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Abstract

This paper considers the problem of determining the optimal sequence of stopping
times for a diffusion process subject to regime switching decisions. This is motivated
in the economics literature, by the investment problem under uncertainty for a multi-
activity firm involving opening and closing decisions. We use a viscosity solutions
approach, and explicitly solve the problem in the two regimes case when the state
process is of geometric Brownian nature.
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1 Introduction

The theory of optimal stopping and its generalization, thoroughly studied in the seventies,
has received a renewed interest with a variety of applications in economics and finance.
These applications range from asset pricing (American options, swing options) to firm
investment and real options. We refer to [4] for a classical and well documented reference
on the subject.

In this paper, we consider the optimal switching problem for an one dimensional stochas-
tic process X. The diffusion process X may take a finite number of regimes that are switched
at stopping time decisions. For example in the firm’s investment problem under uncertainty,
a company (oil tanker, electricity station ....) manages several production activities oper-
ating in different modes or regimes representing a number of different economic outlooks
(e.g. state of economic growth, open or closed production activity, ...). The process X is
the price of input or output goods of the firm and its dynamics may differ according to
the regimes. The firm’s project yields a running payoff that depends on the commodity
price X and of the regime choice. The transition from one regime to another one is realized
sequentially at time decisions and incurs certain fixed costs. The problem is to find the
switching strategy that maximizes the expected value of profits resulting from the project.

Optimal switching problems were studied by several authors, see [1] or [10]. These
control problems lead via the dynamic programming principle to a system of variational
inequalities. Applications to option pricing, real options and investment under uncertainty
were considered by [2], [5] and [7]. In this last paper, the drift and volatility of the state
process depend on an uncontrolled finite-state Markov chain, and the author provides an
explicit solution to the optimal stopping problem with applications to Russian options. In
[2], an explicit solution is found for a resource extraction problem with two regimes (open
or closed field), a linear profit function and a price process following a geometric Brownian
motion. In [5], a similar model is solved with a general profit function in one regime and
equal to zero in the other regime. In both models [2], [5], there is no switching in the
diffusion process : changes of regimes only affect the payoff functions. Their method of
resolution is to construct a solution to the dynamic programming system by guessing a priori
the form of the strategy, and then validate a posteriori the optimality of their candidate
by a verification argument. Our model combines regime switchings both on the diffusion
process and on the general profit functions. We use a viscosity solutions approach for
determining the solution to the system of variational inequalities. In particular, we derive
directly the smooth-fit property of the value functions and the structure of the switching
regions. Explicit solutions are provided in the following cases : x the drift and volatility
terms of the diffusion take two different regime values, and the profit functions are identical
of power type, * there is no switching on the diffusion process, and the two different profit
functions satisfy a general condition, including typically power functions. The results of
our analysis take qualitatively different forms, depending on model parameters values.

The paper is organized as follows. We formulate in Section 2 the optimal switching
problem. In Section 3, we state the system of variational inequalities satisfied by the value
functions in the viscosity sense. The smooth-fit property for this problem, proved in [9],



plays a important role in our subsequent analysis. We also state some useful properties on
the switching regions. In Section 4, we explicitly solve the problem in the two-regimes case
when the state process is of geometric Brownian nature.

2 Formulation of the optimal switching problem

We consider a stochastic system that can operate in d modes or regimes. The regimes can
be switched at a sequence of stopping times decided by the operator (individual, firm, ...).
The indicator of the regimes is modeled by a cadlag process I; valued in Iy = {1,...,d}. The
stochastic system X (price commodity, salary, ...) is valued in R¥ = (0,00) and satisfies
the s.d.e.

dX; = bItXtdt—l-O'ItXtth, (21)

where W is a standard Brownian motion on a filtered probability space (Q2, F,F = (F;)t>0, P)
satisfying the usual conditions. b; € R, and o; > 0 are the drift and volatility of the system
X once in regime [; = ¢ at time ¢.

A strategy decision for the operator is an impulse control « consisting of a double
SEQUENCE T1, ..., Tpye-oyKlye-vshn, ..., 0 € N* =N\ {0}, where 7, are stopping times, 7,
< Tp+1 and 7, — 00 a.s., representing the switching regimes time decisions, and k,, are
F,-measurable valued in [z, and representing the new value of the regime at time ¢t = 7,.
We denote by A the set of all such impulse controls. Now, for any initial condition (z,1)
€ (0,00) x Iz, and any control a = (7, kn)n>1 € A, there exists a unique strong solution
valued in (0,00) x I; to the controlled stochastic system :

Xy = z, Iy =i, (2.2)
dX; = anXtdt + O'KnXtth, I = Kk, ™m<t< Tn+l, N = 0. (23)
Here, we set 79 = 0 and ko = i. We denote by (X% I?) this solution (as usual, we omit

the dependance in « for notational simplicity). We notice that X' is a continuous process
and I’ is a cadlag process, possibly with a jump at time 0 if 7; = 0 and so Iy = 1.

We are given a running profit function f : (0,00) x I; — R and we set f;(.) = f(.,) for
1 € [;. We assume that for each i € I, the function f; is concave, continuous on R, with
fi(0) = 0, and the Fenchel-Legendre transform of f; is finite on (0, c0) :

fily) = ili% [fi(x) —ay] < oo, Vy>0. (2.4)

We also assume Holder continuity of f; : there exists v; € (0, 1] s.t.
@) = £i@)] < Clo—a*, Vi € (0,00), (2.5)

for some positive constant C'. A typical example satisfying the above two conditions is
given by the power utility functions:

file) = 27, 0<~ <1.



The cost for switching from regime ¢ to j # 7 is a constant equal to g;; > 0, and we assume
that

gik < 9t gk, 1FjFEkFL €l (2.6)
This last condition means that it is no more expensive to switch directly in one step from
regime ¢ to k than in two steps via an intermediate regime j.
The expected total profit of running the system when initial state is (z,7) and using the
impulse control a = (7, kn)n>1 € A is

Ji(z,a) = E / eTXEL Tt =Y e g,

0

n=1
Here r > 0 is a positive discount factor, and we use the convention that e "™« = (0 when

Tn(w) = 0o. We also make the standing assumption :

r > b:=maxb;. (2.7)
i€ly

The objective is to maximize this expected total profit over all strategies a. Accordingly,

we define the value functions

vi(x) = 81613 Ji(z,a), xzeRL, iely. (2.8)

We shall see in the next section that under (2.4) and (2.7), the expectation defining J;(z)
is well-defined and the value function v; is finite.

3 System of variational inequalities, switching regions and
viscosity solutions

We first state the growth property on the value functions.
Lemma 3.1 We have for alli € 1 :

4 max fi(y), Ve >0, y>0. (3.1)

0 < wir) < r—>b il r
telg

In particular, v;(0%) = 0.

Proof. By considering the particular strategy of no switching from the initial state (x, 1),
ie. a= (7, kn) with 7, = 00, K, = i for all n, and by noting that the concave, nondecreasing
function f; satisfying f;(0) = 0 is nonnegative, we immediately get the lower bound in
assertion ().

Given an initial state (Xo, Ip-) = (z,7) and an arbitrary impulse control a = (7, k),
we get from the dynamics (2.2)-(2.3), the following explicit expression of X% :

.0 .
X, = xYi(i

n—1
= T ( eb”l (TH_I—TZ)ZI{Z ) eb,{n (t—Tn)ZIin

T1,TI+1 Tn 7t7
=0

Tn <t <Tpt1, neN, (3.2)



where

2
. o*
Z;t = exp (O‘j(Wt - Ws) — 7](15 — S)) , 0<s<t, jely. (3.3)

Here, we used the convention that 79 = 0, kg = 4, and the product term from [ to n — 1

in (3.2) is equal to 1 when n = 1. We then deduce the inequality th’i < zeP* My, for all ¢,
where

n—1
My = (H Zfllﬂ—l-ﬁ—l) Z7my Tn <t <Tpy1, neN. (3.4)
1=0

Now, we notice that (M) is a martingale obtained by continuously patching the martingales
(Z:"7};) and (Z2",) at the stopping times 7,,, n > 1. In particular, we have E[M;] = My
= 1 for all ¢.

We set f(y) = maxiendfi(y), y > 0, and we notice by definition of f; in (2.4) that
f(Xf’i,If) < thz’i + f(y) for all t,y. Since the costs g;; are nonnegative, it follows that :

Ji(z,a) < E [/000 et <ymetht + f(y)) dt]

= / e_(r_b)tya:E[Mt]dt+/ e " f(y)dt = LAt 24
0 0 T'—b T

From the arbitrariness of «, this shows the upper bound for v;.
By sending x to zero and then y to infinity into the r.h.s. of (3.1), and recalling that
fi(00) = £;(0) = 0 for all i € I, we conclude that v; goes to zero when x tends to zero. O

We next show the Holder continuity of the value functions.
Lemma 3.2 For all i € 1y, v; is Holder continuous on (0,00) :
lvi(z) —vi(z)] < Clz—2z|7, Vz,z € (0,00), with |x—2z| <1,
for some positive constant C', and where v = min;er, v; of condition (2.5).

Proof. By definition (2.8) of v; and under condition (2.5), we have for all z,z € (0, 00),
with |z — 2| < 1:

vi(z) —vi(2)| < sup|Ji(z,a) — Ji(Z, )|
acA

< swpkE [ / e FXEL L) — FX ) dt}
acA 0

< Csupk [/ et Xf’i - Xtm i dt}

acA 0
= Csup/ E [e_’"t|a: - :}j|’yfti|Yt(z')|’yftidt}

acAJO
< Clz — 2| sup / e~ OB My | dt (3.5)

acAJO
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by (3.2) and (3.4). For any a = (73, kn)n € ‘A, by the independence of (Z»_ ), in (3.3),

Tn,Tn+1
and since
2
K Ven O-Nn
E ‘Zmn,rnﬂ = €exp <’Yrin (Yen — 1)T(Tn+1 - Tn)) < 1
we clearly see that F |Mt|ﬂ/I§ < 1 for all t > 0. We thus conclude with (3.5). O

The dynamic programming principle combined with the notion of viscosity solutions
are known to be a general and powerful tool for characterizing the value function of a
stochastic control problem via a PDE representation, see [6]. We recall the definition of
viscosity solutions for a P.D.E in the form

H(z,v,D,v,D}v) = 0, z€ O, (3.6)

where O is an open subset in R"™ and H is a continuous function and noninceasing in its
last argument (with respect to the order of symmetric matrices).

Definition 3.1 Let v be a continuous function on O. We say that v is a viscosity solution
to (3.6) on O if it is

(i) a wviscosity supersolution to (3.6) on O : for any T € O and any C? function ¢ in a
neighborhood of * s.t. T is a local minimum of v — ¢, we have :

H(z,0(z), Dop(@), D2p(z)) > 0.

and

(ii) a viscosity subsolution to (3.6) on O : for any T € O and any C? function ¢ in a
neighborhood of T s.t. T is a local mazimum of v — ¢, we have :

H(z,v(z), Dop(2), D3,0(x) < 0.

Remark 3.1 1. By misuse of notation, we shall say that v is viscosity supersolutin (resp.
subsolution) to (3.6) by writing :

H(z,v,Dyv,D?,v) > (resp. <) 0, z¢€ O, (3.7)

2. We recall that if v is a smooth C? function on O, supersolution (resp. subsolution) in
the classical sense to (3.7), then v is a viscosity supersolution (resp. subsolution) to (3.7).
3. There is an equivalent formulation of viscosity solutions, which is useful for proving
uniqueness results, see [3] :

(i) A continuous function v on O is a viscosity supersolution to (3.6) if

H(z,v(x),p,M) > 0, YzeO, V(p,M)e J* v(z).
(ii) A continuous function v on O is a viscosity subsolution to (3.6) if

H(z,v(z),p, M) < 0, VYozeO, V(p,M)e J* ().



Here J%%v(z) is the second order superjet defined by :

J*Fo(x) = {(p,M)eR" x 8" :

v(@) —v(z) —p.(a/ —z) — §(2' — ). M(2) — )

lim su <0
I zp ‘l" _ x‘2 — ’
z € O
S™ is the set of symmetric n x n matrices, and J?v(z) = —J>F(—v)(z).

In the sequel, we shall denote by £; the second order operator associated to the diffusion
X when we are in regime i : for any C? function ¢ on (0, c0),
1 2,2 9 !
Lip = S0P + bixyp'.

We then have the following PDE characterization of the value functions v;.

Theorem 3.1 The value functions v;, 1 € 1y, are the unique viscosity solutions with linear
growth condition on (0,00) and boundary condition v;(0%) = 0, to the system of variational
inequalities :

min {rvi — L, — fi, v; — m;mx(vj - gij)} = 0, z€(0,00), i€ly. (3.8)
JFi

This means

(1) for each i € 1y, v; is a viscosity solution to

min {rvi — L — fi, v — m:zx(vj — gl-j)} = 0, z€(0,00). (3.9)
jF#i

(2) if w;, i € 1y, are viscosity solutions with linear growth condition on (0,00) and boundary
condition w;(07) = 0, to the system of variational inequalities (3.8), then v; = w; on (0, 00),
for all i € 1.

Proof. The viscosity property follows from the dynamic programming principle and is
proved in [9]. Uniqueness results for switching problems has been proved in [10] in the
finite horizon case under different conditions. For sake of completeness, we provide in
Appendix a proof of comparison principle in our infinite horizon context, which implies the
uniqueness result. O

Remark 3.2 For fixed i € [, we also have uniqueness of viscosity solution to equation
(3.9) in the class of continuous functions with linear growth condition on (0, c0) and given
boundary condition on 0. In the next section, we shall use either uniqueness of viscosity
solutions to the system (3.8) or for fixed i to equation (3.9), for the identification of an
explicit solution in the two-regimes case d = 2.



For any regime i € Iz, we introduce the switching region :

Si = 2 €(0,00) :vi(x) =max(v; — gi)(x) ¢ -
{ I }

S; is a closed subset of (0,00) and corresponds to the region where it is optimal for the

operator to change of regime. The complement set C; of S; in (0,00) is the so-called
continuation region :

¢ = {oe0.00) o) > max(e; — )0 |

J#i

where the operator remains in regime ¢. In this open domain, the value function v; is
smooth C? on C; and satisfies in a classical sense :

rvi(z) — Livi(z) — fi(x) = 0, x€C;.

As a consequence of the condition (2.6), we have the following elementary partition property
of the switching regions, see [9] :

where
Sij = {reC vi(x)=(v; —gij)(x)}.

S;; represents the region where it is optimal to switch from regime 7 to regime j and stay
here for a moment, i.e. without changing instantaneously from regime j to another regime.
The following Lemma gives some partial information about the structure of the switching
regions.

Lemma 3.3 For all i # j in 1z, we have
Sij C Qij={z€C; :(L; — Li)vj(x) + (f; — fi)(x) —rgi; = 0}.

Proof. Let z € §;;. By setting ¢; = v; — g;5, this means that x is a minimum of v; — ¢;
with v;(z) = ¢;(x). Moreover, since x lies in the open set C; where v; is smooth, we have
that ¢; is C? in a neighborhood of x. By the supersolution viscosity property of v; to the
PDE (3.8), this yields :

roi(@) - Ligi(@) — fil) = 0. (3.10)
Now recall that for € C;, we have
rvj(z) — Ljvj(z) — fi(x) = 0,
so that by substituting into (3.10), we obtain :
(Lj — Li)vj () + (f; — f)(@) —rg; = 0,
which is the required result. O

We quote the smooth fit property on the value functions, proved in [9].



Theorem 3.2 For alli € 1, the value function v; is continuously differentiable on (0,00),
and at v € S;j, we have vj(z) = vj(z).

The next result provides suitable conditions for determining a viscosity solution to the
variational inequality type arising in our switching problem.

Lemma 3.4 Fizi € 1. Let C be an open set in (0,00), and w, h two continuous functions
on (0,00), withw = h on § = (0,00) \ C, such that

w is C1' ondS (3.11)
w > h on C, (3.12)

w is C? on C, solution to
rw—Lw—f; = 0 on C, (3.13)

and w s a viscosity supersolution to
rw—Low—f; > 0 on int(S). (3.14)

Here int(S) is the interior of S and 0S = S\ int(S) its boundary. Then, w is a viscosity
solution to

min {rw — Liw — fi,w—h} = 0 on (0,00). (3.15)

Proof. Take some = € (0,00) and distinguish the following cases :

x Z € C. Since w = v is C? on C and satisfies rw(z) — L;w(Z) — fi(Z) = 0 by (3.13), and
recalling w(z) > h(z) by (3.12), we obtain the classical solution property, and so a fortiori
the viscosity solution property (3.15) of w at z.

* Z € §. Then w(z) = h(Z) and the viscosity subsolution property is trivial at z. It
remains to show the viscosity supersolution property at . If Z € int(S), this follows directly
from (3.14). Suppose now & € 9S, and w.l.o.g. Z is on the left-boundary of S so that there
exists £ > 0s.t. (Z—¢,Z) C C on which w is smooth C?. Take some smooth C? function ¢
s.t. Z is a local minimum of w — . Since w is C! on z by (3.11), we have ¢'(Z) = w'(Z) and
" (z) < w”(z7) (:= liminf, ~zw”(z)). Now, from (3.13), we have rw(z) — Lyw(z) — fi(x)
=0 for z € (z — ¢,7). By sending = to , we then obtain :

rw(@) — Lip(@) - fi(¥) = O,
which is the required supersolution inequality, and ends the proof. O

Remark 3.3 Since w = h on S, relation (3.14) means equivalently that h is a viscosity
supersolution to

rh—Lih—fi > 0 on int(S). (3.16)



Practically, Lemma 3.4 shall be used as follows in the next section : we consider two C!
functions v and h on (0, 00) s.t.

v(z) = h(z), V'(z) = h'(z), z €0S
v > h on C,

v is C? on C, solution to
rvo—Lv—f; = 0 on C,

and h is a viscosity supersolution to (3.16). Then, the function w defined on (0, 00) by :

B v(z), z€C
wle) = {h(m), z€S

satisfies the conditions of Lemma 3.4 and is so a viscosity solution to (3.15). This Lemma
combined with uniqueness viscosity solution result may be viewed as an alternative to the
classical verification approach in the identification of the value function. Moreover, with our
viscosity solutions approach, we shall see in paragraph 4.2 that Lemma 3.3 and smooth-fit
property of the value functions in Theorem 3.2 provide a direct derivation for the structure
of the switching regions and then of the solution to our problem.

4 Explicit solution in the two regimes case

In this paragraph, we consider the case where d = 2. In this two-regimes case, the value
functions v, and v, are the unique continuous viscosity solutions with linear growth, and
v, (07) = v,(07) = 0, to the system :

min {rv, — Lyv, — f1,v, — (v, —g,,)} = 0 (4.17)
min {rv, — Lov, — fo,v, — (v, —g,,)} = 0. (4.18)
Moreover, the switching regions are :
Si =38ij = {&>0 :v(x)=v(x)—gi}, ,j=12,i#].
We set
z; = infS; z; = supS;,

with the usual convention that inf () = oco. By continuity of the value functions on (0, c0)
and since v;(07) = 0 > —g;; = v;(07) — gij, it is clear that

Let us also introduce some other notations. We consider the second order o.d.e for ¢ =
1,2:

rv—Liv—f; = 0, (4.19)



whose general solution (without second member f;) is given by :
v(r) = Az™ + Bx™i |

for some constants A, B, and where

B bl+1 bz+1 2+2r -
m f— R — —_ — [ — —
¢ O‘i2 2 022 2 02-2
b, 1 b, 1\? 2r
+ 1 1
= 4 24z = 1
m, i2—|-2—|-\/< 0224-2) 022 >

We also denote
Vi(z) = E[ / e_rtfi(Xf’i)dt],
0

with X% the solution to the s.d.e. dXt = biXtdt + aiXtth, XO = z. Actually, VZ is a
particular solution to ode (4.19). It corresponds to the reward function associated to the
no switching strategy from initial state (x,7), and so Vi < ;.

We now explicit the solution to our problem in the following two situations :
* the diffusion operators are different and the running profit functions are identical.
* the diffusion operators are identical and the running profit functions are different

4.1 Identical profit functions with different diffusion operators
In this paragraph, we suppose that the running functions are identical in the form :
filx) = fa(x) = 27, 0<y<1, (4.20)

and the diffusion operators are different. A straightforward calculation shows that under
(4.20), we have

N 1
Vi(z) = K7, with K; = L
r—biy+ 507v(1 —7)

>0, i=1,2.

We show that the structure of the switching regions depends actually only on the sign
of Ko — K7. More precisely, we have the following explicit result.

Theorem 4.3 Leti, j = 1,2, 1 # j.
1) If K; = Kj, then S; = S; = (. We have

vile) = Vile) = v2) = Via), @€ (0,00),

and in both regimes, it is optimal never to switch.
2) If K; > K;, then S; = [z, 00) with z} € (0,00), and S; = 0. We have

oi(z) — Azmi Vi(z), =<z
i) { vi(z) — gij, T =>1] (4.21)
vi(z) = Vi(z), z€(0,00) (4.22)
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where the constants A and ] are determined by the continuity and smooth-fit conditions
of vi at z7, and explicitly given by :

_l’_

v m; 9ij
] = 4.23
Y y-m
m;

Furthermore, when we are in regime 1,4t is optimal to switch to regime j whenever the state
process X exceeds the threshold x, while when we are in regime j, it is optimal never to
switch.

Remark 4.4 In the particular case where o1 = o3, then Ko — K7 > 0 means that regime
2 provides a higher expected return by than the one by of regime 1 for the same volatility
coefficient o;. Hence, it is intuitively clear that regime 2 is better than regime 1, which is
formalized by the property that S, = 0. Similarly, when by = b, then Ky — K7 > 0 means
that o9 < o1, i.e. regime 2 is less risky than regime 1 for the same return b; and so is
better. Theorem 4.3 extends these results for general coefficients b; and o;, and show that
the critical parameter value determining the form of the optimal strategy is given by the
sign of Ko — K. The optimal strategy structure is depicted in Figure 1.

Proof of Theorem 4.3.

1) If K1 = Ko, then Vl = Vg. By the definition of VZ-, and since switching costs are
nonnegative, we thus get immediately that V;, i = 1, 2, are smooth solutions to the system :

min{TV1—£1V1—fl,vl—(%—glz)} =0
min{rVg—EQVQ—fQ,VQ—(‘71—921)} = 0.

Recalling that VZ'(O*) =0and V; satisfy a linear growth condition, and from uniqueness of
solution to the PDE system (4.17)-(4.18), we deduce that v; = V;, ie. S; =0, i = 1,2.

2) We now suppose w.l.o.g. that Ky > K;. We already know that z¥ > 0 and we claim
that z7 < oco. Otherwise, v, should be equal to V,. Since v, > v, —g,, > V, — g,, this
would imply (V, — V,)(z) = (K2 — K1)z7 < g,, for all z > 0, an obvious contradiction.

* By definition of z7, we have (0,27) C C;. We prove actually the equality : (0,z}) =
C1, ie. S = [z],00), and also that C; = (0,00), i.e. So = (. To this end, let us consider
the function

w,(z) = Ammr—l-f/l(a:), 0<z<ux
' ‘72(‘%)_9127 :L’le,

where the positive constants A and z, satisfy

m; ¥
Axl T+ ‘/1(:1:1) = z(ml) — 912 (4'25)
Amfa™ L4V (2,) = V() (4.26)
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and are explicitly given by :

+
m
(K2 - Kl)x’ly = mr 1_7912 (4'27)
1
A = (Ky—Ky)—La) ™. (4.28)
m

1

Notice that by construction, w, is C? on (0,x,) U (x,,00), and C* on z,. By using Lemma
3.4, we now show that w, is a viscosity solution to

min{rw1 - Liw, — fr,w, — (V, — 912)} = 0, on (0,00). (4.29)

We first check that

w, () > Vy(z)—g, VO0<z<uz, (4.30)
ie.
G(z) = Aa;m1++f/l(m)—f/2(m)+gm > 0, VO0<z<uz,.

Since A > 0,0 <v<1< mf, Ky — K1 > 0, a direct derivation shows that the second
derivative of G is positive, i.e. G is strictly convex. By (4.26), we have G'(z,) = 0 and so
G’ is negative, i.e. G is strictly decreasing on (0,x,). Now, by (4.25), we have G(z,) = 0
and thus G is positive on (0, x,), which proves (4.30).

By definition of w, on (0, z, ), we have in the classical sense

rw, — Liw, — f1 = 0, on (0,z,). (4.31)
We now check that

rw, — Lyw, — fi > 0, on (z,,00), (4.32)
holds true in the classical sense, and so a fortiori in the viscosity sense. By definition of w,

on (x,,00), and Ki, we have for all x > z,,

Ky — Ky
——Z

rwl(ac) — Lyw, (IL’) B fl(m) - K

T —rg,, Yr>ux,

so that (4.32) is satisfied iff KQK;IKlmj —rg,, > 0 or equivalently by (4.27) :

_l’_

my
> T‘Kl =

mi — v r—biy+ 303y(1—7)

r

(4.33)

Now, since 7 < 1 < mf, and by definition of mf, we have
1 1
§U%mf(7 -1) < iafmf(mf —1) = r—bm{,

which proves (4.33) and thus (4.32).
Relations (4.25)-(4.26), (4.30)-(4.31)-(4.32) mean that conditions of Lemma 3.4 are
satisfied with C = (0,z,), h = VQ — g,,, and we thus get the required assertion (4.29).
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* On the other hand, we check that
V() > w,(z)—g,, V>0, (4.34)
which amounts to show
H(z) = A:17ml+4—171(91:)—‘72(38)—921 < 0, VO<z<uz,.

Since A > 0,0 <v< 1< mf, Ky — K1 > 0, a direct derivation shows that the second
derivative of H is positive, i.e. H is strictly convex. By (4.26), we have H'(z,) = 0 and
so H' is negative, i.e. H is strictly decreasing on (0,z,). Now, we have H(0) = —g,, <
0 and thus H is negative on [0, x,), which proves (4.34). Recalling that V, is solution to
rV, — LoV, — fo = 0 on (0, 00), we deduce obviously from (4.34) that V, is a classical, hence
a viscosity solution to :

min {TVQ - E2V2 - fQ’VQ - (wl - 921)} = 0, on (0700)' (4'35)

* Since w, (07) = V,(07) = 0, w,, V, satisfy a linear growth condition, we deduce from
(4.29), (4.35), and uniqueness to the PDE system (4.17)-(4.18), that

A~

v, = w, v, =1V, on (0,00).

This proves 27 = z,, S, = [r,,00) and S, = (), and ends the proof.

4.2 Identical diffusion operators with different profit functions

In this paragraph, we suppose that £, = Lo = L, ie. by = by = b, 01 = 092 =0 > 0. We

then set m™ = mf = m;, m~ = mj] = m,, and X® = X=!1 = X%2, Notice that in this

case, the set Q;;, 7, 7 = 1,2, ¢ # j, introduced in Lemma 3.3, satisfies :
Qij = {zeC :(f; - fi)() —rgy =0}
C Qij = {z>0 :(f; - fi)(z) —rgiy; = 0}. (4.36)

Once we are given the profit functions f;, f;, the set Qij can be explicitly computed.
Moreover, we prove in the next Lemma that the structure of );; determines the same
structure for the switching region S;.

Lemma 4.5 Leti,j = 1,2, 1 # j.
1) Assume that

Sl;%)(f/j—f/i)(x) > Gijs (4.37)

and there exists 0 < z;; < 0o such that
Qij = [L’ja 00). (4.38)

Then 0 < zj < oo and



2) Assume that there exist 0 < z;; < Zj; < oo such that
Qij = [z Ty). (4.39)
Then 0 < z7 <y < zj ANoo and
S = |7

Proof. 1) Since S; C Qij by Lemma 3.3 and (4.36), the condition (4.38) implies z] > z;;
> 0. We now claim that 2] < co. On the contrary, the switching region S; would be empty,
and so v; would satisfy on (0, c0) :

rv;—Lv;— f; = 0, on (0,00).
Then, v; would be on the form :
vi(z) = Az™ + Bax™ +Vj(z), x> 0.

Recalling from Lemma 3.1 that v;(0%7) = 0 and v; is a nonnegative function satisfying a
linear growth condition, and using the fact that m~ < 0 and m™ > 1, we deduce that v;
should be equal to V. Now, since we have v; > v; — g;; > ‘7] — gij, this would imply :
V](ZL‘) —Vi(z) < Gij, Vx> 0.

This contradicts condition (4.37) and so 0 < z} < oc.

By definition of z}, we already know that (0,z}) C C;. We prove actually the equality,
ie. § = [z}, 00) or vi(z) = vj(x) — gi; for all z > x7. Consider the function

wilx) = v (), O<z<zf
' B vi(x) — gij, x>z

We now check that w; is a viscosity solution of
min {rw; — Lw; — fi , wi — (vj —gij)} = 0 on (0,00). (4.40)

From Theorem 3.2, the function w; is C! on (0, 00) and in particular at z} where w}(z}) =

vi(zl) = v;- (zF). We also know that w; = v; is C? on (0,z}) C C;, and satisfies rw; — Lw; — f;
=0, w; > (vj —gij) on (0,2). Hence, from Lemma 3.4, we only need to check the viscosity

supersolution property of w; to :
rw; — Lw; — f; > 0, on (z],00). (4.41)

For this, take some point Z > x7 and some smooth test function ¢ s.t. Z is a local minimum
of w; —p. Then, Z is a local minimum of v; — (¢+gi;), and by the viscosity solution property
of v; to its Bellman PDE, we have

rv;(Z) — Lo(zo) — f3(2) > 0.
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Now, since zj > z;;, we have Z > x;; and so by (4.38), T € Qw Hence,

ijs
(fj = fi)(®) —rgy; > O.

By adding the two previous inequalities, we also obtain the required supersolution inequal-
ity :

rwi(z) — Lo(T) — fi(z) > 0,

and so (4.40) is proved.

Since w; (07) = v;(0%) (= 0) and w; satisfies a linear growth condition, and from unique-

ness of viscosity solution to PDE (4.40), we deduce that w; is equal to v;. In particular, we
have v;(z) = v;(x) — g;; for x > 7, which shows that S; = [z, 00).
2) By Lemma 3.3 and (4.36), the condition (4.39) implies 0 < z;; < z7 < 7] < Zj; < 0.
We claim that z} < z7. Otherwise, S, = {Z}} and v; would satisfy rv; — Lv; — f; = 0 on
(0,zF) U (z},00). By continuity and smooth-fit condition of v; at &, this implies that v;
satisfies actually

rv,—Lv;, — f; = 0, x€ (0,00),
and so is in the form :
vi(z) = A2™ + Ba™ +Vi(z), € (0,00)

Recalling from Lemma 3.1 that v;(07) = 0 and v; satisfy a linear growth condition, this
implies A = B = 0. Therefore, v; is equal to V;, which also means that S; = ), a contra-
diction.

We now prove that S; = [z}, Z}]. Let us consider the function

Uj(x)_gij’ T € [ﬁj’jﬂ’

i) = { e

which is C! on (0,00) and in particular on z; and Z} from Theorem 3.2. Hence, by similar
arguments as in case 1), using Lemma 3.4, we then show that w; is a viscosity solution of

min {rw; — Lw; — fi , w; — (v; —gij)} = 0. (4.42)

Since w;(07) = v;(07) (= 0) and w; satisfies a linear growth condition, and from uniqueness
of viscosity solution to PDE (4.42), we deduce that w; is equal to v;. In particular, we have
vi(z) = vj(z) — gij for x € [z}, z}], which shows that S; = [z}, Z]]. Finally, since S; C Cj,
this also shows that 7} < 1}" O

A typical example of different running profit functions is given by

file) = 27, i=1,2, with0<y <7y <1. (4.43)
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Actually, we shall provide explicit solutions to the switching problem for more general
different profit functions f; including (4.43). We assume there exists & € (0,00) s.t.

(HF) F:=f,—f is strictly decreasing on (0, ), strictly increasing on [, 00)
and lim F(z) = oo.
r— 00
Since F'(0) = 0, notice that F() < 0. Economically speaking, the last condition (HF)

means that regime 2 is “better” than regime 1 from a certain level Z, and the improvement
becomes then better and better.

The next proposition states the form of the switching regions.

Proposition 4.1 Assume that (HF') holds.

1) We have z7 € (0,00) and S, = [z],00).

2) i) If rg,, > —F(Z), then S, = 0.

i) If rg,, < —F(&), then 0 < 2} < Z} <z}, and S, = [z},T}].

=1’ =92 2

Proof. 1) From Lemma 3.3, we have

~

Q, = {x>0 :F(x)—rg, >0}. (4.44)

Under (HF) and since F(0) —rg,, < 0, F(0c0) — rg,, > 0, there exists z,, € (0,00) such
that

R, = [@12,00)- (4.45)

Moreover, since
(Vo =Vi)(z) = E [ / e—”F(Xf)dt} , V>0,
0

and F(co) = oo, it is not difficult to see that lim, ..o (Va — V1)(x) = oo. Hence, conditions
(4.37)-(4.38) with ¢ = 1, j = 2, are satisfied, and we obtain the first assertion by Lemma
45 1).

2) From Lemma 3.3, we have
Qn = {z>0:-F(z)—rg, >0}. (4.46)
Under (HF), we distinguish the following cases :
(i1) If rg,, > —F (&), then, Q,, = 0, and so S, = 0.
(i2) If rg,, = —F (&), then, Q,, = {#} and so S, C {&}. In this case, v, satisfies rv, —Lv,—f,

=0on (0,%) U (£,00). By continuity and smooth-fit condition of v, at Z, this implies that
v, satisfies actually

rv, —Lv, — f, = 0, z€(0,00),
and so is in the form :

v(x) = Ax™ +Ba™ +V,(z), z€(0,00)
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Recalling from Lemma 3.1 that v,(0"7) = 0 and v, satisfy a linear growth condition, this
implies A = B = 0. Therefore, v, is equal to 172, which also means that S, = (.

(ii) If rg,, < —F(Z). Then there exist 0 <z, <2 < Z,, < oo such that

QQI = [£217j21]’ (4'47)

We then conclude with Lemma 4.5 2) for i = 2, j = 1. O

Remark 4.5 In our viscosity solutions approach, the structure of the switching regions is
derived from the smooth fit property of the value functions, uniqueness result for viscosity
solutions and Lemma 3.3. This contrasts with the classical verification approach where
the structure of switching regions should be guessed ad-hoc and checked a posteriori by a
verification argument.

We thus finally explicit the value functions and the optimal sequential stopping times.
The structure of the optimal strategy is depicted in figure 2.

Theorem 4.4 Assume that (HF) holds.
i) Ifrg, > —F(2), then

o () — Az™ +V,(z), =<z
1( ) { Uy (IL’) G125 x> ET (4'48)
v(r) = V() (4.49)

where the constants A and x7 are determined by the continuity and smooth-fit conditions
of v, at z :

A)™ +V, @) = Vi@l - gu (4.50)
Am* (@)™ T+ V(@) = V(@) (4.51)

Furthermore, when we are in regime 1, it is optimal to switch to regime 2 whenever the
state process X exceeds the threshold z7, while when we are in regime 2, it is optimal never
to switch.

it) If rg,, < —F(&), then

PR

o (2) Ap™ 4+ Vi(x), <z (4.52)
! 7)2(%)—912, l’Z&T
Apz™ + VQ(:L“), r <zl

Uy (1‘) = Uy (:E) - g21’ Q; <z < j; (4'53)
Box™ +V,(x), T >z

where the constants Ay and ] are determined by the continuity and smooth-fit conditions of

v, at 27, and the constants As, B, z, T, are determined by the continuity and smooth-fit
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.y * =k
conditions of v, at z; and T} :

A@)™ + V(@) = Ba()™ +Vy(zh) — g, (4.54)
Ay (@)™ T 4 V(@) = Bom (2™ U4 V(zh) (4.55)
As()™ + V() = A@)™ +Vi(z) — ga (4.56)
Aot (@)™ T+ V() = AT (@)™ T+ V (@) (4.57)
A @)™ V(T — gy = Bi@E)™ + V(@) (4.58)
Ayt (@)™ T V(@) = Bimo (@)™ T+ V(@) (4.59)

Furtheremore, when we are in regime 1, it is optimal to switch to regime 2 whenever the
state process X exceeds the threshold z7, while when we are in regime 2, it is optimal to
switch to regime 1 whenever the state process lies between x; and T;.

Proof. 1. From Proposition 4.1, we have S, = [z}, 00), which means that when we are
in regime 1, it is optimal to switch to regime 2 whenever the state process exceeds z7.
Moreover, we have v, = v, — g,, on [z¥,00) and v, is solution to rv, — Lv, — f, = 0 on
(0,z%). Since v, (0%) = 0, v, should have the form expressed in (4.48) or (4.52).

2. The form of v, and S, depends on the two following cases :

(i) If rg,, > —F(z), then from Proposition 4.1, S, is empty, which means that when we

are in regime 1, it is never optimal to switch of regime. This also means that v, is equal to

172, the unique solution with linear growth condition on (0, c0) to rv, — Lv, — f, = 0, with

v,(07) = 0. The constants A and z* expliciting completely v, are then determined by the

two relations (4.50)-(4.51) resulting from the continuity and smooth-fit conditions of v, at
*

z .

(ii) If rg,, < —F(2), then from Proposition 4.1, S, = [z}, 2], which means that when we
are in regime 2, it is optimal to switch to regime 1 whenever the state process lies between
[z}, ZF]. Moreover, vy satisfies on C, = (0,2}) U (Z},00) : rva — Lvg — f, = 0. Recalling
again that v,(07) = 0 and v, satisfies a linear growth condition, we deduce that v, has the
form expressed in (4.53). Finally, the constants Ay, 27 expliciting completely v, and the
constants Ap, B, 2%, T} expliciting v, are determined by the six relations (4.54)-(4.55)-
(4.56)-(4.57)-(4.58)-(4.59) resulting from the continuity and smooth-fit conditions of v, at
z; and v, at z] and Z]. O

Remark 4.6 In the classical approach, for instance in the case ii) rg,, < —F(&), we
construct a priori a candidate solution in the form (4.52)-(4.53), and we have to check the
existence of a sixtuple solution to (4.54)-(4.55)-(4.56)-(4.57)-(4.58)-(4.59), which may be
somewhat tedious! Here, our viscosity solutions approach, and since we already state the
smooth-fit C! property of the value functions, we know a priori the existence of a sixtuple
solution to (4.54)-(4.55)-(4.56)-(4.57)-(4.58)-(4.59).

Appendix: proof of comparison principle

In this section, we prove a comparison principle for the system of variational inequalities
(3.8). The comparison result in [10] for switching problems in finite horizon does not apply
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in our context. Inspired by [8], we first produce some suitable perturbation of viscosity
supersolution to deal with the switching obstacle, and then follow the general viscosity
solution technique, see e.g. [3].

Theorem 4.5 Suppose u;, i € Iy, are continuous viscosity subsolutions to the system of
variational inequalities (3.8) on (0,00), and w;, i € 1y, are continuous viscosity superso-
lutions to the system of variational inequalities (3.8) on (0,00), satisfying the boundary
conditions u;(07) < w;(01), ¢ € I, and the linear growth condition :

lui(z)| + |wi(z)] < Ci1+ Chx, Vz e (0,00), i €Iy, (A1)
for some positive constants C1 and Cs. Then,
up < w;, on (0,00), Viely.

Proof. Step 1. Let u; and w;, ¢ € Iz, as in Theorem 4.5. We first construct strict superso-

lutions to the system (3.8) with suitable perturbations of w;, i € I;. We set
h(z) = C1+CyP, x>0,

where C7, C4 > 0 and p > 1 are positive constants to be determined later. We then define
for all A € (0,1), the continuous functions on (0, 00) by :

w) = (1 — Nw; + M, i€l

We then see that for all A € (0,1), 7 € I :

w) — l?jf(w? —gij) = (1—=XMNw;— 1?25{[(1 — M(wj — gi5) — Agij]
> (1 —\)[w; — max(wj — g;;)] + Amin g;;
J#i J#i
> Mg, (A.2)

where g := min;e, minjx; g;; > 0 is a positive constant independent of 7. By definition of
the Fenchel Legendre in (2.4), and by setting f(1) = max;cy, fi(1), we have for all ¢ € Iy,

fitx) < f)+x < fQ)+142aP, Vz>D0.
Moreover, recalling that » > b := max; b;, we can choose p > 1 s.t.
1
pi=r—pb=5opp—1) > 0,

where we set ¢ := max; 0; > 0. By choosing

[\
_l_
&HI
—~
—_
~—
—_

Cp > ——=, Gy > -,

<
R

we then have for all ¢ € I,

1
rCy + CyaP[r — pb; — 501-217(]? = 1] = fi(z)
> rCy + pCya? — fi(x)

1, Vz>0. (A.3)

rh(z) — Lih(z) — fi(x)

v
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From (A.2) and (A.3), we then deduce that for all i € Iy, A € (0,1), w} is a supersolution
to

min {rwi)‘ — Law} — fi,w)} — m;zx(w])-‘ - gl-j)} > X6, on (0,00), (A.4)
Ve

whereéng1>0.

Step 2. In order to prove the comparison principle, it suffices to show that for all A € (0,1) :
max sup (u; — w;‘) < 0
J€ld (0,+00)
since the required result is obtained by letting A to 0. We argue by contradiction and
suppose that there exists some A € (0,1) and i € I s.t.
A

0 := max sup (uj—w])-‘) = sup (u—wj;) > 0. (A.5)
J€la (0,+00) (0,4+00)

From the linear growth condition (A.1), and since p > 1, we observe that u;(x) — w}(z)
goes to —oo when z goes to infinity. By choosing also C] > max; w;(0"), we then have
u; (0F) — wM(0h) = u;(07) — w;(07) + A(w;(0T) — Cf) < 0. Hence, by continuity of the
functions u; and w?, there exists g € (0, 00) s.t.

0 = w(zo) — wi(zo).

For any € > 0, we consider the functions

q)g(ZE,y) = ’LLZ(ZE)—’UJZ)\(y) _ng(x,y),
1 1
¢6($7y) = Z|x_$0|4+2_€|$_y|27

for all z,y € (0,00). By standard arguments in comparison principle, the function ®.
attains a maximum in (z.,y.) € (0,00)2, which converges (up to a subsequence) to (zq, o)
when € goes to zero. Moreover,

2
1m~6M _— (A.6)
E— g

Applying Theorem 3.2 in [3], we get the existence of M., N. € R such that:

(ps’Ms) S J2’+Uz’($€)’
(¢:»N:) € J* w(ye)

where
pe = Dabu(wee) = (e =) + (@ — )"
¢ = _Dy(ﬁa(maaya):é(ma_ya)
and
(]\gg _(])V€> < D%*p.(e,ye) + & (D6e (e, y2))” (A7)
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with
3(ze —2,)2 4+ 1 -1
D2¢6($6)y6) = ( ( : f) c f s
£

By writing the viscosity subsolution property (3.9) of u; and the viscosity strict supersolu-
tion property (A.4) of wf‘, we have the following inequalities:

: 1 1
min {rui(ajg) — <E(ZL‘5 —ye) + (v — 330)3> b;Te — iagangs — fi(ze),

(o) = max(uy — g)a) [ <0 (A

| 1 1
min {rwi)‘(yg) - E(mg — Ye )biye — 5 o7y2Ne — filye) ,

W) - max(u} - ) | 2 0 (49)
We then distinguish the following two cases :

(1) wi(xe) — maxjx(uj — gij) () < 0in (A.8).
By sending € — 0, this implies

(o) — max(u; - giy)(w0) < 0. (A.10)

On the other hand, we have by (A.9) :
w}(ye) = max(w) = gi)(ye) = A,

so that by sending € to zero :

w (x0) — njﬂg}(wA—gm)( 0) > Ad (A.11)

Combining (A.10) and (A.11), we obtain :

0 = ui(zg) —w)(xg) < —)\5+m7azx( — gij)(x0) — DJH;ZX( — gij)(20)

< A+ max(u; — w))(2o)
Y=
< A+ 0,

which is a contradiction.

(2) rui(ze) — (2(we — o) + (ze — 2,)3) bize — 30722 M. — f;(x:) < 0 in (A.8).
Since by (A.9), we also have :

1 1
Tw;\(ya) - g(ma — Ye)biye — 502-22;?]\75 — filye) = AG,
this yields by combining the above two inequalities :
1
rui(ze) — "r’"wz-)‘(yg) - Ebi(ma - y5)2 — (e — z0)3bi$a

+; o2y> N, —%afx?Mg—i—fi(yE)—fi(xg) < =G (A.12)
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Now, from (A.7), we have :

1 1 3 3
50'2-21‘§M€ - 50'2‘292]\[5 < 2_50'2‘2(355 - 95)2 + §Uz2$§(336 - 330)2 (35(:176 - 330)2 + 2) )

so that by plugging into (A.12) :

1 3
r (Uz(xe) - wz)\(ye)) < gbz’(xs - 96)2 + (356 - 960)352'335 + 2_601'2(1'6 - y5)2

+ 2035’3?(5’35 — 20)* (3e(we — 0)® +2) + filye) — fi(we) — A

By sending ¢ to zero, and using (A.6), continuity of f;, we obtain the required contradiction:
rf < —A§ < 0. This ends the proof of Theorem 4.5. O
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