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This paper is concerned with a finite-horizon optimal selling rule problem when the underlying
stock price movements are modeled by a Markov switching Lévy process. Assuming that the
transaction fee of the selling operation is a function of the underlying stock price, the optimal
selling rule can be obtained by solving an optimal stopping problem. The corresponding value
function is shown to be the unique viscosity solution to the associated HJB variational inequalities.
A numerical example is presented to illustrate the results.

1. Introduction

One of the major decision investors have to make on a daily basis is to identify the best time
to sell or buy a particular stock. Usually if the right decision is not taken at the right time,
this will generally result in large losses for the investor. Such decisions are mainly affected by
various macro- and micro-economical parameters. One of the main factors that affect decision
making in the marketplace is the trend of the stock market. In this paper, we study trading
decision making when we assume that market trends are subject to change and that these
fluctuations can be captured by a combination of a latent Markov chain and a jump process.
In fact, we model the stock price dynamics with a regime switching Lévy process. Regime
switching Lévy processes are obtained by combining a finite number of geometric Lévy
processes modulated by a finite-state Markov chain. This type of processes clearly capture
the main features of a wide variety of stock such as energy stock and commodities which
usually display a lot of spikes and seasonality. Selling rule problems in general have been
intensively studied in the literature, and most of the work have been done when the stock
price follows a geometric Brownian motion or a simple Markov switching process. Among
many others, we can cite the work of Zhang [1]; in this paper, a selling rule is determined
by two threshold levels, and a target price and a stop-loss limit are considered. One makes
a selling decision whenever the price reaches either the target price or the stop-loss limit.
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The objective is to choose these threshold levels to maximize an expected return function.
In [1], such optimal threshold levels are obtained by solving a set of two-point boundary
value problems. Recently Pemy and Zhang [2] studied a similar problem in the case where
there is no jump process associated and the underlying dynamics is just a traditional Markov
switching process built by coupling a set of geometric Brownian motions.

In this paper, we extend the result of Pemy and Zhang [2], we consider an optimal
selling rule among the class of almost all stopping times under a regime switching Lévy
model. We study the case when the stock has to be sold within a prespecified time limit.
Given a transaction cost which is a function of the underlying stock price, the objective is to
choose a stopping time so as to maximize an expected return. The optimal stopping problem
was studied by McKean [3] back to the 1960s when there is no switching; see also Samuelson
[4] in connection with derivative pricing and Dksendal [5] for optimal stopping in general.
In models with regime switching, Guo and Zhang [6] considered the model with a two-state
Markov chain. Using a smooth-fit technique, they were able to convert the optimal stopping
problem to a set of algebraic equations under certain smoothness conditions. Closed-form
solutions were obtained in these cases. However, it can be shown with extensive numerical
tests that the associated algebraic equations may have no solutions. This suggests that the
smoothness (C?) assumption may not hold in these cases. Moreover, the results in [5, 6] are
established on an infinite time horizon setup. However, in practice, an investor often has to
sell his stock holdings by a certain date due to various nonprice-related considerations such
as year-end tax deduction or the need for raising cash for major purchases. In these cases, it is
necessary to consider the corresponding optimal selling with a finite horizon. It is the purpose
of this paper to treat the underlying finite horizon optimization problem with possible
nonsmoothness of the solutions to the associated HJB variational inequalities. We resort to
the concept of viscosity solutions and show that the corresponding value function is indeed
the only viscosity solution to the HJB variational inequalities. We clearly prove that the value
function of this optimal stopping time problem is the unique viscosity solution to the associ-
ated HJB variational inequalities, which enables us to run some numerical schemes in order to
approximate the value function and derive the both the continuation region and the stopping
region. It is well known that the optimal stopping rule can be determined by the correspond-
ing value function; see, for example, Krylov [7] and Dksendal [5] for diffusions, Pham [8] for
jump diffusions, and Guo and Zhang [6] and [9] for regime switching diffusions.

The paper is organized as follows. In the next section, we formulate the problem
under consideration and then present the associated HJB inequalities and their viscosity
solutions. In Section 3, we obtain the continuity property of the value function and show
that it is the only viscosity solution to the HJB equations. In Section 4, we give a numerical
example in order to illustrate our results. To better present the results without undue technical
difficulties, all proofs are moved to the appendix placed at the end of the paper.

2. Problem Formulation

Given an integer m > 2, let a(t) € M = {1,2,...,m} denote a Markov chain with an m x m
matrix generator Q = (gij) ., », that is, gij > 0 for i#j and 27,q;; = 0 for i € M and a Lévy
process (1;),. Let N be the Poisson random measure of (7;),, then it is defined as follows: for
any Borel set U C R,

NtU) = > 1u(ns -1 ). (2.1)

O<s<t
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The differential form of N is denoted by N(dt,dz). Let v be the Lévy measure of (7;),; we
have v(U) = E[N(1,U)] for any Borel set U C R. We define the differential form N (dt,dz) as
follows:

_ N(dt,dz) - v(dz)dt, if|z| <1,
N(dt,dz) = (2.2)
N(dt,dz), if |z > 1.

From Lévy-Khintchine formula, we have
. 2
j m1n<|z| ,1>v(dz) < oo0. (2.3)
R

In our regime switching Lévy market model, the stock price denoted by X(t) satisfies the
following Lévy stochastic differential equation

dX(t) = X(t) (ﬂ(d(t))di’ +o(a(t))dW(t) + IR y(cx(t))zﬁ(dt,dz)), 04

X(s)=x, s<t<T,

where x is the initial price and T is a finite time. For each state i € M, p(i) the rate of return,
o (i) the volatility and y(i) the jump intensity are known and satisfied the linear growth
condition. There exists a constant C > 0 such that for all x € R and all t € [0, T], we have

x? (y(zx(t))z +o(alt)* + f |y(a(t))|2zzv(dz)) <C(1+x?). (2.5)
R

W (t) is the standard Weiner process, and N (dt, dz) represents the differential form of the
jump measure of 77;. The processes W(-), a(-), and 7(-) are defined on a probability space
(Q, ¥, P) and are independent of each other.

In this paper, we consider the optimal selling rule with a finite horizon T. We assume
that the transaction cost function a(-) > 0 is the function of the stock price itself. In this case,
we take into account all costs associated with the selling operation. The main objective of this
selling problem is to sell the stock by time T so as to maximize the quantity E[e™" ") (X(T) —
a(X(1)))], where r > 0 is a discount rate.

Let #: = o{a(s), W(s),n(s);s < t} and let A denote the set of F;-stopping times such
that s < 7 < T a.s. The value function can be written as follows:

v(s,x,i) = sup E[e ") (X(r) - a(X(r))) | X(s) = x, a(s) =1]. 26)

TEAb,T

Given the value function v(s, x, i), it is typical that an optimal stopping time 7* can be
determined by the following continuation region:

D= {(t,x,i) €[0,T) xR x M; v(t,x,i)>x-a(x)}, (2.7)
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as follows:
" = inf{t > 0; (t, X(t),a(t)) & D}. (2.8)
It can be proved that if 7* < +oo, then

v(s,x,1) = E¥4 e (X (1) - a(x)). (2.9)

Thus, 7* is the optimal stopping time; see [9].
The process (X(t), a(t)) is a Markov process with generator « defined as follows:

@19)( ) = 3o TLEED Ly XD L opq )
+ f (f(s x +y(i)xz) - f(s,x) - y(i)xz1 (z)g>v(dz) o
" ’ ’ {1 =/ 5 ’
where
Qf (s,%,-)(i) = ]Z#iqij (f(s,%,) = f(s,,1)). (2.11)
The corresponding Hamiltonian has the following form:
(i,s,x,u,D,u, Dou, D)
=min |ru(s, x,i) - W — (Au) (s, x,1),u(s,x,i) — (x — a(x)) (212)
- 0.

Note that X(t) > 0 for all t. Let R* = (0, o0). Formally, the value function v (s, x, i) satisfies the
HJB equation

JZ(i, s,x,v,Dgv, D0, Div) =0, for (s,x,i)€[0,T)xR" x M,
(2.13)
U(T/x/a(T)) = (x - a(x))'

In order to study the possibility of existence and uniqueness of a solution of (2.12), we use a

notion of viscosity solution introduced by Crandall et al. [10].

Definition 2.1. We say that f (s, x, 1) is a viscosity solution of

of of o2
H i,s,x,f,—f,—f,—f =0, forie M, s€[0,T), x €R",
0s’ Ox ax2 (2_14)

f(Tx,a(T)) = (x - a(x)).
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If

(1) forall x € R* f(T, x,a(T)) = (x — a(x)), and for each i € M, f(s,x,i) is continuous
in (s, x), moreover, there exist constants K and x such that

f(s,x,i) <K(1+[x[%), (2.15)

(2) foreachi e m,
. 0§ op P
°’e<11501x0/f/ gl a/@ < 0 (216)

whenever ¢(s,x) € C? such that f(s, x,i) — ¢(s, x) has local maximum at (s, x) =
(80, x0),
(3) and for eachi € A,

oy Oy 0°
°l€<i150/x01f/ qf ()U _‘P> 20 (217)

9s’ 0x’ 0x2

whenever ¢ (s,x) € C? such that f(s, x,i) — ¢(s, x) has local minimum at (s, x) =
(S0, X0)-

Let f be a function that satisfies (2.3). It is a viscosity subsolution (resp. supersolution) if it
satisfies (2.4) (resp. (2.5)).

3. Properties of Value Functions

In this section, we study the continuity of the value function, show that it satisfies the
associated HJB equation as a viscosity solution, and establish the uniqueness. We first show
the continuity property.

Lemma 3.1. For each i € M, the value function v(s, x,1) is continuous in (s, x). Moreover, it has at
most linear growth rate, that is, there exists a constant C such that |v(s, x,1)| < C(1 + |x|).

The continuity of the value function and its at most linear growth will be very helpful
in deriving the maximum principle which itself guarantees the uniqueness of the value
function. The following lemma is a simple version of the dynamic programming principle
in optimal stopping. A similar result has been proven in Pemy [9]. For general dynamic
programming principle, see Krylov [7] for diffusions, Pham [8] for jump diffusions, and Yin
and Zhang [11] for dynamic models with regime switching.

Definition 3.2. For each € > 0, a stopping time 7, € Ay is said to be ¢-optimal if

0<o(s, x,i) - E[e*r(TE*S)U(Tg,X(Tg),a(Tg))] <e. (3.1)
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Lemma 3.3. (1) Let B,y € Agr two stopping time such that s < p <y a.s., then one has
Ele P90 (B,X(B),a(B))| > Ele ™" Do (y, X(y), a(y))|- (3.2)
7 7 = Y’ Y 4 Y

In particular for any stopping time 0 € Ay, one has
v(s,x,i) > ES [e-f<9-5>v(9, X(0), a(e))] ) (3.3)

(2) Let 0 € Ag1 such that s < 0 < T, for any € > 0, where T, an e-optimal stopping time. Then,
one has

v(s, x,i) = E5* [e-f<6-5>v(9, X(0), a(G))] : (3.4)
With Lemma 3.3 at our hand, we proceed and show that the value function v(s,x,i) is a
viscosity solution of the variational inequality (2.13).

Theorem 3.4. The value function v(s, x,1) is a viscosity solution of (2.13).

3.1. Uniqueness of the Viscosity Solution

In this subsection, we will prove that the value function defined in (2.6) is the unique viscosity
solution of the HJB equation (2.13). We begin by recalling the definition of parabolic superjet
and subjet.

Definition 3.5. Let f(s, x,i) : [0,T] x R x MM — R. Define the parabolic superjet by

P> f(s,x,i) = {(p,q,M) eERxR: f(ty,i) < f(s,x,i)+p(t—s)+q(y-x)

(3.5)
+%(y — x)ZM + O(ly - x|2> as (t,y) — (S,X)},
and its closure is
—2,+ . .
P fsx,i) = {(p,qlM) = Yim (pu, Gu, M)
with (P, gu, M) € P** f(sn, xn,i) and (3.6)
lim (s,, Xp, f(Sn, xn,1)) = (x, f (s, x,1)) }
Similarly, we define the parabolic subjet P> f(s,x,i) = -p¥* (- f)(s,x,i) and its closure

D fs,x,i) =D (~f)(s,%,)
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We have the following result.

Lemma 3.6. P*>*f(s,x,i) (resp. P> f(s,x,i)) consist of the set of (0¢(s,x)/0s,0¢(s,x)/
dx, 0*P(s,x)/0x*) where ¢ € C*>([0,T] x R) and f — ¢ has a global maximum (resp. minimum)
at (s, x).

A proof can be found in Fleming and Soner [12].
The following result from Crandall et al. [10] is crucial for the proof of the uniqueness.

Theorem 3.7 (Crandall et al. [10]). For i = 1,2, let Q; be locally compact subsets of R, and Q =

Qq x Qp, and let u; be upper semicontinuous in [0, T] x Q;, and Egui(t, x) the parabolic superijet of
u;(t, x), and ¢ twice continuously differentiable in a neighborhood of [0,T] x Q.
Set

w(t/ xl/xZ) =up (tr xl) + uZ(tl xZ) (37)

for (t,x1,x2) € [0,T] x Q, and suppose (t, X1, %) € [0,T] x Q is a local maximum of w — ¢ relative
to [0, T] x Q. Moreover, let us assume that there is an r > 0 such that for every M > 0O there exists a
C such that fori=1,2

b; <C whenever (b;,q;,X;) € ljé’jui(t, xi),

(3.8)
xi — | + |t -?| <r it x|+ |gi] + 11X < M.
Then, for each € > 0, there exists X; € S(1) = R such that

1)

(bi, Dxigp (%), X:) € Dy wi (%) fori=1,2, (3.9)
(2)

-(% + ||D2¢(9?)||>1 < <};1 ;;> < D?}(3) + e(qub(a?))Z, (3.10)
3)

%9(i%9) 611

b1+b2=

We have the following maximum principle.

Theorem 3.8 (Comparison Principle). If v1(t, x, i) and v, (t, x, i) are continuous in (t, x) and are,
respectively, viscosity subsolution and supersolution of (2.13) with at most a linear growth. Then,

vi(t, x,1) <va(t,x,i) V(t,x,i) € [0,T] x R x . (3.12)
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The following lemma is be very useful in derivation of the maximum principle.

Lemma 3.9. Let Cr;, ([0, T] x R x M) be the set of functions v(s,x,i) on [0,T] x R x M which
are continuous with respect to s and Lipschitz continuous with respect to the variable x. For fixed
ts € [0,T] and ag € M, let the operator F on R x Cri, ([0, T] x R x M) x R x R be defined as follows:

F(x,v,p,X) = —% 202 (a9) X — xp(et0) p — Qu(ts, x,-) (eto)

(3.13)
—f (0(ts, x + 7(@0)xz, &) - v(ts, %, @0) ~ Y (@0)x1 ajer) (2)B) v (d2).
R
Then, there exits a constant C > 0 such that
Fy,w,a(x-y)-by,Y)-F(x,v,a(x-y) +bx,X)
< C(xZX - y2Y> +Calx -y|?
+Cb(1+|x?|) +Qolts, x, - - ts, 1, -
(1+ ) + Quits, x,) (@0) - Quo(ts, y,-) (@0) 61

+ I (v(tg,x +y(ao)zx, ag) —w(ts, y +y(ao)zy, ap)
Rn
—v(ts, x, a0) + w(ts, vy, a0)>v(dz),

forany v,w € Crip([0,T] x R x M) and x,y,a,b,X,Y € R.

Remark 3.10. Theorem 3.8 obviously implies the uniqueness of the viscosity solution of the
variational inequality (2.13). If we assume that (2.13) has two solutions v; and v, with linear
growth, then they are both viscosity subsolution and supersolution of (2.13). Therefore, using
the fact that v; is subsolution and v; is supersolution, Theorem 3.8 implies that v; (t,x,1) <
vy (t, x, 1) for all (t,x,i) € [0,T] x R* x M. And conversely, we also have v (¢, x,i) < vi(t, x,1)
for all (¢, x,i) € [0,T] xR* x M, since v, is subsolution and v; is supersolution. Consequently,
we have v1(t, x,i) = vy(t, x,1) for all (t,x,i) € [0,T] x RT x M, which confirms the fact the
value function defined on (2.6) is the unique solution of the variational inequality (2.13).

4. Numerical Example

This example is for a stock which share price roughly around $55 in average; in this example
we assume that the market has two main movements: an uptrend and a downtrend. Thus
the Markov chain a takes two states M = {1,2}, where a(t) = 1 denotes the uptrend and
a(t) = 2 denotes the downtrend. The transaction fee a = 0.5, the discount rate r = 0.05, the
return vector is g = (0.01,-0.01), the volatility vector is o = (0.4,0.2), the intensity vector is
A =(0.25,0.5), the time T = 0.35 (in year), and the generator of the Markov chain is

0 ~0.023 0.023 W
“\ 1023 -1.023/° '
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v(t,x,1) uptrend value function

(a)

v(t,x,2) downtrend value function
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Figure 1: Value functions v(t, x, 1) for the uptrend and v(t, x, 2) for the downtrend.

Continuation for the uptrend

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

GO ie e Tl
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Figure 2: Free boundary curves.
Figures 1 and 2 represent the value function v(t,x,i) computed by solving the

nonlinear system of equations (2.13) and the free boundary curves in both trends. These
curves divide the plane in two regions. The region below the free boundary curve is the
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continuation region, and the region above the free boundary curve is the stopping region. In
other terms, whenever the share price at any given time within the interval [0,T] is below
the free boundary curve, it is optimal for the investor to hold the stock. And whenever the
share price is above the free boundary, it is optimal for the investor to sell. This selling rule is
obviously easy to implement. This example clearly shows that the selling rule derived by our
method can be very attractive to practitioners in an automated trading setting.

Appendix
A. Proofs of Results
A.1. Proof of Lemma 3.3

We have
v(p,X(P),a(p)) = sup Ele P g(a(r), X ()],
TEAST
E[e"0(8,X(B),a(P))] 2 sup E[e” e Pg(a(r), X(r))]

T EAp,T

> sup E[e-’“-s) g(a(T),X(T))] (A1)
TEAsT

> sup E [e"r(y_s)e_r(T_Y)g(“(T)/ X(T))]

T EAT,T

= E[e*”y’s)v(Y,X (Y)z“(Y))]-

This proves (3.2).
Now let us prove (3.4). Since 8 < 7. for any € > 0, using (3.2), we have

E[e7®)0(0,X(0), a(0))] 2 E|e ™" o(r, X(r.), a(r.))] (A2)
So using (3.1) and (3.3), we obtain

0<v(s, x,i)— E[e*r(efs)v((?,X(G),a(@))] <ou(s,x,i) - E[e*’(Tf’s)v(Te,X(Te),a(TE))] <g,
(A.3)

for any ¢ > 0. Thus, letting ¢ — 0, we obtain (3.4).
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A.2. Proof of Lemma 3.1

Given x; and x;, let X; and X, be two solutions of (2.4) with X;(s) = x; and X)(s) = xo,
respectively. For each t € [s,T], we have

t t
Xi(t) = Xa(t) = x1 = x2 + J (X1(8) = X2(8))p(a(§))dg + I (X1(8) = Xa(§))o(a(8))dW (§)

+ f f (X1 (6) - Xa(&))y (a(2)2N(de, dz).
s/ R (A 4)

Using the [t6-Lévy isometry, we have

t t
E(X,(t) - Xa(t))* < Coltt - 3 + Cy f E(X1(8) - Xa(8))2dé + C, f E(X0(¢) - Xa(8))2de
t
+ csf f E(X0(8) - Xa(&))?22 (dz)de
s/ R
t
< Colx - xaf* + max(Ci, Ca) f E(X0(8) - Xa(&))2de

t
. Caf E(X:(@) - Xz(r;»%igj 2v (dz).
s R (A 5)

Taking into account (2.5), we can find K < oo such that C; [, z%v (dz) < K. The inequality
(A.5) becomes

t
E(X1(t) - X2(t))* < Colx1 = x2f* + max(Cy, Ca) f E(X1(¢) - Xa(2))d¢
(A.6)

t
+K [ BC®) - X
Let C = max(Cy, C1,C;, K), then (A.7) becomes

t
E(X1(t) - X2(t))* < Cloey — xof* + Cf E(X1(2) - X2(8))%de. (A7)
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Applying Gronwall’s inequality, we have
E|X1(t) - X2 ()] < Cloey — x2e". (A.8)
This implies, in view of Cauchy-Schwarz inequality, that
E[X1(t) - Xa(t)] < Clxy — x]e". (A9)
Using this inequality, we have

v(s, x1,i) —v(s, xp,1) < sup E[e‘r(T‘S)KXl(T) —a) - (Xo(7) - a)|]

TEAS/T

< sup E[1X4(7) - Xa(7)]] (A.10)

TEAS/T

< C|X1 - JC2|€CT.

This implies the (uniform) continuity of v(s, x, i) with respect to x.
We next show the continuity of v(s, x,i) with respect to s. Let X; be the solution of
(2.4) that starts at t = s with X(s) = x and a(s) =i. Let 0 < s < s’ < T, we define

X(t) =X(t-(s'~s)),

(A.11)
a(t)y=a(t—(s'-s)).

It is easy to show that
E(X(t) - X’(if))2 <C(s'-s) for some constant C > 0. (A.12)

Givent € Agr,let T =7+ (s'—s). Then, 7’ > s’ and P(7' >T) — Oass' —s — 0.
Let g(t,x) = e ™ (x — a(x)). Then, v(s, x,i) = e"*sup, . Eg(7,X(7)). It is easy to show
that '

|g(s,x) —g(s', )| < |x—x'| + C|x' = a(x)||s - §|, (A.13)

for some constant C.
We define

J(s,x,i,T) = e Eg(t, X(T)). (A.14)
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We have

J(s,x,i,7) =e"Eg (7' - (s' - 5), X' (7))

=" Eg(7,X (7)) +o(1)

(A.15)
=" Eg(7, X' (7)) ;<) + € Eg(7/, X' (7)) [{zs1) + 0(1)

=J(s',x,i,T AT) +0(1),

where 0(1) — 0as s’ —s — 0. It follows that
|o(s', x,i) —v(s,x,i)| < sup |J(s',x,i,7") = J(s,x,i,T)| — 0. (A.16)

TEAS,T ’
Therefore, we have
. ’ . . _

Silsnlo|v(s ,x,i) —v(s,x,i)| =0. (A.17)

This gives the continuity of v with respect to s.
The joint continuity of v follows from (A.10) and (A.17). Finally, the linear growth
inequality follows from (A.10) and

lv(s, x,i)| < |x|+|v(s,0,i)] < C(1+|x]). (A.18)

This completes the proof.

A.3. Proof of Theorem 3.4

First we prove that v(s, x, i) is a viscosity supersolution of (2.13). Given (s, x;) € [0, T]xR*, let
¢ € C*([0,T] xR*) such that v(t, x, a) —¢s(t, x) has local minimum at (s, x5) in a neighborhood
N (s, x5). We define a function

pt,x)+v(s, x5, a5) — (s, x5) if i=as,
@t x,i) = (A19)

v(t, x,1) if i#as.
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Let y > s be the first jump time of a(-) from the initial state a;, and let 6 € [s, y] be such that
(t, X(t)) starts at (s, x5) and stays in N (s, x;) for s < t < 8. Moreover, a(t) = a,, for s <t < 0.
Using Dynkin’s formula, we have

Es* (079 05(0, X (0), ats) — (s, x5, as)
0 op(t, X(t),as) ot X(1), as)
— S5, AGON B Sl S S A VA 2 52 i i WA A
E J e < ro(t, X(t), as) + ot 2X (as) 32

S

op(t, X (1), as)
ox

+Xt ( ) Q‘P(t/X(t)/)(aS)

)
[ (X0 + YOXO2) = plt, X = YOX D101 32 )

xv(dz)) dt.
(A.20)

Recall that (s, x;) is the minimum of v(t, x, as) — ¢s(t, x) in N(s, x5). For s <t < 6, we have

v(t/th as) 2 (P(t/ Xt) + 'U(S, Xs, as) - (P(S/ xs) = (P(t/ Xtr ds). (AZl)

Using (A.19) and (A.21), we have

Es’x““Se_r(e_s)v(G, Xo, as) —v(s, xs, as)

0
> ES5Xsms J‘ e—T(t‘s) < - r‘()(t,X(t)/ as)

S

Lot X®)
ot T2

qf()

XZ 2( )a (F(t Xf)

(A.22)

+Xt/4( Ag) ——F— Q‘P(t X+ )(“s)

x fR(w(t,X(o Y OX(B)za) - 9t X(), @)

S OXOA a1 (D LD Yoz a

Moreover, we have

Q(P(t1 th')(as) = Z Gasp (‘P(t/ Xt/ﬁ) - (p(i’, Xi, “s))
p#as

> 3 qap(v(t,Xe, p) - v(t, X4, a5)) (A.23)
fa

> Qu(t, Xy, ) (as).
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Combining (A.22) and (A.23), we have
Es*ss 05 0(0, X, a) — v(s, X, )

0 t,X(t tX
> Es,xs,aSJ‘ er(ts){ _ rv(t,X(t),aS) a(lf( - ( )) 2X2 2( s)a (/f( t)

qf()

+ Xep(ats) ———— + Qu(t, Xy, ") (as) (A.24)

+f <(p(t,X(t) +y()X(t)z, as) — ot X(t), as)
R

oy(t, X
X O () L)

v(dz) }dt.

It follows from Lemma 3.3 that

ESofs fee"’(t"s)<—rv(t,X(t),as) —aq’(taf(t)) SX* (Do (a s)—azw(;f(t))

S

+ X D) L g0, x, ) @)

(A.25)
[ (ot X0 + yOX 020 - ptt, X0, )
R
ow(t, X
=y (@) X (t) z1jz1<1 (z)%)a»(dz))dt <0.

Dividing both sides by Ef > 0 and sending 0 — s lead to

- 10(8, X5, a5) + w 1 2 2(“5)6 (F( xS) s/’l(“s) (F(S, *s) +Qu(s, xs, ) (as)
+ fR <v(s, x5+ Y (i) x5z, a5) — (s, X5, &) — (1) X521 {|z/<1) (z)%)v(dz) <0.

(A.26)

By definition, v(s, x,i) > x — a(x). The supersolution inequality follows from this inequality
and (A.27).

Now, let us prove the subsolution inequality, namely, that let ¢ € C'?([s, T] x R*) and
v(t,x, as) — ¢(t, x) has a local maximum at (s, x;) € [s,T] x R*, then we can assume without
loss of generality that v(s, xs, a5) — $(s,x5) =0

Define

t/ f | = Sr
D(t, x,i) = {4)( 0 = (A.27)
o(t,x,i) ifi#as.
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Let y be the first jump time of a(-) from the state a;, and let 8y € [s,y] be such that (t, X(t))
starts at (s,x,) and stays in N(s,x,) for s < t < 6. Since 6y < y we have a(t) = as, for
s <t < 0, and let 7p be the optimal stopping time, and for s < 8 < min(7p, 6y), we have from
Lemma 3.3 (The appendix)

(s, xs, a5) < ES*oms [e-“@-S)v(e, X(0), a(e))]. (A.28)

Moreover, since v(s, x5, as) — ¢(s, xs) = 0 and attains its maximum at (s, x5) in N (s, x;), then

v(0,X(0),a(6)) < ¢(6,X(0)). (A.29)

Thus, we also have

v(0,X(0),a(6)) < D(6, X(0), a(0)). (A.30)
This implies, using Dynkin’s formula, that

ES,xsrus e_r(e_s)‘()(e, X(e)/ as)
S ES,xs,as efr(97$>(1)(6, X(e)/ aS)

op(t, X(t))

5 TR X(H), at))

0
= D(s, x5, a5) + E5F% I et [

S

) a(i’(féf(t))
) Pt X(1)

ox?

+ X (H)u( +QO(t, X(t),-)(as)
+ 1X(t)202(as
2

+ f <(I)(t,X(t) +y(()X(t)z, as) — O(t, X (1), as)
R

op(t, X
-y ()X (#)z1{jz1<1) (2) W)v(dz)] dt.

(A31)
Note that
QI(t, X (1), ) (as) = ﬂ;s e (06, X (6, ) - (6, X(0)
< S Gup(o(t, X (1), B) - o(t, X (1), a5)) (A.32)

ﬂ#“s

S Qv(tl X(t)/ ) (lxs)'
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Using (A.27) and (A.32), we obtain

Es~ 07 0-5) (0, X (6), at)
< E8Xsrtts e—r@—sq)(el X(Q), aS)

0p(t, X(t))

0
= ¢(S/ xs) + Es,xs,asf e—r(t—s) [5—t X(t) ( S) (l)( (t))

—ro(t, X(t), as)

0 X(t
X a au + Qult, X (), ) (@)

+ f <<I)(t,X(t) +y(()X(t)z, as) — D(t, X(t), as)
R

=y (@)X (t)z1jz<1)(2) 0p(t, X(t))) (dz)]dt.
(A.33)
Recall that, v(s, x5, &s) = ¢(s, xs) by assumption. From (A.28), we deduce
0 < EXfs e—r(G—s)v(el X(e)/ as) - ¢(SI xs)
0
< ESAss J et [ —rot, X (1), as) + ad)(tai((t)) X(t)z 2( )az(i)()aig); as)
0Pp(X (1), as

# X@p(an PEDE) L 00 x1),)(w) (A34)

; IR <(D(t,X(t) FY()X(B)z, )

od(t, X
—D(t, X (), as) — y (1) X ()21 jz11) (z)%)v(dz)] dt

Dividing the last inequality by EO > 0 and sending 6 | s give

oP(s, xs)

1 o’ ¢(xs,as)
ot 2

5¢(xs, as)

g (as) xXsp(as) ————— — Qu(s, x5, ) (as)

ro(s, xs, as) —

- I <v(s, x5+ y(i)xsz,a5) — (s, X5, &s) — y(i)xszll|z|<1}(Z)M>v(dz) <0.
R ox
(A.35)

This gives the subsolution inequality. Therefore, v(t, x, a) is a viscosity solution of (2.13).
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A.4. Proof of Lemma 3.9

Letv,w € Cpip([0,T] x R x M) and x,y,A,a,b,X,Y € R, then we have

F(y,w,a(x-y) - by, Y) - F(x,0,a(x - y) + bx, X)
= 3920 (@0)Y — yplao) (a(x - y) -~ by) - Qu (s, v, ") ()
- _[R(w(tﬁfy +Y(a0)yz, a0) — w(ts,y, a0) = y(@0)yzL(z1<1) (2) [a(x ~ y) — by])v(dz)
+ 330 (@0) X + xpu(ao) (a(x ~ ) + bx) + Qolts, x,) (ao)
+ f (ot x+ ylan)xz,a0) = 0(ts, %,0) = (@) 721 ) () [a(x = y) + ] ()

= %Gz(ao) <x2X—y2Y> +p(ap) (a(x—y)2+b<x2+y2>> +Qu(ts, x,-) (a0)—Qw(ts,y,-) (o)
+ IR( [v(ts, x + y(a0)xz, a0) —w(ts, y + y(a0)yz, ao)]
~[o(ts, x, a0) —w(ts, v, a0)] — zy(a0)1{jz<1} (2) [a(x - y)2 + b(x2 + y2>] )v(dz)
< ﬂ(ao)a|x—y|2+y(ao)b<x2+y2> + %02 (@) (sz—y2Y> +Qu(ts, x,-) (a0)—Qw(ts,y,-) (o)
+ IR([v(tg,x +y(a0)xz, a0) —w(ts, y + y(a0)yz, ao)]
—[o(ts, x, a0) —w(ts, v, a0)] + |zy(a0)1jjz1<1) (2) | ”a(x - y)2| + |b<x2 + y2> ”)v(dz).

(A.36)

Note that from the Lévy-Khintchine inequality (2.3), one can prove I[IZI ) |z|v(dz) < oo;
therefore, there exists a constant C > 0 such that

F(y,w,a(x-y)-by,Y)-F(x,v,a(x-y) +bx,X)
<C(alx-y[*+b(x*+y?) + (¥X=¥’Y)) + Qults, x, ) (@0) - Qu(ts,,") (a0)
+IR([v(t5,x+y(a0)xz, ag)—w(ts, y+y(ao)yz, ao)| - [v(ts, x, a0) —w(ts,y, a0)] ) v(dz).

(A.37)

This proves (3.14).
Now, let us proof the theorem.
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A.5. Proof of Theorem 3.8

Forany 0 <6 <1and 0 < 7 <1, we define

O(t,x,y,i) =ov1(t,x,i) — v (t,y,i) — %|x - y|2 - e <x2 + y2>,
(A.38)

1
(;b(t/ X, y) = 3 |x - ylz + ne(T*t) <x2 n y2>
Note that v;(t, x, i) and v (¢, x, i) satisfy the linear growth. Then, we have for each i €

lim q)(t, X, Y, l) = —00 (A39)

lxl+|y| — o0

and since @ is a continuous in (f,x,y), therefore it has a global maximum at a point
(ts, x5,Ys, ap). Observe that

(D(tﬁr X5,X6, (XO) + (I)(tﬁr Ys,Ys, 0(0) < 2(I)(t6/ X5,Y6, lXO). (A4O)
It implies

v (ts, x5, a0) — V2(ts, Xs, x0) — 21 T10) (x3) + v1(ts, ys, a0) — V2 (ts, Ys, o) — 27T (y2)
2
< 20 (ts, x5, 0) — 202 (ts, Ys, a0) — 5 |x5 - ys|* = 27T (x2 + y2).

(A41)
Then,

~ vy (ts,Ys,a0) — 2Ty <x§> +v1(ts, X5, ag) — 2ne T <yz25>

) (A.42)
< vi(ts, x5, a0) — 02 (s, Ys, o) — 5|x<s — ys|* - 25e T <x§ - yé)-

Consequently, we have
2
: |xs — y5|2 < (vi(ts, x5, a0) —v1(ts, ys,0) ) + (v2(ts, x5, a0) — v2(ts, Ys, X0))- (A.43)

By the linear growth condition, we know that there exist K, K, such that v (¢, x,i) < Ky (1 +
|x]) and v, (¢, x,1) < Ko(1 + |x]). Therefore, there exists C such that we have

2
EIX5—y5|2§C(1+|x(5|+|y5|). (A.44)
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So,

2 K1
0 0 0 0
|x61 - x62| < 6C<1 + |x61| + |x51

) (A.45)

We also have @(s,0,0,a9) < D(ts, x5, s, a0) and |D(s,0,0,a0)| < K(1 + |xs| + |ys|). This leads
to

1
e (xé + yé) < vi(ts, x5, 0) — v2(ts, Yo, o) — 5 |5 — 5|~ ©(5,0,0,a0)

(A.46)
< 3C(1 + |X5| + |y5|)
It comes that
eT) (52 4 12
i (x5 + ¥3) <3C, (A.47)
(1 +lxsl + |ys|)
therefore there exists C,, such that
Ixs| + |ys| <Cy, ts€[s,T]. (A.48)

The inequality (A.48) implies the sets {x5,6 > 0} and {ys,6 > 0} are bounded by C,
independent of 6, so we can extract convergent subsequences that we also denote (x5)s, (Vs5)5,
and (ts)5. Moreover, from the inequality (A.45), it comes that the exists xg such that

lilllx(‘j—x —lilll o) lilllté—t . i
0 y 7 0 (A. 9)
ll.IIl—|x - | - 0 (1&50)

6 ) y6 . .

@ achieves its maximum at (ts, xs, Ys, o), so by the Theorem 3.7 for each e > 0, there exist
bis, bas, X5, and Yg such that

2 —2,+
<b16/ 3 (x5 —ys) + 211€(T_t)x5,X5> epP vi(ts, xs,a0), (A.51)
2 —2,
<—b25, 5 (x5 —ys) +2neTys, —Y5> ep +(—Uz (ts, ys,a0)). (A.52)

But, we know that

D (~va(ts, ys, 0)) = D va(ts, s, o). (A53)



International Journal of Mathematics and Mathematical Sciences 21

Therefore, we obtain
2 (T—1) e
bys, 3(x5 -ys) —2ne" ys,Ys ) € D7 va(ts, ys, x0). (A.54)
Equation (A.51) implies by the definition of the viscosity solution that
. 1 2 _
min [TUl (ts, x5, 00)—b15— §x§02(ﬂlo)X5 —xsp(ao) (5 (x5-ys)+2neT t)x(s) —Qu(ts, x5,-) (o)
- f (Ul (ts, x5+ y(@0) X5z, a0) — v1(ts, X5, a0) — y(0) X521 (|z1<1) (2)
R

* <%<x5 ~Ys) + 271€(T_t)x6>)v(dz),v1(t5,x5,ao) — (x5 - a)] <0.
(A.55)

Consequently, we have two cases; either
vy (ts, x5, 0) — (x5 —a) <0 (A.56)
or

1 2
rv1(ts, x5, a0) — bis — Exéaz(ao)X(g - xsp(ap) <5(x5 - Ys) + 27]€(T7t)x6> -Qf (s, xs,-)(ap)

- J‘R <Ul (ts, x5 + y(a0)xs2) — v1(ts, Xs5)

a0 x521 a1 2) x (5 (3 - vo) + 2070 ) () <.
(A.57)

First of all, we assume that vy (ts, x5, @) — (x5 — a) < 0. And similarly, (A.54) implies by the
definition of the viscosity solution that

) 1 2 _
min [1"712 (ts,ys, a0) —bas— zyﬁoz(ao)Ys—yﬁﬂ(ao) <5 (x5—ys)—2ne" t)y6> -Qus (ts, ys, ) (ao)
- J <Uz (ts, ys + y(a0)ysz, a0) — v2(ts, Ys, a0) — y(@0)Ys21z1<1) (2)
R

x<%(x6 -Ys5) — 2116(T‘t)y5>>v(dz),vz (ts, ys,a0) — (ys — a)] >0.
(A.58)

Therefore, we have

va(ts, ys, ) — (ys — a) > 0. (A.59)
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It comes that
v1(ts, x5, a0) — V2 (ts, Ys, a0) — (x5 — ys) < 0. (A.60)
Letting 6 — 0, we obtain

vy (to, X0, @) — v2(to, X0, a0) < 0. (A.61)

Note that the function @ reaches its maximum at (ts, x5, s, ao). It follows that for all x € R,
te€ [s,T],and i € M, we have

U1 (t/ X, 1) - UZ(tl X, l) - 2ﬂe(T_t)x2 = (D(x/ X, l) < (I)(t6/ X5,Y6, ‘XO)

< vi(ts, xs, a0) — v2(ts, Ys, a0) (A.62)
(2 42),
Again letting 6 — 0 and using (A.61), we obtain
v1(t, x, i) — va(t, x,1) — 27T x? < vy (to, x0, a0) — V2 (to, X0, a0) — 27T ™) (x)* < 0. (A.63)

so, we have

v1(,x,i) = va(t, x,i) < 2ne T2 (A.64)
Second of all, let assume that

1 2
o (ts, X5, 0) — bis — Exéoz(rxo)Xs — xsp(et) (5(x5 ~Ys) + 2116”‘”?65) - Qf (s, x5,7) (@)

2
- j <vl (ts, x5 + y(a0)xs2z) — v1(ts, x5) — y(@0) X521 z1<1) (2) (5 (x5 —ys) + 2116(“)965))
R

xv(dz) <0,
(A.65)

and, moreover, we have
_ _1 2 2 _ Z _ _ (T—ts) _ .
rvy(ts, Ys, a0) — bas 550" (@0)Ys — ysp(ao) 5(xa ys) —2ne" ys ) — Qua(ts, ys, ) (@)
- j (Uz(t6/y6 +y(a0)ysz, a0) — v2(ts, Ys, a0) — y(@0)Ys21jz1<1) (2)
R

X <% (x5 = ys) — 2116(T*t)y5> )v(dz) > 0.
(A.66)
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Let us use the operator ¥(x, u, §, M) defined on the Lemma 3.9; thus,

F(x,0,, M) = ~3x0% (a0) M~ xp(ao)fp - Qu(ts, x, ) (@)

(A.67)
- J‘R (v(ts, x +y(a0)xz, a0) — v(ts, x, a0) — ¥ (a0)xzP) v(dz).
Using the operator ¥, thus (A.65) becomes
roi(ts, X5, a) + ?(xg,vl, %(xg -Ys) + 2X5116(T_t6),X5> -bis <0, (A.68)
and (A.66) becomes
rva(ts, ys, a0) + F <y5,vz, %(xcs -ys) - Zyanea‘tﬁ),lfa) —bys > 0. (A.69)

Combining the last two inequalities, we obtain

2
r(v1(ts, x5, a0) — v2(ts, Ys, a0) ) < ?(yél v % (xs - ys) — Zyﬁﬂe(T_tﬁ),Yﬁ)

2
- 7(966,01, 5 (x5 —ys) + 2x611€(T7t5),X5> + bys — bis.

(A.70)
From Lemma 3.9, there exists a constant C > 0 such that
- (T-ts) 2 (T—tg)
F( ys, 02, 5(965 - ys) —2ysne’ ", Ys ) = F( x5,v1, g(x,s - Ys) +2xsme 79, X5
2
: C(‘ x5 = yal” + 20T (x5 + ) + (%X - y§Y5>) +Qo(ts, x,-)(a0)
6 (A.71)

- Quw(ts,y,)(a) + J‘R([v(tg,x +y(a0)xz, a0) —w(ts, y + y(ao)yz, ao)]
—[v(ts, x, a0) — w(ts, y, a0)] ) v(dz).
Recall that Qu(t, x,-) (i) = Z,‘¢i v(t, x,j) —v(t, x,i), so we have
Qui (ts, x5,°)(x0) — Qua(ts, ys,-) (a0) = D, [v1(ts, xs,i) — 1 (ts, X5, a0)]

iras (A.72)
— [v2(ts,y5,1) — v2(ts, ys, a0)].
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Since @ attains its maximum at (ts, x5, Ys, a0), we have D(ts, x5, ys,i) < D(ts, X5, Ys, X0);
therefore

. N _
v1(ts, x5,1) = v2(ts, Y5, 1) = g|x6 —ys|* + e’ (lxesl2 + |y5|2)

(A.73)
< vi(ts, xs,a0) — v2(ts, Ys, @0) — %Ixs T e <|9€5|2 + |y5|2>-
Thus, we have
v1(ts, xs,1) — v2(ts, Ys,1) < v1(ts, x5, 40) — V2 (ts, Ys, X0)- (A.74)
Consequently, from (A.74) it comes that (A.72) implies
Qui(ts, x5,-) (a0) — Qua(ts, ys, ) (a0) < 0. (A.75)
Note that from (3.11), we have
bis — bas = a‘wﬁ’a%y‘s) = qe”*f&)((xéf + (y5)2>_ (A.76)

Therefore, we have

2
r(vi(ts, x5, @0) = v2(ts, Y5, @0) ) < C(S |xs - ys|* + 27eT) (’% + y§> + <X§X6 - V§Y6>>

+ f ([v1(ts, x5 + y(a0) x5z, a0) — V2 (ts, s + Y (@0)Ysz, a0) |
R

—[v1(ts, x5, a0) = v2(ts, ys, @0)] ) v(dz).
(A.77)

Similarly, for any z € R, we have

D(ts, x5 +y(@0)Xs2, Ys + Y (@0)Ys2, a0) < D(ts, x5, Ys, X0); (A.78)
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consequently, we derive that
J [01(ts, x5 + y(a0) x5z, a0) — V2 (ts, Ys + Y (0) Y52, a0) | v(dz)
R
1
< f [vl(tg,X5,a5) —vy(ts, ys, a5) + 3 | (x5 + y(x0)x52) — (ys +y(a0)Ysz) |2
R
+nel <|x5 + y(ao)xgz|2 —lys + y(ao)y52|2>] v(dz) (A.79)
1 2 2
< | |oilts, xs,a0) — v2(ts, ys, ao) + 5 <|x5 - ys|” + |y(a0)xsz — y(a0)ysz| )
R

+nel (|x<5|2 + |y(a0)x52|2 + |y5|2 + |Y(a0)y52|2>]v(dz).
Therefore, using (2.3), we obtain

IR([Ul (ts, x5 +y(@0)x52, a9) — va(ts, ys + v (20) Y52, %0)]
~[v1(ts, x5, a0) = v2(t5, 5, 0) | ) v(dz)
< IR [% (Jxs = ys|” + [y (@0)xsz = y(@o)ysz|*) (A.80)
et (1ol + [y(ao)xsz|* + |ys|* + [y(a0)ysz|*) |v(d2)

1
el ),
for some constant C > 0. Taking into account (A.75) and (A.80), thus (A.77) becomes

2
r(v1(ts, x5, a0) — 02 (ts, Ys, a0) ) < C(E |xcs — y5|2 +2ne T (xé + yé) + |x§X5 - y§Y5|>.
(A.81)

We know from the Maximum principle that

(- y=(y o)

2
<D, (s Xs,ys) + €<Dfx,y)¢(f6rx&y6)> -

D{, ) $(ts X5, v5)
(A82)
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Moreover,

2/ 1 -1 10
D2 ts, Xs, _ = 2neT-ts) ,
() Pt X5, Y6) = & (_1 ) > +21e (0 1)
2 _
g /1 -1 8113(T ts) /1 -1 10
D2 ¢ , , - 4 2 2(T-ts) A.83
( (xy)‘)b( 5, X5 ya)) 52 <_1 1 ) + 5 11 +ane 01 ( )

:8+8716e(T‘t6) 1 -1 +4112€2(T_t5) 10 ‘
52 -1 1 01
Note that

Xs O
(x5)*Xs — (y5)2Y5 = (xg,y6)< 06 v > (;Z)
—Ys

2/1 -1 10
< (xs5,v5)| = + (21eT) + denPe?T o) A84
< (x5 yé)[6<_1 1> (21 en’e ><o 1> (A.84)

8+8n6eTt) /1 -1 X5
te—— .
5 -1 1 Vs
Letting 7 — 0, we obtain

1 -1
(x5)*Xs — (y5)"Ys < (x5,5) [(% + e%) < - >] <;6>. (A.85)
- 5

Take € = 6/4, this leads to

1 -1
(x5)2Xs - (v5)"Ys < (x5,Ys) [%( >] <x5> = %(xg -ys)". (A.86)

-1 1 Ys

Using (A.50), we obtain

. o 2 X 4 1 -1 Xs
lim sup(xs)“Xs — (ys) Ys < limsup (x5, ys) 3
610 510 -1 1 Ys

= limsupé(xg ~ys5)° =0.
510 0

(A.87)

Letting 7 — 0 in (A.81), we have

2
r(v1(ts, x5, a0) — v2(ts, ys, a0)) < C(g |xs - ys|” + (xf;Xs - y§Y5>> (A.88)
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and taking the lim sup as 6 goes to zero and using (A.87), we obtain
T(’()l(to,xO,ao) —Uz(to,](o,ao)) <0. (A89)

Recall that (ts, x5, Ys, @) is maximum of ®. Then, for all x € R, t € [s,T], and for all i € _#,
we have

D(t,x,x,i) < D(ts, X5, Ys, X0)- (A.90)
It comes that

o1 (t, x,1) — va(t, x,1) — 21T 2% < vy (t5, x5, a0) — V2 (ts, ys, a0) — 217e T~ (xé + y§>.

(A91)
Letting 6 — 0, we obtain
vi(t, x, 1) — va(t, x,7) — 27eTDx? < vy (to, x0, a0) — Va(to, X0, o) — 21T 2. (A.92)
Using (A.89), we have
v1(to, X0, o) — V2(to, X0, a0)< 0. (A.93)

Therefore, using (A.92), we conclude that
vi(t, x,i) — va(t, x, i) — 27T x? < vi(to, x0, a9) — Va(to, X0, a0) — 2T x5 < 0.  (A.94)

Letting 7 — 0in (A.64) and the previous inequality, we have

(%1 (t/ X, l) < vZ(tl X, l) (A95)

This completes the proof of the theorem.
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