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Abstract

In this paper, we study optimal switching problems under ambiguity. To
characterize the optimal switching under ambiguity in the finite horizon, we use
multidimensional reflected backward stochastic differential equations (multidi-
mensional RBSDEs) and show that a value function of the optimal switching
under ambiguity coincides with a solutions to multidimensional RBSDEs with
allowing negative switching costs. Furthermore, we naturally extend the finite
horizon problem to the infinite horizon problem. In some applications, we show
that ambiguity affects an optimal switching strategy with the different way to a
usual switching problem without ambiguity.
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1 Introduction

Optimal switching problems are widely used to describe many situations in finance and eco-
nomics. For example, they are applied to natural resource extractions ([4] and [3]), reversible
investments ([20]), and entry and exit decisions of firms ([8]). In plain words, the optimal
switching problems are the problems that a decision maker chooses her actions from a discrete
state space to maximize her profit (objective function).

In this paper, our aims are to construct optimal switching problems under ambiguity
and to derive general properties of solutions to these problems. A concept of ambiguity
aversion is one of prominent issues in recent finance and economics. The ambiguity aversion
(also known as the Knightian uncertainty aversion or the model uncertainty aversion) is the
behavior that an economic agent prefers avoiding the event whose occurrence probability is
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unknown. [13] first provides illustrative examples of the ambiguity aversion and [14] and [27]
economically axiomatize the ambiguity aversion. After these works, [5] establish a model
of the ambiguity aversion in continuous time and [25] and [6] construct optimal stopping
problems under ambiguity.

Using a concept of the ambiguity aversion, one can describe the properties not captured
by a usual trade-off between returns and risks. Therefore, we can consider a more practi-
cal optimal switching problem. In existing literature, [16] mention that their model can be
applied to optimal switching problems under ambiguity, but, these problems are relatively
unexplored in existing literature. Therefore, it is worth studying optimal switching problems
under ambiguity.

To deal with optimal switching problems under ambiguity, we use frameworks of backward
stochastic differential equations (hereafter BSDEs). BSDEs are introduced by [2] and [22] es-
tablish a general theory of BSDEs. Many researchers (e.g., [12], [26], [5] and [6]) apply the
theory of BSDEs to various problems in finance and economics. Recently, a theory of multi-
dimensional reflected BSDEs (hereafter multidimensional RBSDESs) is developed by [16], [17]
and [15] to study the optimal switching problems. This approach makes us naturally incor-
porate ambiguity aversion into the optimal switching problems. Therefore, multidimensional
RBSDESs have an important role in this study.

In this paper, our contributions are as follows.

1. We characterize the optimal switching problems under ambiguity in both of the finite
horizon and infinite horizon using multidimensional RBSDEs.

2. We show that value functions of the optimal switching problems under ambiguity are
viscosity solutions to some system of partial differential equations.

3. Unlike existing literature, we do not assume non-negativity of switching costs.

We first define the optimal switching problems under ambiguity and characterize them using
the theory of multidimensional RBSDEs by [16]. [16] assume non-negativity of the switching
costs and this assumption has an important role in their study. However, there are optimal
switching problems that definitely need negative switching costs (i.e., positive switching ben-
efits) such as the buy low and sell high problem ([28]) and the pair-trading problem ([21]).
Therefore, we do not assume the non-negativity of the switching costs, and we need to modify
the proof of [16] to allow negative switching costs. In order to allow negative switching costs,
we add a weak assumption of the switching costs. Since existing literature usually assumes
non-negativity of switching costs (for example, [16], [17] and [15]), our results are more general
than those of the existing literature in the sense of allowing negative switching costs. Further-
more, using the results of [15], we show that value functions of the optimal switching problems
under ambiguity are viscosity solutions of some system of partial differential equations.

Moreover, we show that under some conditions, the value function in the finite horizon
problem converges to the value function in the infinite horizon. [10] studies the infinite horizon
problem using multidimensional RBSDEs under a non-negativity assumption of switching
costs, but the most of existing studies mainly focus to the finite horizon problem. Therefore,
our results may provide new insights in the optimal switching problems using multidimensional
RBSDEs.

Finally, we give some examples of optimal switching problems under ambiguity in finance.
We show that under certain conditions, the optimal switching problems under ambiguity
can be interpreted as the optimal switching problems under a certain probability measure
determined a priori. Therefore, the results of existing literature can be used to optimal
switching problems under ambiguity. However, the problems not meeting these conditions
provide more interesting results. In section 6.3, we consider the buy low and sell high problem



under ambiguity, which does not satisfy these conditions. Our results indicate that effects
of ambiguity in this problem can not be reproduced by a simple change of the probability
measure.

The rest of this paper is organized as follows. Section 2 defines the optimal switching
problems under ambiguity in the finite horizon using the concept of multiple priors intro-
duced by [5]. Section 3 introduces multidimensional RBSDEs and proves the existence of
their solutions. Section 4 verifies that the value functions of the optimal switching problems
under ambiguity are characterized by the solutions to the multidimensional RBSDEs, and
derives the system of partial differential equations, which the value functions satisfy. Sec-
tion 5 considers the infinite horizon problem. Section 6 provides some applications of optimal
switching problems under ambiguity in finance. Lengthy proofs are in Appendix.

2 Preliminaries and Problem Formulation

Let (Q,F,P) be a probability space endowed with a d-dimensional Brownian motion W =

(Wi)i=0. Let T' > 0 be a finite constant time. We first consider an optimal switching problem

during [0,T]. Let F = (F;)t>0 be an augmentation of the natural filtration generated by W.
We denote by oo = (ay)s>0 a control process such that

(1) at = Zik}]l[Tk,Tk+1)(t)7

k>0

where (i)r>0 is a regime process taking values in a discrete state space Z = {1,...,I}, I > 0,
and (7%)k>0 is a non-decreasing sequence of stopping times. 14(x) is an indicator function
such that for a given set A,

1, if x € A,
la(w) = { 0, otherwise.

We suppose that each iy is F, -measurable. Under a control «, a decision maker chooses a
regime iy on [1g, 7x+1) for all k& > 0. For convenience, we also write a control as a sequence of
pairs of regimes and stopping times: a = (7k, i )k>0-

Let X = (X;)o<t<T be a d-dimensional stochastic process satisfying the following stochas-
tic differential equation (hereafter SDE):

(2) dX; = b(t,Xt,Cvt>dt+ J(t,Xt,at)th,

where o = (o¢)o<t<7 is a control process. b and o are measurable functions satisfying the
following.

Hypothesis 1 b:[0,T] x R x T — R? and o : [0,T] x R? x T — R4 satisfy the following
Lipschitz condition and quadratic growth condition:
[b(t, 2,3) = b(t,y, )| + [lo(t, 2, i) — ot y, )| < Lz -y,
b(¢, 2, D) |12 + o (8, 2, 0)|1* < L2(1 + [|l=]|),

for every t € [0,T], i € I, and z,y € R, where L is a positive constant and ||z|| is the Euclid
norm of x € R,

Let L{(R%) be a set of d-dimensional, ¢-th integrable (that is, an L? norm on (Q, F,P) is
finite), and F;-measurable random vectors. Let 7,7 be a set of stopping times taking values



in [t,T). Let Z, be a set of Fy-measurable random variables taking values in Z. We define IfC\f}
and ICp as follows,

K= {0 lve T, ne LiRY, c e},
Kr:=[0,T] x R x T.

By Hypothesis 1, for every (v,n,t) € IC% and progressively measurable control a starting
from «, = ¢, there exists a unique strong solution to the SDE (2) on [v,T] starting from
X, =n and controlled by . We denote this controlled process by X" = (X""%), <s<p.
Furthermore, it is well known that the moments of X is upper bounded (e.g., Corollary 2.5.12
in [19] and Theorem 5.2.9 in [18]). We shortly summarize the results of the moment estimates
of X.

Proposition 2 Under Hypothesis 1, for every q > 0, there ewist constants Cqx > 1 and
Cq > 0 such that

B | [X57517] < Coue(L 4 o0,
t<s<T ’

forall0 <t < T, x € R% i €I and control a. Note that Cq,x and Cy do not depend on

t,T,x,1 and o. Furthermore, if a constant p is sufficiently large such that p > Cy, then there

exists a positive constant C(‘;OX such that

(3) E [rggge“’s(l + IIX?’”’Z"“IIQ)} < O (1 + [|z]|?)e (P~ Cat,

for all0 <t, x € R%, i €T and control a. Note that C’ng does not depend on t,x,i and .

The proof of Proposition 2 is in appendix Appendix A. Moreover, we can easily show that the
results of Proposition 2 hold in the case when the initial time is a stopping time. For every
veTd, ne L2(R%), i € T and control o, we have

B | g X290 | 7| < Cox(1+ a2
v<s<T

We first consider an optimal switching problem without ambiguity. An objective function
of the optimal switching problem without ambiguity is

T
(4) Jne (t, x,1, a) =K [/ DZ’I’Z’O‘w(S, Xé,x,z,a’ as)ds
t
+ D?:p,i,ag(X%w,i,a’ OZT) o Z Df—’kx’i’acik,hik (Tk:, Xf_;f’i’a) ‘ ]:t:| ,
t<7, <T

where 1, g, and ¢ are measurable functions. 1 represents running rewards for the switching
problem without ambiguity. ¢ represents a terminal payoff. ¢ is a switching cost function.
ci j(t,z) represents a switching cost from regime i to j at time ¢t and X; = . DH®%2 is a
discount factor such that for any (¢,z,4) € Kr and control a,

s
(5) Dz,w,z,a = exp {_/ p(ta thjz%aa au>du} , SE [t7 T]7
t

where p(t, x,1) is a bounded measurable function. By the definition (5), we allow the discount
rate to be random and controllable. Therefore, the objective function (4) represents the
expected and discounted total profit on [t, T].



For all v € T and ¢ € 7., let A,[v,T] be a set of controls such that

2
(6) AL[Z/ T] N (Oés)u<s<T ’ E |:‘ ZVSTkST Cip_1in (Tk,X:,;x,L,a)‘ :| < 00, Vz € Rd’

and o, = ¢.

We call a control in A,[v,T] an admissible control. The optimal switching problem without
ambiguity is

(7) sup  J"(t,x,i, a),
aEAi[t,T]

for all (t,z,i) € K.

The optimal switching problems expressed as (7) are well studied in many researchers
(e.g., [3], [20], [9], and [1]). However, one of the weakness of the optimal switching problem
(7) is not to take into account ambiguity. The problem (7) assumes that the decision maker
knows the functional form of the distribution parameters b and o a priori, whereas we do
not know them in practice. Therefore, it needs to take into account uncertainty about the
distribution of X in order to derive more useful switching strategies. Hence, we consider an
optimal switching problem under ambiguity hereafter.

We first define a set of degrees of ambiguity. For t € [0,T7], let ©; be a set of d-dimensional
JFi-measurable random variables. We assume the form of ©; as follows.

Hypothesis 3

1. There exists a non-negative constant C such that

P(||6:]| < C, V0, € ©4, t € [0,T]) = 1.

2. Oy is convex and compact valued for all t € [0,T].
3. Oy is a progressively measurable correspondence for all t € [0,T].
4. 0 € 0y dt ® P-a.e..

Let

O, T] = { 0 = (0,)<ier ‘ 6 is right-continuous with left limits and }

s € O for all s € [t,T].

For all § € O[t, T, we define a density process (% = (Cf’t)tgsggp such that

S 1 S
0t .= exp{—/ efuqu—2/ ||9u|2du}, s e [t,T],
t t

where 2/ is a transpose of a vector € R? By Hypothesis 3, for all § € O[t,T], (%t is a
martingale with respect to F. Therefore, for all § € O[t,T], we can define a new probability
measure such that

PY.(A) == E[14¢5"]), A€ Fr.

We denote by IEHT the expectation operator under the probability measure PGT.
Under the probability measure IP’QT, by the Girsanov theorem, the SDE (2) can be expressed
as
dXt = (b(t, Xt, at) — O'(t, Xt, at)Ht) dt + O'(t, Xt, O[t)the, t e [0, T],

where W? is a d-dimensional Brownian motion under P%. This implies that we can take
account of the ambiguity about the drift of X under IP’%.

b}



© represents a set of priors of the decision maker. [5] establish a decision making problem
under ambiguity in continuous time, which means that the decision maker would like to avoid
the event whose occurrence probability is unknown. To incorporate ambiguity into an optimal
switching problem, we use the concept of [5]. In their model, the decision maker chooses
her subjective probability measure before choosing her decision as if her expected utility is
minimized. They succeed to pose such a decision making problem under Hypothesis 3. They
called Hypothesis 3 the rectangular condition.

The objective function under ambiguity is

T
J(tu xz, 7:7 O[) = inf E% / D?fl',l,a <¢(5, X£,$,17a7 as) - ‘9; (8) XLI;,QC,Z,CM7 Oés)> ds
GE@[t,T} t

t,x,0,0 t,x,i,a t,x,0,a t,x,i,0
+ Dy g( X ar) — § D25 ey (T, X3 )‘ft],

t<tp, <T

where ¢ is a measurable function from [0,7] x R? x Z onto R%. ¢ determines a running
premium for ambiguity. Our settings allow choices of ambiguity levels to affect the running
rewards through the term #/¢(-, X"™", a.). The optimal switching problem under ambiguity
is
sup  J(t,z,i, ),
a€h;[t,T)
for all (t,z,i) € K.
Furthermore, we assume the functions, p, v, ¢, g, and ¢ as follows.

Hypothesis 4
1. p(+,+,1) is a continuous, non-negative and upper bounded function for all i € T.

2. Polynomial growth condition
(-, ,1), (-, 1), g(-,1) and ¢; (-, -) are continuous for alli,j € T, and c;;(t,x) =0 for
all (t,x,i) € Kp. Furthermore, there exist positive constants Cy and q such that

[(t, 2, 0)] + |0, 2, D) + lg(z, D) + ei (t,2)| < Cp(1 4 [lz]|7),
for all (t,x,4,7) € [0,T] x R? x (Z)2. Without loss of generality, we assume q > 1.
3. Non-free loop conditions

(a) For all finite loop (ig,i1,...,im) € I™ Y with ig = i, and iy # i1 and for all
(t,x) € [0,T] x RY, ¢ satisfies

Cig,i1 (tv x) +o Tt i tyim (tv m) > 0.
(b) g satisfies the following inequality,

N> N
g(x,z) = jer%%?i}{g(x’]) CZ,](Ta'I)}v

for all (z,4) € R? x T.

4. Strong triangular condition
Let

N = z’eI‘HjeI,j;éi,/ e (t,x) < 0}(t, 2)dtdz > 0 b,
0,T]xRd

CZ?] (t7 :I:)

Ci = — mln 9
jeT, werd, tefo,7] 1 + |z[|?

1 €N,



where q is defined in Hypothesis 4.2. Then, for alli € N,
(8) (b, ) < cpi(t,x) — Ci(1+ Cyx (1 4 ||| 9)eCT=D),

for allt € [0,T], x € R and (j,k) € T with j # i and k # i, where Cyx and C, are
defined in Proposition 2.

Hypothesis 4.1 implies that the discount rate is upper bounded and non-negative. The
non-negativity is usual, and the assumption of upper boundedness guarantees the Lipschitz
condition of a generator in the BSDE literature. Hypothesis 4.2 and Proposition 2 guarantee
the value function of our optimal switching problem to be finite. Therefore, it is needed in
order to consider meaningful problems.

The non-free loop conditions (Hypothesis 4.3) say that whenever one first stands in some
regime (call regime A), next instantaneously goes to the other regimes, and finally goes back
to the regime A at the same time, then she has to pay a positive cost. Hence, the non-free loop
conditions exclude the possibility that one can gain a positive profit by a looping switching
strategy at the same time. If the non-free loop conditions are not postulated, then the value
function diverges as the decision maker obtains an infinitely large reward by such a looping
strategy. Since it is an arbitrage, the non-free loop conditions are natural in the optimal
switching problems.

Unlike the previous literature, we do not assume non-negativity of the cost functions.
Our specification of ambiguity allows this generalization. However, we need an additional
assumption in this case. If some cost function can take a negative value, it needs to satisfy
the strong triangular condition (Hypothesis 4.4).

The strong triangular condition means that the switching benefits are not too large to
take these benefits. Heuristically speaking, if one first stands in the regime £k and if ¢; ; < 0,
then the cost that she goes to the regime j via the regime ¢ is at least as large as the cost
that she directly goes to the regime j. The strong triangular condition implies the standard
triangle inequality. Indeed, by the inequality (8), we have

Ci(t, x) + cij(t,x) > it x) = Ci(1+ [|=]|7)
> epit,x) = Ci(1+ Cax (1 + ||| ) T0) > ey 5(t, @),

for alli € N, (j,k) € Z, (t,z) € [0,T] x R? with k # i and j # i. Therefore, our triangular
condition (8) is stronger than the standard triangle inequality.

By Proposition 2 and Hypothesis 4, we can show that an expected total cost does not
diverge for every admissible control.

Proposition 5 Under Hypotheses 1 and 4,

) = D DR (7 X | S G Cox (1 [lal| e 1),
tSTkST

for all (t,z,i) € Kr and o = (73, ix)k>0 € Ai[t, T).

Proof of Proposition 5. Fix an arbitrary (t,z,1) € Kr and o = (7%, i )k>0 € Ai[t, T]. We first

prove
n

E| =30 Dhmioc, g, (m, XE25)| < Op(1+ Cue (14 [[2] 1) 0),
k=1



for all n > 1. I P(in_q € N | Fr,_,) =0, then ¢;,_, i, (T, X27"®) > 0. Hence, we have

tx,i,o . t,x,0,a t,x,0,a0 . . t,x,i,a

(10) = D2 i g i (Tn-1, X2 00%) = D20,y iy, (T, X2007)
t,x,0,00 . t,x,i,o
< —D2 i i (Tn1, X270%).

If P(ip—1 € N | Fr, ;) > 0, then, by Proposition 2, we have

tx,i,o . t,x,i,a t,x,0,00 . . t,x,1,x
E [_DT;Lil Cip—2,in—1 (Tnflﬂ X’r;l71 ) - D’Tjn Cin_1,in (Tnv XTn " )

Frua]

!q» L, ieny

t,x,0,00 . . t,x,1,a
+ D2 g i1 (T, X220 ey ‘ fm_l}

< B D (Chn g (ram X = Gy (L X5

Tn—1 Tn—1

IN

Tn—1 Tn—1

t,x,i,a t,x,i,a
—E {D’ i (cin7277;n71 (Tn—hX’ i )

—Ci,y (1 + Cg.x (1 +IXEme

Tn—1

)T 14, ey

[ AN, ) Lx,i,on
+ D’Tn71 C’Ln72alnfl (Tn717 XTn,1 )]l{ln—lg./\/} ’ f7n71:| N

By Hypothesis 4.4, there exists an F,, _,-measurable random variable i1 taking values in 7
such that

t,x,1,a t,x,1,a
_E[Dv-jn_’f (cinf%infl (Tn—I’X’ L )

Tn—1
_ Cin_l <1 + Cq,X (1 + |’X£;inl'1,a‘|q) ecq(T*T”*l)>>]1{in,1€N} ‘ an_l}
< —E[DEee o (e, XESU) G, eny | Frus .

Hence, we obtain

Tn—1
< —E[DgEe (e, a e X, ey
+ Cin_zin—1 (Ta—1, Xﬁfj"”)ﬂ{iniﬁN}) ) i Tn—l]
<-E [Dtv“‘v"vo‘cin_mz_l(rn_l,Xﬁf_’"l’“) ‘ J-'T,H},

t,x,0,00 . . t,x,0,0 t,x,i,o . t,2,0,a
(11) E |:_D Cln—Qﬂn—l(Tn*17XTn,1 ) - DTn Cln—lﬂn (Tn’XTn ) ‘ an—1:|

Tn—1

where
<k _ : ) . t,x,t,a
lp—1 = arg  1un {Cln—QJ(Tn—laXTn,l )} )
JEI\{in—2}

and ¢} _, is obviously F,, ,-measurable. Therefore, the inequalities (10) and (11) lead to

n
E [— D DEEe (T Xﬁ}f’i’a)] < E [-D5P e (1, X500
k=1
< Cp (L+E [l xz)1)

< Cy <l +E [max \|X§’x’i’o‘||q]>
t<s<T
< Cp(1+ Cox (1 + [|z]|9)e%a ™),

Since a € A;[t, T, by the Lebesgue dominated convergence theorem, we obtain the inequality
(9). O



Proposition 5 has an important role in our switching problem. The other studies assuming
non-negativity of switching costs naturally derive a lower boundary of the total expected costs,
that is 0. However, we do not naturally say that the total costs are non-negative since our
switching costs can take a negative value. Therefore, we need to estimate a lower boundary
of the total expected costs by Proposition 5.

Remark 6 Even if the cost functions do not satisfy the strong triangular condition, it is
possible that Proposition 5 holds. In this case, the following discussion in this paper also
holds. Essentially, we need

E = Y D0y (me X55) | < CL+ ),
t<7,<T

for all (t,z,i) € K1 and o € A[t, T), where C is a positive constant not depending on (t,x,1)
and .

3 Multidimensional Reflected BSDEs

Next, we consider a representation of the objective function by BSDEs.
For all v € 7', we denote by S%[v,T] the set of real-valued progressively measurable

processes Y such that
E | sup |vy?
v<t<T

< 00,

and by H?i[u, T] the set of R-valued progressively measurable processes Z such that

T
E U HZtHth] < 0.

Especially, we denote by S2[v,T] a set of all continuous processes in S*[v, T] and by K?[v, T
a set of all non-decreasing processes in S?[v, T').

We consider the following BSDE: For given (v,7,t) € K%q, 0 €Oy, T] and « € A,[v,T],

_dYtV7nrl’767a — (,l/](t’ th/7n7L7a7 Olt) _ p(t7 Xtyv"LL?a’ at)}/tyznvL797a

— 0; (¢(t, X;’H’L’a’ Oét) + Z;/,%L,G,Oé) ) dt

(12) — (2" AW, — dAYT, e v, T,
YI}’W,L,G,OL _ g(X;JLL,Oc’ OéT), AtV,n,L,Oz _ Z Cir iy (Tkza qu_/I;r],L,a)’ te [l/, T],
tSTkST

(yrmede, grnioy e Sl T] x Halw, T1.

Since g(X4™°, ar) € T3(R) and (6(t, X2 0q))yser, (6t X0, 0g))yier € B[, T
and since 6 and p are uniformly bounded by Hypotheses 1, 3 and 4, the BSDE (12) has a
unique solution in S?[v, T] x H3[v, T]. Furthermore, by Proposition 2.2 in [12], the solution of
the BSDE (12), also denoted by (Yt”’"’L’a’a, Zf’"’L’e’a)ygtST, can be represented as the following



form.

1 T
(13) Y;fy’mb’&a = Dy,n,L,aCG,VE |:/ Dsl/,ﬁ,b,acg,l/ <1/}($7 X;/7n7b7a7 (XS) - 92¢(87 X;/7777L7a7 as)>d8
t t t
b "™ 6 b ¥y b 1"
+D7; nLaC Vg( ana Z Dynba ™ clk 1,Zk(Tk>X7IfknLa) ‘Ft
t<7p, <T

. Dl/ 17,L,a
v, / VML,
=Er [/ Vwa (s, XM ag) — O.0(s, Xy ,as))ds

DVJ?;MCY DV’I] fr2te’
T 0,z,%, Tk VM,
+Du,n,L,o¢ g(XT 7aT) - E DRER 2o Cig 1,k (Tk?> XTkU ) ’ Fel
t t
t<1  <T

where we have used the Bayes rule in the second equality.
Now, we also consider another BSDE such that

AV = (e, XP ) = plt, X gV

— max {9t <¢(t7 X0 o) + Z?n’L’a) } )dt

0.0
(14) —(Z;" N AWy — dAYTY t e (v, T,
Yj){,n,b,a _ g(X;’n’L’a,aT), 1/77 Lo Z Cir_ i Tk,X‘I’{I;mL,a)’ te [M T]?
t<t1 <T

(yrmee zvnbey e 2y, T x Ha[v, T].

The BSDE (14) also has a unique solution in S*[v, T] x H3[v, T]. From the comparison theorem,

the solution of the BSDE (14) is a minimum value of Y*"™** over § € ©[v,T], that is, the
following inequality holds.

2 7797 R A
(15) }/tl/nl, aZ}/tVnLa’

P-almost surely for all ¢t € [v,T] and 6 € O[v, T).
Combining the inequality (15) with the equality (13), we deduce that

. T . . .
vt =t B { [ D (s, XL ) = 005, XL ) ) s

t,x,i,x t,x,i,a § : t,x,0,00 . t,x,i,o
+DT g(XT ,OZT) - Dq—k Czkfl,zk(TkaXTk ’ ) ‘ ]:t
s<T, <T

= J(t,x,i, ),

for all (t,x,i) € Kp and a € Ayt,T]. Therefore, Y,"""® is the objective function under
ambiguity.
For the sake of brevity, we assume as follows.

Hypothesis 7 Suppose that ©; is measurable with respect to the o-algebra generated by X,
and oy for allt € [0,T). We denote by ©7" a ©; with X; = x and oy = i. For all (t,z,i) € K
and z € R?, let

¢(t,z,i,2) ;== max {9,’5 <q§(t,x,i) + z)} :

Qtegf’l

Then, suppose that ¢ is a deterministic and measurable function. Moreover, suppose that
S(+y+,4,-) is continuous for all 1 € T.
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By Hypothesis 3.1 and 4, ¢ satisfy the polynomial growth condition with respect to z and z
and the Lipschitz condition with respect to z: There exists a positive constant C. such that

|§(t,ﬂf,i,2)| < CC(]- + ”xHq + ”ZH)7 |§(t,$,i,z) - §(t,ﬂj‘7i,2>| < CCHZ - z”a

for all (t,x,i,2,2) € K7 x (R%)2.
Under Hypothesis 7, the BSDE (14) can be expressed as

—dy e = (zp(t, X7 o) = pl(t, X ag) Y — (8, XYy, Z;”"’L’a)>dt

(16) — (Z"PNY AW, — dAY™, t € v, T,
Yzl:ﬂm,a _ g(X;’n’L’a,aT), A;’,W,L,Oé = Z Ci_1vin (Tk7X7’fI;77,L,a)’ te [l/, T],
t<m,<T

(yrmee | grneey € S2[y T) x H2[w, T).

Now, let us consider the multidimensional RBSDE. For given v € T and 1 € L,Q,q(]Rd)
and for all 1 € Z,

_dy;lami — (w(t,Xéj’n’i,i) _ p(t, X;/a"]7i7i)y'tl’a777i _ g(tthVﬂ?’i’ 7;’ Zf’"’i)>dt

— (2™ AWy + dK e [, T,
(17) Yj’j’nﬂ — g(X;’nﬂ’Z')? KZWJ« — O7 YZ/J]:Z > max {}/tl/’nm] _ Cz’] (t7 X;/»Thl)}’ t c [l/’ 1”]7

JET\{i}
T ) ) ) )
YV77777’ — ma vinvj — t7 XV7777Z )dKVﬂ?vZ — O’
/V < t jeI\E}{ t i ( £} t
(yrmi zvmi grnt) € 2y, T x Ha[v, T) x K[y, T), ic€Z,

where X¥i = (X/"") <7 is a strong solution to the following SDE,
(18) AX; = b(t, X, §)dt + o(t, Xs,))AWy, t € [, T],  Xo =1,

In the next section, we show that the solution Ytt“ of the multidimensional RBSDE (17)
is a value function of the optimal switching problem under ambiguity. In this section, we first
prove the existence of solutions to the multidimensional RBSDE (17).

Theorem 8 Under Hypotheses 1, 3, 4 and 7, the multidimensional RBSDE (17) has a solu-
tion in (S2[v, T] x H3[v, T] x K2[v, T))! for any v € TF and n € L (RY).

In the case when the switching costs are non-negative, Theorem 8 are proved by Theorem
3.21in [16] and Theorem 2.1 in [17]. We use the strategy of the proof of Theorem 3.2 in [16], but
there is a problem for a priori estimates of Picard’s iterations of the multidimensional RBSDE
(17). [16] define the process in S?[v, T| that is larger than all Picard’s iterations, however, this
process may not be larger than Picard’s iterations in our problem since we allow the switching
costs to be negative. Therefore, we can not use the results of [16] straightforwardly. However,
thanks to Proposition 5, we can define the other process in S?[v, T] that is larger than all
Picard’s iterations in our problem.

Proof of Theorem 8. Throughout this proof, we fix an arbitrary v € 7 and n € L (R9).
Step.1 Picard’s iterations. Let (Y140 Zvn40) he a solution to the following BSDE.

Ay = (it XP 1) = plt, XML YT < (1, X0, 20 0) )t

— (2P AW, e [v, T,
Ypml = (X6, (YHmi0, 2omi0) e 82, T] x Hylw, T,
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for all © € Z. Then, by Hypotheses 1, 3, 4 and 7, the above BSDE has a unique solution. For
any n > 1, we consider the following RBSDE recursively.

_d}/;l/,’r],i,n = <¢(t7 X:m’ia 7’) - P(t, Xtym’i7 i)i/;ty7n7i’n - §(t, X:’n’ia ia Zéjmﬂ"n)) dt

—(ZY AW, 4+ KTt e v, T,
YTu,n,i,n — g(Xé,’i"’i,i), KZ,W'JL =0,

(19) Y;/Vﬂ%ivn 2 max {Ytl/7n7j7n_l — ¢ j (t7 X;jvnvl)}j t c [V, T] ,
JET\{i} ’
/ (}/l;;yz'r]ﬂ’n — max {}/;V’nm]/n'*l _ CZ,J (t’ X::n»l)}) dK;’J]’an‘ — O’
v JET\{i}

(YV,W%”’ ZVJ):iyn” KVﬂ%@n) c S2 [V, T] X H?l [V, T] X K2 [V, T]7 1/ c I'

Under Hypotheses 1, 3, 4 and 7, by Theorem 5.2 in [11], the RBSDE (19) has a unique
solution for all n and i. Furthermore, by the comparison theorem (Theorem 4.1 in [11]), we
have Y;V’n’l’n*l <Yt P-as. for all ¢ and n.

Step.2 Non-ambiguity processes. Consider the following BSDE.
—duy ™t = (w(t,Xf’"’i,z’) — p(t, Xt”’”’i,z')Uf’”’i’O)dt — (VPO AW, t € [v, T,
U™ 0 = g(Xy™ i), (Um0 ity e Py T) x H3[v, T, i€ 1.

Then, the above BSDE has a unique solution. Similarly, we consider the following RBSDE
for any n > 1.

_dUV’U,Ln _ t7XV,77,’i’i _ t,XVm’i,Z. UV7777’i7n dt — VV7777’i7n /th + dSV7777’i7n? te V,T ’
t t p t t t t
U;,n,i,n — g(X;’"’i,i), S}lj«n,i,n =0,
Uu,n,i,n > max Uu,n,j,n—l i t, Xu,n,i ’ te I/,T ’
P ma (U (L XPM), L e [, T]

/ (UtVJLZ’n — max {Ut’/fn:.%n*]- _ C’L,] (t7 Xtyznvl) }) dS;/7n717n — O’
v JET\{i}

(grnn e grniny e 2y T x Halv, T) x K2[v, T], i€ L.
Then the above RBSDE has a unique solution and we obtain that U™ > U/~ Pa,

for all (t,i) € [v,T] x T and n > 1 by the comparison theorem. By the definition of ¢ and
Hypothesis 3.4, we have

s(t,z,i,2) >0, Y(t,z,4,2)€0,T] x RTx T x R%

Hence, applying the comparison theorem again to Uty’n’i’n and Ytu’"’i’n, we obtain that Uty’n’i’" >
Yt P-as. for all (t,i) € [v,T] x T and n > 1. Furthermore, U""*" has a Snell envelope
representation such that

. T* D?n,i ' ;m ,

vine,n v,mt » vt

yymhn = esssup E [/ DWM.@/}(S, XUt i)ds + D”’”’ig(XT i) Nreory
€T, ¢ t t

DV,*'I],i jn—1 * ;
Dy JEn( {U:iw’n =iyt ’Xryig’l)} Lz <1y ‘ ft]’
t

for all t € [v,T] and n > 1, where
. t .
D" = exp {—/ p(s,X;”"”,i)ds} , tevT].
v

12



Step.3 A priori estimates. Fix an arbitrary ¢ € [v,T]. Let (19,40) = (¢,4) and

: b 7. —1,t k—1 ]
7, = inf {s € [1g—1,T] ’ Uy b= (k=1) _ I{l{aX }{U:’" Jm—k _ Cik_l,j(Tk,X;f;n’l’a)}} )
jEZ Z'nfl "

—(k-1) v,n,ik,n—k vm,i,a
U 77 . — Cig_q,ig (Tk’X'rkn )7

.. VN, ik—1,
ir, is such that Uy ""*-1"

for all k =1,...,n. Then, we define a" = (73, % )r>0 and it holds that
unzn _ |:/ Dt XM dan w(&X;/ﬂ?,i,a"’ aM)ds + D;Xf’"’z,i,a”g<X;7n,i,a"7 o)
tXV"] . n
B, X 7]

by Proposition 2.3 in [11]. Furthermore, by the polynomial growth condition for ¢, it is easy
to check that a” is in A;[v, T]. Thus, by Proposition 5, we have

XV . i, v,n,i,o" v,m,i
EZW e o X g ay | Fi| < Ol Cox (14 X1,

On the other hand, by Proposition 2, there exists a constant Cr > 0 such that

T .
t, X" o i tX" i i,
t

T

SEUﬁwaﬁmﬂan®+M'%W %Wﬂ}
t

< Cr(L+ X)),

Finally, there exists a positive constant Cjs > 0 such that

vt . vt s om . oon
Jh%n — t, X 71705 v, ,’L,Oén n tth 3,0 v,n,t,o n
= [/ Dy P(s, XY at)ds + D, 9(X7 , Qp)

XV N/ .
- Z D Cz7j (Tk‘7 X;f];??yl,a )]]‘{Tk<T} ’ E]

< Cu(l+ HXt”’"’ 1),

for all n > 1. Note that Cj; does not depend on n and t. This implies that

Upmem < My = Coy [ 141X )17
JET

for all ¢ € [, T], i € Z and n > 1. By Proposition 2, M"" is in S*[v, T)]. Since Ym0 <
Yy < gttt < My for all t € [v,T), i € T and n > 1 and since Y*0 € §2[v, T] for all
1 € Z, there exists a finitely positive constant C, such that

(20) > E

1€T

sup |Y}” |2
V<t<T

< Ca,

for all n > 0. Furthermore, by the polynomial growth condition for ¢, Proposition 2 and the
inequality (20), there exists a positive constant Cj such that

2
E | sup ‘( max {Y,”"" 1—c”(t X”"’)}) ‘ < Gy,

v<t<T ' \jEI\{i}
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for all n > 0. Hence, Proposition 3.5 in [11] leads to that there exists a finitely positive
constant C, such that

(21) B | sup (YR [z P KR <

v<t<T

forallmn>0and i e L.

Step.4 The rest of this proof is exactly the same as step 3-5 in the proof of Theorem 3.2 in
[16]. Thanks to the inequality (21), we can use the monotone limit theorem by [23] and show
that a limit of (Y*4"), - and associated processes (Z", K1) satisfy properties of the
solution to the multidimensional RBSDE (17). This limit, denoted by (Y*"%), and (K""*)
are continuous by the non-free loop condition. By the continuity of (Y*%) and (K*"?),
we conclude that a triplet (Y74, Z»mi K1) is a S?[v, T) x H3[v, T] x K?[v, T] limit of the
sequence (YV1En Zvmin Uminy . O

Remark 9 According to Corollary 3.3 in [16], the solution (Y""") constructed in Theorem 8
is a minimum solution of the multidimensional RBSDE (17): For any solution (YV"%) of the
multidimensional RBSDE (17),

Y > Y Peas.,
forallt € [v,T] andi € L.

Theorem 8 provides the existence of the multidimensional RBSDE (17). Other articles
prove the uniqueness of the solution after proving the existence. However, we do not prove
the uniqueness. Instead, we prove the pathwise uniqueness of the minimal solution of the
multidimensional RBSDE (17) since this is a sufficient condition for the verification of the
optimal switching problem under ambiguity.

Proposition 10 Suppose that Hypotheses 1, 3, 4 and 7 are satisfied. For any (v,V) € (761")2
and n € L,%q(]Rd) such that v < v P-a.s., we consider the minimum solutions of the multidi-

mensional RBSDE (17) Y*" and Y7X5"". Then,

DXL
4

(22) Yt =y, " P-a.s.,
forallieT andt e [v,T].

Proof of Proposition 10. By Hypothesis 1, the SDE (18) has a strong solution for all i € 7.
This implies that
. ~ UM, -
Xt = X:’X” " P-as.,
forall i € T and ¢ € [, T). Hence, (Y, Zvami Kvimi = Rvan — K2™") satisfies the following
multidimensional RBSDE on [v, T7.

~ UM,E
l/,X;’n’ i

—ay = (vt X,

~ v 7 .
vX2T G

9 Z) - p<t7 Xt ) Z)}/;Vﬂ%i

14

—g(t, X2 4, Zé””’i’"))dt —(ZV"Y AW, + dKCT e [9,T),

. ~,X§’"’i,' . S
Y’II:J]’Z :g(X; 7477/)7 K{;nz = 07
. . ~ UM,
(23) Y/ > max (VP -t X0 ) te [5,T),
JET\{i}

T . . ~ UMyt —~ .
/ (}/tV:TM — max {Y;/VJLJ _ C’LJ (t, XtV“X; 71/)}>th’/77771 — O’
v JET\{i}

(yrod, 2vnt, RY0) € $°(5, T) x My, T) x K[, T, i€ L.
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Since for each ¢, the multidimensional RBSDE (23) is the same as the multidimensional
. . ~ v,m,t
RBSDE (17) starting from (7, X" 4), it holds that Y;""* > YtV’X17 " P-as. foralli € T

and ¢ € [, T] because of the minimality of Y”*% " (see Remark 9).
On the other hand, recursively applying the comparison theorem to the Picard’s iterations
of V""" constructed in Theorem 8 on [, T leads to that

TXDm
v

Yt <y, " P-as.,
forallm > 0, ¢ € Z and ¢t € [p,T]. Taking a limit of the above inequality, we obtain that
. ~ vt
Yyt < Y:’X’j " for all i € Z and t € [, T]. Hence, the equality (22) holds. O

4 Verification and a Viscosity Solution

In this section, we show that the minimum solution in Theorem 8 can be interpreted as the
value function of the optimal switching problem under ambiguity. Proposition 11 provides a
verification of Y. The proof of Proposition 11 is standard, so it is in appendix Appendix B.

Proposition 11 Suppose that Hypotheses 1, 3, 4 and 7 are satisfied.

1. For an arbitrary (v,n,1) € IC?Fq, let YVt be a minimum solution of the multidimensional
RBSDE (17). Then,
Y;VJI»L Z }/;V»n7L»a’ Vt c [1/7 T]’

for all o = (Tx, ik )k>0 € A, T1.

2. Let o = (73,4} )k>0 be a control such that (7%,i§) = (v,¢) and that for alln > 1,

N . N Tn_le:* 177;;;_1 T;:_UX:* 1:j "
=inf<s e [r_1,T] | Ys " = max {Y; e (s, X)) e,

-
n n . .
JeT\{iy,_4}
. Th—1:X s 17@271 Th—1:X 1k 17271 R
o ; n— — n— _ . .
iy, is such that Y . =Y. Ciz_in (Tns X7x ),

* . . .
where X* = XV"T* | Then, o is an admissible control and

}/tVJ?»L — }/t'/vnvl'va , vt c [V, T:I'

By Proposition 11, we obtain that

tx,n tx,i,00 .
Yt - sup }/t - sup J(t,fE,Z,O&),
s [t,T) A [t,T)

for all (t,x,i) € Kr. Hence, Ytt“ is the value function of the optimal switching problem
under ambiguity. Furthermore, o* defined in Proposition 11.2 is an optimal control of the
problem.

We next study a relationship between the multidimensional RBSDE (17) and partial
differential equations (hereafter PDEs). Let u : [0,7] x R? x Z — R be a function. Consider
the following PDE,

min{—w; (¢, z,7) — Lou(t, z,i) — (¢, z,1) + p(t, z,3)u(t, z,1)

(24) +g(t,x,i,a’(t,x,i)Vu(t,:L“,i)),
u(t,z,1) — max {u(t,z,j) —ci(t,x =0, t,x,1) € Kr,
( ) jGI\{i}{ ( J) ,J( )}} ( ) T

w(T,z,i) = g(x,1),
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where w(t, 7,1) = 2520, Gu(t, z,1) = 24620 and

Lf(t,x) = (Vf(t,2)b(t,2,4) + étr <Ga'(t,x,i)8f W)) .

O0x0x’

If the PDE (24) has a classical solution, then we can easily show that this solution is a value
function of the optimal switching problem under ambiguity. However, the classical solution
does not always exist. We shall consider a more general concept of solutions, i.e., a viscosity
solution. Let C12([0,T) x R? x T) be a set of functions that are continuously differentiable
with respect to ¢t and twice continuously differentiable with respect « on [0,7) x R? x T.

Definition 12 (Viscosity solution)

1. Viscosity supersolution.
A lower semi-continuous function (u(-,-,1),...,u(-,-,I)) is a viscosity supersolution of
the PDE (24) if for any (t,z,i) € [0,T) x R x T and any ¢ € CY%([0,T) x R? x T)
such that v(-,-,i) — (-, -, 1) attains a local minimum at (t,x) for alli € Z,

min{ —(t, z,7) — Eicp(t,:c,i) —(t,x,4) + p(t,m,)ut, z, i) + s(t,z, 4,0 (t,2,1)V(t, x,1)),
u(t,xr,t) — max {u(t,z,j) —cij(l, @ >0,
(t,0) — max fu(t.2.) - i)}

w(T,z,i) > g(x,i).

2. Viscosity subsolution.
A upper semi-continuous function (u(-,-,1),...,u(-,-,I)) is a viscosity subsolution of
the PDE (24) if for any (t,z,i) € [0,T) x RY x Z and any ¢ € CY%([0,T) x R? x T)
such that v(-,-,1) — @(+,-, 1) attains a local mazimum at (t,x) for alli € T,

min{_gpt(t?$a 7’) - ,CZ(,O(t,JZ,Z) - 11[}(ta xz, l) + p(ta$a Z)U(t,l‘,l) + §(t, IE,i, J/(t,CC,i)VgO(t,IE,i)),

u(t,:c,i) - ]en%z\xﬁ}{u(t,x,j) - Ci,j(t"r)}} <0,

w(T,x,1) < g(x,1).

3. Viscosity solution.
A locally bounded function (u(-,-,1),...,u(-,-,I)) is a viscosity solution of the PDE (24)
if its lower semi-continuous envelope is a viscosity supersolution of the PDE (24), and
if its upper semi-continuous envelope is a viscosity subsolution of the PDE (24).

More details of the viscosity solutions are in [7]. We define a set of functions CP ([0, 7] x R%)
as follows.

f is jointly continuous and
there exist positive constants C' and ¢
such that |f(¢,z)] < C(1 + ||z||7),
for all (¢t,z) € [0,T] x R4

CP([0,T] x RY) :={ f:[0,T] x RY - R

Let ‘
o(t, z,i) ==Y
for (t,,i) € Kz, where ;""" is a minimum solution of the multidimensional RBSDE (17).
Now, we will prove that v is a unique viscosity solution of the PDE (24) in CP([0, T] x R%).
[15] study the viscosity solution of the PDE similar to (24). Main differences between our
model and the model in [15] are as follows.
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1. [15] consider that a generator of RBSDE for Y depends on the other Y7, but we consider
the case when it does not depend on the other Y7.

2. They assume that switching costs are non-negative, but we allow negative switching
costs.

3. They assume that a dynamics of the forward variable X does not depend on a control
process, but we allow the dynamics of X to depend on the control.

In fact, the results of [15] can be applied to our model. [15] prove the existence and uniqueness
of the viscosity solution without using non-negativity of the switching costs. Furthermore,
the controllability of X does not affect to their results. Hence, we can provide the existence
and uniqueness of the solution to the PDE (17) in the viscosity sense and prove that the value
function is a unique viscosity solution to (17).

Proposition 13 Suppose that Hypotheses 1, 3, 4 and 7 are satisfied. Let
U= (v(-1),...,0(, 1))

Then, ¥ is a unique viscosity solution of the PDE (24) in (CP([0,T] x R%))T.

Proof of Proposition 13. Let (t,z,i) € Kr. Let (Y%®%"), 54 be a sequence of the Picard’s
iterations defined in Theorem 8. Then, by [12], there exists vy, (-, -, i) € CP([0,T] x R%) for all
n > 0 and 7 € Z such that

Y;t,a:,i,n — Un(t, X;ﬁ,x,z" i),

for all s € [t, T]. Furthermore, we define 7 € CP([0,T] x R?) as
o(t, x) == M},

where M%® is defined in Theorem 8. Recall that Y5%4" — Y4&¢ in the mean-square sense.
Therefore, ¥ is a lower semi-continuous function and it satisfies the polynomial growth condi-
tion with respect to x since vg < v, < v and v, < vp41 for all n > 1.

On the other hand, Corollary 1 in [15] provides the continuity and uniqueness of a viscosity
solution to the PDE (17). Furthermore, by Theorem 1 in [15], ¥ is a viscosity solution of the
PDE (17). Hence, we conclude that ¢ is a unique viscosity solution of the PDE (17) in
(CP([0,T] x R4, m

5 The Infinite Horizon Problem

In this section, we consider the infinite horizon optimal switching problem under ambiguity.
Let A;[v, 00) be a set of admissible controls like (1) but 7, — oo P-almost surely. Furthermore,
we assume as follows.

Hypothesis 14

1. Time-homogeneity. b,o,v¥,d,s, and ¢ do not depend on t. There exists a positive
constant p such that
p(t,.’IJ,Z) =p> Oa

for all (t,x,i) € [0,00) x R x Z. ©, only depends on the values of X; and ay. We
denote O, with X; =z € R% and oy =i € T by O%7,
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2. Sufficiently large discount. p is sufficiently large in the following sense.
constants C > 0 and cso > 0 such that

(25) E e OXP ] < 00+ flaf e,
(26) E {supe—psnxz”»ivauq] < O+ al|ee=,
s>t

There exist

for all (t,z,i) € [0,00) x RT x T, § € O[0,00) and o € A;[0,00), where X% is a
solution to the SDE (2) starting at X“’a =z and controlled by o € A;]0, 00).

3. Polynomial growth conditions. ,¢ and ¢ are continuous and satisfy the polynomial

growth condition in Hypothesis 4.2.

4. Non-negative reward condition.

(27) ¢($7l) - g(:L‘,Z',O) >0,

for all (z,4) € R? x T.

5. Temporary terminal condition. There exist polynomial growth functions g(x,1),

g(x,I) such that
(a)
(28) g9(@,i) <0,
for alli € T and x € RY;
(b)

(29) 9(x,1) >]€Igé\%{ 9(z,j) —cij(x)},

for alli € T and x € R%;

(¢)

ST | A Tt

forallOngf,yeﬂ nEL (R )andzEI

6. Non-free loop condition in the infinite horizon. For all finite loop (ig, i1, . .,

with ig = iy and ig # iy and for all x € RY, ¢ satisfies
Cigyir (%) + =+ Cipy_y i () > 0.
7. Strong triangular condition in the infinite horizon.

crj (1) < cri(@) — Ci(1+ Cxe (1 + [z]|7)),

i) € TTH

for alli € N, (4, )eIandeRdwzthj#zandk#], where C;, C% and q are

defined in Proposition 2 and Hypothesis 4.
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The time-homogeneity (Hypothesis 14.1) is a standard condition. With taking account of
the time-homogeneity and the Markov property of X, the starting time does not matter to
the optimal switching problem. The sufficiently large discount condition (Hypothesis 14.2) is
also standard. If it is not postulated, then the value function can diverge. Therefore, we need
this condition to consider meaningful problems. However, the condition (25) is slightly strong.
Indeed, it is sufficient to satisfy (25) with # = 0 and (26) in order to prove the finiteness of
the value function (Proposition 15). The condition (25) is needed to prove the convergent
property of the value function from the finite horizon to the infinite horizon (Proposition 18).

Under the non-negative reward condition (Hypothesis 14.4), the rewards of the optimal
switching problem in the infinite horizon is non-negative. Indeed, by the definition of ¢, we
have ' ' ' '

¢(Xf727a7 at) - grlfqb(X;m,a’ at) > w(X?Z,av at) - g(XZC727a7 Qs 0) >0,

for all (¢,z,i) € [0,00) x R x T, 6; € ©; and a € A;[0,00). The non-negative reward
condition guarantees that an optimal switching problem in a longer finite horizon has a large
value function. This restriction is needed to exchange the orders of taking limits of Picard’s
iterations n and time horizons T'. This is slightly restrictive, however, it can be replaced to a
lower bounded condition (Remark 16).

The temporary terminal conditions (Hypothesis 14.5) are assumed for purely techni-
cal reasons. However, they are not so restrictive. If all switching costs are non-negative,
then we can choose g(x,i) = 0 for all (z,i) € R? x T satisfying all the temporary termi-
nal conditions. Once we find the constants gi,...,gs satisfying the inequality (29), then
g1 — Maxjez gj, - - ., g1 — Maxjer g; satisfy all the temporary terminal conditions. If g(z,1)
satisfies the inequalities (28) and (29) and if g(-,) is twice continuously differentiable for all
i € Z, then one of sufficient conditions to satisfy the inequality (30) is

(31) Llg(z,i) — pg(z,i) — (Vg(z,i)) o(z,i)0 > 0,

for all (z,i) € RY x T and 6 € ©¢. The condition (31) can be derived by applying the Ito’s
lemma to e ?*¢?g(X;,4). If the switching costs are constants, we can easily find the constants
satisfying the temporary terminal conditions. On the other hand, in the major applications
such as the buy low and sell high problem and the pair-trading problem, we can also find the
functions satisfying the temporary terminal conditions. The other assumptions are essentially
the same as the finite horizon problem.

The objective function in the infinite horizon is

o0 . .
Jwha)= inf E [ /0 G (WX ) = B0 (X ) )t

0 .
=D i (X5 |
k=1
for (z,i) € R? x Z and a € A;[0,00). The optimal switching problem under ambiguity in the

infinite horizon is

(32) v>¥(z,i) = sup J(z,i,a),
a€h;[0,00)

for (z,i) € R? x . We can easily show that v is polynomial growth with respect to z.
Proposition 15 Under Hypotheses 1 and 14, there exists a positive constant C' such that
0 <v%®(x,1) < O+ [lz]|),

for all z € R and i € T. Thus, v™° is polynomial growth with respect to .
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Proof of Proposition 15. It is clear that v*° is non-negative by the non-negative reward
condition. Fix an arbitrary z € R? and i € Z. Then, by the polynomial growth condition of
1 and ¢ and the strong triangular condition, we have

J(z,i,0) <E / eTPUp(XET o) dE — Ze P i i (XPP) | < C(1+ ||lz)|9),

0

for all & € A;[0, 00), where C' is the positive constant not depending on z,i and «. Hence, we
obtain the desired result. O

Remark 16 Hypothesis 14.6 (the inequality (27)) can be replaced to a lower bounded condi-
tion. We assume that there exists some constant cy, ¢ such that

P(x,1) —<(x,1,0) > ¢y,
for all (z,i) € R x T. Then,

. cq/;g . o —ot
J(z,i, ) — —= = J(x,i,a) — e ey odt
p 0

= inf )E [/ e_ptcte (11}(Xf’i’a t) — ¢9£¢>( Xhe o) — qu,g) dt

0€0O[0,00 0
— Z e kaCchlk ) Zk(sz a)]

for all (z,i) € R? x T and o € A;[0,00). By the definition s, we have
w(th7i7a7 at) - 07/§¢(th7i’a7 at) — Gy > 'lp(thﬂ"av at) - C(Xf7i7a7 A, 0) Gy > 07

for all (t,z,7) € [0,00) xR T, §; € ©; and a € A;[0,00). Hence, we can replace the original
rewards to non-negative rewards. cy o may be negative, but it is finite.

Remark 17 Similarly to Remark 6, the strong triangular condition in the infinite horizon is
not necessarily needed. Instead of the strong triangular condition, it is sufficient to hold the
following inequality

Ze PTCip i Xx’z’a)] < O+ ]|,

for all z € R, i € T and a € A;[0,00), where C is a positive constant not depending on
(x,i) and a. Furthermore, if the above inequality is satisfied, then we do not also need the
inequality (26).

We consider the following multidimensional RBSDE on [v, T for v € T and n € L?,q(Rd),
_di;;TvVﬂhi _ (w(Xth,i’ i) — pﬁTﬂami _ g(X;/JN" i, ZtT’”’"’i)>dt

—(ZP"™MY AWy + KTt € (1, T,
?1?17V7777i — g(X;_:nvl’ 7/), ]?Z,Vﬂ?,i — 0’

33 yTvmi {?Tww’ — e (XY } , te v, T,
(33) ¢ - jgllé\i?i} t ci i (Xy") [v,T]
T m s ST i i
Y T max {Y SV Ci i )(V’n’Z } )dt = 0’
/0 (% jeny U %)

(yTwni, ZTwai KTvniy e 2y, T) x H3[v, T) x K[, T), i€,
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where ¢ is the function satisfying the temporary terminal conditions. By Theorem 8 and
Proposition 10, there exists a unique minimum solution of the multidimensional RBSDE (33).
Now, we show that the solution to the multidimensional RBSDE (33) converges to the value
function (32) as T — cc.

Proposition 18 Under Hypotheses 1, 3, 7 and 14, f/tT’”’"’L < ?tT’V’n’L for all v € 7E)T, v <
t<T<T,neLXRY and ¢ € T,. Furthermore, for all (t,z,) € [0,00) x R% x T,

(34) lim Y, = % (x,4).

T—oo

Finally, v>°(-,1) is continuous for all i € T.

Since the proof of Proposition 18 is too long, we put it in appendix Appendix C.
We next study the relationships between v>° and PDE. Consider the following PDE.

(35)  min{—L'u(z,i) — ¥(x,i) + pu(x,i) + s(z,i,0 (v,1) Vu(z,1)),

w(e,i) = max {u(@,j) = cij(@)}} =0, (2,i) € R? x Z,

where

) _ / . 1 ! . 8f(.73)
L'f(z) = (Vf(x))b(x,i)+ 2tr <0’U (x’l)(?:c@x’ .
Then the following proposition holds.

Proposition 19 Under Hypotheses 1, 3, 7 and 14, v™° is a viscosity solution of the PDE
(35).

The proof of Proposition 19 is in appendix Appendix D. By Proposition 19, we can study the
optimal switching problem under ambiguity through the PDE (35). Moreover, we can easily
show the uniqueness of the solution to the PDE (35) using the method of Proposition 3.1 in
[15], so we omit the proof of the uniqueness.

6 Financial Applications

6.1 Monotone Conditions

We first prove that under certain conditions, the optimal switching problem under ambiguity
can be interpreted as the optimal switching problem with a shift of the drift of X not depending
on its value function. We first assume the followings.

Hypothesis 20 Monotone conditions. We assume d = 1.

1. k-ignorance. There exist non-negative constants ki, ..., kr such that
Or" = [~ ki,
foralli € Z, x € RY and t € [0, 00).
2. For every x,y € R, X satisfies,
<y = Xb® <X Pogs.,

for allt,s € [0,T], i € Z with t < s.
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3. p does not depend on a value of x.

4. For every (t,i) € [0,T] x Z, 9(t,-,i) is non-decreasing.

5. ¢(t,x,i) =0 for every (t,z,i) € Kr.

6. For everyi € Z, g(-,1) is non-decreasing.

7. For every (t,i,7) € [0,T] x (Z)?, ¢; (t,-) is non-increasing.

[5] call Hypothesis 20.1 k-ignorance. The other conditions guarantee the monotonicity of
the value function with respect to the initial value of X. Under Hypothesis 20, we can prove
the following result.

Proposition 21 Suppose that Hypotheses 1, 3, 4, 7 and 20 are satisfied. For all (t,x,i) € Kt
and o € Ag[t, T), let ~F X555 be q solution to the following SDE,

d_HX;:’L%a - (b(sa _KX?L“X: as) — Kag ’0(37 _HX;:’LLOL’ as)‘)ds + 0(87 —an,:c,z,a, QS)dW&
—k yhTg,a
X, =z
Then, the value function v(t,x,1) satisfies
) ) )

T . .
(36) wv(t,x,i) = SHF ]E[ / “RDLRp(s, TEXETEY o )ds + TRDE Y g(TRXET ar)
ach;[t, T t

—K Nt —K yvt,x,i,a
- E , DT}@’ Cir_ i (Ths XT;C77 )‘}-t]7

t<7p <T
where

S
—R DL = oxp {—/ p(u, au)du} . se|tT].
t

Furthermore, x — v(t,x,i) is non-decreasing for all (t,i) € [0,T] x I.

Proof of Proposition 21. By the k-ignorance and ¢ = 0, we have
S(t,x,i,2) = Kz,
for all (¢,,i,2) € K7 x R. Now, fix an arbitrary ¢ € [0,7] and x,7 € R with x < Z. Then,
by the monotone conditions 2-6, we have
(37) 1,[)(5, X;@’i? Z) - p(Sa ’L)y - ’ii‘z| < ¢(37 X?E’Z’a 7’) - p(S, Z)y - I{’i|z|7
(38) g(X3,0) < g(X5™ ),

for all (s,i,y,2) € [t,T] x Z x R x R. Furthermore, by the monotone conditions 2 and 7, we
have

39 max { I S,X;’I’i } < max {*j — G S,X;’E’i },
(39) e Y .l ) e ¥ 4 )

for all (s,i) € [t,T] x Z and (y',...,y"), @', ...,5") € R with y* < 3" for all k € Z. Let
(Yteim),cr >0 and (thi’i’")iez, n>0 be the Picard’s iterations defined in Theorem 8 with
starting = and Z, respectively. Then, by the inequalities (37) to (39), recursively applying the
comparison theorem leads to that

t,z,5,m t,T,5,m
Y, S Yoo
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foralli € Z, s € [t,T] and n > 0. Taking a limit of the above inequality, we have
(40) o(t,,d) = YO < VIR = o(t, 7, 0),

for all ¢ € Z. Since we arbitrarily choose t,z and Z with x < Z, the inequality (40) implies
that a mapping = — v(t,z, 1) is non-decreasing for all ¢ € [0,7] and i € Z.
Now, let us consider the following PDE,

min{_wt(t7 z, Z) - ‘Ciﬂ’iw(u z, Z) - 1/’(15, z, Z) + p(ta Z)'lU(t, T, Z)a
(41) w(t7x7i) — max {w(t,x,j) - ci,j(ux)}} =0, (t>$7i) € lciTa
JET\{i}
w(T,x,i) = g(x,1),

where

2 82f(t7 .iL')

or?
The PDE (41) has a unique continuous viscosity solution. Let (t,z) € [0,7) x R and let
o € CH2([0,T) xR x T) be a test function such that v(-,-, i) — (-, -, ) attains a local minimum
at (t,x) for all i € Z. Since y — v(s,y, j) is monotone non-decreasing for all (s, j) € [0,T) x Z,
we have Vp(t,z,i) > 0 for all i € Z. Since v is the viscosity supersolution of the PDE (24)
by Proposition 13, we have

LTt ) = (b(t,z,1) — ki|o(t,z,9) )V (L, ) + %(J(t,x, i))

min{_gpt(tvxa Z) - E_H»igo(t’ xz, 7“) - w(taxvl) + p(t,i)?)(t,l‘, Z)a

v(t,r,1) — max v(t,z,j) —cij(l,x
(t2,0) = mas {o(t,2,) = eij(t,2)})

= min{—y(t,z,1) — Lip(t,z,7) — (t, x,i) + p(t,i)v(t, z,i) + r|o(t, z,i)V(t, z,)],
v(t,z,1) — max {v(t,z,7) —cii(t,x >0,
(1) = mave {v(t,,5) = e, (0)})
for all i € Z. Hence, v is a viscosity supersolution of the PDE (41). The comparison theorem
of the viscosity solutions gives v > w. Using the similar argument, we also have v < w. Thus,
v = w. Since a value function of the optimal switching problem in the right hand side of our

desired equality (36) is a unique viscosity solution of the PDE (41), we obtain the equality
(36). O

In the infinite horizon case, Proposition 21 also holds under the same conditions as Hy-
pothesis 20. Proposition 21 implies that under the monotone conditions, the optimal switching
problem under ambiguity can be regarded as usual optimal switching problems. Thus, we can
use existing results in the literature of the optimal switching if the monotone conditions are
satisfied. In fact, under the monotone conditions, it is sufficient to solve the PDE (41) instead
of the PDE (24) to derive the value function.

The monotone conditions and Proposition 21 are very similar to the results of [6]. [6] study
the optimal stopping problem under ambiguity and show that if a payoff function f(¢,z) is
non-decreasing in x and k-ignorance is satisfied, then the optimal stopping problem under
ambiguity can be regarded as the standard optimal stopping problem in which the drift of
X shifts into b — k|o| (Theorem 4.1 in [6]). Our result implies that the optimal switching
problem under ambiguity holds the same property as the optimal stopping under ambiguity.

In sections 6.2 and 6.3, we consider two applications of the optimal switching problem
under ambiguity in finance. The first application in section 6.2 is a selection of investment
funds and it satisfies the monotone conditions. However, the second application (the buy low
and sell high problem) in section 6.3 does not satisfy the monotone conditions and it definitely
needs negative switching costs.
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6.2 Selection of Investment Funds

In this section, we consider an optimal selection of two investment funds under ambiguity in
the infinite horizon. Let d = 1 and Z = {1,2}. Assume that X satisfies the following SDE,

(42) dXt = batXtdt + UatXttha

where b; € R, 0; > 0, i = 1,2 are constants. The solution to the SDE (42) is

. t 1 !
X% = zexp {/ (bozs - Uis) ds +/ Uades} )
0 2 0

for all a € A;[0,00). Assume that ¢ = 0 and that ¢ is
Y(z) =2, z€0,00), 0<p<l1.

The switching costs c12 and ca1 are constants over x, and they satisfy c12 + c21 > 0. The
constant discount rate p, satisfies

L—p
b; e
p>pr£1€aIX{l O'Z}

2
The set of multiple priors is '
Qmﬂ = [7"4/7;7 K”L']v R 2 O’

for all x € R and i € Z. In the above settings, an optimal switching problem of interest is

43 v (x,i) = sup inf E
( ) ( ) a€h[0,00) 9€O[0,00)

00 o0
—pt 0,0 - 0,0
/0 e’ Ct (th ' a)pdt - Z € kaCTk Cig—1,i,

k=1

Since the problem (43) satisfies Hypotheses 1, 3, 7 and 14, we can use the results in section 5.
Furthermore, the problem (43) also satisfies the monotone conditions (Hypothesis 20).

Without ambiguity (i.e., k; = 0 for all ¢ € Z), the problem (43) is well studied by [20]. We
shortly summarize their results as follows.

Proposition 22 (Theorem 4.1 in [20]) Let

1
T p—bip+ LaZp(1—p)’
p—bip+ 50:p(1 —p)

(44) K;

forallieZ. Leti,j €T, i+#j.

1. If K; = Kj, then it is always optimal to switch from regime i to j if the corresponding
switching cost is non-positive, and never optimal to switch otherwise.

2. If Kj > K;, then the following switching strategies depending on the switching costs are
optimal.

(a) ¢;j < 0: it is always optimal to switch from regime i to j if one first stands in i
and it is always optimal not to switch from j to i otherwise.
(b) Cij > 0:

i. ¢ji > 0: there exists x7 € [0,00) such that if one first stands in regime i, then
it 1s optimal to switch from i to j whenever X exceeds x. If one first stands
i regime j, then it is optimal not to switch from j to .
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it. ¢j; < 0: there ewist gf,fj € [0, 00) with Ej < zj such that if one first stands
in regime i, then it is optimal to switch from i to j whenever X exceeds x}
and that if one first stands in regime j, then it is optimal to switch from j to

1 whenever X falls below f}"

For details of 27 and 7 and the functional form of the value function, we refer to [20]. By
Proposition 22, the types of the switching strategies are determined by K; defined in (44) and
the switching costs. The most interesting case is Proposition 22.2.(b).ii in which the decision
maker continuously switches the regimes.

The problem (43) can be interpreted as an optimal selection of investment funds. An
investor chooses a fund to maximize her expected utility with multiple priors. The switching
costs are interpreted as costs or benefits in changing funds.

We now assume Ko > Kp and c12 > 0 > cp1. Then, heuristically speaking, the fund
2 (regime 2) is more attractive than the fund 1 (regime 1), but one requires the positive
switching cost ¢1 2 to switch from the fund 1 to the fund 2. On the other hand, one gets the
switching benefit —co 1 when switching from the fund 2 to the fund 1. We can also interpret
the fund 2 as a new fund well performing and the fund 1 as an old fund less performing. To
obtain customers, the fund 1 begins the campaign that one switching from the fund 2 to the
fund 1 obtains the benefit —cy 1. Then, the investor has a motivation switching between the
fund 1 and 2.

However, in practice, the investor may doubt the good performance of the fund 2 since
the fund 2 is new and less experienced. She therefore considers that the fund 2 has a premium
of ambiguity. Mathematically, this implies that ko > 0 and x; = 0. We now consider the case
that k9 > 0 and k1 = 0.

Since the problem (43) satisfies the monotone conditions, we can use the results of [20].

Let ,
K5 = > 0.
p — (by — K2o2)p + 302p(1 — p)

Then, we have

K5 K
Kf — K = ’% ((1 —p)(0% — 2) — 2(by — by) — 2n202).

Therefore, the sign of (1 —p)(0? —03) —2(b; —by) — 2K202 determines the type of the switching
strategy. On the other hand, we have
_ pKLK,

Ky — Ky =222 ((1 — )02 — 02) — 2(by — bQ)) > 0.

Hence, (1 — p)(0? — 03) — 2(by — bg) is positive. However, if ks is sufficiently large such that
(1 — p)(0? — 02) — 2(by — by) < 2ka09, then K5 < Kj. Therefore, the large ambiguity with
respect to the fund 2 can change the type of the switching strategy.

To illustrate effects of ambiguity, we conduct a numerical simulation. Let b; = 0.03, by =
0.07, 01 = 0.1, 02 = 0.3, p= 0.5, p=0.03, c12 = 30000, and c3; = —1000. Then,

K =61.53846 - - - < 160 = K».

Hence, the investor continuously switches between the fund 1 and 2 without ambiguity. On
the other hand, we have

1— 2 _52) —9(py — 1
(1 —p)(of — 03) (b1 b2)215:0.0666~-.

209

Thus, if ko > 1/15, then the type of switching strategy changes to that one always chooses
the fund 1.

25



1e+10
I

1e+08
I

thresholds
1e+06

1e+04
|
\

1e+02
L
\

T T T T
0.00 0.01 0.02 003 004 0.05 0.06
degree of ambiguity (K»)

Figure 1: The Optimal Switching Thresholds in the Selection of Investment
Funds. The vertical axis is a logarithmic scale. x] under different x5y is plotted in the
solid line. 73 under different x5 is plotted in the dashed line.

Figure 1 displays the switching thresholds ] and Z5 with different degrees of ambiguity
ko. If one is investing in the fund 1 at time ¢ and if X; > 27, then she switches from the fund
1 to the fund 2. On the other hand, if one is investing in the fund 2 at time ¢ and if X; <73,
then she switches from the fund 2 to the fund 1.

According to Figure 1, in a higher degree of ambiguity k2, both of the thresholds z] and
75 are large. This implies that if ko is large, then the investor investing in the fund 1 needs
sufficiently large wealth X to switch from the fund 1 to the fund 2. On the other hand, if ko
is large, then the investor investing in the fund 2 switches to the fund 1 with smaller wealth
than that in small k5. Each behavior is well convincing. The large ambiguity makes the fund
2 less attractive, so the investor tends to choose the fund 1.

Remark 23 If k1 > 0, then let

1
KE = > 0,
Y p— (b — mio)p + Soip(1 - p)
and R KR
Kg — Kf = p 22 L ((1 —p)(U% — U%) — 2(b1 — bg) — 2(/420‘2 — /‘610'1)>.

Hence, in this case, if (1 — p)(0? — 03) — 2(by — ba) < 2(koo2 — K101), then K§ < KI.

6.3 Buy Low and Sell High

Next, we consider an optimal trading (buy and sell) rule under ambiguity. Without ambiguity,
this problem in trading a mean-reverting asset is well studied by [28]. We adopt their settings
and consider an optimal trading rule under ambiguity. Let d = 1. A trader concerns with
trading of a certain asset. A cumulative log return of this asset at time ¢ is denoted by X;
and it satisfies the following SDE.

(45) dXt = a(b — Xt)dt + O'th,

where ¢ > 0, b € R and o > 0 are constants. Therefore, the asset price at time t is given
by S¢ = exp(X:). We denote the solution to the SDE (45) starting from Xy = = by X7.
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Furthermore, this asset does not have any dividend and coupon. This implies ¢y = 0 and
¢ =0.

Let Z = {1,2}. The regime ¢ = 1 means that the trader’s position is flat. Hence, she
wants to buy the asset at as low a price as possible. The regime ¢ = 2 means that the trader’s
position is long. Hence, she wants to sell the asset at as high a price as possible. If the
trader goes from the regime 1 to the regime 2, in other words, if she buys the asset, then the
switching cost function is

(46) c12(x) =e*(1+ K),

where K € (0,1) is a constant percentage of slippage or commission per transaction. On the
other hand, if the trader goes from the regime 2 to the regime 1, in other words, if she sells
the asset, then the cost (benefit) function is

(47) 0271(36) = —e“”(l — K)

The set of multiple priors is '
0% = [—-k,k], k>0,

for all x € R and ¢ € Z. Therefore, we assume x-ignorance.
The buy low and sell high problem under ambiguity can be interpreted as the following
optimal switching problem,

48 v(z,i) = sup inf E
( ) ) a€A;[0,00) 0€EO[0,00)

S )|
More directly, the problem (48) can be expressed as
v(z, 1)

00
— pPT: X — 0To1_ 00 Xz

= sup inf E ( p2’“<90 k(1 — K) — e P10 ot 1+K)

a€h;[0,00) 6€0[0,00) kz_: ( ) 2k—1 ( )

[y

v(z,2)

: [ —pr Xr
= sup inf B |e T ¢%0e (1 - K)
ach; [0,00) 96@[0700) - !

+ Z ( _,UTQk-HC e T2k+1( —K) - e_pT%CfégeX%k (1+ K))

The cost/benefit functions (46) and (47) do not satisfy the polynomial growth condition
and the strong triangular condition. However, changing variables from X to S, then these
functions satisfy the polynomial growth condition. Furthermore, we can easily prove Propo-
sition 5 in the problem (48) (see Lemma 4 in [28] and Remark 17 in this paper). Therefore,
we can apply the method in section 5. Note that for sufficiently large constant C' > 0, the
following function satisfies the temporary terminal conditions:

g(z,i) = —ly—pe*(1 - K) - C.

It is easy to show that g satisfies the sufficient condition (31) for sufficiently large C.
According to Proposition 19, the value function v is a viscosity solution of the following
system of PDEs.

(49) min{—Lv(z,1) + pv(z,1) + ko|Vo(z,1)
(50) min{—Lv(z,2) + pv(z,2) + ko|Vu(z, 2)

,o(x, 1) —o(z,2) + e (14 K)} =0,

|
l,v(x,2) —v(z,1) —e®(1 - K)} =0,
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where
o* 0% f(z)
2 912
Unfortunately, the problem (48) does not satisfy the monotone conditions, therefore we need
to solve the system of PDEs (49) and (50). It seems to be difficult to solve this system since
it contains the absolute values of the first derivatives of v. However, we can find a continuous
solution to the system of PDEs (49) and (50) using the smooth-fit techniques (details of the
smooth-fit techniques are in Chapter 5 in [24]).

First, let C; be a continuation region of the regime 1 such that

Lf(x)=alb—x)Vf(x)+

Cl = (wla 00)7

for some z1. Thus, the trader in the flat position buys the asset whenever the asset price falls
below e®1. Also let C2 be a continuation region of the regime 2 such that

C = (_007 xQ)a

for some xo. Thus, the trader in the long position sells the asset whenever the asset price
exceeds e®2. Naturally we impose x1 < x2. We assume that

(51) Vou(z,1) <0, Vr € C;, and Vu(z,2) >0, Vz € Co.

By [28], the PDE,
—LV (z,1) + pV(x,1) — kaVV(z,1) =0,

on Cy has a solution such that
Vi(x,1) = Crp1(x),

where C, m = v/2a/0, and A = p/a are constants, and

00
o1 (l‘) _ / t)\—l6—0.5t2+m(b+na/a—z)tdt’
0

Similarly, the PDE,
—LV (2,2) + pV(x,2) + koVV(z,2) =0,

on Cy has a solution such that
V(x,2) = Copa(x),

where C5 is a constant and
o0
902(1,) — / t)\—l6—0.5t2—m(b—na/a—r)tdt'
0

Now, let us guess that candidates of the solution to the PDEs (49) and (50) are

o V(z,1), itz ey,
(52) v(z,1) = { V(z,2) —e*(1+ K), ifz¢ Ci

V(z,2), it z € Cy,
(53) v(z,2) = { V(z,1)+e*(1-K), ifx¢ Cz

Let

oo oo
@T(flf) _/0 t>\6—0.5t2+m(b+na/a—x)tdt’ (p%(:ﬁ) _/0 t/\€_0'5t2_m(b_'m/a_x)tdt.

28



Then, VV (z,1) = —mCi¢i(z) and VV (z,2) = mCap3(z). Hence by the conditions (51), we
need C1 > 0 and Cy > 0. By the smooth-fit conditions, we need

V(z1,1) =V (x1,2) — e*1(1 4+ K),
VV(zi,1) = VV(x1,2) — e (1 + K),

(54) Vi(2,2) = V(s 1) + €%2(1 - K),
VV(x2,2) = VV(x2,1) + e™2(1 — K),
v(z,1) >v(x,2) —e*(1+ K), on (r1,00),

(5) { v(x,2) > v(x,1)+e*(1— K), on (—1oo,x2),

(56) { (—L+p+ro|V])(V(z,2) —e*(1+ K)) >0, on (—o0,z1),
(—L+p+ro|V|)(V(z,1)+€e*(1 - K)) >0, on (x2,00).

After simple algebraic computation, the equalities (54) can be expressed as

o0 (&) (5 E) ()
—eaem (gl e (),) 20

By the definitions of v, the inequalities (55) are equivalent to
(58) V(z,1) >V(2,2)— "1+ K), V(z,2)>V(z,1)+¢e"(1 - K),
on (x1,x2). For the first inequality of (56), we have

(—L+p+ro|V])(V(z,2) —e*(1+ K)) = (—L+ p+ ro|V|)(—e"(1 + K))
o2
= —(p—a(b—x) sy —mr)ez(l—i—K) >0

on (—oo,x1) since (—oo,x1) C Cy. Thus, the condition expressed by the first inequality is
equivalent to

1 2
(59) xlé@(é—l—&b—l—%a—p).

Similarly, the condition expressed by the second inequality of (56) is equivalent to

1 /02
(60) 962>a<2—|—ab—/w—p>.

Finally, we need
(61) e?(1-K)>e""(1+ K) & 29 — 21 > log(1 + K) — log(1 — K).

Hence, if C1,Cy, 1 and x9 satisfy the conditions (57) to (61), then the candidates of the
solutions (52) and (53) are true viscosity solutions to the system of the PDEs (49) and (50).

To illustrate effects of ambiguity, we conduct a numerical simulation. Let a = 0.8, b =
2, 0 =0.5, p=0.5, and K = 0.01. The values of these parameters are the same as [28]. We
compute thresholds (x1,x2) with different degrees of ambiguity &.

Figure 2 displays the thresholds. According to Figure 2, in a larger degree of ambiguity,
both of the optimal thresholds become small. The long position trader (that is, the initial
regime is 2) considers the worst case that the steady mean of X is smaller than that without
ambiguity. Therefore, she sells the asset at a lower price than that without ambiguity.

29



thresholds
1.4 1.6 1.8

1.2

1.0

0.0 0.2 04 06 0.8
degree of ambiguity (k)

Figure 2: The Optimal Switching Thresholds in the Buy Low and Sell High
Problem. z; under different x is plotted in the solid line. x5 under different s is
plotted in the dashed line.

On the other hand, in the flat position case (that is, the initial regime is 1), the trader also
buys the asset at a lower price than that without ambiguity. That is because a gain of the
trader in the flat position does not realize until she sells the asset. Now, we assume that the
trader considers the case when the steady mean of X is larger than that without ambiguity.
Then, she can expect a bigger profit in her belief than that in the true probability measure.
This is a contradiction since she considers the worst case. Therefore, even if the trader has the
flat position, she considers the case that the steady mean of X is smaller than that without
ambiguity. Hence, the optimal thresholds of buying the asset under ambiguity is lower than
that without ambiguity.

[28] conduct the comparative statics with varying the steady mean of X, i.e., b. Their
results are that in a small b, both of the optimal thresholds are also small. These are similar
to the results in large ambiguity. However, the results under large ambiguity can not be
reproduced by a small b. By the equality (57) with x = 0, the optimal thresholds under the
steady mean b are equal to the optimal thresholds under the steady mean b plus b — b for all
b,b € R if the other parameters are the same. Therefore, the optimal thresholds are linear in
the steady mean b.

On the other hand, Figure 3 displays equal differences of the optimal thresholds with
different degrees of ambiguity. According to Figure 3, the equal differences are not constant,
therefore the optimal thresholds are not linear in the degree of ambiguity k. Our PDEs (49)
and (50) cause these non-linearities. The PDEs (49) and (50) can not be expressed as any
variational inequality of an optimal switching problem without ambiguity since these do not
satisfy the monotone conditions. Indeed, the difference xo — x1 without ambiguity is constant
over b, whereas o — x1 is small with large x. Thus, the optimal switching problem under
ambiguity can generate this interesting result which can not be reproduced by the problem
without ambiguity.
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Figure 3: The Equal Differences of the Optimal Switching Thresholds in the
Buy Low and Sell High Problem. z; under different  is plotted in the solid line.
2o under different x is plotted in the dashed line. Each interval of x is 0.08.

Appendix A The Moment Estimates of X

Proof of Proposition 2. Since x — ||z||? is twice continuously differentiable for all ¢ > 4, we
can apply the Ito’s lemma to || XZ™"*||2. Then, for all s € [t,T], using the quadratic growth
condition for b and o, we have

12X b, X )

S
X = [l +/ gl X
t

+3 [ (ata =2 o/ Xl g e P
Al Xm0 o, X0, ) ) dr
+ [l o Xt 0,
t
<l + €y [ (14 g ) ar
t

S
+q / | XEm 42 (X0 Y g (7, XEP 0, ) AW,
t

where 6(; is the constant only depending on ¢ and L. The above stochastic integral in the
right hand side is a local martingale. Hence, there exists an increasing sequence of stopping
times (75, )n>1 such that 7, — oo and

: Y SA\Tn )
E{| X551 < llz]* + CE U (1+ rXﬁWHq)dr] 7
t
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for all s € [¢,T] and n > 1, where a A b = min{a,b}. By the Fatou lemma, the monotone
convergence theorem and the continuity of X»*%® taking a limit, we have

L B[ X050 9] < 14 liminf B[ X550 |7

SA\Tn,
< vt fol 4 G | [ (1 Iximiege)ar]
t
=14 ol + G, [ E[1+ xEio]ar
t
By the Gronwall lemma, we have

(62) Efl

forall 0 <t < s and z € R4, Similarly, we have

1 <14 EIXE) < (14 [l 9)elal,
ma [ X0 < a4 G, [ (1 fesie)ar
t
S
g e [ X IR o XU )W

By the Burkholder-Davis-Gundy inequality and Jensen inequality, we have

S
B | [ X o X )

T 1/2
S E [(/ ||X;5,z,z,o<||2q—4‘|o_/(r, X;E,a:,z,a, ar)X£7$’Z7a‘|2dr> ]
t

T 1/2
SE[( [ I i, a ) ar ) ]
t
T A 1/2
< LE </ | - (l—l—HXﬁ’“’O‘HQ)dr)
t

S\@L(/tTIE[ ]dr)1/2.

Furthermore, using the inequality (62), we have

T A 1/2 T .
([mnsis=apgar) < ([ aspepocaesa)
t t

1 G (T—
< (L [0yl T-012,

2q

1/2

)

Thus, we obtain

E [max HX”’“O‘HQ] <1+E [max HX”“O‘]‘]] < Cyx (14 ||z ) a(T— t),
t<s<T t<

where

~ 2 6
Cq,X:max{l,C'q, AqL}7 Cq:ﬂ_
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If ¢ € (0,4), then by the Jensen inequality, we have

. . q/4 . a/4
# s 1] = g 501" < (2 g 701
t<s<T t<s<T t<s<T

< CYR (1 + |lal| )2/t elaCs/ 0T =0

< CZ§(1 + ||z 9)etaCa/ DT D),

It is easy to show the inequality (3) applying the Ito’s lemma to e ?5(1 + || X5%5%||2). O

Appendix B Verification of Y

Proof of Proposition 11. Step.1Y is at least as large as any objective function. We define a
sequence of random variables as follows.

k-1 ;
X0:=p, XF.=XxptN N g

By the definition, X* € LZZ(Rd) for all k. Furthermore, for all & > 1 and t € [r;—1,7%), the
strong uniqueness of X leads to that

(63) XU X’T'k—lvxkilyik—l
t = A ’
P-almost surely.

Let N = inf{k | 7 > T'} and 79 = v. By the admissibility of a = (7, ix)k>0, N is finite
P-almost surely. Let Z~ """ be a stochastic process such that

N
— k—1 ;
(64) ZM =N g e (), te (0,1,
k=1
Let D* be a stochastic process on [7j_1, 73] such that

¢ k-1,
Df = exp {—/ p(s,XsTk_l’X ’%_l,ikl)ds} ,  tE [Tk—1, Tk
Tk—1

By the equality (63), we have
D;’ﬂ%%a — Dt1, t c [TO,TI],
DY = DI DE t € [y, ], k> 2.

k—1 ;
Then, for any k > 1, applying the Ito’s lemma to DfYtT'“l’X k=1 Jeads to

. . Tk .
kal’Xk_lkafl k kalvxk_lﬂkfl k kalaxk_lﬂkfl -
Y, > D v + [ DE(y(s, X] Jin1)

Tk—1
Tk—1

k-1 ; k-1
Tr—1,X Tk—1 Tp—1,X (I
S ’ ' 7Zk,‘—17 ZS ' ’ ))dS

—q(s, X
Tk k—1 -
— / D?(Z;—kfhx 1’Zk71)/dWS,
Tk—1
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k—1 ;
where we have used the non-negativity of Df and monotonicity of K" =1 XTI Bgrther-

more, by the pathwise uniqueness of X and Y (see Proposition 10 and (63) and (64)), we
have

Y’T'k—lekilvik—l

Tk—1
. Tk
k Tk,Xk,Z - k ,10,L, 1,0, VL
> Dk y X 1+/ D! (z/)(s,X;’"La,ozs)—g(s,X;’"La,as,Zs ))ds
Tk—1
Tk k SV L,0
V5Tt /
—/ DR(Z2™ Y AW,
Th—1

k

. o, X P i . . .
Since each Y7, 77! dominates the lower barrier, we obtain

T1
v, 1y 7,X10 1 V,m,L,0 [ZX NN ZYVnsLa
Y,/ > Dyt +/ D} (s, X2, a) = o(s, XL, 0, Z27) ) ds

70

T1
1 77V5T54,00\7
—/ D, (Z, ) AW,
70
1 m,X 10 o m1,X 1 io
2Z)’T'l (Y’T1 _CzO:Zl(TI’X’Tl )

T1 B
+ / D;‘ (w(57 XSV777’L7a7 Oés) - §(8, X ;/7777"7057 0657 ZZJLL’OC))CIS
T

0

1 .
_ / D;(Z?Ti,ua)/dws

0
_ pl v7r,Xhi 1., . Uym,L,Q
- DTl YTl - ‘DT1 Clo,ll (7—17 XTl )

T1 _

+ / Di- (w(sv XSVJ%L,OZ7 Oés) - §(8, X;jvnvl'va7 a, ZSJLL’OC))C].S

-
—_—

- | DYZ
70

1 T1 7X1ai1 1. vy, o
ZDT1§/T2 _‘DTlc'LOyZl(T]-’XTl )

T1
VL,
+/ Di (w(s,Xs”’”’L’a,as) — (s, XYY g, Z, ))ds
.

0

vyt
S

) AW,

) B
+ D71'1 / ‘Dg (1/}(8’ X;jm’hav as) - g(S, X;’J]’L’a’ Qs ZZ:nybyOl))ds

T1

T1 T2
1 /778,07 1 2 (VLGN
- / DNZ"™ Y aw, — DL, / D2(Z"™ Y aw,
70 T1
— 1 7—27X27i1 IS v,
- D’rly;'z - Dncloﬂl (Tl?XTl )

T2 -
_|_/ DZ,n,L,a <¢(S’X;/,n,a,a7a8) . §(S,X§’n’L’a,Oé5, Z?fi,ha))ds
-

0
2 V1, L0
V5Tt /
- / Dymee(Z ) AW,
70
where we have used Proposition 10 and (63). By repeating this up to n > 1, we have
n—1
l/7 7L 1/7 ?L7a T 7Xn?in7 1/7 ,L7a . . Ij7 7L7a
Yl/ K 2 DTnn YTnn t— Z DTkn Cig_1,ik (Tk’ XTkn )
k=1
™ =12 L,
+ / DSV,WMC! (¢(S, X;j7n71/7a7 as) _ g(57 X;’ﬂ%b,a’ g, Zs”,77 ’ ))ds
-

0

Tn
v,m,L,0 (7Y THE 0N
—/ DY (Z ) dWs,
P

0
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for all n. Since 7, — T P-a.s. and Y""* is continuous, taking a limit, we have

v UMQ (U Q _ Lo, Vim0
Y, > Dt g (X ar) E : DIy iy, (T X50%)
v<mp,<T

T
_|_/ DZ,n,L,a (@ZJ(S,X;””’L’Q, as) _ §(S,Xsy’n’b’a,0é3, Z:m,ha))ds
v
T V,M,L,00
7V, 00\
_ / DZ7U7L70(ZS ) dWS
v

Similarly to the above, we have

V7777L7a V7n7[’ V7777[’7a V7777L7a - Ij7n7L7a . . V?T]7L?a
Dt Y;f > DT g(XT ’O‘T) E DTk Cigo_1,ik (Tk?XTk )
tSTk ST

T
+/ Dg,n,b,a <1/}($,X;/’77’L’a, as) _ g(stSI/,n,L,a,aS’ le’777,b7a)>d8
t

T
- [ prmeeieyaw,
t
for all t € [v,T]. On the other hand, we have

V’n’L7a Ij7n7L7a JR— l/,T],L,a Ij7'r]71’7a P V7777[’7a . . V7777l’7a
Dt }/; - DT g(XT ) aT) Z DTk CZk,h’Lk (TkHXTk )
t<7m, <T

T
4 [ DEme (o, X2 0) = G5, XU, a0, 2014 ) ds
¢
T
v V. /
—_— /t DS7"77L7(X(ZS 7’,77L7a) dWs’
for all ¢t € [, T]. Hence, it holds that

(65) DtV,’I],L,Oé (}/;V,’I%L _ }/;V,ﬂ,L,O[)

s

T
Vym,L,Q VyM,L,Q VML VyM,L,Q Vym,L,Q
>—/ Dy (g(s,)(s77 ,Qg, 2 ) —<(s, X0 g, Z2 ))ds
t

T
o v, Lo (ZOThLY Sy o/
/ Dy (Z, Zg ) AWy
t

T T
_ vt A (VLAY Sy o v,m,L,0 vLa  Zum,on/
—/ Dy AL(Z Z )ds Dy (Z, Z, ) dWs,
t t

s

where (Ag)y<s<7 is a d-dimensional adopted process as follows: Now, we denote by z; s the

ith component of a random vector process (ﬂvu)uzo at time s.
V10,0 i

_ (VL VLo SV VL, v,n,L,oeNy
Let Z, —(Zl,s A /5 A I S ""7Zd,s )" and
|28 NN A2 2y e NadU2Ies V,1,L,Q v,m,tL,0 V,1,L,00\/ o
let ZSM00 = (2 2 2 2 2y ) A s
v,m,L,a HU L0 T V,M,L,0 Um0, 4
A . = §(87X8 ' 70587237 o )_g(stS,H ?a57ZS o )
1,8 T T UL, U1, ’
Zi,s - Zz s
. UL . . . .
if Zi::’ T £ Z2 and A; s = 0 otherwise. Then, (Ag),<s<p is uniformly bounded since

z = ¢(s, Xg M z) is uniformly Lipschitz for all s. This implies that the following process,

s 1 [
CSA:eXp{/ A;LdVVu_2/ HAuH2du}a szv
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is a martingale. Hence, we can define a new probability measure such that
PR (A) := E[14¢], A€ Fr.

Furthermore, by the Girsanov theorem, the following process,
t
WtA ::/ Agds — Wy, tevT],
v

is a d-dimensional Brownian motion under IP’%. We denote by E% an expectation operator
under P2. Since Z~™""" and Z*"* are in H2[v, T}, it holds that

T
B | [ gz - zzmee s <o
v
This implies that the stochastic integral
“ V. L,
/ Dumbe (0 gumbey g A Ly e (v, TY,
12

is a martingale under IP’%. Hence, taking conditional expectation of the inequality (65) under
the probability measure IP’% given by F;, we obtain

}/;/77771’ _ )/;/7777[’705 2 07

P-almost surely for all ¢ € [v, T1.
Step.2 Optimality of Y. We first prove the admissibility of a*. Let 7:’7“’& be a stochastic

Th—1,X

process defined as (64). Then, by the definition o*, K; -1l g for all k > 1 and
s € [17_y,7;]. Furthermore, it holds that

* * - * * sk
LT, GuE M T X e
k=1 bk oTk—1 L i R

* *
T — i - Gy, (Tk7XT;:)7
for all k > 1. Hence, the following equality holds.
P, Gl n
vty une sty e tinl vt x oy
(66) Dt Yt - l)t\/T:l< Y;E\/T;; B Z DT,: Ciy iy, (Tk ) XT]: ) ]1[1/,7',:} (t)

k=1
vty .
[ D (0, X2 ) = <l X2 0 227 ) ds
t v * =U,n,L,0¢
- /t Dyt (Z T AW,
for all n > 1, where a V b = max{a,b}. Let N* = inf{k | 7} > T} and B = {N* = +oo}.

Suppose that P(B) > 0. Then, as Z is a finite set, there exists a finite loop g, 1, . . ., im, @0,
19 € I,49 # i1 such that

YOIl i (X on B
kgt ’leq+l 7fl71774l( kqt1? qu+l) ’
foralll=1,...,m+1, ¢ >0 and 4,11 = ig, where (T,jq)qzl is a subsequence of (7})r>0. Let

T =limg 0o T];kq. Then 7 < T on B and

U1 UM ) (= *
Y? - Y? G,y (Ta X?) on B,
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forall I =1,...,m+ 1. This implies that

m+1

Z Ciy_1,ig (7, X;) =0on B,
=1

which is contradiction to Hypothesis 4.3. Therefore, P(B) = 0 and N* is finite P-almost
surely. Hence, taking the limit of (66), we have

V7777L7a* V7”77L —_ V7"77L7a* * * V7777L7a* * *
(67) D, Y, = Dg™" g(Xp, ap) — E DU e i (T, X2x)
t<rr<T

T *
b [ D (05, X7 00) - (5, X7 0 207 ) ds
t

T
VLo Y AZ N
—/ Dy (Z, ) dWs.
t

Since (yun»g?y’n’b’a*) € S?[v, T x H3[v, T] and since Hypotheses 1, 3, 4 and 7 are satisfied,
Zugr,: <rCir_ i (T X :I:) is quadratic integrable under P. Hence, o* is admissible.

We consider the solution of the BSDE (16) at (v,n, ¢, a*),
denoted by (Y- Zvm::2") Then, combining (67) and (Y*4®", Z¥»142") e obtain that

V7n7L7a* V7n7[/ V7n7[’7a*
Dy (vt -y
T v, Lo 1 VLA vy, T v,m,L,a’* AUes v, n,L,a*\/
= [ Dumeet AL(ZETYT _ grmsatyqg [ prmse (U007 grnsa®yqy,
t t

where (Ag)o<s<7 is the stochastic process defined in Step.1. As well as Step.1, we conclude
that
Y'tl’ﬂw — Y;’/J],Lva*

P-almost surely for all ¢ € [v, T. O

Appendix C Verification in the Infinite Horizon

Proof of Proposition 18. Step.1 Monotonicity of Y. Fix an arbitrary 0 < T < f, v E
T and 7 € L2(RY). Let (YTwmin zTvnin gTvnin) o be the Picard’s iterations of
(YTwmi zTwni KTvni) constructed in Theorem 8.

Also let (YTwmin zTwnin gTvniny oo bhe the Picard’s iterations of

(?T’”’”’i, /Z\T’”’"’i, I?T”’W’i) constructed in Theorem 8. Then, by the non-negative reward con-
dition, temporary terminal condition and Proposition 2.2 in [12], we have

e*PTngVﬂ?a%O — inf E |:€'DTC€JT9(XZ’77’Z, z)
0cO[T,T) T T

T ) ;
_|_/ e_pth’T <¢(Xf’"’l,i) — 92¢(Xf’n’z>i)>dt ‘ ]:T}
T

> inf E [e_pTC%’Tg(X%’n’i,i) ‘ ‘FT:| > e_pTg(X;’n’i,i)-
9cO|T,T
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Hence, YT'”” 0> g(XW” i) for all i € Z. On the other hand, for all i € Z,
(Y;T W1 0 ZT »140Y is the solution to the following BSDE on [v, T),

—dyy = (V(XP0) = py — S(XP, ) ) dt — AW,

yr = Y010y 2) € Sy, T x H2[w, T.

By the comparison theorem, lAftT’”’"’i’O > }A/tT’”’"’i’O for all t € [v,T] and 7 € Z. Similarly, by the
non-negative reward condition, temporary terminal condition and Proposition 7.1 in [11], we

have -
AT=V777=7;777/ V7777i >
YT Z g(XT Z) ’

for all n > 1. Hence, recursively applying the comparison theorem, we obtain that YT I

Y, for all t € [v,T), i € T and n > 1. Taking a limit, we also have Y;T W > Y T for
allt € [v,T] and i € 7.

Step.2 n-step dominated. Since T — Y,
}’}Tun,z,n
t

Y,/ s increasing by Step.l and since n —

is also increasing, we can exchange the orders of taking the limits such that

ST ST ST
lim Y, P lim lim Y, PG Jim lim Y, P iy YOOV”’Z’"
T—00 T—00 N—00 n—o0 T'—00 n—oo

where

Y;OO»VJY»%" — llm YTVnzlvn n 2 1‘
T—o0

By Proposition 2.2 in [12] and the comparison theorem, it holds that

— 7//\’1—‘71/7 ,‘,0 — : 97 - T k] 7' S
(65)  cooryTom —ee&gﬂx@{cﬁe (X2, 1)

- /VTe—ﬂtcf’”(wX:’”” i) = Oho(X" >)dt\ﬁ],

for all T > v. Now, we choose an arbitrary 6 € ©O[v, c0). Then, by the equality (68) and the
temporary terminal condition, we have

T
efpVYVT,l/,n,i,O S E |:/ efpté-f,l/ (/IIZ)(XV'YI’L ) . 6t¢( ,772 . )dt ‘ fy:| 7

for all T' > v. By the Lebesgue dominated convergence theorem, we have

6,,;,,?;0,1/,77,@',0 <E [/y —ptC <¢( X0 — (X -))dt ’ ]-",,] .

Since 6 is arbitrary, we obtain that

(69) e PYoormi0 < inf )IE[ / e*ﬂtgfﬂ”(zp(xt”’”v i) — Ol X '))dt’fy].

0€B[v,00

Now, we assume that for some n > 1,

~ o~ . oo ~ ~~ . ~ o~ .
eprY?oo,T,n,j,n—l < sup inf E |:/ efptcteﬂ' (w(XtTﬂ?a],Oé? at) _ 9£¢(Xt7'7777]7a7 Oét)>dt

aEAj,nfl[?,oo) 06@[”700) T

— PTk ;»ﬁvjaa ~
§ :6 Tk cZk: lvzk(XTk ) ‘ ‘FT] ’
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where 7 € 7, and 7 € qu(Rd), and o € A, 1[T,00) is a set of the admissible controls on
[T,00) changing the regimes at most n — 1 times. On the other hand, by Proposition 7.1 in
[11] and the uniqueness of Y, it holds that

70 —pry Tmin = f Ele TR g(X0M i)l
(70) e P pel [e " g(Xp™ i) oy
T7X2™ jn—1

£ e (T %<X”"’>}ﬂ{*<ﬂ

+ /;e—ptcf’“(th”’"” i~ trox 0 )at | 7.

Let 7* be an optimal stopping time of the maximization problem in the right hand side of
(70). Then, by Proposition 2.3 in [11], we have

v,m,i . —~ v,n,t . _ .
= inf {t € v, T] | YT’t’X = max} {YtT’t’Xt et Cz‘,j(X:’n’Z)}} .

JET\{i
Hence,
—T 0,v v —pr* Ov Tr* X ]n—l v,
e g (XM i) U gpe oy + €777 ( jEH%f\iﬁ}{YT* — cig (X7 )}]1{7*<T}
_ 0, TT X MRS 1
e (! u( ] LGt (X ,777)]1{7 <T})

where j* satisfies

AT,T*,XV’"’i,i,n AT,T*,XV’"’i,j*,n—l
YT* ” = YT* ” — Cij* (XV”] Z)’
if 7 < T, and j* = i otherwise. By the monotonicity of Y, we have

}/}T’T X =1 <}’}0077'*7X:;Fn’i7j*7n—1

T*

T*
Hence, we obtain
.

[ et (voxemion — grorxsm, iy )ar

e p”YT”””" < inf E

0€O[0,T] v
T o0 A Ry UOING 2L TR | f]
T* .
< inf E / e—Ptgf’”(¢(Xf’"”,é) LX) '))dt
0€BOv,m*) v
— T 9 'y
e e (K
0.v . b XU
+ ¢ sup inf E e ¢ (X, yen)
(XEAJ'*JL,]_[T*DO) 969[7’*700) T*

X G
— (X)) )
T e
S, e >yfﬁ])fy]

o .
< s o / I (DXL ) — B, ) ) i

Q€A 1 [r,00) 0€B[v,00) y

— E _ka V’n’i7a
Tk clk lvlk(XTk ) )‘FV] )

39



where we have used the uniqueness of the strong solution of X. Taking a limit, we have

(71)

oo . .
e*pl/YVOO,I/W:Z,n < Asul[t) ) eeér[lyfoo) E |:/ efptCtQ,V (w(th/m,Z,Oé’ at) _ 0£¢(X:777,7,,047 Olt)) dt
QEA; n|V,00 ) v

Tk v,n, i,
_§ e’ Crk Cip— 1,lk(X " ’fl/]

By the inequalities (69) and (71), we can prove that the inequality (71) holds for all n > 1
using the induction method. Since A;,[t,00) C A;[t,00) for all n > 1, the inequality (71)
leads to

(72) lim Y, = lim YO0 < 0™ (x,4),

T—o0 n—00
for all (t,z,i) € [0,00) x R? x Z. By the monotonicity of ¥ and the inequality (72), we have
(73) Y < (2, 4),

for all (t,T,x,4) € [0,00)? x R? x T.

Step.3 Convergence. To prove the opposite inequality of (72), we use the e-optimal argu-
ment such as Corollary 2.1 in [1]. Fix any (¢,,i) € [0,00) x R? x Z. Let J7(t,z,i, ) be an
objective function in the finite horizon [0,7]. Then, by the time-homogeneity, we have

Ttxi _ ~x-T—t0,x, T—t .
Y, =Y, > J N0, 2,4, «),

forall 0 <t < T, z € RY i € T and a € A;[0,T — t]. Now, we fix an arbitrary ¢t > 0 and
x € R9. For any € > 0, we choose a control a¢ = (7§, 4 )k>0 € A;[0,00) such that

J(x,i,a°) > v>(x,i) —

For all T > ¢, define
STt = qay, s€[0,T 1]

Then, a7~ € A;[0,T —¢t] for all T > t. For all T > ¢, let

T—t
6" = arg eeei[ngft} E [/0 e ¢l (QZ’(XS’I’Z’Q: af) — OLp(X e, a§)>d8

— T O — 970 07 7'7 € €
- Z r kC < Czk l,zk( b )]I{Tk<T t} +e P(T t)CT_tg(XTftZa 7aT—t):| .

Also let
goo,T—t L { GST_t, ifs<T— t,
s T

0, otherwise,
for all T > t. It is easy to check §°7~* € ©[0, 00). Then, we have
J(x,i,af)

oo
<B | [T e O (pxee o) - (T (X0 a) )
0
o0
_Ze—prgceoo,T— Ve (XOa:za )]
T i1t
k=1

o0
- JT- t(o ‘/L,’Z’OZET t)+E[ o T— tO/ €_p8’¢)(XS’I7Z7a6,Oé§)dS
T—t

o
eoo’TitvO _pTe 07x7i7a6 p 900 =t 0 O,x,i,of €
—Cr—y ¢ kciiqvii(XT; )]I{T,§>T—t} —€ CT t 9( X720 ar )|
k=1
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for all T > t. By the polynomial growth condition and the strong triangular condition, we

have
o 00
—ps 0,z,2,a¢ € § : —p7E 0,x,i,a¢
E /7; e ” ¢(Xs ,Oés)dS - e’ kcii,l,ii (XTZ )]1{71§>T_t} ’ 'FT_t
-1
k=1

< Cy (14 | Xm0 | 1)e T,

for all T' > t, where C1 is a positive constant not depending on 7T',t and x. Thus, we have

o0
oo, T—t _ . €
e R
T—t

oo
goo,T—t’O e 0,x,5,0° —p(T—t 000,T—t70 0,z,i,0° €
—Groy Y ey i (G g — PTG P afy)

k=1

< G [0 (1 X7 o) et
< C3(1 + ||| P)e =T,

for all T' > t, where C3, (5 and ¢ are positive constants not depending on 7't and . This
implies that for sufficiently large T, it holds that

(74)  J(x,i,a0f) < JTTH0, 2,4, 05T + C5(1 + H:I:||q)e_c°°(T_t) < JTH0, 2,4, 09T + ¢,
for all T > T. Hence, we have

lim inf Y;T’t’m’i > liminf JT740, 2, 1,097~ > J(z,i,a) — € > v™>°(z,1) — 2e.
T—o00 T—o0

Since € is arbitrarily chosen, we obtain

(75) lim inf Y > %z, 4),

for all (t,z,i) € [0,00) x R? x Z. Thus, we obtain the desired equality (34). For all i € Z,
the convergence of (75) is locally uniform with respect to ¢t and = by the inequalities (73)
and (74). Furthermore, YtT’t’x’i is continuous in ¢ and z for all 7" > 0 and ¢ € Z. Therefore,
v (x, 1) is continuous in x for all i € Z. O

Appendix D A Viscosity Solution in the Infinite Hori-
zon

Proof of Proposition 19. Let v (t,z,i) = XA/tT’t’x’i for0 <t <T, € R?and i € Z. By the
definition, we have

T . T .
v (t,xr,2) > max {v (t,x,7) —cii(x)f,
(t,1) > max (" (1,,7) — ci(x)}

forall 0 <t < T, € R* and i € Z. Hence, taking a limit, we have

v (x,7) > max {v>(x,j) — ¢ i(x)},
(@) 2 ma (0(.) = ciy(a)}

for all (z,i) € RY x T.

Furthermore, we can show the followings.
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Lemma 24 For all T >0, 2 € R? and i € Z, v (-, 2,1) is non-increasing. Furthermore,
there exists a positive constant C such that

(76) W' (t,z,0) — " (s,2,1)| < C(L+ ||z]9),
forall0 <s<t<T, xeRY and i eT.

We will show Lemma 24 after the proof of Proposition 19.

Let C%(R?) be a set of twice continuously differentiable functions from R? onto R. Let
B(z) = {y € R?| ||y — z|| < 1} be a unit ball on R? centered on x. Now, let us show the
viscosity solution property of v>°.

Step.1 Viscosity subsolution. We arbitrarily choose ¢ € C?(R%) and 7 € R? such that
max{v>®(-,1) — ¢} = v>°(7,i) — p(T) = 0. Let

P(z) = pla) + ||z —Z|*,
Let (tg,x) € [0,k] x B(z) for all k =1,2,3,... such that
max{v* (-, -, i) — &} = v* (tr, o, i) — Glr)-
Since v*(-,z,4) is non-increasing for all 2 € R? by Lemma 24, we have t; = 0 for all k. We
choose a subsequence of (z)r>1 which converges to some zy € R?. For convenience, we also
denote this subsequence by (xy)g>1. Then, since (z4)r>1 € B(Z), the Dini theorem leads to

lim v*(0, 21, 7) = v™°(x0,9).
k—o0

Thus, we have
0 < v™®(T,4) — p(T) — (v*°(w0,1) — @(x0))
< lim (vk(O,T,i) — @) — (0*(0,24,9) — P(x1)) — |y, — fH‘*)

T k—oo
< lim <_ |, — 74

_ =4
< lim =~z — 7|,

N—

Hence, xqg = 7.
Now, by Proposition 13, for all £ > 1, we have

0p i ~ . . : N~
0> ~ PP i) — gl i) + o0 (0,2108) + sk 0k, )V P()

- —ﬁ@(xk) - T/J(Uﬁlml) + pvk(O,xk,z’) + §($k, iv U/(wk72>v§5(xk))

Hence, by the Dini theorem, taking a limit of the above inequality, we have
02> _EZQD(I) - ¢(fv 'L) + pvoo(j7 Z) + §(f, ia O-/(fa Z)V@(f))

This implies that v> is a viscosity subsolution of the PDE (35).
Step.2 Viscosity supersolution. We arbitrarily choose ¢ € C?(R%) and z € R such that
min{v>®(-,7) — ¢} = v>°(z,i) —p(z) =0. For m=1,2,3,..., let

t

om(t7) = p(z) = ||z — z|* - —

Now, fix an arbitrary m temporarily. Let (tx,xx) € [0,k] x B(z) for all k = 1,2,3,... such
that
min{vk(-, ) 7’) - @m} = Uk(tkv'rk,i) - (pm(tkaxk)
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For any k > 1, t € [0, k] and = € B(z), by Lemma 24, we have

vk(()?x?i) - gom(O, JI) - (Uk(t7m7i) - me(tax))

IN

t
—— + O (14 |lall)

m

t
<——+C(1+ max |ly]?).

m yEB(z)
We now suppose that
(77) t>mC’<1+ max Hqu).
yeB(z)

Then,

k . k . t
. — —_ < —— q
PH0.2.1) = n(0.2) = (H(t2.) = (2)) < -+ O(1+ mae []7)
<0,

for all ¢ satisfying the inequality (77). This implies that for sufficient large E, all tj, with k > k
are in the following compact subset.

q
om0+ g )|

Now, we choose a subsequence of (tx,zy) converging some (tg,xg). We also write this

k>k
subsequence as (t, x)i>1 for convenience. Then, by the Dini theorem, we have

lim of(ty, x5, 1) = v*>°(20,1).
k—o0

Hence, we have

0 < v™(xo,1) — p(z0) — (v°(z,1) — p())
< lim (vk(tk,mk,i) — om(te, k) — (Wt 2,7) — Pm(tr, ) — ||z — 21\4)

k—o00
< lim (= ok - 2l|*) = ~lleo — 2|,
k—o00
SO T =2.
Now, by Proposition 13, we have
_ Opm(tksTE)
ot
1 . ) . . .
= Ll oty xp) — V(@h, 1) + pv* (b, Th, 1) + <(Ths 1, 0 (21, 1) Vo (t, 1)),

0< Ll (tr, x) — Y(xp, 1) + pv® (e, Tp, 1) + s (Th, 1, 07 (2, 7) Veorn (tr, 1))

for all kK > 1. Thus, by the Dini theorem, taking a limit with respect to k, we have

1 .
0 < — — L) —v(z,i) + pv™(z,1) + (2,1, 0'(2,) Vo ().
Since m is arbitrarily chosen, tending m to infinity, we have
0 < —Llp(z) = Pz, i) + pv™(,9) + (2,4, 0" (2, 1) V().

This implies that v> is a viscosity supersolution of the PDE (35). O
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Proof of Lemma 24. For al 0 < h <t <T, z € R and i € 7, we have

vl (t,x,1) = ?tT’t’x’i = }A/,z;h’tfh’m’i (time-homogeneous Markov property)
< f”gf;h“ (monotonicity of V)
= ol (t — h,z,9).
Hence, v”'(-, z,4) is non-increasing for all T > 0, z € R? and i € T.
Now, we prove the inequality (76). Since ¢t — v (¢, z,4) is non-increasing for all T, 2 and

i, it suffices to derive an upper boundary of v*(0,z,7) — v* (T, z,i). Then, by the polynomial
growth conditions for ¢, 1, g, and ¢ and Propositions 2 and 5, it is easy to show that

oT(0,2,1) — " (T, z,i) = YO — g(x,1)

< f E 0,0 —pt XO,ac,i,oz7 _y X-O,a:,z‘,oz7 )dt
o aesAu[o T 9619?0 T) |:/ C t th) t(b( t at)

+C90 —pT (X[)xza . Z 6 kaczk IZk(XOx,z,a) —g(a:,i)
OSTkST
< sup E[eTg(XP70) — g(a,)
aGAi[O,T}

T
0 - ,
/e PO a)dt — Y e e (X
0

0<mp <T
< O+ [|lz)l9),
where C' is a positive constant not depending on 7" and =x. O
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