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INVESTMENT-CONSUMPTION MODELS WITH TRANSACTION FEES
AND MARKOV-CHAIN PARAMETERS*

THALEIA ZARIPHOPOULOUYt

Abstract. This paper considers an infinite horizon investment-consumption model in which a single
agent consumes and distributes his wealth in two assets, a bond and a stock. The problem of maximization
of the total utility from consumption is treated. State (amount allocated in assets) and control (consumption,
rates of trading) constraints are present. It is shown that the value function is the unique viscosity solution
of a system of variational inequalities with gradient constraints.
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Introduction. In this paper we examine a general investment and consumption
decision problem for a single agent. The investor consumes at a nonnegative rate and
he distributes his current wealth between two assets continuously in time. One asset
is a bond, i.e., a riskless security with instantaneous rate of return r. The other asset
is a stock, whose rate of return z, is a continuous time Markov chain. In our version
of the model the investor cannot borrow money to finance his investment in bond and
he cannot short-sell the stock. In other words, the amount of money allocated in bond
and stock must stay nonnegative.

When the investor makes a transaction, he pays transaction fees which are assumed
to be proportional to the amount transacted. More specifically, let x, and y, be the
investor’s holdings in the riskless and the risky security prior to a transaction at time
t. If the investor increases (or decreases) the amount invested in the risky asset to
y:+h, (or y,—h,), the holding of the riskless asset decreases (increases) to x, — h, — Ah,
(or x,+h,—uh,). The numbers A and w are assumed to be nonnegative and one of
them must always be positive. The control objective is to maximize, in an infinite
horizon, the expected discounted utility which comes only from consumption. Due to
the presence of the transaction fees, this is a singular control problem.

The paper is organized as follows. Section 1 is devoted to the description of the
model and its history; the two main theorems are also stated here. Section 2 contains
preliminaries about the value function. In § 3 we approximate the problem by using
absolutely continuous controls. Finally, in § 4 we show that the value function is the
unique constrained viscosity solution of a system of Variational Inequalities with
gradient constraints.

1. We consider a market with two assets: a bond and a stock. The price P} of the
bond is given by
(1) dP?=rP? dt,
) Pg =Po,

where r> 0. The price P, of the stock satisfies
dP,=z(t)P, dt,

(1.2) Po=p.
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614 T. ZARIPHOPOULOU

The rate of return z is a finite state continuous time Markov chain, defined on some
underlying probability space (Q, F, P) with jumping rate q,,- from state z to state z'.
The state space is denoted by Z. The associated generator £ of the Markov chain has
the form

Zu(z)= ¥ q..lv(z')—v(2)]

z'#z

Let K =max,.,z A natural assumption is K =r. The amount of wealth x, and y,,
invested at time ¢ in bond and stock respectively, are the state variables and they evolve
(see [17]) according to the equations

dx,=(rx,— C,)dt—(1+A)dM,+(1—pu) dN,,
(1.3) dy,=z(t)y,dt+dM,—dN,
Xo=X, Yo=Y, 2(0) =z

For simplicity we assume here that all financial charges are paid from the holdings in
bond. The investor cannot borrow money or short-sell the stock. The control processes
are the consumption rate C, and the processes M, and N, which represent the cumulative
purchases and sales of stock respectively. The controls (C,, M,, N,) are admissible if

(i) C, is F,-measurable, where F, =0 (z,: 0=s=1t), C,=0 almost everywhere for
all t=0, and E [ e "C,ds <+co.

(ii) M,, N, are F,-measurable, right continuous, and nondecreasing processes.

(iii) x,=0, y, =0 almost everywhere for all =0, where x,, y, are the trajectories
given by the state equation (1.3) using the controls (C,, M,, N,). We denote by A the
set of admissible controls.

The total expected discounted utility J coming from consumption is given by

+00
J(x,y,z,C, M, N)=E J e P'U(C,) dt
0
with (C, M, N)e A and z(0) =z, where the utility function U:[0, +c0)-> [0, +00) is
assumed to have the following properties:

U is strictly increasing, bounded, concave, C' function,
and

U0)=0, ling U’(¢)=+o00, lim U'(¢c) =0.

The discount factor B> 0 weights consumption now versus consumption later, large
B denoting instant gratification. Note that the controls M and N are acting implic::ly
through the constraint (iii).

The value function u is given by

+00

u(x,y,z)=sup E J e P'U(C,) dt.
A

0

Our goal is to derive the Bellman equation associated with this singular control
problem and to characterize u as its unique solution. It turns out that the Bellman
equation here is a system of variational inequalities.



INVESTMENT-CONSUMPTION MODELS 615

We now state one of the main results. (For the definition of constrained viscosity
solution, see Definition 3.1.)
THEOREM. The value function u is the unique constrained viscosity solution of

min [(1+A)u,—u,, —(1—p)u,+u,
(1.4) ﬂu—rxux—zyuy—mjtg( [—eu,+U(c)]—-ZLu(z)]=0

Y(x, y, z) € (0, +00) X (0, +0) x Z
with
u(0,0,z)=0, Vze Z,

in the class of bounded and uniformly continuous functions.

We continue with a discussion about the history of the model.

Transaction costs are an essential feature of some economic theories, and many
times are incorporated in the two-asset portfolio selection model. In [3] Constantinides
assumes that the transaction costs deplete only the riskless asset and that the stock
price is a logarithmic Brownian motion. He shows that if an optimal policy exists, it
has to be simple. An investment policy is defined as simple if it is characterized by two
reflecting barriers A, X with A =X, such that the investor does not trade as long as the
ratio y,/x, lies in [A, A,], and transacts to the closest boundary of the region of no
transactions [A, A] whenever this ratio lies outside this interval. He also shows that
proportional transaction costs have only a second-order effect on equilibrium asset
returns: the investors accommodate large transaction costs by drastically reducing the
frequency and the volume of trade. Finally, he proves that the investor’s expected
utility of consumption is insensitive to deviations of the asset proportions from those
proportions that are optimal in the absence of transaction costs. In a discrete-time
version of the model, Constantinides [2], [3] proves that an optimal investment policy
exists and it is simple.

In the continuous time framework, Taksar, Klass, and Assaf [16] assume that the
investor does not consume but maximizes the long term expected rate of growth of
wealth. In the same framework, but with more general assumptions, Fleming et al. [6]
study the finite horizon problem, the average cost per unit time problem, and the
growth problem and their relation.

Davis and Norman [5] relax the assumption that the transaction costs are charged
only to the nonrisky asset. They consider a particular class of utility functions of the
form U(c)=c?(0<p<1), and they prove that the optimal strategy confines the inves-
tor’s portfolio to a certain wedge-shaped region in the portfolio plane.

Finally, there are several directions in which the two-asset problem with transaction
costs can be extended. First, more than one risky asset can be allowed. Although this
extension is straightforward, the computational requirements are enormous. Second,
fixed transaction costs can be introduced. Some single-period models with fixed
transaction costs are discussed in [1], [8], [11]-[14]. In multiperiod extensions of these
models the optimal investment policy is complex, because the derived value function
u(x, y) is no longer homogeneous in x and y. Kandel and Ross [10] introduce quasifixed
transaction costs. They use some aspects of fixed transaction costs and prove the
homogeneity of the derived value function.

2. We examine some of the properties of the value function. Throughout the paper
we assume

(2.1) B>2K+1.
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ProposiTION 2.1. For each z € Z, u is jointly concave in x and y, strictly increasing
in x, and increasing in y.

Proof. Consider two points (x,, y;, z), (X3, ¥2, z). Let €>0 and (C;, Mi, N7{),
(C5, M5, N3) be g-optimal controls for these points respectively. Then

+0co

u(x,,y1,2)=E J e PU(CH dt+e
0

and

+00
u(x,, y,,z)=E J e P'U(CS) dt+e.
0

Moreover, the policy (aCi+(1—a)C5, aMi+(1—a)M35, aN{+(1—a)N3) is admis-
sible for the point (ax,+(1—a)x,, ay,+(1—a)y,, z). Therefore u(ax,+(1—a)x,,
ay;+(1—a)y,,z)=E J';°° e P'U(aCi+(1=a)C%) dt. Using the concavity of U, the
inequalities above and sending ¢ -0 we conclude.

We now show that u(-, -, z) is increasing. Consider the points (x,, y,, z) and
(x5, ¥2, z) with x, = x,, y, = y,. Let e >0 and (C*, M*, N°) be an e-optimal policy for
(%1, y1, 2). Since the policy (C®, M*®, N°) is admissible for the point (x,, y,, z), we have

“(xx,Y1,Z)§u(x2,J’2,Z)+5-

Sending & - 0 yields that u(x,, y;, z) S u(x,, y», ).

Finally, we show that u(-, y, z) is strictly increasing. To this end, let us suppose
that there exist two points (x,, y, z) and (x,, y, z) such that x, <x, and u(x,,y, z)=
u(x,,y,z). Then u(x,y, z) =u(x,, y, z), for all xe[x,, x,]. Since u is concave and
nondecreasing, the interval [x,, x,] cannot be finite. Therefore there exists a point
Xo = 0 such that u(x, y, z) = u(x,, y, z), for all x = x,. Let (C*, M*, N°) be an e-optimal
policy for (x,, y, z). Then

+00

u(xo,y,z)=E J e P'U(CH) dt+e.
0

However, if x,>max (x,, (U '[B(E [, e #'U(C?) dt+¢)]/r), the policy (rx,,0,0)

is admissible for (x,, y, z). Therefore

+00

u(xo, y,z) <% U(rx))=E J e P'U(rx;) dt=u(x,,y,z),
0

which contradicts our assumption. 0

PROPOSITION 2.2. The value function u is uniformly continuous on Q=
{(x,y):x=0,y=0}.

Proof. We first show that u is continuous on ). The value function is continuous
in Q, because it is concave. As a matter of fact, u is Lipschitz continuous in ) with
Lipschitz constant of order 87| U||(x, y)|7".

We next show that u is continuous on the boundary. We start with the point (0, 0).
Since u(0, 0, z) = 0 (this is an immediate consequence of the assumptions in the model),
we argue by contradiction.

Let us assume that for some fixed z,€ Z there exists a positive constant M such
that lim(, ). 0.0 #(X, y, Zo) = M. Then there exists a sequence (x,,y,)—>0 such that
u(x,, Yn, 20)> M/2, forall ne N. If (C", M", N") is an g-optimal policy for the point
(Xa, Yn» Zo) and (x7, y?) is the corresponding trajectory, let wi=x7+(1—u)y; and
w" =x,+(1—pu)y,. Since the process M7 is nondecreasing we get

dwi=(r+K)w; dt—C7 dt
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and

t
E J e »Clds=w"—E[ePw]]=w",
0
where we used (2.1) and w; =0, almost everywhere for all t=0. From Jensen’s
inequality we have

+00 1
u(Xp, Yn, 20) — € =E J e P'U(Ch) dt§E u(w").

(]

Sending n - o and using that U(0) =0, we get

M
0< > <e.
Sending £ -0 we get a contradiction.

We now show that lim, . (x,.0) U(X, ¥, 2) = u(x, 0, z), for all ze Z. As a matter
of fact, it will be an immediate consequence of the proof that lim,., u(x, y, z) =
u(x, 0, z) uniformly with respect to x. Consider a point (x,, 0, z) with x,> 0 fixed and
a sequence (x",y", z) such that x", y" >0 and lim,_,. (x", y")=(x,,0). Since u is
locally Lipschitz it suffices to show that lim, . |u(x,, ¥", z) — u(x,, 0, z)| = 0. Finally,
since u is increasing, we only need to show that u(x,, y", z) = u(x,, 0, z) + ¢ for any
&£>0 and n sufficiently large.

Let (C", M", N") be an g-optimal policy at (x,, y", z). Then

+o0
u(xo,y",z)=E f e P'U(Cy) dt+e.
0
Moreover, the control (C", M", N"), where dM ! = dM+ y"8,(t), is admissible
for (xo+(1+A)y", 0, z). Therefore

+00
E J e P'UCT) dt=u(x,+(1+2)y",0, z).
4]

Combining the last two inequalities, we conclude. Note that all the above arguments
were uniform with respect to x,.

We next show that lim, ;) (0,y,) (X, ¥, 2) = u(0, yo, z), Yz € Z. Moreover, it will be
an immediate consequence of the proof that lim .o,y #(X, y, z) = u(0, y,, z), uni-
formly with respect to y.

Let (0, yo, z) with y,>0 fixed. Arguing as before, we simply have to show that if
£>0 and x" >0 then u(x", y,, z) = u(0, yo, z) + &.

Let (C", M", N") be an e-optimal policy for (x", y,, z). Then

+00

u(x",y0,2)=E J e P'UCT) dt+e.

(]

Moreover, the policy (C", M", 1_\7 ") is admissible for the point (0, y,+
(x"/1—u), z), where N" is given by dN§ =dN7+(x"/1—pu)8y(t). Therefore

+00 n
EJ, e P'u(Ccy) dtéu(O,y0+1—x—,z).
—

0

Combining the last two inequalities, we conclude.
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We now show that u is uniformly continuous on Q.
We argue by contradiction. If u is not uniformly continuous, then there exist
sequences (X,) and (X,), X,,, X, €Q, such that, as n >, | X, — X,|> 0 and

(2'2) |u(Xna ZO) - u(X—n’ ZO)l =e¢

for some £>0 and z € Z.

In view of the first part of the proof, u is uniformly continuous on compact sets.
Hence either (X,) or (X,), and therefore by assumption both must be unbounded.
Let X, = (X, y») and X, = (%,, 7,,). If lim, . x, >0 and lim, . y, >0, then the same
holds for (%,, y,). Since u is concave, locally Lipschitz with Lipschitz constant of order
|X|7", (2.2) cannot hold.

We finally need to check what happens when either lim,, . X, > 0 or lim,, o ¥, =0.
Here we only study the first case, since the other is similar. Without any loss of
generality, we may assume that lim,,_, x, =0 and lim, .« y, = +0, otherwise we work
along an appropriate subsequence. Then lim, .. X, =0 and lim, . 7, =+0c0. On the
other hand,

|u(xna yn) - u(in, }-"n)| = |u(xna yn) - u(xn, .}-)n)‘+ |u(xn’ J?n) - u(xn’ J-)n)|
= |u(xn9 yn) - u(xn’ .)7n)|+ |u(xn> yn) - u(O, yn)|
+[u(0, 7)) = u(%,, 7).

Letting n > o0 above and using the fact that u is Lipschitz continuous with respect to
y uniformly with respect to x (the Lipschitz constant being of order y~') and that
lim,_ . u(x, y) =u(0, y) uniformly with respect to y, we conclude. O

We now consider a similar control problem in which the controls, which represent
the rates of trading, are assumed to be absolutely continuous processes. More precisely,
we fix a positive constant L and we consider a market which offers a bond and a stock
with prices evolving according to (1.1) and (1.2), respectively. The state variables X,
and y,, which are the amount of money invested in bond and stock, obey the state
equations

dx,=(rx,—C,)dt—(1+A)m,dt+(1—pu)n, dt,
(2.3) dy,=z(t)y, dt + m, dt —n, dt,

X0=X,Y0=Y, Z(O)=Z-

The controls of the investor are the consumption rate C, and the rates of trading m,
and n,, which are assumed to be almost everywhere bounded by L. The set of admissible
controls A; consists of controls (C, m, n) such that

(i) C,is F,-measurable where F,=o0(z,: 0=s=1t), C,=0 almost everywhere for
all t=0and E [, e "C, ds <+o0.
(ii) m,, n, are F,-measurable right continuous and nonnegative processes.
(iii) 0=m,, n,= L almost everywhere ¢ =0.
(iv) x,=0, y,=0 almost everywhere ¢t =0, where x,, y, are the solutions of (2.3)
using the controls (C, m, n).
The assumption that E j;' * 7", ds <o is redundant here. Indeed, one can easily
show that it follows from (iii) and (iv).
The control objective is to maximize the expected discounted utility from consump-
tion over the set of admissible controls. For each fixed L> 0, the value function is
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given by

+00
u'(x,y,z)=sup E J e P'U(C,) dt,
AL 0
where U is the usual utility function and B> 0 is the discount factor.

PROPOSITION 2.3. The value function u" is jointly concave in x and y, strictly
increasing in x, and increasing in y.

Proof. The proof follows along the lines of Proposition 2.1. O

PrOPOSITION 2.4. The value function u" is uniformly continuous on Q0 uniformly
in L.

Proof. u" is concave and therefore locally Lipschitz in . Moreover, the Lipschitz
constant is independent of L, since u" is uniformly bounded by || U||./B. Therefore
u" is continuous in Q uniformly in L. Working as in Proposition 2.2, we can prove
that u" is continuous at the point (0, 0) independently of L.

We now show that u" is continuous in Q,={(x, y): x>0,y =0}. We argue by
contradiction. Since u" is locally Lipschitz in Q, and nondecreasing, it suffices to
assume that there exist zo€ Z and x,> 0 such that u"(x,, 0, z,) <lim,, .o u"(xo, Yn, Zo)-
This is equivalent to assuming that there exist 6 >0 and N,> 0 such that

uL(xo, 0, zo)+0§uL(x0,yn, Zo), Vnz= N,.

On the other hand, the principle of dynamic programming gives

T

uL(xO, 0’ ZO) =zE [J e_ﬁSU(CY) dS + e_BTuL(x‘r, Vs ZT»)]

0
for any random time 7.

Let C,=0, m,=1 and n,=0, for all t=0, t,>0 and 7, =1¢, A 7,, where 7, is the
first jump time of the process z,. Then (2.3) gives

1+A
X, =Xg e — " (exp (rr,)—1)
and
_exp (zo7,) — 1
Tn ZO .
Therefore

u"(x,0,2)Z E [exp (—Bn)uL(xo exp(rr,)
1+A ) — 1
- (exp (-, ERETIZL
r Zy
and, since u" is nondecreasing

exp (Zot,) —1

0

1+A
(30,0, 20 = exp (-1 (30— (exp () -1, 2) Pz, =20

We now choose t, such that (exp (zot,) —1)/zo=y,. Using that u" is Lipschitz con-
tinuous in O (with the Lipschitz constant k = k(x,) independent of L), we obtain that

1

uL(xo,o,ZO)zexp(—Btn)P(z,"=zo>[uL<xo,yn,zo)—k ‘:Nexp(nn)—l)].



620 T. ZARIPHOPOULOU

Combining the above yields

1+
r

u"(x,,0, zo) Z exp (—Bt,) P(z, = z,) [uL(xo, 0,z))+6—k (exp (rt,) — 1)] .

We now send y, 0. Then lim, ., t, =0 and lim, . P(z,, =2,) =1 and 8 =0, which is
a contradiction. Therefore u” is continuous in Q,. It is also easily seen that the
continuity was proved uniformly in L. Working similarly we can show that u" is
continuous in O, ={(x, y): x =0, y >0} uniformly in L. The proof that u" is uniformly
continuous on { is similar to the one of Proposition 2.2 and therefore we omit it. a

3. In this section we characterize the value functions u" and u. We show that u”
is the unique viscosity solution of the corresponding Hamilton-Jacobi equation. We
also show that the limit of u" as L- oo coincides with u, which is a unique viscosity
solution of a system of variational inequalities. We first give the definition of viscosity
solution, which was introduced by Crandall and Lions [4].

We consider a nonlinear partial differential equation of the form

(3.1) F(X,z,u(X,z), Du(X, z))=0

where zeZ, X =(x,y) with (x,y)eQ, Du(X,z)=(ou(X, z)/dx, du(X, z)/3dy) and
F:QOXZxRxR*> N is continuous, for each ze Z.

DEFINITION 3.1. A continuous function u:Qx Z - R is a constrained viscosity
solution of (3.1) if

(i) u is a viscosity subsolution of (3.1) on , i.e., if for each ze Z

(3.2) F(X,z,u(X,z),r)=0, VX =(x,y)eQ and re D, u(X, z),

where

X+hz)—u(X,z)—r-h
D{s,u(X, Z)={re§R2: lim sup u( . 2) |hli( 2)r 0};
h->0

(ii) u is a viscosity supersolution of (3.1) in Q, i.e., if for each ze Z

3.3) F(X, z,u(X, z),r)=0, VX =(x,y)eQ and re D, yu(X, z),

A

where

X+hz)—u(X,z)—r-h
D(_x,y)u(X,z)={re§R2:1inhli0nfu( 2)—ulX,z) = r ;0}.

||
We now give an equivalent definition.
LeMMA 3.1. The above definition is equivalent to the following:
A continuous function u:Q X Z >R is a constrained viscosity solution of (3.1) if
(i) u is a viscosity subsolution of (3.1) on Q, i.e., if for all $ € C'(Q) at any local
maximum point X,€ Q of u— ¢ the following holds:

F(X09 2, u(XO’ Z)’ Dd’(XO’ Z))go’

for each ze Z.
(ii) u is a viscosity supersolution of (3.1) in Q, i.e., if for all $ € C'(Q) at any local
minimum point X,€ Q of u— ¢ the following holds:

F(XO’ Z, u(XO, Z); D¢(XO, Z))go

for each ze Z.
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For the proof see [4]. 0
We next show that u” is the unique constrained viscosity solution of

Bu"=rxut+ zyuf+ma3( [—cut+ U(c)]+ Lu(z)
(3.4) + max [~(1+A)us+uym+ max [(1-p)ul—uyln,

ut(0,0,2z)=0, VzeZ

This fact follows along the results of Fleming, Sethi, and Soner [7] and Soner [15],
appropriately modified to deal with the generator of the process.

THEOREM 3.1. (i) u" is a viscosity subsolution of (3.4) on Q) x Z.

(ii) u" is a viscosity supersolution of (3.4) in Qx Z.

Proof. We first approximate u” by a sequence of functions {u""} defined by

+co
utN =sup E J e P'U(C,) dt,

ALN 0

where
A n={(C,m,n)e A :0=C,=N ae. Vt=0}.

Working exactly as in Propositions 2.3 and 2.4, we can prove that u™" is concave in
(x, y) and continuous on Q) x Z. The corresponding Hamilton-Jacobi equation is

Bu""N =rxup™N + zyu N + max [—cutN+ U(c)]+ Lu™N(z)

3.5
o + max [=(1+)ul™ +ufNm+ max [(1-p)ub™ —upn

N'is a viscosity subsolution of (3.5) on Q. We will need the

We first prove that u®™
following lemma.

LEMMA 3.2. Let ve C,(0) be concave, where O is an open subset of R". Then

(i) D'v(X)#,¥VXeO
and

(ii) if pe D v(X,) and AM(X — X,)+ X,€ @, VX €O and A€[0,1], then v(X)=
v(Xo) +p(X = Xo).

Proof. (i) Let X, € O be fixed and consider the functions v® = v * p,, where £ >0,
p. is a standard molifier and * denotes convolution. Since v° - vas € > 0in B(X,, r) < O,
for some r> 0, the functions v° are bounded in B(X,, r) uniformly in . Since the
v°®’s are also concave (recall that v is concave), the v°’s are also Lipschitz continuous
in B(X,, r) and the Lipschitz constant in dependent of &. By Taylor’s theorem and
concavity, we get

0°(X)=0°(Xo)+ Do (Xo)(X = X,), VXeB(Xo,r).

Since |Dv®(X,)| = C, along subsequences &,~>0 we have Dv, (X,)->p with pe R™.
Letting ¢, > 0 above, we get

v(X) =0v(Xo)+ p(X — X)), VX e B(X,, 1),

which in turn yields that p e D v(X,).
(ii) Let pe D" v(X,). Then

o(X)=0v(Xp)+p(X —Xo)+o(| X —X,|]), VXe0.
Fix X € 0. Since A(X — X,)+ X, € 0, for all A €[0, 1], the concavity of v yields
v(AM(X — Xo) + Xo) = A0(X) + (1= A)v(Xy).
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Combining the last two inequalities, we get
Ao(X) + (1= 1) v(X,) = v(Xo) + Ap(X — Xo) + o (|A(X — Xo)]).
Therefore
A0(X) = Av(Xo) +Ap(X — X))+ 0(A| X — Xo).
Dividing first by A and then sending A - 0, we conclude. O
We continue now with the proof of Theorem 3.1.

Proof. (i) In view of the definition of the constrained viscosity solution, we need
to show that, if (xo, yo, z) € 2 X Z is such that D" u"" (x,, yo, z) # O, then

Bu™N(xo, o, 2) = rxop, + 2V0q. +max [—cp,+ U(c)] + max [-(14+A)p,+q,1m
+ max [(1-u)p. —g:In+Lu"" (xo, yo, 2)

for every (p,, q.) € D u™"(x,, o, z). To this end, assume that (x,, yo, z) and (p., q.)
are such that (p,, q,) e D u""(x,, o, z), z€ Z, and define ®: R xR xZ >N by
D(x, y, z) =u"" (X0, Yo, 2) + p-(x = X0) + 4.y — o).
Lemma 3.2 yields
utN(x, y,z) =®(x, y, z), for all (x,y,z) e QX Z

On the other hand, the dynamic programming principle implies that for any stopping
time 7> 0,

uL’N(x03 Yo, ZO) =sup E {J’ e_ﬂsU(Cv) dS + e_BTuL,N(x'r’ Yrs Z(T)):l .
ALN 0
Since u™N = ®, the above equality yields
q)(-)CO’ Yo, ZO) = sup E [J e_ﬁs U(Cs) dS+ e_BTq)(xT’ Vs Z(T))] .
ALN 0

Let 6 be a positive constant and 7, be the first jump time of the process z(¢). Using
Dynkin’s formula and the fact that ®,.(x,, yo, 2o) = p,, and ®,(xo, yo, zo) = q., We obtain

E[e_B(OM')q’(xeM,, Yonrs 2(0 A 7)) = P(xo, Yo, Z0)]
OnT,
= E [J e*‘BS(_B¢(xS’ YVs» Z0)+ rpzoxs + Zoqzoys +$(D(xs’ Vss ZO)

0
_pzocs +[_(1 +)\)sz+ qzo]ms + [(1 “,U«)on” qzo]ns) ds:l .

Let 6=1/¢ and (C%, m% n‘)e A,y be an 1/¢*-optimal policy. Then, combining the
above inequalities, we get

1 (1/)nr,
ﬁﬁé E J e_ﬂs[ U(Cf)+ er(,xs + Zoqzoys +$q)(xs, ys, ZO) _oncf
0

= BO(x,, ys, 20) +[~(1+ 1)psy + gz, Jm+[(1 = w)ps, — g, 10 (] ds.

On the other hand, the state equations together with the constraint 0= m,, n,= L for
almost every ¢ =0 give

l_
|xf—x0| =(e"-1) [x0+~r—u ],

L
lyi—yol=(e* —1) [J%"’E]-
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Using the above and the form of ®, we can find a constant C,; such that

1 1/6n, B
_'Zgé E J e ﬂs["onxo“‘Zo‘Izoyo"'xq)(xo, Yo, Zo) — BD(xo, Yo, 20)] ds

0

/€ nm,
+E J e P LU(CH)—p,Ci+(—(1+N)py+ g )mi+((1— p)p,y— q.,)ne] ds

e Ps l:(e” -1) <x0+1_—ﬂ' L) +(eX" -1) (y0+£>] ds.
r K

Taking into account that the controls and the utility function are bounded and that
D(x0, ¥o, 20) = || U|l/ B, We can also find a constant C, such that

[CVZITXA
e

0

1 1/ On,
——?é C,E J:) (1—e™?) ds
(1/€)nr, 1— L
+CIEJ e"‘”[(e's—l)(x(ﬁ—” L>+(eKs——1)(y0+—-)] ds
0 r K
(/)T
+E ["onxo"' ZO‘IzoJ’o+$q)(xo, Yo, 20) — B®(Xo, yo, 20)] ds
JO
"(1/4,’)/\-1-l (1/6)am,
+E u(c ds—EJ szCfds
JO 0
[ (1/&)nT 1/€)am,
+E (_(1+)‘)P20+qzo)mf ds+E J ((I_M)pzo~q24))nf ds.
JO 0

We now divide both sides by E[(1/€) A 7,] and we pass to the limit as £ co. The first
two terms will go to zero. Let

. 1 (1/€)nr, .
ot MECCE
W 1 . J’(l/()/\fl ‘g
TTEQoAm ), OF
. 1 (1/()/\7-l .
A3=mEJO (—(1+)\)p20+q20)m5 ds
p 1 /&), p
A4=mE L (1= p)pz, = gz, ds.

_ Let T xy={U(C), C,m,n} for 0=C =N,0=m,n= L Then (A{, A5, A{, Aj)€
col' . Since the latter is a compact set, there is an element (A,, A,, A;, A;) to which
(Af, AL, AY, AL) converges along a subsequence. We conclude easily that

B®(x0, Yo, Z0) = rXoPz, t Zoyogz, + max [—cp,,+ U(c)]+ max [~(1+A)p;,+q,]m
+ max [(1-p)ps,—qln+LP(xo, yo, 20)-
Using that ® = u"" at (x,, yo, 2o), We get (3.2).

We will next show that limy_,. ™" = u" uniformly on compact subsets of { X Z.
We will need the following lemma.



624 T. ZARIPHOPOULOU

LemmMa 3.3. Let (C.,,m,n)e A and N>0. Then (C.A N, m.,n.)e A; n and

lim E I e PU(C,AN)ds=E j e P U(Cy) ds.
—>00 0 0

We first prove the allove claim and then we present the proof of Lemma 3.3. To
this end, fix (xo, Vo, 20) € Q2 %X Z and let (C?, m?, n?) € A, be an e-optimal policy. Then

+00
u(x, yo, 20)=E J e PU(C:) ds+e.
0

On the other hand, Lemma 3.3 yields that, for each N>0, (C*A N, m?, n’)e Ay n
and
+o00

+00
E J e PU(CE)ds=E J e PU(CEAN)ds+e for N= N(e).

0 0
Combining the last two inequalities yields

+00

uL(xo,yo,zo)éEJ e PU(CEAN)ds+2e =u™N(x0, yo, 20) +2¢ for N= N(g);

0
hence u™™(xo, yo, zo) is a nondecreasing sequence that converges to u"“(x,, Yo, Zo)-
Since both u™" and u" are continuous functions, Dini’s theorem implies that u™" - u"
locally uniformly.
Proof of Lemma 3.3. The fact that (C.A N, m., n.)e A, y follows immediately
from the definitions of A, and A; .
On the other hand, since U is increasing, bounded and U(0) =0,

)

OéEJ e PU(C,)ds—E I

0 0

e PU(C,AN)ds=||U|E [I

{C=N}

e Bs ds].

To conclude we need to show that

lim E [I e ” ds] =0.
N >0 {C,= N}

However,

NE[I e P ds] éE[J e P C, ds] =E J e PC, ds <o,
(C;=N} (C,2N} 0

where the last inequality follows from the facts that (C., m., n.)€ A, and B > r. Hence

1 (o)
E [I e P ds] =—E J e PC, ds.
(C,=N} N Jo

Letting N —» o0, we conclude. ]

Finally, we show that u" is a viscosity subsolution of (3.4) on Q. Let (p,,, q.,) €
D?x,y)u’“(xo, Yo, Zo). Then there exists (cf. [4]) a smooth function ¢ :RxXRXxZ >N
such that ¢.(xo, yo, 20) = p.,, ¢,(Xo, o, 20) = q,, and u"— ¢ has a strict local maximum
at (Xo, yo, Zo). Then (u™N —¢)(-,-, z,) has a local maximum at (xu, yn, Zo) and
(XN, Yns 20) = (X0, Yo, 20). Moreover,

PuT (ens ys 20) S rinpy t bt tmax [=ept U]+ max, [=(1+ e+ ge)m
+oglna§x1, [(1=p)ps, = gz, ]m +Zu""N (xn, YN, 20)-

Sending N - 0o, we get that u" is a viscosity subsolution of (3.4).
(ii) We now prove that u™" is a supersolution of (3.4) in Q. Let (xo, yo, zo) € Q
and (p,,, q.,) € D(x,yu™"N (%o, Yo, 20)- Since, by Lemma 3.2(i), D*u™"(x,, yo, z) # &,
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the properties of D" and D~ yield that u™" is differentiable in the X-direction at the
point (x,, yo, Zo) (cf. [4]). Let ® be defined as in (i). There exists a continuous function
h with h(0) =0 such that

uL,N(x7 y’ ZO) = (I)(x, ys ZO)+|X _Xolh(|X_X0|)'

Using again the dynamic programming principle, we get

0
(X0, Yo, o) Zsup E “ e PU(C,) ds+e P’ D(x,, yo, 2o)

ALN 0
(3.6) g0
+e 7| X, — Xo|h(|Xo — x0]) |-
Let (C,m,n)e A, n With C, = Cy, m,=mqy,n,=ny,Vt=0and 7= 60 A1, where =T A
inf{r>0: x2=0}rinf {7>0: y2=0} and x?, y? are the corresponding trajectories.
Using Dynkin’s formula and (3.6), we get

e [(e’s—l)(x0+1——ﬂ L) +(eKs—1)(y0+~£)] ds
r K

AT,
0= CIEJ

0

onT,

+ C,E J (1—e #) ds

0

0/\‘1-l
+E J [U(Cy) =D, Cot rXopy+ 2oyo 4., + [-(1+ /\)on+ qz,1mo

0
+[(1 _M)on_ Gz, Ino+ LP(xo, yo, 20) = BP®(xo, Yo, 20)] ds

for some constants C; and C,. Dividing by E[6 A 7,], sending T -0 and using that
u™N(x0, ¥o, 20) = ®(x,, ¥o, 2o) We obtain (3.3). Finally, working similarly as in (i) we
can show that u" is a viscosity supersolution of (3.4) in Q. 0

THEOREM 3.2. Let u and v be bounded, uniformly continuous such that u is a
viscosity subsolution of (3.4) on Q and v is a viscosity supersolution of (3.4) in Q. Then
u=von Q.

Proof. Let X =(x,y)eQ, P=(p,q)€ RxR and H:Q)xZ x R’>~> R be given by

H(X,z P)=rxp+zyq+ F(p)+ max [(1+A)p—gqlm+ max [-(1-p)p+qln,
where F(p) =max.-o[—cp+ U(c)], p>0.
We argue by contradiction; i.e., we assume that

3.7) max sup [u(X, z) —v(X, z)]>0.

zeZ
Then for sufficiently small >0
(3.8) max sup [u(X, z) —v(X, z) — 6| X|*]>0.
zeZ xeQ
Indeed, if not, there would be a sequence 6,0 such that max,., supxeq [u(X, z) —
v(X, z)— 0,|X|’']=0, which in turn yields max,., supxcg [u(X, z) —v(X, z)]=0,
contradicting (3.7).

Since the process z takes a finite number of values and u and v are bounded, we
can find points zo€ Z and X €} such that

(3'9) u(X’ ZO) - U(Xa ZO)— 0|X|2=mazx sup [u(X’ Z) - U(X9 Z)_ G‘XIZ]-
262 Xe

In what follows we omit z,.
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Next, for ¢ >0 we define : QA x Q>R by

Y-X
‘8——4(1, 1)

2

(X, Y)=u(X)-o(Y) - - 61X,

and we claim that ¢ attains its maximum at a point, say (X,, Yj,), such that for £ small
and some £>0

(3.10) | Yo— Xo|= le.
Indeed, observe that ¢ is bounded. Let (X,, Y,) be a maximizing sequence. Then

Y,—X,

2
lim [u(X,,)—v(Y,,)— —S—"4(1,1) ——0|X,,|2:| =sup ¥(X, Y)<+c0.
n->oo £ aOxQ

However,

(3.11)  sup (X, V)= (X, X +4e(1,1)) Zu(X) - v(X) - 0| X|* - w,(ke),
QxQ

where w, is the modulus of continuity of v and k> 0. Using (3.8) and (3.9), we see
that for ¢ sufficiently small
(3.12) sup ¢(X, Y)>0.
OxQ
We also observe that if
2

=0

u(Xn)_v(Yn)_

Y, - X,
— 41,1
£

as n—> o0 we contradict (3.12). Therefore
2

u(X,)-o(Y,) = “—4(1,1)

2

Y, - X,
E

which implies (3.10). On the other hand, the choice of (X,, Y,) and (3.12) yield that
the sequence (X, ), and, in view of the above observation, (Y,,) are bounded as n - .
Hence, along subsequences, (X, Y,) converge to a maximum point of ¢, which we
denote by (X, Yy).

Moreover, (3.10) and (3.11) give
2

Yo = w,(ke)+ w,(Lle).

— X,
——-4(1,1)

€

(3.13)

We can choose ¢ small such that , (ke)+ w,(fe)=1. Then there is a vector e with
le| =1 such that Y,= X,+4e(1, 1)+ ge, which implies that Y,€ .

We now consider the functions
2

Y-X
° _0|X0|23

€

~4(1,1)

¢(Y)=u(Xo)—|

2

+ 0| X .

$(X)= v(Yo)+

Y,— X
———4(1,1)
E

Since u— ¢ has a maximum at X,€{) and v— ¢ has a minimum at Y,eQ, applying
the definition of viscosity solution as in Lemma 3.1, we get

ﬁu(XO, ZO)é H(X()a 20, Pe +20X0)+ Z ‘Izoz’[u(XO, Z)_—u(XO’ ZO)]

zo#z'
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and
BD(YO, Zo)iH(Yo, ZO,PE)+ Z onz'[U(Yo,Z)_U(YO, ZO)];
zo#2z'
where
2(Y,— X
Pe=——<°—-9—4(1,1)>.
€ €

Combining the above inequalities yields
Blu(Xo, z0) — v( Yy, 20)]=[H(Xo, 2o, P. +20X,) — H(Y,, 2o, P.)]
(3.14) + X onz'[“(Xo, z) —u(Xo, zo) — (Yo, 2) + v(Yo, 20)].

zo#2’

On the other hand, from the definition of H, we have that
|H (X, 2o, P. +20X,) — H(Y,, 2, P.)|
=|H(X,, zo, P. +26X,) — H(X,, 2, P.)|+ K|Xo— Yo||P.|
for some K >0. Let X,=(x,, yo) and P, =(p,, q.). Then

(3.15)

H(Xo, Yo, 2o, 26%o+ P, 20y0+ q.) — H(Xo, Yo, Zo, Pe, 4) =260[ x5+ zy5]

+ [[Orgn"gl; [(1+2A)(20x0+ p.) — (20y0+q.)Im] —[(1+A)p, — qs]L]

+ [[02_13; [-(1—w)(26x0+p.)+(20y0+ g ) In]—[-(1— p)p. + qe]L]

= COL|X,|+26[rxi+ zy3] = 0| Xo|*+ 0C*>L*+26[ rxi+ zy3]
=B0|X,["+ C*L%s,

for some C >0, where we used that K =, (2.1), and that F is a decreasing function.
Using the above inequality and (3.10), (3.13), and (3.15), we get

|H (X, 2o, P. +26X,) — H(Y,, z,, P.)|
=2K{[w,(le)+ w,(ke)]'*+ BO| X, + C>L?6.
Moreover, from (3.10) we have
u(Xo, z) — v(Xo, z) S u(X,, zo) — v( Yy, z0) + w,(ke),
which combined with (3.11) gives
[u(Xo, z) —u(Xo, z0)1—[v( Yo, z) —v( Yy, 20)] = w,(ke) + w,(fe).

Finally, using that 0=¢,,=1and },_, q..,=1, we get
(3.17) Lu( X, zo) — Lv(Yy, 20) = w,(ke) + w,(Le).

Using now (3.14), (3.16), and (3.17), we have

Blu(Xo, z5) — v( Yo, 2o) — 8| Xo|* 1= 2Kl [ w,(€e) + w, (ke )]"/?
+ C*L*0+ w,(ke)+ w,(£e),

(3.16)

and, using the definition of (X, Yj),
C’L?¢

max ¥(X, Y)éé— [2K([wv(fe)+wu(ke)]1/2+w,,(k£)+w,,(fe)] +
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Then, however, (3.9) and (3.11) yield
max sup [u(X, z) - v(X, z) - 01X
XeQ
2r2

= wv(ks)+% 2Kl w,(€e)+ w,(ke)]V*+ w,(ke) + w,(£e) ]+ crL

6,

which, in turn, implies that
2r2

C°L
u(X,z)-v(X,z)-0|X’=

0 VXeQ and Vze Z

Letting 8-> 0 contradicts (3.7). |

Remark 3.1. Although it was not necessary for the above proof, but it will be
used later on, we show that

. . 2 __
(3.18) 1;113 13101 6|Xo(6, ) =0.

Indeed, from (3.11) we have
¥(Xo, Xo)+ w,(ke) Zu(X) —v(X) - 0| X[” — w,(ke),
which yields
(3 19) u(X09 ZO) - U(X(), ZO) - 0|XO'2 g [u(X_’ ZO) - U(X, ZO) - OIXIZ] _Zwv(ke)’
and, in turn sup,- | X,(6, e)|<oo
Therefore there exists Xo(8) such that lim,_,|Xo(0, £)]*= XO(O), otherwise we

contradict (3.19). The limit here is taken along subsequences, which to simplify notation
we denote the same way as the whole family. By sending €0, (3.19) combined with
(3.9) implies
(3.20)  u(Xo, z0) — v(Xo, z0) — 0| X = u(X, z) - v(X, z) - 0| X? VXeQ,VzeZ
We now send 6 0. If limy,, 6| X|> = a # 0, again along subsequences, (3.20) yields

max sup [u(X,z)—v(X, z)]—a= max sup [u(X, z) —v(X, z)].

zZE Q ze ﬂ

Therefore max,., supg [u(X, z) —v(X, z)] <0, which contradicts (3.7).

PROPOSITION 3.1. As L->o0, ut>we C(Q).

Proof. Fix (x,, yo) € Q. The sequence u"(x,, y,) is increasing as L - oo, therefore
lim; Lo u™(xo, yo) = w(xo, yo) exists. Moreover, since the functions u" are continuous
at (xo, yo) uniformly in L, w is continuous on Q. O

4. In this section we prove that w coincides with the value function ue C({).
We first show that u is a constrained viscosity solution of a certain variational inequality
and second that this variational inequality has a unique constrained viscosity solution.

THEOREM 4.1. The value function u is a constrained viscosity solution of

min [(1+A)u, —u,, —(1— w)u, +u,, Bu—rxu, — zyu, — F(u,) — Fu(z)]=0
V(x, y, z) € (0, +00) x (0, +00) X Z with u(0,0,z)=0,Vze Z

Proof. We first show that u is viscosity subsolution of (4.1) on Q. To this end, let
(%0, Yo, Zo) be fixed with (x,, yo) €2, consider (p.,, q.,) € Dx,u(Xo, yo, Zo) and define

O:RxRAXZ->NR by

q)(xa y9 Z) = u(xO’ Yo, Z)+pz(x_x0)+ qz(y _J’o),
where (p., q.) € D{,, u(xo, yo, z). Lemma 3.2 yields
(4.2) u(x,y,z) =®(x, y, z).

(4.1)
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We are going to show that

(4.3) min[(1+A)p,,—q.,, —(1 = p)p,,+ 4z, BU — 1Xop., — Z0Yoqz, — F(p2,) — Lu(z0)1=0

where F(p)=max.o[—cp+ U(c)].
If (1+A)p,,—q.,=0 or —(1—pu)p, + g, =0, the above inequality is obvious. So let
us assume that

(4.4) (1+A)p;,—q,,>0 and —(1—pu)p,,+4q,,>0.

In the following, we are first going to assume that the control C is suchthat 0= C, = N
for almost every ¢t =0, and then we will remove the upper bound. Since the arguments
are similar to the ones used in Theorem 3.1, we proceed as if there is no bound on C.
Later, we will mention when we use this upper bound.

Applying the dynamic programming principle at the point (x,, y,, zo) With stopping
time 0 =(1/¢) A 7, =min {1/¢, 7.}, where 7, is the first jump time of z,, we obtain

6 ]

e P U(CY) ds+e Pu (e"’ (xO—J e "Cids

0

u(xo, o, 20)=E [J
0

(4.5) |
—(1+A)mb+(1—p)nb), e (yo+ iy — ), zo)] +2

where (CY, M4, N¥) is an 1/ ¢*-optimal policy and

[ 0
m§=J e " de,;ﬁf,’=J exp (—zos) dM¢
0 0
and
[} 2]
n£=J e‘”de,r'ig———J exp (—zos) AN ..
0 0
Let r= z, (the case r <z, is treated similarly). Then
(4.6) m4=m4 and nf=hs.

Since the control (C% M¢ N¥) is admissible, we also have

2]
(4.7) xo~J e"Clds= (1+)mb—(1-p)nf
0
and
(4.8) Vo= —hG+ il
Moreover,
o r— Z,
(4.9) iy = (exp (r—z,)80) J' e " dM‘= (exp (70)> m’
0

and, similarly,

(4.10) ﬁﬁé(exp (r—(zo)) n.

From (4.7)-(4.10) we get

Xo+(1—
mggw,

(4.11) p
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where ¢>0 is such that (1+A)—(1—pu) exp ((r—zy)/ €)= ¢ for ¢ sufficiently large.
Similarly,

eXp ((r_Zo)/f)xo'i'(l+/\)J’0S2xo+(1+/\)J’0
c o c

(4.12) né

IA

for ¢ sufficiently large.
Moreover, since

6
mg=J e " dM{=exp (—r/€)(M}— M),
0

using (4.11) we obtain

(4.13) Mé—Mé=exp (r/[)ﬁ)—-l-(lcm—'u)y0

for some k,> 0, and, similarly
(4.14) N4{—Ni=k,

for some k,>0. _
Therefore there exist constants C, K, and K, such that

0
- K
(4.15) rﬁﬁ—mﬁéEJ Cdef§7‘
0
and
K
(4.16) ﬁﬁ;——n‘;g?z.

Using that u is a nondecreasing function, r = z,, (4.5), and (4.15), we have
u(Xo, Yo, 20) = | U||E(8) + E[e Pu(e”(xo+ X,), " (yo+ Yo), z5)
(4.17) —e Pu(xo+ Xy, yot+ Yo, 20)]
+ E[e Pu(xo+ Xy, yot+ Yo, 20)1,
where

(1+M)K, ",

Xo=—(1+A)ry+ 7 (-

and
Y, =rmy—iy.
Let w be the modulus of continuity of u. Then
418) Ele u(e™(xo+ Xs), e”(yo+ Yo), o) — e Pu(xo+ Xo, yo+ Yo, 2)]
= K[ |ullwP (2o # zo) + 0 (e —1)]

for some positive constant K;.
Moreover, (4.2), (4.17), and (4.18) yield

u(xo, Yo, 20) = | Ul E(8) + K;[ || ]| oo P (2o # 20) + w(e™— 1)]
+Ee_B6[u(x0$ Yo, ZO)+pzoX_9+qZO}7o].
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Since P[z, # z,] =0(0), we get

E[((l + /\)on_ qzo)rﬁg_'_ (_(1 _M)pz0+ qzo)ﬁg]

(1+M)K,;

= Ki[|ull«E(0)+w(e” —=1)]+[|U|«E(6)+ 7

Finally, in view of (4.4), we can find positive constants M, and M, such that

E(mo)§M1[E(")+‘"<%) %’]

and

E(A}y) = MZ[E(0)+w (%) +%]

From (4.2) and (4.5) we get

[

1
u(x0’ Yo, ZO)é E J‘ e_BsU(Cf) ds+E[e_Boq)(xg, yga ZO)]+_7

0
where x%, y§ are given by (1.3) with control (C‘, M ¢ N¥). Using Dynkin’s formula,
we have

[}

u(xo, o, 20) = E J e_BSU(Cf) ds+u(x,, o, Zo)

0

0
+E J e P[-BO(x¢, y¢, z0)+ 1xip. + 20yiq.,— Cip.,

0

0

+P0(x{, yi, z)]ds+E J e #[(—-(1+A)p,+q,,) dM

0
) . 1
E f e (1= )= ) NI 5.
Since M, and N, are nondecreasing processes, using (4.4), we get

2] ]
0§EJ' e U(CY) dS+EJ [Pz = Xo) + Z0G2(y < = yo)] ds

0 0

0
+E J e_BS[_Bu(an Yo, Zo)+erox0
0

1
+ 2042 Y0 — P, Ci+ LO(xE, yE, 20)] ds+ 5.

Let

7]
A(0)=E j [P, (%= Xo) + 20q.,(¥E = yo)1 ds
0

and

0

B(6)=E J e [~Bu(Xo, Yo, 20) + Y0Pzt Z0¥ods, — P Ci+ LB(xY, ¥, 20)] ds.

0
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Then

[}

A(0)=E J (rpzo[(e”——l)xo—(1+)\)e’smf+(1_,u) e”n!

0
+ 20q.,[ (exp (2o8) — 1)yo+ (exp (205)) é — (exp (z05))71¢]) ds.

Since E [q e"kéds=(1/¢) e" ‘E(k5)=(K/{) e"‘[E(0)+ w(1/£)+1/{], where h is r
or zo and k¢ is m¢, m¢, n¢, or Aif, we have

(4.19) im e

Therefore lim,.., A(8)/ E(8) =0.
Relations (4.7), (4.12), and B> r give

r (1= w[2x%0+ 1+ 1) yo]

]
E I ekl ds=0.
0

(4.20) e P Clds=x,+

0 c
On the other hand,
°(£q)(xf, J’f, ZO) = Z qz’z[q)(xf’ }’f, ZI) —(b(xf’ J’f, ZO)]
z'#z
=Y gq..fu(xo, yo, ') + p(x = x0) + gy < = yo)
z'#z
—u(xo, Yo, Zo) —on(xf‘ Xo) = ‘Izo(J’f")’o)]-
Using that Z is a finite set and (4.19), we get

]
E j e BLD(xt, v, zo) ds

(4.21) }1_)[2) : E(0) =Zu(xo, Yo, o)-

Finally, from (4.19)-(4.21) we conclude that

Bu(xo, Yo, 20) = X Pzt Z0Y0qz,+ Lu(xo, Yo, Zo) + F(Pz0)~

This last conclusion follows along the lines of the analogous argument in the proof
of Theorem 3.1. To complete the proof, we need to remove the bound on C,, which
can be done again as in Theorem 3.1.

We finally show that u is a supersolution of (4.1) in (). To this end, fix (x,, o, Zo) €
Qx Z and consider (p,,, q.,) € Dy, u(x,, ¥, Zo). Then there exists a smooth function
P :RXRXxZ->NR such that u—¢ has a strict minimum at (x,, yo, 2o), 4(Xo, Yo, Zo) =
¥(xo, Yo, 20) and p, = ¢.(Xo, Yo, o), 4z, = ¥,(x0, yo, 2o)- Then

0
(4.22) Y(Xo, Yo, Zo) Zsup E [I e_BSU(Cs) ds+ e_Bo(/’(xo, Yo, Zo)] .
A 0

In particular, if we use a control (C, M, N) such that C,=0, for all t=0, M,= M,
Ny= N and M, = N, =0, for all >0 in (4.22), we get
(X0, Yo, 20) ZY(Xo— (1+A)M +(1— )N, yo+ M — N, z,).
This yields
min [(1+ )¢, (xo, Yo, 20) — ¥, (X0, Yo, 20), —(1— p) (X0, Yo, Zo)
+4,(¥o, Yo, 20)1Z0.

(4.23)
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Now if we use a constant control (Cy, 0,0) in (4.22), we obtain

2]

Y(xo, Yo, 20)Z E [J e_BsU(Cs) ds+e"Botp(x9, Yo, Ze)] s

0

where 0 =(1/¢) ninf {r: x2=0}, where ¢>0 and x? is the corresponding trajectory.
We proceed as in Theorem 3.1 and we obtain

(4.24) Bu(xo, Yo, 20) Z 1Xo P2yt 20¥0q., + F(p.,) + Lu(xo, yo, zo)-
Combining (4.23) and (4.24), we get
min [(1+A)pz, = Gy, —(1 = )Pz, = 4z, B = 1Xo Pz, — Z0Yo4s,
= F(p.,) — Lu(xo, yo, 20)1 0. |

THEOREM 4.2. The variational inequality (4.1) has a unique constrained viscosity
solution in the class of bounded uniformly continuous functions.

Proof. We are going to show that if v and u are respectively a supersolution in
Q and a subsolution on Q of (4.1) then v = u on . To end this, we follow the strategy
of Ishii [9]. Let ¢ : Q) >R be defined by ¢(x, y) = C,x+ C,y+k, where C,, C,, k are
positive constants satisfying

A-p)C<C<(1+A)C
and
Bk>rC,+KC,+ F(C,).
Let X=(x,)eQ, P=(p,q)eR xR and H:QOx Z xR xR*> R given by
H(X,z,v, P)=min[(1+A)p—¢q, —(1—u)p+gq, Bv—rxp—zyq— F(p)—%v].
An easy calculation shows that there exists a positive constant M such that
(4.25) H(X,z,¢,Vdp)=M>0, VX eQO\{0,0},ze Z

Let 6€(0,1) and define vy,=60v+(1—0)¢ on O x Z The functions v, are bounded
and uniformly continuous. Moreover, since the map (v, P) > H(X, z, v, P) is concave,
¢ satisfies (4.25) and v is a supersolution in Q, we have that

H(X, z, v, Vo) Z 0H(X, z, v, Vo) + (1 - 0)H(X, z, 6, V)
=M(1-6)>0, V(X,2)eQxZ

(4.26)

holds in the viscosity sense. Therefore v, is a supersolution of H(X, z, vy, Vv,) =
M(1-6) in Q. We now need the following lemma.

LEmMMA 4.1. Let w,v:Qx Z >R be uniformly continuous and nondecreasing with
respect to x. If w is a subsolution of H(X, z, w,Vw)=0 on Q and v is a supersolution of
H(X, z,v,Vv)=c in Q for some ¢>0, v is bounded from below and w is bounded, then
v=won (. :

Proof. Since the proof is similar to the one of Theorem 3.2, we only show the main
steps. We assume that
(4.27) max sup [w(X, z) —v(X, z)]>0.

XeQ)

zeZ
This implies that for sufficiently small >0
(4.28) max sup [w(X, z) —v(X, z) - 0| X[*]1>0.

2€Z xe
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We can find points zoe Z and X € ) such that
(4.29) w(X, zo) — v(X, zo) — 0| X|* = max sup [w(X, z)—v(X, z) - 8| X|*].
Z€EL XeQ

Next, we consider the function ¢ : ) x Q>R with
2

(X, Y)=w(X, zc)~v(Y,ZO)—|¥—4(1,l) - 0|x|?

for ¢ >0 and we look at its maximum denoted by (X,, Y,). Working as in Theorem
3.2 we can show that Y, Q. Moreover, from Remark 3.1 we have that

. . 2 _
(4.30) 1;{{]1 161?01 6| X,|*=0.

We now consider the functions

2

Y_XO - 0|X0|2,

&

YO_X

—4(1,1)

¢(Y)=W(Xo)—l

B(X)=0(Yo)+ ~4(1,1)| +6|x[~

Since w — ¢ has a maximum at X, and v — ¢ has a minimum at Y;, from Lemma 3.1
we have

H(X,, zo, w(Xo, 20), P. +26X,)=0
and
H(Y,, 20, (Yo, z0), P.)=c,
where

2( Yy~ X
PE=——(°—~°—4(1, 1)).
€ €

Combining the above inequalities yields
(4'31) H(XO, Zo, W(XO, ZO)’ Pe +29X0) _H( YO’ 29, U( YO’ ZO)’ Ps) =-c

Let X,=(xo, ¥o), Yo=(Xo, o) and P,=(p,, q.). Using the form of H, (4.31)
becomes

min [(1 +A)(pe +20x0) - (qe +20J’o), _(1 _I“L)(Ps +20X0) + (qe +2BJ’0),

(4.32) Bw —rxo( p. +260x0) — 2oyo(q. +26y,) — F(p, +26x,) — Lw(X,, z,)]

—min [(1+/\)pa — 4., _(1 _[.L)ps""qe, Bv-—rx‘ops — ZoJoqs
—F(p.)—ZLv(Y,, z0)]=—c.

We now look at the following cases.
Case (1)' H(XOa Zp, W(XOa ZO), P5+20X0)=(1+A)(p€+20x0)_(q£+20y0)'
Then (4.32) yields

(1 +)\)20X0_20y0§ —C.

Using (4.30), we get a contradiction.
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Case (ii). H(Xo, 2o, X(Xo, 2o), P. +260X,) = —(1— w)(p. +26x,) + (g. +26y,).
In this case, (4.32) yields

20[—(1—p)xo+yol = —c,
which contradicts (4.30).
Case (iii).
H (X, 2o, w(Xo, 2o), P, +260X,) = Bw — rxo( p. +26x,) — 2oyo(q. +26y0)
— F(p,+20x,) — Fw(Xy, o).

Then (4.32) yields

BIw(Xo, zo) — v(Y,, 20) 1+ ¢ = r(Xo— Xo) P + 2o(¥o— Jo) g + F(p. +26x0)

—F(p,)+%w(X,, zo) — Lv( Yy, zo).
Working similarly as in the proof of Theorem 3.2, we get
BIw(Xo, zo) — v( Yy, 20)1+ ¢ = 0| Xo|* + 2Kl 0,(£e) + w,(ke) 1> + w,(ke) + w,(£e).

Again working as in the proof of Theorem 3.2, sending first £ > 0, then 6 > 0, and using
(4.30), we contradict (4.27). a
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