1ds] , (4.44)

Taking expectation on both sides of (4.42) gives

B[ s b0 -] o[8[ o o) -rrs] @)

u<t<T s<v<T

It follows easily from here that (p"(t), ¢"(t), ™(t, z)) converges to some limit (p(t), q(t), (¢, 2)),
which is the unique solution of equation (4.9). O
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5 Example

5.1 Optimal consumption from a cash flow with delay

Let «(t), B(t) and (¢, z) be given bounded adapted processes, a(t) deterministic. Assume
that / v*(t, z)v(dz) < oo. Consider a cash flow X°(¢) with a dynamics
R

dX°(t) = X (t — 6) |a(t)dt + B(t)dB(t) +/7(t,z)N(dt, dz)} ; t€[0,7T) (5.1)
XO(t) = zo(t) > 0; t € [-6,0], (5.2)

where x4(t) is a given bounded deterministic function.
Suppose that at time ¢ € [0, T| we consume at the rate ¢(t) > 0, a cadlag adapted process.
Then the dynamics of the corresponding net cash flow X (¢) = X¢(¢) is

dX (1) = [X (t = 0)a(t) — c(t)|dt + X (t — 6)B(t)dB(t) + X (t — 0) / y(t, 2)N(dt,dz) ; t € [0, T]

- (5.3)
X () = wo(t) ; t € [—5,0]. (5.4)

Let Up(t,c,w) : [0, T] x RT x 2 — R be a given stochastic utility function satisfying the
following conditions

t — Ui(t, c,w) is Fr-adapted for each ¢ > 0,

c— Uy(t,c,w) is C*, %(t,c,w) >0,

dc
oU
c— 6_cl<t’ c,w) is strictly decreasing
oU
lim 8—61(t,c, w) =0 for all t,w € [0,T] x Q. (5.5)
Put vy(t,w) = %(t, 0,w) and define
c
0 if v > vy(t,w)
I(t,v,w) = oU. -1 5.6
( ) (—1(t,-,w)) (v) i 0<v<upt,w) (5:6)
oc
Suppose we want to find the consumption rate ¢(¢) such that
J(¢) =sup{J(c); c € A} (5.7)

where

J(c)=F [/OT Up(t, c(t),w)dt + EX(T)| .
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Here k > 0 is constant and A is the family of all cadlag, F;-adapted processes ¢(t) > 0 such
that E[| X (T)|] < oo.
In this case the Hamiltonian given by (1.6) gets the form

H(tv z,y,a,u,p,dq, T(')v w) = Ul (tv G, w) + (Cl{(t)y - C)p

oyt +y [ At Ewde) (58)
R
Maximizing H with respect to ¢ gives the following first order condition for an optimal é(t):
o, ,, .
O b0, ) = ). (5.9)

The time-advanced BSDE for p(t), q(t), r(t, z) is, by (1.8)-(1.9)

dp(t) = —E[{a(t)p(t +0)+ B(t)q(t+9) + /Rv(t, 2)r(t+ 96, z)y(dz)} X[0,7—a) ()| Fe]dt

+q(t)dB(t) + / r(t,z)N(dt,dz) ; t € [0,T] (5.10)

R
p(T) = k. (5.11)

Since k is deterministic, we can choose ¢ = r = 0 and (5.10)-(5.11) becomes
Ap(t) = —alt)p(t + O)xpra(t)dt s £ < T (5.12)

p(t) =k fort € [T'—6,T+ 4. (5.13)

To solve this we introduce

Then

dh(t) = —=dp(T — t) = a(T — t)p(T — t + §)dt
=a(T —t)p(T — (t —0))dt = a(T — t)h(t — §)dt (5.14)
for t € [0,77], and
h(t) =p(T —t) =k for t € [-6,0]. (5.15)

This determines h(t) inductively on each interval [jo, (j + 1)d] ; 7 =1,2,..., as follows:
If h(s) is known on [(j — 1)4, j¢], then
¢ ¢
h(t) = h(j0) + / h'(s)ds = h(j9) + / a(T —s)h(s—06)ds; je€[jd, (7 +1)0].  (5.16)
0 jo

We have proved
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Proposition 5.1 The optimal consumption rate ¢s(t) for the problem (5.3)-(5.4), (5.7) is
given by
¢s(t) = I(t, he(T — 1), w), (5.17)

where hs(-) = h(-) is determined by (5.15)-(5.16).

Remark 5.2 Assume that o(t) = a > 0 for all t € [0,T]. Then we see by induction on
(5.16) that
0<6; <y = h51 (t) > h52(t) f07“ all t € (O,T]

and hence, perhaps suprisingly,

0 <68 <y = C5,(t) < Cs,(t) for allt €[0,T).

Thus the optimal consumption rate increases if the delay increases. The explanation for
this may be that the delay postpones the negative effect on the growth of the cash flow caused
by the consumption.

Acknowledgments. We want to thank Joscha Diehl and Martin Schweizer for helpful
comments.
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