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The main objective of this paper is to explore the relationship between the stochastic maximum principle (SMP in short) and
dynamic programming principle (DPP in short), for singular control problems of jump diffusions. First, we establish necessary
as well as sufficient conditions for optimality by using the stochastic calculus of jump diffusions and some properties of singular
controls. Then, we give, under smoothness conditions, a useful verification theorem and we show that the solution of the adjoint
equation coincides with the spatial gradient of the value function, evaluated along the optimal trajectory of the state equation.
Finally, using these theoretical results, we solve explicitly an example, on optimal harvesting strategy, for a geometric Brownian

motion with jumps.

1. Introduction

In this paper, we consider a mixed classical-singular control
problem, in which the state evolves according to a stochastic
differential equation, driven by a Poisson random measure
and an independent multidimensional Brownian motion, of
the following form:

dx, =b(t,x,,u,)dt + o (t, x,,u,) dB,
+ J y (t, x,_, u, e) N (dt, de) + G,dE,, 1)
E

X = X,

where b, 0, y, and G are given deterministic functions and x
is the initial state. The control variable is a suitable process
(u,8), where u : [0,T] xQ — A, C R is the usual
classical absolutely continuous control and & : [0,T] x Q —
A, = ([0,00))™ is the singular control, which is an increasing

process, continuous on the right with limits on the left, with
&,_ = 0. The performance functional has the form

T T
F ) =E| [ f(xm)de+ | k@ + ()]
)

The objective of the controller is to choose a couple
(u*,&") of adapted processes, in order to maximize the
performance functional.

In the first part of our present work, we investigate
the question of necessary as well as sufficient optimality
conditions, in the form of a Pontryagin stochastic maximum
principle. In the second part, we give under regularity
assumptions, a useful verification theorem. Then, we show
that the adjoint process coincides with the spatial gradient of
the value function, evaluated along the optimal trajectory of
the state equation. Finally, using these theoretical results, we
solve explicitly an example, on optimal harvesting strategy
for a geometric Brownian motion, with jumps. Note that
our results improve those in [1, 2] to the jump diffusion
setting. Moreover we generalize results in [3, 4], by allowing
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both classical and singular controls, at least in the complete
information setting. Note that in our control problem, there
are two types of jumps for the state process, the inaccessible
ones which come from the Poisson martingale part and
the predictable ones which come from the singular control
part. The inclusion of these jump terms introduces a major
difference with respect to the case without singular control.
Stochastic control problems of singular type have received
considerable attention, due to their wide applicability in
a number of different areas; see [4-8]. In most cases,
the optimal singular control problem was studied through
dynamic programming principle; see [9], where it was shown
in particular that the value function is continuous and is the
unique viscosity solution of the HJB variational inequality.
The one-dimensional problems of the singular type,
without the classical control, have been studied by many
authors. It was shown that the value function satisfies a
variational inequality, which gives rise to a free boundary
problem, and the optimal state process is a diffusion reflected
at the free boundary. Bather and Chernoft [10] were the first
to formulate such a problem. Benes et al. [11] explicitly solved
a one-dimensional example by observing that the value
function in their example is twice continuously differentiable.
This regularity property is called the principle of smooth fit.
The optimal control can be constructed by using the reflected
Brownian motion; see Lions and Sznitman [12] for more
details. Applications to irreversible investment, industry
equilibrium, and portfolio optimization under transaction
costs can be found in [13]. A problem of optimal harvesting
from a population in a stochastic crowded environment is
proposed in [14] to represent the size of the population at
time f as the solution of the stochastic logistic differential
equation. The two-dimensional problem that arises in port-
folio selection models, under proportional transaction costs,
is of singular type and has been considered by Davis and
Norman [15]. The case of diffusions with jumps is studied
by @ksendal and Sulem [8]. For further contributions on
singular control problems and their relationship with optimal
stopping problems, the reader is referred to [4, 5, 7, 16, 17].
The stochastic maximum principle is another power-
ful tool for solving stochastic control problems. The first
result that covers singular control problems was obtained
by Cadenillas and Haussmann [18], in which they consider
linear dynamics, convex cost criterion, and convex state
constraints. A first-order weak stochastic maximum principle
was developed via convex perturbations method for both
absolutely continuous and singular components by Bahlali
and Chala [1]. The second-order stochastic maximum prin-
ciple for nonlinear SDEs with a controlled diffusion matrix
was obtained by Bahlali and Mezerdi [19], extending the
Peng maximum principle [20] to singular control problems.
A similar approach has been used by Bahlali et al. in [21], to
study the stochastic maximum principle in relaxed-singular
optimal control in the case of uncontrolled diffusion. Bahlali
et al. in [22] discuss the stochastic maximum principle in
singular optimal control in the case where the coefficients
are Lipschitz continuous in x, provided that the classical
derivatives are replaced by the generalized ones. See also the
recent paper by Qksendal and Sulem [4], where Malliavin
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calculus techniques have been used to define the adjoint
process.

Stochastic control problems in which the system is
governed by a stochastic differential equation with jumps,
without the singular part, have been also studied, both by
the dynamic programming approach and by the Pontryagin
maximum principle. The HJB equation associated with this
problems is a nonlinear second-order parabolic integro-
differential equation. Pham [23] studied a mixed optimal
stopping and stochastic control of jump diffusion processes
by using the viscosity solutions approach. Some verification
theorems of various types of problems for systems governed
by this kind of SDEs are discussed by @ksendal and Sulem
[8]. Some results that cover the stochastic maximum principle
for controlled jump diffusion processes are discussed in [3,
24, 25]. In [3] the sufficient maximum principle and the
link with the dynamic programming principle are given
by assuming the smoothness of the value function. Let us
mention that in [24] the verification theorem is established
in the framework of viscosity solutions and the relation-
ship between the adjoint processes and some generalized
gradients of the value function are obtained. Note that Shi
and Wu [24] extend the results of [26] to jump diffusions.
See also [27] for systematic study of the continuous case.
The second-order stochastic maximum principle for optimal
controls of nonlinear dynamics, with jumps and convex state
constraints, was developed via spike variation method, by
Tang and Li [25]. These conditions are described in terms of
two adjoint processes, which are linear backward SDEs. Such
equations have important applications in hedging problems
[28]. Existence and uniqueness for solutions to BSDEs with
jumps and nonlinear coefficients have been treated by Tang
and Li [25] and Barles et al. [29]. The link with integral-partial
differential equations is studied in [29].

The plan of the paper is as follows. In Section 2, we
give some preliminary results and notations. The purpose of
Section 3 is to derive necessary as well as sufficient optimality
conditions. In Section 4, we give, under-regularity assump-
tions, a verification theorem for the value function. Then, we
prove that the adjoint process is equal to the derivative of the
value function evaluated at the optimal trajectory, extending
in particular [2, 3]. An example has been solved explicitly, by
using the theoretical results.

2. Assumptions and Problem Formulation

The purpose of this section is to introduce some notations,
which will be needed in the subsequent sections. In all what
follows, we are given a probability space (Q, F, (F,),.r»P),
such that &, contains the P-null sets, ¥ = % for an
arbitrarily fixed time horizon T, and (%,), r satisfies the
usual conditions. We assume that (%), is generated by a
d-dimensional standard Brownian motion B and an indepen-
dent jump measure N of a Lévy process #, on [0,T] x E,
where E ¢ R™ \ {0} for some m > 1. We denote by (9?)t<T

(resp., (F f] );r) the P-augmentation of the natural filtration
of B (resp., N). We assume that the compensator of N has the
form u(dt,de) = v(de)dt, for some o-finite Lévy measure v
on E, endowed with its Borel o-field B(E). We suppose that
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| 1A lel’v(de) < co and set N(dt, de) = N{(dt, de) — v(de)dt,
for the compensated jump martingale random measure of N.
Obviously, we have

F -0 “ J N(dr,de);s<t,A € B (E)
Ax(0,s] (3)

Vo [Bgs<t]Vv.,

where ./ denotes the totality of v-null sets and 0,V o, denotes
the o-field generated by o, U 0.

Notation. Any element x € R" will be identified with a
column vector with n components, and its norm is |x| =
|x'| + -+ + |x"|. The scalar product of any two vectors x and
y on R" is denoted by xy or Y x'y". For a function h, we
denote by h, (resp., h,,) the gradient or Jacobian (resp., the
Hessian) of h with respect to the variable x.

Given s < t, let us introduce the following spaces.

(1) I]_i(E;Rn) or 2 is the set of square integrable functions
I() : E — R" such that

M, = | NPy < co. @)

(ii) é’f[s‘t];w) is the set of R"-valued adapted cadlag
processes P such that

1/2
2
P =E P < 0. 5
I ||§(Z[s,t];R”) [supl ’I ] . ®)

re(s,t]

(iii) /%?[S,t];w) is the set of progressively measurable R"-
valued processes Q such that

t 5 1/2
Q. | [ 1QPar] <o ©

(iv) L2 (oomm is the set of B([0,T] x Q) ® FB(E)
measurable maps R : [0,T] x Q x E — R" such
that

IRll 2

¢ 1/2
= [E[J J R, (e)|2v(de) dr] <oo. ()
v ([st;R") s JE
To avoid heavy notations, we omit the subscript
([s, t]; R™) in these notations when (s, t) = (0, T).
Let T be a fixed strictly positive real number; A, is a
closed convex subset of R"” and A, = ([0, 00)™). Let us define
the class of admissible control processes (u, &).

Definition 1. An admissible control is a pair of measurable,
adapted processesu : [0,T]xQ — A;,and&: [0,T]xQ —
A,, such that

(1) u is a predictable process, & is of bounded variation,
nondecreasing, right continuous with left-hand lim-
its, and §,_ = 0,

(2) [E[SuptG[O,T]lut|2 + |€T|2] < 00.

We denote by % = %, x %, the set of all admissible
controls. Here %, (resp., %,) represents the set of the
admissible controls u (resp., £).

Assume that, for (u,&) € %, t € [0,T], the state x, of our
system is given by

dx, =b(t, x,,u,)dt + o (t,x,,u,) dB,
+ J y(t,x,_,u,,e) N (dt,de) + G,d&,,  (8)
E

Xy = X,

where x € R" is given, representing the initial state.
Let
b:[0,T]xR"x A, — R,
o [0,T]xR"x A, — R™,

)
y:[0,T]xR"x A, xE — R",

G:[0,T] — R™™

be measurable functions.
Notice that the jump of a singular control £ € %, at any
jumping time 7 is defined by A&, =& — &, and we let

& =&~ Z AL, (10)

0<7<t

be the continuous part of £.
We distinguish between the jumps of x, caused by the
jump of N(t, e), defined by

Ayx, = L y (1, x,_,u,,e) N ({t},de)

{y(r,xwur,e)

0 otherwise,

if # has a jump of size e at T,

(1)

and the jump of x, caused by the singular control &, denoted
by Agx, = G,AE,. In the above, N({r},-) represents the
jump in the Poisson random measure, occurring at time 7. In
particular, the general jump of the state process at 7 is given
by Ax, = x, —x,_ = Agx, + Ayx,.

If ¢ is a continuous real function, we let

AE(P (x'r) =9 (x‘r) % (x'r— + ANx'r) . (12)

The expression (12) defines the jump in the value of
@(x,) caused by the jump of x at 7. We emphasize that the
possible jumps in x, coming from the Poisson measure are
not included in A ¢(x, ).

Suppose that the performance functional has the form

J ) = E HOTf(t,xput)dt +g () + j ks, .

for (u,&) e U,

(13)



where f: [0,T]xR"x A, - R, g:R" - R,and k :
[0,T] — ([0,00))", with k,d&, = ¥ kdE.
An admissible control (u*, &¥) is optimal if

J(u",&) = sup J(u,8). (14)

(w,&)e
Let us assume the following.

(H,) The maps b, g,y,and f are continuously differentiable
with respect to (x,u) and g is continuously differen-
tiable in x.

(H,) The derivatives b, b,, 0, 0,,> Vs> Vi fr> fu> and g, are

x> Fu

continuous in (x, #) and uniformly bounded.

(H;) b, 0, 9, and f are bounded by K, (1 + |x| + |u]), and g
is bounded by K, (1 + |x]), for some K; > 0.

(H,) Forall (u,e) € A, x E, the map
() eR"xR" — a(t,x,u,(e)

(15)
=0 (y (txue) + 1)
T

satisfies uniformly in (x,{) € R" x R",

a(t,x,u,(;e) > |C|2K71, for some K, >0.  (16)
(Hs) G, k are continuous and bounded.

3. The Stochastic Maximum Principle

Let us first define the usual Hamiltonian associated to the
control problem by

H(t,x,u, p,g, X () = f (t,x,u) + pb (t, x,u)

+ quo*j (t, x,u)

& 17)

+J X(e)y(t,x,u,e)v(de),
E

where (£, x,u, p, g, X(-)) € [0, T]xR"x A xR"x R™" x [Li. q
and o’ for j = 1,...,n, denote the jth column of the matrices
q and o, respectively.

Let (u*,&*) be an optimal control and let x* be the
corresponding optimal trajectory. Then, we consider a triple
(p»g,r(:)) of square integrable adapted processes associated

with (u*, x*), with values in R" x R™? x R" such that
dp, = —H, (t,x{,u;, pp g7, (-)) dt
+q,dB, + J r, (e) N (dt, de), (18)
E

pT = 9x (X;) .
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3.1. Necessary Conditions of Optimality. The purpose of this
section is to derive optimality necessary conditions, satisfied
by an optimal control, assuming that the solution exists. The
proof is based on convex perturbations for both absolutely
continuous and singular components of the optimal control
and on some estimates of the state processes. Note that our
results generalize [1, 2, 21] for systems with jumps.

Theorem 2 (necessary conditions of optimality). Let (u*, &)
be an optimal control maximizing the functional ] over %, and
let x* be the corresponding optimal trajectory. Then there exists
an adapted process (p,q,1(1) € S* x M* x L2, which is
the unique solution of the BSDE (18), such that the following
conditions hold.

(i) Forallv € A,
Hu (t, x:, u:’Pt’ qt> rt ()) (Vt - u:) < 0’

dt—a.e., P—a.s. 19)
(ii) For allt € [0, T], with probability 1
ki+Gip, <0, fori=1,...,m, (20)
m
;1{k§+q’ <046, “=0, (21)

ki +G (p +Ayp,) <0, fori=1,...,m, (22)

m
zl{khci(ppwwt)so%ff ‘=0, (23)
i=1

where Ay p, = [, r(e)N({t}, de).

In order to prove Theorem 2, we present some auxiliary
results.

3.1.1 Variational Equation. Let (v,§) € % be such that (u* +
v, & +&) € U. The convexity condition of the control domain
ensures that for € € (0, 1) the control (1™ +e&v, £* +&€) is also in
% . We denote by x° the solution of the SDE (8) corresponding
to the control (u™ + v, &" + €£). Then by standard arguments
from stochastic calculus, it is easy to check the following
estimate.

Lemma 3. Under assumptions (H,)-(Hs), one has

lim E [ sup |x; — x:|2] =0. (24)
€20 | seq0,1)

Proof. From assumptions (H,)-(Hs), we get by using the
Burkholder-Davis-Gundy inequality

E [ sup |x; — x:|2]
te[0,T]

T
SKJ [E[ sup |xi—x:|2] ds (25)

0 7€[0,s]

T
+Ke? (j E [ sup |vT|2] ds+ [E|ET|2) .
0 7€[0,5]
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From Definition 1 and Gronwall’s lemma, the result fol-
lows immediately by letting € go to zero. O

We define the process z; = z* ¥ by
dzt = {bx (t’xt*’u:) zt + bu (t’ x:’ut*) Vt} dt

+ Z {oi (t,x],ul )z, + ai (tx),u;) vt} dBf
i
* * * * (26)
o[ o)z e (e )

x N (dt,de) + G,d¢,,

zy = 0.

From (H,) and Definition1, one can find a unique
solution z which solves the variational equation (26), and the
following estimate holds.

Lemma 4. Under assumptions (H,)-(Hs), it holds that

2

xS _ *
lim Lt _z| =o. (27)
E—
Proof. Let
x5 - x;
Ff = % - Zy. (28)

We denote xt*° = x; + pe(Tf + z,) and ut™ = u + pev,,
for notational convenience. Then we have immediately that
I; = 0 and I} satisfies the following SDE:

ars = {2 (b (620 ) - b (657 )
= (b (b)) 20+ b, (6] ) v) |

Lo -0 (65 u)

(0 (67w 2+ 0, (37 ) ) | By
¢ [ {200 -y e

- ({6 ) 2+ (63w e) ) |

x N (dt,de) .
(29)

Since the derivatives of the coefficients are bounded, and
from Definition 1, it is easy to verify by Gronwall’s inequality
that T¢ € &2 and
2

t
E|rf]” < K[EJ ds
0

J b, (s, x5, ut*) Todu

2

t 1
+K[EJ I o, (8 x5 ut*) Tody)| ds
o |Jo

2

v(de)ds

1
J Ve (8605, Ul €) Todp
0

t
+K[EJ J
0 JE

+KE|p[’,

where p; is given by

t t
p= - L b (s, x,u))z,ds - J-o o, (s, x},ul) z,dB

t
j Ve (5, x2,ul ) z,_N (ds, de)
0

0

t t
j b, (s,x;,u.)vds — J o, (s x},u) v,dB;
0

Yy (s, x,ul,e) vN (ds, de)

S)
_-

t
+I I b, (s, x*,ul**) z du ds

(=]

(31)

—

t
+I I o, (s, x5, ut*) z. du dB,

t 1
+ I I J Ve (5, x5, u*, e) z,_duN (ds, de)
E

|
g

t 1
+ J. J. J Y, (s, x5, ul, e) v duN (ds, de) .
EJo

0

(=]
(=]

-+

1
I b, (s, x5, ut*) vidu ds

0

(=]

~

1
I o, (s, 2, ut"*) v.du dB,

(=]
(=]

Since b,, 0,, and y, are bounded, then

t
E|Tf)* < ME J |T¥)°ds + ME|pf[%, (32)
0

where M is a generic constant depending on the constants K,
v(E), and T. We conclude from Lemma 3 and the dominated
convergence theorem, that lim,_,pf = 0. Hence (27)
follows from Gronwall’s lemma and by letting € go to 0. This
completes the proof.

3.1.2. Variational Inequality. Let ® be the solution of the
linear matrix equation, for0 < s <t < T

d .
dq)s,t = bx (t’ xt*’ ut*) (Ds,tdt + ZO.)]C (t’ xt*’ I/l;) (Ds,tng
j=1

_ (33)
+ J Ve (X u;,e) Dy, N (dt,de),
E

(Ds,s = Id’

where I is the n x n identity matrix. This equation is linear,
with bounded coefficients, then it admits a unique strong



solution. Moreover, the condition (H,) ensures that the
tangent process @ is invertible, with an inverse ¥ satisfying
suitable integrability conditions.

From It6’s formula, we can easily check that d(®,¥; ;) =
0,and ® ¥, ; = I, where ¥ is the solution of the following

5,5 Ls,s

equation

d
¥, = -, {bx (RN ED Y ACE RS LACERTY
=1

- J. Ve (6 x7,u] ) v (de) } dt
E
d . .
- Z‘I’s,tai (t,x;,u’)dB]
=

* * -1 * *
o | O (txn 0 + 1) e (b5 )
x N (dt,de),
\Ps,s = Id’
(34)

so¥ = @' If s = 0 we simply write @y, = ®, and ¥,, = ¥,.
By the integration by parts formula ([8, Lemma 3.6]), we can
see that the solution of (26) is given by z, = ®©,#,, where #, is
the solution of the stochastic differential equation

d
dn, =Y, {bu (655 00) v = Yol (7)) (660 ) v,
j=1

—J Vo (6 x7,ul,2) vy (de) } dt
B

d .
+ Z‘I’tai (t,x ,u;)v,dB]
=1

| (6 ute) 1)
Xy, (t,x;_,u;,e)v,N (dt, de)
+¥,G,dE, - ¥, JE (ye (x50 e) + 1)
Xy, (t,x7,u; ,e) N ({t},de) G,AE,,

1o = 0.
(35)

Let us introduce the following convex perturbation of the
optimal control (u*, ") defined by

(™) = (u” +ev, & + &), (36)

for some (v,&) € % and € € (0, 1). Since (u*, £") is an optimal
control, then ¢! (J(u, &) — J(u*,&*)) < 0. Thus a necessary
condition for optimality is that

lime™ (J () -] (u".87)) < 0. (37)

International Journal of Stochastic Analysis

The rest of this subsection is devoted to the computation
of the above limit. We will see that the expression (37) leads to
a precise description of the optimal control (u*,&”) in terms
of the adjoint process. First, it is easy to prove the following
lemma.

Lemma 5. Under assumptions (H,)-(H;), one has

I=lime™ (7 (u5,€) - ] (u",€"))
T
“E[[ ez fmnas o

T
+ 9x (xj*") Zr + L ktdst] .

Proof. We use the same notations as in the proof of Lemma 4.
First, we have

VR SEYICING)

=

T 1
[ ] U st 2 £ (500 v} s
0 Jo
1 . T
o] g zedu [ ot +
(39)

T (1 1
B[] | £t mduds + | g () Tru.
0 0
(40)
By using Lemma 4, and since the derivatives f,, f,,, and

g, are bounded, we have lim, _, (i = 0. Then, the result
follows by letting € go to 0 in the above equality. O

Substituting by z, = @,7, in (38) leads to

T
T=E [ [ U (ooxio) 0t o £y (s v, s
° (4n

T
+9x (x;) Oy + L ktdft] .

Consider the right continuous version of the square
integrable martingale

T
M= E || L (sxtu) 0ds g () 0 | 5| 42
0

By the Itd representation theorem [30], there exist two
processes Q = (Ql,...,Qd) where Q/ € /2, forj=1,...,d,
and U(-) € Z2, satisfying

T
M, =E “ S (ssx0,ul) @ ds + g, (x7) CDT]
0

. (43)

o3 [ lasl+ [ [ v.@N s,

el 0
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Let us denote y; = M, — fot fi(s,x7,ul)®ds. The adjoint
variable is the process defined by

Pt=J’t*\Pt
(t xt’ t)

= U, () ¥y (yy (X 1) e) + 1)

Q]\I’ Do, for j=1,...,d,

(44)
r; (e)

* * -1
+ P ((Yx (s;x7,ufe) +1;) - Id) .

Theorem 6. Under assumptions (H,)-(Hs), one has
T
rog| [ i) patosid)
0
d . .
+ Zqiai (5’ xs 4 MS )
=1
+ J r (@) y, (s, x,ul,e)v (de)} vds  (45)
E

+ Z L {k's + G’Sps} d&;

i=1

) {ki+Gi(ps_+ANps)}A£§].

i=1 0<s<T

Proof. From the integration by parts formula ([8, Lemma
3.5]), and by using the definition of pt,qf forj = 1,...,d,
and r,(-), we can easily check that

E [yrnr]

:[EI:-LT{ (t,x] ut)+quaitx u)

+ J r (e)y, (t,x;,u;,e)v(de) } v,dt
E

T
fi(ts x:’ ”;) 1, D, dt

‘—

0

1<

ANgE

L GipdE + Y G, (p + Am)Mﬁ)]-
0<t<T

+
i
(46)
Also we have
T *
=E [}’TWT + L fi(t, Xp» Uy ) @7, dt
(47)

T T
+J fu(t,xt*,u:)vtdt+J ktdft],
0 0

substituting (46) in (47), the result follows. O

3.1.3. Adjoint Equation and Maximum Principle. Since (37)
is true for all (v,&) € % and I < 0, we can easily deduce the
following result.

Theorem 7. Let (u”,&") be the optimal control of the problem
(14) and denote by x* the corresponding optimal trajectory,
then the following inequality holds:

T
| [ 10 oo ) - )
0
T
+ Jo {k + G,p}d(E-8"); (48)

+ Z {k; + G (p- + Anp)} A -E7),

0<t<T
where the Hamiltonian H is defined by (17), and the adjoint
variable (p,q’,r()) for j = 1,...,d, is given by (44).
Now, we are ready to give the proof of Theorem 2.

Proof of Theorem 2. (i) Let us assume that (u*,&") is an
optimal control for the problem (14), so that inequality (48)
is valid for every (v,&). If we choose & = &* in inequality
(48), we see that for every measurable, &,-adapted process
v:[0,T]xQ — A

T
" [J H, (7,17 P gty ()) (ve —uf ) dt | < 0. (49)
0
For v € %, define
={(t,w) € [0, T] xQ

such that H, (t,x],u;, p;» e 1¢ (-)) (v, —u;) > 0}.

(50)

Obviously A} €
Ve U, by

F,, for each t € [0,T]. Let us define

) (@) = {v,* if (t,w) € A, (51)

u;, otherwise

IfA®P(A") > 0, where A denotes the Lebesgue measure,
then

T
[E[,[ H, (tx{,u;, pqnr: () (B —uf)dt| >0, (52)

0

which contradicts (49), unless A ® P(A”) = 0. Hence the
conclusion follows.

(i) If instead we choose v = u* in inequality (48), we
obtain that for every measurable, #,-adapted process & :
[0,T] x Q — A,, the following inequality holds:

E [ [ v Gupdace -y
(53)
+ z {ke + G, (P + Anp)} A~ f*)t

0<t<T



*i

In particular, for i = 1,...,m, we put E; = &'+
1y, p,>0)A0). Since the Lebesgue measure is regular then

. i d .
the purely discontinuous part (£, - &) = 0. Obviously, the
relation (53) can be written as

i T . . . \C
D E [ {ki+Gipa(e -;
o R CRTCATAR N FICET S N D

m T . .
= Z[E [JO ‘{kiL + G;pt} l{ki+G§Pt>0}dA (t):l > 0
i=1

This gontradicts (53) unless for every i € {1,...,m},A ®
P{k, + Gip, > 0} = 0. This proves (20). .
Let us prove (21). Define d§; = 1lui.g, »qdé +
l{k;+G§Pt7§0}dft*d’-, fori = 1,...,m, then we have d(&' — &), =
~Lii1Gip<oy &, “, and d&¥ = dE. Hence, we can rewrite

(53) as follows:
m T ‘ |
“2E “o ki +Gipf 1{k§+6§ptso}d5t*a] >0.  (55)
i=1
By comparing with (53) we get

Z[E |:J;) 1{k§+GiptSO}d§:CIj| =0, (56)
i=1

then we conclude that
Z JO {klt + G;Pt} Ly Gip<0ydd; = 0. (57)
i=1
Expressions (22) and (23) are proved by using the same
techniques. First, for each i € {1,...,m} and t € [0,T]
fixed, we define § = & + 6,()1ji.ci(p, +ap)>0p Where &
denotes the Dirac unit mass at . J, is a discrete measure, then

. . . . d
(€. -&) =0and (£, -&) = 6t($)1{ki+6”;(pt_+ANpt)>0}' Hence

E [Z {klt + Gi (Pt— + ANPt)} 1{k{+G§(pt+ANpt)>()}:| >0 (58)

i=1

which contradicts (53), unless for every i € {I,...,m} and
t € [0, T], we have
[P’{ki+Gi (pr- + Anpy) >0} =0. (59)

Next, let & be defined by

i *i
dft = 1{k§+G§(pt,+ANp,)20}d€t

) (60)
*C1
+ 1{k§+G;‘(p,,+ANp,)<0}d t o
Then, the relation (53) can be written as
m . .
YE| Y - {ki+Gi(p + Anp))]
i=1  Lo<t<T
(61)

*i
X L oG (p+anp)<0tD& | >0,
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which implies that

E|Y {k + G, (p +Axpi)}
i1

(62)

*i| _
x l{ki'*'Gi(Pt—*A NP<0} AEl‘ =0.

By the fact that k! + Gi(p,_ + Ay p,) < 0, and A&} > 0, we get

m
Y Lkacitp +ap<0 A& = 0. (63)
i=1

Thus (23) holds. The proof is complete. O

Now, by applying It6’s formula to y;"¥,, it is easy to check
that the processes defined by relation (44) satisfty BSDE (18)
called the adjoint equation.

3.2. Sufficient Conditions of Optimality. It is well known
that in the classical cases (without the singular part of the
control), the sufficient condition of optimality is of significant
importance in the stochastic maximum principle, in the
sense that it allows to compute optimal controls. This result
states that, under some concavity conditions, maximizing the
Hamiltonian leads to an optimal control.

In this section, we focus on proving the sufficient maxi-
mum principle for mixed classical-singular stochastic control
problems, where the state of the system is governed by a
stochastic differential equation with jumps, allowing both
classical control and singular control.

Theorem 8 (sufficient condition of optimality in integral
form). Let (u*,&*) be an admissible control and denote x*
the associated controlled state process. Let (p,q,7(-)) be the
unique solution of BSDE (18). Let one assume that (x,u) —
H(t, x,u, p;, q,,1,()) and x — g(x) are concave functions.
Moreover suppose that for allt € [0,T],ve Ay, and& € U,

T
- |: Jo H,(t, x:, ”:’ Pe i1 () (v, = u:) dt

N JT Ik + Gopd(E - &) (64)

0

+ Z {kt +G, (Pt— + ANPt)} A(E - 5*)t <0.

0<t<T
Then (u*,&") is an optimal control.

Proof. For convenience, we will use the following notations
throughout the proof:

0" (t)=0(t N Uy PGt ()

O () =0 (txpthy P gs 1 ()
for® =H,H_,H,
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0 (1) = ¢ (675, ) = p (6 x4y
for g =b,0,0%,j=1,...,n, f
(65)
Oy (te) =y (tx;,u;e) =y (tx, upe),

Sy_(te) =y (t,x_,u;,e)—y(t,x,_,u.e).

Let (u, &) be an arbitrary admissible pair, and consider the
difference

I(u*7€*) - ](u,f)
T T
_E “ SF (£) dt + J kd(E — g)t] (66)
0 0
+E[g(x7) - g (xr)]-
We first note that, by concavity of g, we conclude that
Eg(x7) - g (x)]

> E[(xr - xr) g, (x7)] =

-E UOT (x; = x,_)dp, + JOT P (x; - xt)]

E [(x7 - 1) pr]

T n . .

0 j=1

T
+ J J (8y_ (t,e)) r, (e) N (dt,de) ]
o JE

+E |: Z G, (Anp) AGE - E*)t] ’

0<t<T
which implies that
Elg (x1) - g (xr)]

T
S| [ - x) (CHL )t
+E J <Ipt O (1)) + Z (807 (t))q{} dt}
] 1

+E JTJ (8y_ (t,e)) r, (e) N (dt, de)]

0

+[EJ
0

T
+E J J : —x,_)r.(e) + p,_ (8y_(t,e))}

0

g]

x; —x,;)q + (80 (1)) p,} dB ]

x N (dt, de) ]

9
T
vE| | Gpd(E- 8,
0
+ Z Gt (Pt— + ANP:) A(E - f*)t
0<t<T
(68)

By the fact that (p,q/,7() € &% x M* x L2 for j =
1,...,n, we deduce that the stochastic integrals with respect
to the local martingales have zero expectation. Due to the
concavity of the Hamiltonian H, the following holds

Elg(x7) -
>E UOT {~(H"®)-H@®)+H () (w —u)} dt]

T n )
+E [L {pt @b () + Y (807 (1)) q!

Jj=1

g (xr)]

+J (8y (t,e)) r; (e) v (de) } dt]
E

T
+E| | Glpde-;

LY & +ANpt>A<s-s*>,]
0<t<T

(69)

The definition of the Hamiltonian H and (64) leads to
J(w*, &)= J(u, &) = 0, which means that (u*, £*) is an optimal
control for the problem (14). O

The expression (64) is a sufficient condition of optimality
in integral form. We want to rewrite this inequality in a
suitable form for applications. This is the objective of the
following theorem which could be seen as a natural extension
of [2, Theorem 2.2] to the jump setting and [3, Theorem 2.1]
to mixed regular-singular control problems.

Theorem 9 (sufficient conditions of optimality). Let (u*,&")
be an admissible control and x™ the associated controlled state
process. Let (p, g, 1(-)) be the unique solution of BSDE (18). Let
one assume that (x,u) — H(t, x,u, p,,q,,1,(-)) and x —
g(x) are concave functions. If in addition one assumes that

(i) forallt € [0,T],ve A,
H(t, x ”t s PG (4) = supH (t, xt’v’pt’qt’rt())
veA,

dt—a.e., P—a.s;
(70)
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(ii) for all t € [0, T, with probability 1

ki+G;ptSO, fori=1,...,m, (71)
m
Zl{k’ pt<0}d€*a = (72)
i=1
K +Gl(p+Ayp,) <0, fori=1,...,m, (73)
m
Z1{k§+G§(pt,+ANpt)s0}AEt*i =0. (74)

i=1
Then (u”,&") is an optimal control.

Proof. Using (71) and (72) yields

[E“ {k, + G,p,} d&; ] [ij {k'+tht}dE*”] =

(75)

The same computations applied to (73) and (74) imply

E [ Z [k + G, (p + Axp,)} AES (76)

0<t<T

Hence, from Definition 1, we have the following inequal-
ity:

E [ [t +apta-e

(77)
+ Z {ke + G, (P + Anp)} A~ E*)¢:| <0
0<t<T
The desired result follows from Theorem 8. O

4. Relation to Dynamic Programming

In this section, we come back to the control problem studied
in the previous section. We recall a verification theorem,
which is useful to compute optimal controls. Then we show
that the adjoint process defined in Section 3, as the unique
solution to the BSDE (18), can be expressed as the gradient
of the value function, which solves the HJB variational
inequality.

4.1. A Verification Theorem. Let x-* be the solution of the
controlled SDE (8), for s > ¢, with initial value x, = x. To put
the problem in a Markovian framework, so that we can apply
dynamic programming, we define the performance criterion

7“9 (t,%)

=E HtTf(s, X, ) ds + J;T k& + g (xp) | x, = x]|.

(78)
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Since our objective is to maximize this functional, the
value function of the singular control problem becomes

V(t,x) = sup ] (t,x). (79)
e

If we do not apply any singular control, then the infinites-
imal generator &/“, associated with (8), acting on func-
tions ¢, coincides on C;(R"; R) with the parabolic integro-
differential operator &/* given by

e (t, x)—Zb’(txu)

i=1

7 (%)

+ = Za”(t X, 1)

1]1

,a](x>

+J {¢(t’x+y(t’x’“’€)) - ¢ (t,x)
E

_Zy (t, x,u, e) (t x)} v(de),
(80)

where a’ = Y9 1(a'ha]h) denotes the generic term of the
symmetric matrix oo’ . The variational inequality associated
to the singular control problem is

max {sule (t, %, (W, o,W, W, W,.) (t, x),u),
u

(81)
H, (t,x, W, (t,x)),1 = 1,...,m} =0,
for (t,x) € [0,T] x O,
W({T,x)=g(x), VxeO. (82)
H, and Hé, forl =1,...,m, are given by
H, (t, x,(W,o,W, W, W,.) (t,x), 1)
= aa—‘/:/ (£, x) + AW (£, x) + f (t,x,u), (83)

H, (£, x, W, (t,x)) = ia—w(t x) G+ k

We start with the definition of classical solutions of the
variational inequality (81).

Definition 10. Let one consider a function W ¢ C"([0,T] x
0), and define the nonintervention region by

cw) = {(t,x) € [0, T] x O,

(84)
- [ oW il
max {ﬁ(t)x)th“th} <0

ISZSmi:l
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We say that W is a classical solution of (81) if

aaL:/ (t,x) + sup {“W (t,x) + f (t, x,u)} = 0,

(85)
Y (t,x) € C(W),
Z—W x)G'+K <o,
= ox! (86)
V(tx)e [0, T]xO, forl=1,...,m
w (t,x) + LW (£, x) + f (t,x,u) <0,
ot (87)

for every (t,x,u) € [0,T] xO x A;.

The following verification theorem is very useful to
compute explicitly the value function and the optimal control,
at least in the case where the value function is sufficiently
smooth.

Theorem 11. Let W be a classical solution of (81) with the
terminal condition (82), such that for some constants ¢, >
Lo € (0,00), [W(t,x)| < (1 + |x|%). Then, for all (t,x) €
[0,T] X O, and (u,&) € %

W (t,x) = J% (t,x). (88)

Furthermore, if there exists (u*,&") € U such that with
probability 1
(t,x;) € C(W), Lebesguealmostevery t <T, (89)

u; € arg max {Z'W (t,x])+ f(tx[ )}, (90)

Z{Za 1 tx t)Gll—kl]’df*d (91)

I=1
< 1 1
AW (t,x7) + Y KAE! =0, (92)
I=1

for all jumping times t of &, then it follows that W (t,x) =
T4, x).

Proof. See [8, Theorem 5.2]. O

In the following, we present an example on optimal
harvesting from a geometric Brownian motion with jumps
see, for example, [5, 8].

Example 12. Consider a population having a size X = {X, :
t > 0} which evolves according to the geometric Lévy process;
that is

dX, = uX,dt + 0X,dB,

+6Xt_j eN (dt,de) - dE,, for t € [0,T], (93)

+

Xo- =x>0.

1

Here &, is the total number of individuals harvested up
to time t. If we define the price per unit harvested at time
t by k(t) = e and the utility rate obtained when the size
of the population at ¢ is X, by e X! Then the objective is
to maximize the expected total time-discounted value of the
harvested individuals starting with a population of size x; that
is,

JE =E HOT e XVdt + J[ e_"tdit] , (94)

0.1)
where T := inf{t > 0 : X, = 0} is the time of complete
depletion, y € (0,1) and y, 0, %, 0 are positive constants with
a?)2 + QJR ev(de) < u < n. The harvesting admissible
strategy &, is assumed to be nonnegative, nondecreasing
continuous on the right, satisfying E|&|* < co with &,_ = 0,
and such that X, > 0. We denote by II(x) the class of such
strategies. For any & define

G(tx)= sup J* (). (95)

Eell(t,x)

Note that the definition of II(t, x) is similar to II(x), except
that the starting time is t, and the state at ¢ is x.
If we guess the nonintervention region C has the form C =

{(t,x) : 0 < x < b} for some barrier point b > 0, then (84)
gets the form,
0= a (tx)+yxa (t, x)+l 2y qz)(t,x)

+ J {CD (t,x(1+06e)) —D(t,x) - Gxea;q) (t, x)]» v (de)
R, ox

x" exp (-nt),
(96)
for 0 < x < b. We try a solution @ of the form
D (t,x) =¥ (x) exp (—xut); (97)
hence
AD (t,x) = exp (—ut) LV (x), (98)

where V¥ is the fundamental solution of the ordinary integro-
differential equation

-nV¥ (x) + yx‘I" (x) + %ozxz‘{’” (x)

b 400) - ¥ () - Oxe¥’ (0} v (de)

+

+x'=0.
(99)
We notice that ¥(x) = Ax”+Kx", for some arbitrary constant
A; we get
A (t,x) = x" (Ahy (p) + h, (y)) exp (-nt), (100)
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where

1 1
h(p) = J0°p" + (M - 502) p

*J {1+ 06)° = 1 - Gep} v (de) - x,

+

1 1
hy (y) = K(502y2 + (M - 502) y
+J {(1+6e)y—I—Gey}v(de)—u>+1.
’ (101)

Note that h; (1) = y—» < 0 and lim, _, _h,(p) = co; then
there exists p > 1 such that 1, (p) = 0. The constant K is given

by
= (3 (e do)

(102)
-1
+J {(1 +6e)Y =1 —0ey} v (de) —%> .
R+

Outside C we require that W(x) = x + B, where Bis a
constant to be determined. This suggests that the value must
be of the form

(AxP + Kx") exp (—xt)
(x + B) exp (—xt)

for 0 < x < b,
O(t,x) = 103
() { for x > b. (103)
Assuming smooth fit principle at point b, then the reflec-
tion threshold is

_ 1/(p=y)
b= Ky(1-y) ’ (104)
Ap(p-1)
where
_ y-1
a LW
pbF (105)

B = AV’ + Kb - b.

Since y < 1and p > 1, we deduce that b > 0.
To construct the optimal control £*, we consider the
stochastic differential equation

X" = uX'dt + oX’dB, + J 60X eN (dt, de) - dE",
R

+

(106)

X[ <b, t>0, (107)
1{x;<b}dft*c =0, (108)
Lix: oa o x: <A =0, (109)

and if this is the case, then

AE =min{l>0: X +AyX; -1=b}.  (110)
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Arguing as in [7], we can adapt Theorem 15 in [16] to obtain
an identification of the optimal harvesting strategy as a local
time of a reflected jump diffusion process. Then, the system
(106)-(109) defines the so-called Skorokhod problem, whose
solution is a pair (X/,&), where X} is a jump diffusion
process reflected at b.

The conditions (89)-(92) ensure the existence of an
increasing process & such that X; stays in C for all times
t. If the initial size x < b, then & is nondecreasing and his
continuous part & increases only when X; = b so as to
ensure that X < b.

On the other hand, we only have A > 0 if the initial
size x > bthen & = x — b, or if X jumps out of the
nonintervention region by the random measure N; that is,
X;_+ A yX; > b.In these cases we get AL > 0 immediately
to bring X; to b.

It is easy to verify that, if (X*,&") is a solution of the
Skorokhod problem (106)-(109), then (X*,&") is an optimal
solution of the problem (93) and (94).

By the construction of £* and @, all the conditions of the
verification Theorem 11 are satisfied. More precisely, the value
function along the optimal state reads as

O (t, X)) = (AX;” + KX;") exp (-xt),
(1)
for all t € [0,T7].

4.2. Link between the SMP and DPP. Compared with the
stochastic maximum principle, one would expect that the
solution (p, g, 7(+)) of BSDE (18) to correspond to the deriva-
tives of the classical solution of the variational inequalities
(81)-(82). This is given by the following theorem, which
extends [3, Theorem 3.1] to control problems with a singular
component and [2, Theorem 3.3] to diffusions with jumps.

Theorem 13. Let W be a classical solution of (81), with the
terminal condition (82). Assume that W € C-*([0,T] x O),
with O = R", and there exists (u*,&*) € U such that the
conditions (89)-(92) are satisfied. Then the solution of the
BSDE (18) is given by
pt = Wx (t’x:)’
Q= Wy (tx7) 0 (X750 ), (112)
r () =W, (t,x; +y(t,x],ul,e)) - W, (t,x]).

Proof. Throughout the proof, we will use the following
abbreviations: fori, j=1,...,n,andh =1,...,d,

¢1(t):¢1(t>x:’”t*)’
W@ ot o
Toxk’ oxk’ oxk’ oxk’ oxk’

i oY 9
for ¢, =y, V', P a—;/k,

o y
for ¢, =¥, o', 0", 0, a”

¢, (te) = ¢, (t.x/,u; e),

Y. (te) =y (t, X7 ,u;,e).
(113)

y-(te) =y(tx,u,e),
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From Itd’s rule applied to the semimartingale (0W/
ax)(t, x; ), one has

o (o)

*on 3

1 (™ i oW
+EL Zaj(s)—a ox'd J(sx )ds

ij=1

W [ow ow
+L J{ak(5x5_+y_(se)) ak(tx)

2

o'W ;
-y —— (s, x )V (s, N (ds,d
;axkax’ (s, x )y (s e)} (ds, de)

v )

t<s<1’R

ow
{AEB k(sx)
Z": w
8xk81

Agx },

where 7* is defined as in Theorem 11, and the sum is taken
over all jumping times s of £*. Note that

(114)

m
*i *i *i *i il *1
Agx;' = x; —(xsf + Ay, ) = E G, AL,
=1

115)

fori=1,...,n,

where A& = £ - £ is a pure jump process. Then, we can
rewrite (114) as follows:

% (TE”C%)

ow N
= w(t’xt)

aZ
+J {
¢ | 0so
3

ow
l] *
+ = Za ()—axka 3 ](,xs)

1]1

ow N
+J.E<w(s,xs +y(se)- 5

ow N
3k (s, xs—)

(%) + Zb’ (S) (s, x;)

n 2

2 o
B Zaxkg;i (s,20)y' (s, e)) v (de)} ds
i=1

13

+ LTRi rw (s, x7) 0" (s) dB,

{E)W (s, x_+7v_(s,e)
X

. gl; (s, x;_)} N (ds, de)
X

*

" W i e
+L Zaxka’ S, X )ZGldE !

+ Z Aga k(s,x)

t<s<‘r

(116)

& -

Let &7 denotes the continuous part of &; that is, £ =
> st AE:I. Then, we can easily show that

L Za kox 1(5> x)G ddf*d

R 2W * il *cl
= L Zaxkaxi (S’ Xs ) Gs 1{(s,x;)€Dl}d£s (117)

i=1

*n

TR 2
+I Z all (s, x] )G’ll (Sx*)ec}df*d.

t S oxkox!

For every (t, x) € D, using (88) we have

O p 0 [Eaw
- (t,X)G, = —; t,x) G, +k
25tz W96 = 5 {Za 2 (PVC T

forl=1,...,m.

(118)
This proves
- * il *cl
J ZZ ka i (520) Glioenydss™ = 0. (119)
i=1l= l
Furthermore, for every (t,x) € C;and [ = 1,...,m, we have
7 (@W/axkax')(t, x)G! < 0.
But (91) implies that )", 1{(s,x;)ecl}d£:d = 0; thus
ERURC il I
* 1 *Ci
J zz ka i (S, xs ) GS 1{(s,xs*)€C,}d£s = (120)
t S0
The mean value theorem yields
ow N ow
AE@(S”%):<@> (s, y(s)) Agx (121)

where y(s) is some point on the straight line between x_ +
A yx? and x7, and (OW /0x¥), represents the gradient matrix
of dW/dx*. To prove that the right-hand side of the above
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equality vanishes, it is enough to check that if Afs*l > 0 then
Y1 (@*W/0xFox')(s, y(s))G! = 0, forl = 1,...
by (92) that

,m. Itis clear

0= AW (s,x)) + Y kAL
I=1

i {i (s, y(s))G’l+kl}AE*l

=1

(122)

Since Aﬁ:l > 0, then (s, y(s)) € Dj, forl = 1,...,m
According to (88), we obtain

aZ il
Za 5 (57 9) G

(123)

0 oW "

T oxk {;axi (7 ()G, +k5} B

This shows that
> A () - (124)
t<s<‘r
On the other hand, define
At x,u) = —(t x)+Zbl(t x,u) (t x)

Zat](t x,u) ’a v (t,x)+ f (t,x,u)

1]1

+j {W(t,x+y(t,x,u,e))—W(t,x)
E

—ZY (t, x, u, e) (t x)} v (de).
(125)

If we differentiate A(f,x,u) with respect to x* and
evaluate the result at (x,u) = (x;,u; ), we deduce easily from
(84), (89), and (90) that

aZ
ok (t,x)) Zb’ (t) ———

1 & oW
+ = () ————— (¢, *
2i,jZ:1a ® 0xk0xi0xi (&%)

kaz ’f)

ow ow .
+I {8 — (& x; +y(te)- pws (t,x])

_Zy (s,e) ——— ka - (t,x;] )]» v (de)
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“ob oW
==Y = () — (1,
;axk ® ox! ()

da’ a4 o Of .
__Zak(’t la](t, t) ak(t’xt’ut)

i,j=1

(126)

Finally, substituting (119), (120), (124), and (126) into (116)
yields

=—{Z§b,l 055 (0.x)

1¢0a7 oW . Of
Ez:_k ) 3z (0%) + 55 ©
n ay
J S
(90 (bt +y (0) - ZY(fo))v(de)}dt

+Zaxk8 - (t, xt)a (t)dB,

ow ow —
+J {a k(t xt—+V—(t e)) I k(tx )}N(dt,de).
127)

The continuity of 9W /dx* leads to

Jim 2% (g, = S (1xh)

= _agk (x3), foreachk=1,...,n
X
(128)

Clearly,

aa’f W .
5 Z ax a ] (t’ t )
" >
= %Z % <th (t) o jh (t)) l;\/] (t,x:) (129)

n d no aZW ao,ih
_ ih *
- ZZ (ZO ® Ox'ox/ (8 )) oxk ®-
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Now, from (17) we have

OH
Fy (t,x,u, p.q,7 ("))

= Zn:a—bl (t,x,u) i
4 axk > Ny p
. (130)
d n ih
do n 0
+ ZZF (t,x,u)qh + f (t, x,u)

k
h=1i=1 9% 0x

n

+ J Zaa—::; (t,x,u,e)r (e) v (de).

i=1

The kth coordinate pf of the adjoint process p, satisfies

OH -
dpf = — W (f, X5 Uy s PerGp> Ty ()) dt

+ qdet + L rf_ (e) N (dt,de), forte[0,T],

k99 , .
pr= w(xT)’

(131)

with ¢*dB, = Z=1 q™dB". Hence, the uniqueness of the

solution of (131) and relation (128) allows us to get

ow .
Pf=@(t’xt))

n aZ .
kh W *\ _ih
=) ——(tLx,)o (t),
q: ;:1 Ok oxt ( t) (t) (132)

ow N ow N
() = o (t,x; +y(te) - o (t.x.),

where qfh is the generic element of the matrix g, and x; is the
optimal solution of the controlled SDE (8).

Example 14. We return to the same example in the previous
section.

Now, we illustrate a verification result for the maximum
principle. We suppose that T is a fixed time. In this case the
Hamiltonian gets the form

H(t, X, ppqp 1, () = uX,p, + 0X, g, + XZ (=nt)

(133)
+ GXt_J er, (e) v (de).

+

Let £* be a candidate for an optimal control, and let X* be
the corresponding state process with corresponding solution

15

(p*.q",r*() of the following adjoint equation, for all ¢ €
[0,T)

dp; = - <,upt* +o0q; +0J[R er, (e)v(de)

+)/X;W_1 exp (—xs) > dt (134)
+q;dB, + JR 1’ (e) N (dt,de),

—p{ +exp(-xt) <0, VL, (135)

1{—pt*+exp(—%t)<0}d£t*c =0, (136)

— (P +Anpy) +exp (—t) <0, (137)

1{7(pt*,+ANpt*)+exp(—%t)<0}A€t* =0. (138)

Since g = 0, we assume the transversality condition
E[p; (X7 - Xp)] 0. (139)

We remark that Agp/ = 0; then p/ + Ayp; = p/, and
the condition (138) reduces to

L p rexp(nnr<0y A = 0. (140)

We use the relation between the value function and the
solution (p*,q*,r*(e)) of the adjoint equation along the
optimal state. We prove that the solution of the adjoint
equation is represented as

P = (ApX;kp_1 + KVX:V_I)exp (—nut),
q = a(Ap(p— )X+ Ky(y- 1)X:y_1)exp(—%t),
) (e) = (Ap((l +0e) ! - I)Xt*p_1

+Ky ((1+0e)' ™" = 1) X7 ) exp (~xt)
(141)

forallt € [0,T).
To see this, we differentiate the process (ApX;” oy

KyX; "1y exp(—xt) using Ito’s rule for semimartingales and
by using the same procedure as in the proof of Theorem 13.
Then, the conclusion follows readily from the verification of
(135), (136), and (139). First, an explicit formula for X, is given
in [4] by

X, ="M, {x - ( J[o \ M " exp (—us) dE,

142
+ ZMs'lﬁsexp(—MS)AEs)}, (142

O<s<t

for t € [0,T],



16

where B, = ([, 6eN({t},de))(1+ [, 6eN({t},de)) ', and
M, is a geometric Lévy process defined by

M, = exp {(—102+J {ln(1+66)—66}v(de)>t
2 R,
t (143)
+oBt+J- I 1n(1+9e)ﬁ(dt,de)}.
0

From the representation (142) and by the fact that X7.,, <
XMy, exp(u(T At)), we get

Xy _ 1 j -1
- —=<— M, exp (—us) d&
Xi x< (0TA) p(-us)
(144)
+ Z M, B, exp (—us) AL, | < oo,
O<s<t
hence

E [P;/\t (X’;/\t - XT/\t)]

* * 211/2
< [E[((ApX P+ KyX !k )exp (- (T At))) ]

TNt TAt

1 _
x E (— J M " exp (—ps) dE,
X J{o,TAt)

2 1/2
+ ) Mslﬁsexp(—#S)AEs>
0<s<TAt

(145)

By the dominated convergence theorem, we obtain (139)
by sending t to infinity in (145).

A simple computation shows that the conditions (135)-
(138) are consequences of (107)-(109). This shows in partic-
ular that the pair (X;, &) satisfies the optimality sufficient
conditions and then it is optimal. This completes the proof
of the following result.

Theorem 15. One supposes that a*/2+6 IR ev(de) < u < x,

and e > 0 dv — a.e. If the strategy £ is chosen such that the
corresponding solution of the adjoint process is given by (141),
then this choice is optimal.

Remark 16. In this example, it is shown in particular that the
relationship between the stochastic maximum principle and
dynamic programming could be very useful to solve explicitly
constrained backward stochastic differential equations with
transversality condition.
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