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ABSTRACT

We derive closed-form solutions to optimal stopping problems
related to the pricing of perpetual American withdrawable standard
and lookback put and call options in an extension of the Black-
Merton-Scholes model with asymmetric information. It is assumed
that the contracts are withdrawn by their writers at the last hitting
times for the underlying risky asset price of its running maximum
or minimum over the infinite time interval which are not stopping
times with respect to the observable filtration. We show that the opti-
mal exercise times are the first times at which the asset price process
reaches some lower or upper stochastic boundaries depending on
the current values of its running maximum or minimum. The proof is
based on the reduction of the original necessarily two-dimensional
optimal stopping problems to the associated free-boundary prob-
lems and their solutions by means of the smooth-fit and normal-
reflection conditions. We prove that the optimal exercise boundaries
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are the maximal and minimal solutions of some first-order nonlinear
ordinary differential equations.

and lookback options

1. Introduction

Let us consider a probability space (€2, F, P) with a standard Brownian motion B = (By)s>0
and define the process X = (X;)¢>0 by:

thxexp<(r—8—crz/2)t+0Bt> (1)

which solves the stochastic differential equation:
dX; = (r — )Xy dt + 0 X;dB;, (Xo =x) (2)
where x > 0is fixed,and r > 0,6 > 0,and ¢ > 0 are some given constants. Assume that the

process X describes the price of a risky asset in a financial market, where r is the riskless
interest rate, § is the dividend rate paid to the asset holders, and o is the volatility rate.
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We aim to present closed-form solutions to the discounted optimal stopping problems
with the values:

Vi = sup E[e """ Gi(X; 00, Scn0)] and  T; = sup E[e "M Fi(Xepn, Qenn)] (3)
T ¢

with Gi(x,s) = L1 —x, Ga(x,s) =s— Lyx, Gs(x,s) =s— L3 and Fi(x,q) =x—Kj,
F>(x,q) = Kox — q, F3(x,q) = K3 — g, for some deterministic constants L;, K; > 0, for
i =1, 2, 3. Suppose that the suprema in (3) are taken over all stopping times t and ¢
with respect to the filtration (F;)¢>0. The linear functions Gj(x, s) and F;(x, q), for i = 1,
2, 3, represent the payoffs of standard and lookback options with floating and fixed strikes,
respectively, which are widely used in financial practice. Here, the random times 6 and n
given by:

0 =sup{t>0|X, =S} and n=sup{t>0|X; = Q} (4)

are not stopping times with respect to the natural filtration (F;);>¢ of the process X, but
they are honest times in the sense of Nikeghbali and Yor [34]. The processes S = (S;)>0
and Q = (Q¢)¢>o are the running maximum and minimum of X defined by:

<u<t

St =sV (max Xu> and Qr=gA <min Xu> (5)
o<u<t 0

for some arbitrary0 < g < x <s.

Although the random times 6 and 7 are not stopping times of X, we can still reduce
the problems of (3) to the associated optimal stopping problems for the two-dimensional
(time-homogeneous strong) continuous Markov processes (X,S) and (X, Q). For this
purpose, we observe that the expected rewards from (3) admit the representations:

E[e™" ") Gi(X;np> Ser0)] = E[e™™ Gi(Xe, SI(T < 0) + e Gi(Sp, Sp)I(0 < 7)]
(6)

and

E[e™ " Fi(X¢ nn» Qeng) ] = E[e 7 Fi(Xe, QI < ) + e Fi(Qy, QI(n < ¢)]

(7)
for i = 1, 2, 3. Observe that the expressions in (6) and (7) allow to describe the original
contracts as standard game (or Israeli) contingent claims introduced by Kifer [27]. Such
contracts enable their issuers to exercise their right to withdraw the contracts prematurely,
by paying some penalties agreed in advance. Further developments of the Israeli options
and the associated zero-sum optimal stopping (Dynkin) games were provided by Kypri-
anou [29], Kithn and Kyprianou [28], Kallsen and Kiihn [26], Baurdoux and Kyprianou
[3-5], Ekstrom and Villeneuve [12], Ekstrom and Peskir [11], Baurdoux, Kyprianou and
Pardo [6], Egami, Leung, and Yamazaki [10], and Leung and Yamazaki [31] among others.
In contrast to the concept of game contingent claims mentioned above, in the present paper,
we study the withdrawable American standard and lookback options in which the writers
can terminate the contracts prematurely, by taking advantage of insider information which
is not available to the holders. More precisely, we suppose that the option writers know the
last hitting times for the underlying risky asset price process of its running maximum or
minimum 6 or 1 over the infinite time interval, respectively. For instance, such situations
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can occur when the writers issue options on the underlying risky assets which may repre-
sent the shares of either their own firms or other companies to the decisions of the board of
which they have access and potentially influence them. In this view, the values V; and U, for
i = 1,2,3,in (3) can be interpreted as the rational (or no-arbitrage) prices of the perpetual
American withdrawable options in the appropriate extension of the Black-Merton-Scholes
model (see, e.g. [45, Chapter VII, Section 3g]). Some extensive overviews of the perpet-
ual American options in diffusion models of financial markets and other related results in
the area are provided in Shiryaev [45, Chapter VIII; Section 2a], Peskir and Shiryaev [41,
Chapter VII; Section 25], and Detemple [8] among others.

We further study the problems of (3) as the associated optimal stopping problems of
(25) and (26) for the two-dimensional continuous Markov processes having the underlying
risky asset price X and its running maximum S or minimum Q as their state space compo-
nents. The resulting problems turn out to be necessarily two-dimensional in the sense that
they cannot be reduced to optimal stopping problems for one-dimensional Markov pro-
cesses. Note that the integrals in the reward functionals of the optimal stopping problems
in (25) and (26) contain complicated integrands depending on the asset price as well as its
running maximum and minimum processes. This feature initiates further developments of
techniques to determine the structure of the associated continuation and stopping regions
as well as appropriate modifications of the normal-reflection conditions in the equivalent
free-boundary problems. Moreover, we show that the appearance of the withdrawal oppor-
tunities for the writers of the contracts at the times 6 and 1 may essentially change the
behaviour of the optimal exercise boundaries for the holders of the options. The other
problems of perpetual American cancellable or defaultable standard and lookback options
in models with last passage times of constant and random levels for the underlying asset
prices and zero or linear recoveries were recently considered in Gapeev, Li and Wu [21]
and Gapeev and Li [16], respectively.

Discounted optimal stopping problems for the running maxima and minima of the
initial continuous (diffusion-type) processes were initiated by Shepp and Shiryaev [44]
and further developed by Pedersen [36], Guo and Shepp [24], Gapeev [14], Guo and
Zervos [25], Peskir [39,40], Glover, Hulley, and Peskir [22], Gapeev and Rodosthenous
[17-19], Rodosthenous and Zervos [43], Gapeev, Kort, and Lavrutich [20], and Gapeev
and Al Motairi [15] among others. It was shown, by means of the maximality principle
for solutions of optimal stopping stopping problems established by Peskir [37], which is
equivalent to the superharmonic characterization of the value functions, that the optimal
stopping boundaries are given by the appropriate extremal solutions of certain (systems of)
first-order nonlinear ordinary differential equations. More complicated optimal stopping
problems in models with spectrally negative Lévy processes and their running maxima
were studied by Asmussen, Avram, and Pistorius [1], Avram, Kyprianou, and Pistorius [2],
Ott [35], Kyprianou and Ott [30], and Li, Vu and Zhou [32] among others.

The rest of the paper is organized as follows. In Section 2, we embed the original prob-
lems of (3) into the optimal stopping problems of (25) and (26) for the two-dimensional
continuous Markov processes (X, S) and (X, Q) defined in (1) and (5). It is shown that
the optimal stopping times 7;* and ¢;* are the first times at which the process X reaches
some lower or upper boundaries a; (S) or b} (Q) depending on the current values of the
processes S or Q, for i = 1, 2, 3, respectively. In Section 3, we derive closed-form expres-
sions for the associated value functions V;(x, s) and U} (x, q) as solutions to the equivalent
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free-boundary problems and apply the modified normal-reflection conditions at the edges
of the two-dimensional state spaces for (X, S) or (X, Q) to characterize the optimal stop-
ping boundaries a7 (S) and b} (Q), for i = 1, 2, 3, as the maximal or minimal solutions to
the resulting first-order nonlinear ordinary differential equations. In Section 4, by using
the change-of-variable formula with local time on surfaces from Peskir [38], we verify that
the solutions of the free-boundary problems provide the solutions of the original optimal
stopping problems. The main results of the paper are stated in Theorems 2.1 and 4.1.

2. Preliminaries

In this section, we introduce the setting and notation of the two-dimensional optimal
stopping problems which are related to the pricing of perpetual American withdrawable
standard and lookback put and call options and formulate the equivalent free-boundary
problems.

2.1. The optimal stopping problems

In order to compute the expectations in (6) and (7), let us now introduce the conditional
survival processes Z = (Z;)¢>0 and Y = (Y¢)¢>0 defined by Z; = P(0 > t| F;) and Yy =
P(n > t|Fy), for all t > 0, respectively. Note that the processes Z and Y are called the
Azéma supermartingales of the random times 6 and 7 (see, e.g. [33, Section 1.2.1]). By
using the fact that the global maximum of a Brownian motion with the drift coefficient
(r — 8)/o? — 1/2 < 0hasan exponential distribution with the mean 1/(2(8 — r) /o2 + 1),
while the negative of the global minimum of a Brownian motion with the drift coefficient
(r — 8)/o? — 1/2 > 0 has an exponential distribution with the mean 1/(2(r — 8) /o2 — 1)
(see, e.g. [42, Chapter II, Exercise 3.12]), we have:

(S/Xp%, ifa<0 (Qi/Xp)%, ifa>0
= and Y; =

Zy
1, ifa>0 1, ifa<0

(8)

forallt > 0, under s = x and g = x, where we seto = 2(r — 5)/02 — 1, respectively. The
representations in (8) can also be obtained from applying Doob’s maximal equality (see
[34, Lemma 2.1 and Proposition 2.2]) to the process X% = (X; “)¢>0, which is a strictly
positive continuous local martingale converging to zero at infinity. Then, it follows from a
direct application of the tower property for conditional expectations that the first terms in
the right-hand sides of the expressions in (6) and (7) have the form:

E[e™" Gi(Xe, SOI(T < )] = E[e™"™ Gi(Xe, $2)(S¢/X0)°] ®)
when o < 0, under s = x, and
E[e™™ Fi(X¢, Q)¢ < m)] = E[e™™ Fi(Xg, Q)(Qr /X)*] (10)

when « > 0, under q = x, for any stopping times t and ¢ of the process X, respectively.
Moreover, it follows from standard applications of Itd’s formula (see, e.g. [42, Chapter IV,
Theorem 3.3]) and the properties that the processes S and Q may change their values only
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when X; = S and X; = Qy, for t > 0, respectively, that the Azéma supermartingales Z and
Y from (8) admit the stochastic differentials:

Si\? S \* dS S\ ds
dZ; = —« (é) odB;+al(X; =S;) <?tt> S—::—cx (—t> O'dBt-i-OlS—: (11)

when o < 0, and

o Cld o d
dYtZ—CU (%) GdBt—f—CUI(Xt:Qt)(%) %Z—O{<%> O'dBt—f—Ol%

when o > 0, respectively. Hence, it follows from Doob-Meyer decompositions for the pro-
cesses Zand Y in (11) and (12) and applications of the dual predictable projection property
(see, e.g. [34, Corollary 2.4]) that the second terms in the right-hand sides of the expressions
in (6) and (7) admit the representations:

E[e™" Gi(S9,80)1(0 < )] = —E [/T e Gi(Su» St (&) ds”} (13)
0 Xy W
when ¢ < 0, under s = x, and
{ u * d u
E[e™ Fi(Qy QI(n < )] = —E [ f e Fy(Qus Qu)et (Q—> Q } (14)
0 Xu Qu

wheno > 0,under g = x, for any stopping times 7 and ¢, and every i = 1, 2, 3, respectively.

Furthermore, by means of standard applications of Itd’s formula, taking into
account the facts that 0,,Gj(x,s) = 0 and 9xF;(x,q) = 0, we obtain that the processes
e "Gi(Xy, St)(St/X1)® and e " F;(X;, Q1) (Qr/X¢)® admit the representations:

e " Gi(Xt, S) (Se/Xp)®

= Gi(x,5)(s/x)*
t S o
+ / e ™ <8xGi(Xu)Su)(r - 8/)Xu - TGi(Xu:Su)>I(Xu #S) <)Tu> du
0

u

t Sy \* dS ;
+ [ e (060808 + o Gt s )1 =50 (3 ) SN a5)
0 Xu Su

when o < 0, foreach0 < x < s, and
e " Fi(Xe, Q) (Q1/X)*
= Fi(x,9)(q/%)*"
t Qu *
n / e TH <8xFi(Xu’ Q) (r — 8/)Xu —rFi(Xy, Qu))I(Xu # Qu) <_) du
o X,

“ dQu
Qu

when o > 0, for each 0 < g < x, for every i = 1, 2, 3, and all t > 0, where we set §' =
8§+ aoc? =2r—8 — o2, that can be considered as a withdrawal adjusted dividend rate.

‘ —ru Qu
+ /(; € <8qu(Xu’ Q)Qu+ Fi(Xw Qu))I(Xu =Qy) (X_u)

+ N2 (16)
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Here, the processes N/ = (N:’j)tzo, fori =1,2,3andj = 1, 2, defined by:

t
. B S
N = [ (0,610 X, — o G S0 ICX, ¢Su>(
0

o
}7> o dB, (17)

and

t o

N;’z = /(; e (8xFi(Xu:Qu)Xu —a Fi(Xy, Qu))I(Xu # Qu) (%) o dB, (18)
u

are continuous uniformly integrable martingales under the probability measure P, when
o < 0 and o > 0, respectively. Note that the processes S and Q may change their values
only at the times when X; = §; and X; = Qy, for t > 0, respectively, and such times accu-
mulated over the infinite horizon form the sets of the Lebesgue measure zero, so that the
indicators in the expressions of (15)-(16) and (17)-(18) can be ignored (see also Proof of
Theorem 4.1 below for more explanations and references). Then, inserting T and ¢ in place
of t into (15) and (16), respectively, by means of Doob’s optional sampling theorem (see,

e.g. [42, Chapter II, Theorem 3.2]), we get:
E[e_rt Gi(Xz, S7) (St /Xr)a]

T B , Su «
=Gi(x,s)<s/x)“+E[ f & (3G (X S = )X, = 1 GilXes 5 <—) du
0 X

t ds,
+ [ (06508, + @ Gi5S.)) ] (19)
0 Su

when o < 0, and

E[e_rg Fi(X:, Qr)(Q¢ /XC)O[]
; Qu\*
= Fi(x,9)(q/x)* + E [/ e (00Fi (X Q) (r = 8)X, = 1 Fi(Xi Q) <_) d”
0 u
dou}

(20)
Qu

when o > 0, for any stopping times t and ¢, and every i = 1, 2, 3. Hence, getting the
expressions in (19) and (20) together with the ones in (13) and (14) above and combining
them with the expressions in (6) and (7), we may conclude that the values of (3) are given

by:

+ [ e (0@ Qu+ o FiQu Q)

T T
Vi = Gi(x,x) + supE [/ e " Hiy (Xu, Su) du + / e 3;Gi(Su> Su) dsu] (21)
T 0 0

when ¢ < 0, under s = x, and

_ ¢ ¢
U,‘ = F,‘(x, X) + sup E |:/ e_”" Hi,z(Xu, Qu) du + / e—ru aqu(Xu, Qu) dQu] (22)
¢ 0 0

when o < 0, under g = x, and i = 1, 2, 3, where the suprema are taken over all stopping
times T and ¢ of the processes (X, S) and (X, Q), respectively. Here, we set:

H;i(x,s) = (BXG,-(x, $)(r — 8" x — r Gi(x, s))(s/x)"’ (23)
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forall0 < x <s,and

Hin(x,q) = (9:Fi(x, @) (r — 8)x — r Fi(x,q)) (q/%)* (24)

for all 0 < g < x, respectively. In this case, we see that the problems in (21) and (22) can
naturally be embedded into the optimal stopping problems for the (time-homogeneous
strong) Markov processes (X,S) = (X;, St)r=0 and (X, Q) = (Xt, Qr)r=0 with the value
functions:

T T
Vi>k (x,5) = sup Ex [/ e ™ Hi1 (Xy, Sy) du + / e ™ 9,Gi(Su> Su) dSui| (25)
T 0 0

when ¢ < 0, and
. ¢ ¢
U (x,q) = supExq |:f e " Hip(Xy, Q) du + / e ™ 03Fi(Qu> Qu) dQu] (26)
¢ 0 0

when « > 0, for every i = 1, 2, 3, respectively. Here, E;s and E4 denote the expec-
tations with respect to the probability measures Py and Py, under which the two-
dimensional Markov processes (X, S) and (X, Q) defined in (1) and (5) startat (x,s) € E; =
{(x,s) e R?|0 < x < s}and (x,q) € E; = {(x,q) € R*|0 < q < x}, respectively. We fur-
ther obtain solutions to the optimal stopping problems in (25) and (26) and verify below
that the value functions V;(x, s) and U (x, q), for i = 1, 2, 3, are the solutions of the prob-
lems in (21) and (22), and thus, give the solutions of the original problems in (3), under
s = x and q = x, respectively.

2.2. The structure of optimal exercise times

Let us now determine the structure of the optimal stopping times at which the holders
should exercise the contracts. For this purpose, we formulate the following assertion.

Theorem 2.1: Let the processes (X, S) and (X, Q) be given by (1) and (5), with some r > 0,
8 > 0, and o > 0 fixed, and the inequality ' = 2r — § — o> > 0 be satisfied. Suppose that
the random times 0 and n are defined in (4). Then, the optimal exercise times for the perpetual
American withdrawable standard and lookback put and call options with the values in (25)
and (26) have the structure:

= inf{t > 0| X; < a’(S)} and ¢ =inf{t>0|X, > b](Qp)} (27)

undero < 0anda > 0, fori = 1, 2, 3, respectively.

The optimal exercise boundaries aj (s) and b} (q) in (27) represent some functions satis-
fying the inequalities a;(s) < aj(s) < a;(s) As, for s > s;, and b;(q) V q < bf(q) < Ei(q),
for 0 < q <, as well as the equalities ay(s) = s, a5(s) = 0, for all s < s;, and bi(q) = g,
bi(q) = oo, for all q > q,, for every i = 1, 2, 3. Here, we have a,(s) = rLia/(8' (o — 1))
anday(s) = rL1/8', a,(s) = rsa/(8'Ly(a — 1)) and ax(s) = rs/(8'Ly), while a;(s) = 0 and
a3(s) = s, under o < 0, with some 0 < s; <ajaswellass, = 0and s; = L.

_ We also have b,(q) = rK, /8" and El(q) = rKie/(8' (e — 1)), by(q) = rq/(8'Kz) and
ba(q) = rqe/(8'Ka(e — 1)), undera > 1, aswell as by (q) = 00 and by(q) = 00, under 0 <
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a < 1, while bs(q) = qand b3(q) = oo, withsomeq, > b, aswell asg, = oo and g5 = Ks.
Moreover, the boundary a3(s) is increasing on (L3, L3/ (o + 1)), under o < —1, and on
(L3, 00), under —1 < a < 0, while the boundary b3(q) is increasing on (Kza/ (o + 1), K3),
under o > 0.

Proof: (i) We first note that, by virtue of properties of the running maximum § and mini-
mum Q from (5) of the geometric Brownian motion X from (1) (see, e.g. [9, Subsection 3.3]
for similar arguments applied to the running maxima of the Bessel processes), it is seen that,
foranys’ > 0 and 4’ > 0 fixed and an infinitesimally small deterministic time interval A,
we have:

Sa=s5V max X, =5V (E +AX)+0(A) asA |0 (28)
0<u<A
and
Qr=¢ A min X, =q¢ A (g +AX)+0(A) asA |0 (29)
0<u<A

where we set AX = Xp — s and AX = Xa — ¢/, respectively. Observe that AS = 0(A)
when AX <0, AS= AX + 0o(A) when AX > 0, AQ = o(A) when AX > 0,and AQ =
AX 4 o(A) when AX < 0,whereweset AS = Sp — s’and AQ = Qa — ¢/, and recall that
0(A) denotes a random function satisfying o(A)/A — 0 as A | 0 (P-a.s.). In this case,
using the asymptotic formulas:

[A
Eyy[AX; AX > 0] = By y[AXI(AX > 0)] ~§ o 5, A0 (30)

and

A
Eyqs[AX;AX < 0] = Ey o [AXI(AX < 0)] ~ —q o ‘/E asA |0 (31
as well as taking into account the structure of the rewards in (25) and (26), we get:

Eyy [e—rA H;, (5/> 5/)A + e 7A 35G,'(S/, S/)AS]

A
~e A H; (s, YA 4 e 8,Gi(s,5)s o 4 2, 8 AlO (32)
T
and

Ega |7 Hizd, q)A + 7" ,Fi(d 4) AQ]

[A
~e " Hir(q,q)A — e ™ Fi(d,q)q o o= ALO (33)

foreachs’ > 0and ¢’ > 0 fixed. Since we have 9;G; (x,s) = 0 and 9;Gj(x,s) = 1, fori = 2,
3,as wellas 9,F1(x,q) = 0and 0,F;(x,q) = —1, for i = 2, 3, we see that the resulting coef-
ficients by the terms of order VA in the expressions of (32) and (33) are strictly positive, for
all (x,s) € Ej aswellas (x,q) € E; and every i = 2, 3. Hence, taking into account the facts
that the process S is positive and increasing and the process Q is positive and decreasing, we
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may therefore conclude from the structure of the second integrands in (25) and (26) as well
as the heuristic arguments presented in (32) and (33) above that it is not optimal to exercise
the withdrawable lookback put options when X; = Sy, while it is not optimal to exercise the
withdrawable call options when X; = Qy, for any ¢ > 0, respectively. In other words, these
facts mean that the diagonal d; = {(x,s) € E; | x = s} belongs to the continuation region
Ci), for i = 2, 3, which has the form:

Ci = {(x,s) € E; | Vi (x,s) > 0} (34)

while the diagonal d = {(x,q) € E | x = q} belongs to the continuation region C7,, for
i = 2, 3, which is given by:

H={xp ek | Uf(x,q) > 0} (35)

for every i = 1, 2, 3 (see, e.g. [41, Chapter I, Subsection 2.2]).

Moreover, it follows from the structure of the first integrands in (25) and (26) that
it is not optimal to exercise the perpetual American withdrawable standard or lookback
put option when H;;(X;, S¢) > 0, while it is not optimal to exercise the appropriate stan-
dard or lookback call option when H;, (X, Q) > 0, for any t > 0, for every i = 1, 2,
3, respectively. In other words, these facts mean that the set {(x,s) € E; | Hj1(x,s) > 0}
belongs to the continuation region C;fl in (34), while the set {(x,q) € E» | Hi2(x,q) > 0}
belongs to the continuation region C}, in (35), for every i = 1, 2, 3, respectively. In
this respect, if we assume that §' =2r — § — % < 0 holds, that obviously implies that
o = 2(r — 8)/o* — 1 < 0 holds, then we see from the expression in (25) that the equal-
ity ;" = 0 should hold for the optimal stopping time, so that one should exercise the
appropriate perpetual American withdrawable put option instantly. In this view, for sim-
plicity of presentation, we further assume that 8’ > 0 holds, as well as note that the fact
that @ = 2(r — 8) /o> — 1 > 0 holds obviously implies that §' = 2r — § — 02 > 0 holds.
In this case, the inequality Hy 1 (x,s) = (8'x — rL1)(s/x)* > 0 is satisfied if and only if
a; < x < s holds with a; = rL; /4, the inequality Ha1(x,s) = (8'Lox — rs)(s/x)* > 0 is
satisfied if and only if a,(s) < x < s holds with a,(s) = rs/(8'L,), while the inequality
Hs1(x,s) = r(Ls — s)(s/x)* > 0 is satisfied if and only if 0 < x < s < L3 holds. Further-
more, the inequality H; (x, q) = (rK; — 8'x)(g/x)* > 0 is satisfied if and only if ¢ < x <
by holds with b; = 7K /8, the inequality Hz»(x, q) = (rq — §'Kax)(g/x)® > 0 is satisfied
ifandonlyifg < x < b,(g) holdswith b,(q) = rq/(8'K3), while the inequality H3 > (x, ) =
r(g — K3)(q/x)* > 0is satisfied if and only if x > g > K3 holds (see Figures 1-4 below for
the computer drawings of the boundary estimates a;, b; and a,(s), b,(g)).

(ii) Let us now describe the structure of the continuation regions in (34) and (35). For
this purpose, we provide an analysis of the reward functionals of the optimal stopping
problems from (25) and (26). On the one hand, we observe that the function Hj ; (x,s) =
(8'x — rL1)(s/x)* decreases in x on the interval (0, a,), and then, it increases in x on the
interval (a,,s) with a, = rLy/(8'(ee — 1)) < rL1 /8’ = @y, under o < 0, for each s > s,
fixed and some 0 < s; < ;. In this case, the function Hy,; (%, s) attains its global minimum
atx = a,, forany s > s;. According to the comparison results for strong solutions of (one-
dimensional) stochastic differential equations (see, e.g. [13, Theorem 1]), this fact means
that the process (Hy,1(Xs, S¢))=0 started at the point Hj1(a,,s) has the smallest sample
paths than the one started at any other point Hy ;(x, s), for any 0 <x < s such that x # g,
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and s > s,. In this respect, we may conclude that the point (a,,s) belongs to the stopping
region D7}, for i = 1, which has the form:

Djy = {(xs) € Bt | Vi (x5) = 0} oo

for every i = 1, 2, 3 (see, e.g. [41, Chapter I, Subsection 2.2]), since otherwise, all the
points (x, s) such that 0 <x <s, for any s > s;, would belong to the continuation region
Cy from (34) too. The latter fact contradicts the obvious property that it is better to stop
the process (X, S) at time zero than do not stop the process at all during the infinite time
interval, under the assumption that « < 0. Therefore, taking into account the fact that the
function Hj ;(x, s) is negative on the interval (0, g,), we see that all the points (x,s) such
that 0 < x < a; As, forany s > s, belong to the stopping region D} | from (36) as well.

Note that similar arguments applied for the function Hy1(x,s) = (8'Lyx — rs)(s/x)*
show that all the points (x,s) such that 0 < x < a,(s) A's, with a,(s) = rso/(8'La(ox —
1)) < rs/(8'Ly) = ax(s), under o < 0, for each s > s, = 0 fixed, belong to the stopping
region Dzl from (36). Moreover, it follows from the property that the function Hz ; (x,s) =
r(L3 — s)(s/x)“ increases in x on the interval (0, s), under o < 0, that, for each s > s; = L3
fixed, there exists a sufficiently small x > 0 such that the point (x, s) belongs to the stopping
region D3 ; from (36). According to arguments similar to the ones applied in [9, Subsec-
tion 3.3] and [37, Subsection 3.3], the latter properties can be explained by the fact that
the costs of waiting until the process X comes from such a small x > 0 to the current value
of the maximum S may be too high, due to the presence of the discounting factor in the
reward functional of (25), one should stop at this x > 0 immediately.

On the other hand, we observe that the function His(x,q) = (rK; — §'x) (q/x)*
decreases in x on the interval (g, by), and then, it increases in x on the interval (b}, 00)
with b; = rKia/(8'(e — 1)) > rK; /8" = by, under a > 1, for each q < ¢, fixed and some
g, = b;. In this case, the function Hy 5 (x, q) attains its global minimum at x = by, for any
q < q;. According to the comparison results for strong solutions of (one-dimensional)
stochastic differential equations, this fact means that the process (Hj »(X¢, Qr))¢>0 started
at the point H; 5 (b1, q) has the smallest sample paths than the one started at any other point
Hi»(x, q), for any x > g such that x # by and g < g, . In this respect, we may conclude that
the point (b, g) belongs to the stopping region Dj,, for i = 1, which has the form:

Djy = {(x.) € B2 | U} (x.9) = 0} e

fori = 1,2, 3, respectively, since otherwise, all the points (x, q) such that x > ¢, forany g <
q;, would belong to the continuation region Cy , from (35) too. The latter fact contradicts
the obvious property that it is better to stop the process (X, Q) at time zero than do not
stop the process at all during the infinite time interval, under the assumption that o >
1. Therefore, taking into account the fact that the function Hj(x, q) is negative on the
interval (b;, 00), we see that all the points (x, q) such thatx > b; Vv g, foranyq < g,, belong
to the stopping region D7 , from (37) as well.

Note that similar arguments applied for the function Hj, 2,2(%,q) = (rq — 8 Kax)(q/x)*
show that all the points (x, q) such that x > bz(q) V g, with b, (@) = rqo/(8'Kz(ax — 1)) >
rq/(8'K3) = b,(q), under o > 1, for each g < g, = oo fixed, belong to the stopping region
D;"z from (37). Moreover, it follows from the fact that the function H3,(x,q) = r(q —
K3)(q/x)% is strictly increasing in x on the interval (g, 00), under o > 0, that, for each
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ai(s) r=Ss

*
1,1
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Figure 1. A computer drawing of the continuation and stopping regions (3, and D} ; formed by the
optimal exercise boundary a7 (s) and its estimates g, and a;.

q < q5 = K3 fixed, there exists a sufficiently large x > 0 such that the point (x, ) belongs
to the stopping region D3, from (37). The same arguments based on the strict increase of
the functions H; > (x, q), for i = 1, 2, in x on the interval (g, 00), under 0 < o < 1, for each
q < q; fixed, for i = 1, 2, with some g, > b, and g, = oo, show that, there exists a suffi-
ciently large x > 0 such that the point (x, g) belongs to the stopping regions Dj, for i = 1,
2, from (37). The latter properties can be explained by the fact that the costs of waiting until
the process X comes from such a large x > 0 to the current value of the minimum Q may be
too high, due to the presence of the discounting factor in the reward functional of (26), one
should stop at this x > 0 immediately. In this view, we can set 51 = o0 and Ez (q) = oo, for
q>0,under 0 < a < 1 (see Figures 1-4 below for the computer drawings of the boundary
estimates a,, by and a,(s), Ez(q)).

It is seen from the results of Theorem 4.1 proved below that the value functions V;*(x, s)
and U] (x, q) are continuous, so that the sets C7; and C}, in (34) and (35) are open, while
the sets D} and Dj, in (36) and (37) are closed, for every i = 1, 2, 3 (see Figures 1-5 for
the computer drawings of the continuation and stopping regions C7; and Dy, for i = 1, 2,
3andj = 1,2).

(iii) Now, we observe that, if we take some (x,s) € D}, from (36) such that x > a;(s)
with g,(s) specified above and use the fact that the process (X, S) started at some (x/,s)
such that g;(s) < x’ < x passes through the point (x, s) before hitting the diagonal d; =
{(x,5) € E; | x = s}, then the equality in (25) implies that V*(x',s) < V*(x,s) = 0holds, so
that («/,s) € D, fori = 1,2,3. Moreover, if we take some (x, q) € Dy, from (37) such that
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q '\

*

1,2
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da

bi(q)

*
1,2

]
L
1 4 bl €T

IS~ T

Figure 2. A computer drawing of the continuation and stopping regions C', and D7, formed by the
optimal exercise boundary b3 (s) and its estimates b, and by.

x < I_ai(q) with Ei(q) specified above and use the fact that the process (X, Q) started at some
(x', q) such that b;(q) > x' > x passes through the point (x, ) before hitting the diagonal
dy = {(x,q) € E; | x = q}, then the equality in (26) implies that U} (x’,q) < Uj(x,q) =0
holds, so that (x',q) € Df,, fori = 1,2,3.

On the other hand, if take some (x, s) € Czl from (34) and use the fact that the process
(X, S) started at (x, s) passes through some point (x”, s) such that x” > x before hitting the
diagonal dj, then the equality in (25) yields that V;(x”,s) > V*(x,s) > 0 holds, so that
x",s) € C;‘jl, for i = 1, 2, 3. Moreover, if we take some (x,q) € C;‘jz from (35) and use the
fact that the process (X, Q) started at (x,q) passes through some point (x”,q) such that
x” < x before hitting the diagonal ds, then the equality in (26) yields that U;(x”,q) >
Uf(x,q) > 0 holds, so that (x”, q) € C},.

Hence, we may conclude that there exist functions a; (s) and b} (q) satisfying the inequal-
ities a;(s) < a;(s) As, for all s > s;, and b7 (q) > b;(q) V g, for all g < g;, as well as the
equalities aj (s) = s, a3(s) = 0, foralls < s;,and b (q) = ¢, b3(q) = oo, forall g > g;, such
that the continuation regions Cj:j, for j = 1,2, in (34) and (35) have the form:

Ci = {(x,s) € E; }a;-k(s) <x< s} and Cj, = {(x,q) € E | g<x< b;k(q)} (38)
while the stopping regions D;.'jj, forj =1, 2,1in (36) and (37) are given by:

Dj| = {(x,s) € E; |x < a;-"(s)} and Dj, = {(x,q) € E |x > b;k(q)} (39)
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as(s) as(s) - aa(s) r=s
* * -
2,1 2,1 -
dy

Figure 3. A computer drawing of the continuation and stopping regions (3 ; and D3 ; formed by the
optimal exercise boundary a3 (s) and its estimates g, (s) and @2 (s).

q '
r=q
52(9)
ds
22 5(q)
[_?2((1)

Y

Figure 4. A computer drawing of the continuation and stopping regions (3, and D5 , formed by the
optimal exercise boundary b3 (q) and its estimates b, (q) and by(q).
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q '\

Ksa/(a+1)

da

Figure 5. A computer drawing of the continuation and stopping regions (3, and D3 , formed by the
optimal exercise boundary b3 () and the points K3 and K3ar/(ar + 1).

foreveryi = 1, 2, 3, respectively (see Figures 1-5 for the computer drawings of the optimal
stopping boundaries a7 (s) and b} (q), for i = 1, 2, 3).

(iv) We finally specify the behaviour of the optimal exercise boundaries a3 (s) and b3 (q).
For the ease of presentation, in the rest of this section, we indicate by (X®, §6¥)) and
(X™, Q4) the dependence of the processes (X, S) and (X, Q) defined in (1) and (5) from
their starting points (x,s) € E1 and (x,q) € Ep. Let us first fix some (x,s) € C3; such that
L3 =53 <s < Lsa/(a + 1),undera < —1,sothat V3 (x,s) > 0holds. Then, consider the
optimal stopping time 73 = 7 (x, 5) for the problem (25), for i = 3, for this starting point
(x,s) of the process (X, S) from (1) and (5). Then, using the property that the function
H31(x,5) = r(Ls — s)(s/x)* is decreasing in s on (L3, L3a/(cx + 1)), under o < —1, for
each x > 0 fixed, and the fact that 9;G3(s, s) = 1, by virtue of the structure of the running
maximum S of the process X, for any other starting point (x,s') € E; such that L3 <
s’ < s < Lya/(a + 1), we have:

T3 , 5 ,
Vi(xs) > E [ / e ™ Hsp (X59,85) du + / e dst M}
0 0

*

so that (x,s") € C3, too. Thus, we may conclude that the left-hand boundary a5 (s) is
increasing on (L3, L3/ ( + 1)), under @ < —1. Moreover, for any starting point (x, s) €
C3 | such that s > s; = L3, using the fact that the function H3,1 (x, s) is decreasing in s on

e ™ Hyp (X, 859 du + / ” e dS(S”‘)} = V¥(x,s) >0 (40)
s u °“u 0 u 3
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Figure 6. A computer drawing of the continuation and stopping regions C3; and D3 ; formed by the
optimal exercise boundary a3 (s) and the points L3 and Lza /(o + 1).

(L3,00), under —1 < & < 0, for each x> 0 fixed, by means of arguments similar to the
ones used above, we may conclude that V3 (x,s) > V3 (x,s) > 0holds, foralls > s’ > L3,
and thus, we have (x,s") € C3 > and the boundary a3(s) is increasing on (L3, 00), under
—1<a<0O.

Let us now fix some (x,q) € C3, such that Kza/(« + 1) < q < g3 = K3, under o >
0, so that U3 (x,q) > 0 holds. Then, using the fact that the function H3,(x,q) = r(q —
K3)(q/x)% is increasing in g on (Kza/(a + 1), K3), under o > 0, for each x > 0 fixed, by
virtue of the structure of the running minimum Q@ of the process X¥), for any other
starting point (x,q’) € E; such that K3 < q < ¢’ < Kza/(a + 1), we have:

* ’ & —ru ® H@ & —ru 3@ %)
Ui(x,q) > E e ™ Hsp (XS, Q) ) du— | e7™dQ,
0

0

0 0

3 3
> E [/ e TU H3,2(XzSX)’ 1(;1»96)) du _/ e TU in(/[q,X):| — U;k(x’ q) -0
(41)

so that (x,q) € C3, too. Thus, we may conclude that the right-hand boundary 3(q) is
increasing on (Kzo/ (o + 1), K3), under o > 0 (see Figures 6 and 5 for the computer draw-
ings of locations of the optimal stopping boundaries a3(s) and b3(q) with respect to the
points L3, Lz /(o + 1) and K3, Kzar/ (o + 1)).

|
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2.3. The free-boundary problems

By means of standard arguments based on the application of Itd’s formula, it is shown that
the infinitesimal operator L of the process (X, S) or (X, Q) from (2) and (5) has the form:

o2x?
L:(r—é)xax—{—Taxx in0<x<sor0<g<x (42)

ds=0at0<x=s or 9g=0at0<x=gq (43)

(see, e.g. [37, Subsection 3.1]). In order to find analytic expressions for the unknown value
functions V}(x,s) and U; (x,q) from (25) and (26) and the unknown boundaries a; (s)
and b} (q) from (38) and (39), for every i = 1, 2, 3, we apply the results of general theory
for solving optimal stopping problems for Markov processes presented in [41, Chapter IV,
Section 8] among others (see also [41, Chapter V, Sections 15-20] for optimal stopping
problems for maxima processes and other related references). More precisely, for the origi-
nal optimal stopping problems in (25) and (26), we formulate the associated free-boundary
problems (see, e.g. [41, Chapter IV, Section 8]) and then verify in Theorem 4.1 below that
the appropriate candidate solutions of the latter problems coincide with the solutions of
the original problems. In other words, we reduce the optimal stopping problems of (25)
and (26) to the following equivalent free-boundary problems:

(LV; —rVi)(x,s) = —H;1(x,s) for (x,5) € Ci1 \ {(x,$) € E1 |x = s} (44)
(LU; = rU)(x,q) = —Hia(x,q) for (x,q) € Cio\ {(x,q) € E2|x=4q}  (45)

Vi(x, s)|x:ai($) +=0 and Uil q)|x:b,- @-= 0 (46)
0y Vi(x, s)’x:ai s =0 and 9, U;(x, q)|x=bi(q)— =0 (47)
%Vi(x,s)| _, =—08Gi(s,s) and 9,Ui(x, q)|x:q = —3Fi(q,9) (48)
Vi(x,s) = 0for (x,s) € D;; and Uj(x,q) = 0for (x,q) € Di» (49)
Vi(x,s) > 0for (x,s) € C;1; and Uj(x,q) > 0 for (x,q9) € Ci (50)
(LV; —rVi)(x,s) < —Hj1(x,s) for (x,s) € Dj; (51)
(LU; —rUi(x,q9) < —Hjz(x,q) for (x,q) € Dj, (52)

where C;; and D;; are defined as C;fj and Dzj, for j =1, 2, in (38) and (39) with the
unknown functions a;(s) and b;(q) instead of a} (s) and b} (9), where the functions H; ; (x, 5)
and H;»(x,q), for every i =1, 2, 3, are defined in (23) and (24), respectively. Here,
the instantaneous-stopping as well as the smooth-fit and normal-reflection conditions
of (46)—(48) are satisfied, for all s > 5;and g < g;, fori = 1,2, 3, withsome 0 <5, <a; =
rL1/8" and g, > b, = 1K;/8’, as well as s, = 0, s3 = L3 and g, = 00, g3 = K3. Observe
that the superharmonic characterization of the value function (see, e.g. [41, Chapter IV,
Section 9]) implies that V' (x, s) and U (x, q) are the smallest functions satisfying (44)-(46)
and (49)-(50) with the boundaries aj (s) and b} (q), for every i = 1, 2, 3, respectively. Note
that the inequalities in (51) and (52) follow directly from the arguments of parts (ii)-(iii)
of Subsection 2.2 above.
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3. Solutions to the free-boundary problems

In this section, we obtain solutions to the free-boundary problems in (44)-(52) and derive
first-order nonlinear ordinary differential equations for the candidate optimal stopping
boundaries.

3.1. The candidate value functions

It is shown that the second-order ordinary differential equations in (44) and (45) have the
general solutions:

Vi(x,s) = Cip(9)x” + Cia(s)x”? + A;1(s)x' ™% % + Ajp(s)x ™% s° (53)
wheno < 0, for 0 < x < s, and
Ui(x,q) = Di1(@)x™ + Din(@)x™ + Bii1()x' " ¢* + Bin(9)x * q* (54)

when o > 0, for 0 < g < x, respectively. Here, C;j(s) and D;j(q), fori = 1,2,3and j = 1,
2, are some arbitrary (continuously differentiable) functions, and Vjs forj =1, 2, are given

by:
‘_1 r—=2o ( l)j 1 r—946 2+2r (55)
)/1_2 o2 2 o2 o?

so that y» < 0 < 1 < y; holds. The functions A;j(s) and B;j(q), for i = 1,2,3 and j = 1,
2, are specified by A11(s) =1, A12(s) = —L1, A21(s) = La, Apa(s) = —s, A31(s) =0,
As3p(s) = L3 —s,and By 1(q) = —1, B12(q) = K1, B2,1(q) = —K3, B22(q) = ¢, B31(q9) =
0, B32(q) = q — K3. Then, by applying the conditions of (46)-(48) to the functions in (53)
and (54), we obtain the equalities:

Ci1(s)al (s) + Cia(s)al* (s) + Ai1(s)a; ¥ (s)s* + Aja(s)a; *(s)s* =0 (56)
11 Ci1(s)al (s) + y2 Cin()al(s) + A1 (s)(1 — a)a; ¥ (s)s* — Aja(s)a a; *(s)s* = 0
(57)

Ci ()" 4+ Ci()s”? + A} 1 (9)s + Ain (e + Aj5(5) + Aia()ar/s = —3;Gi(s,s)  (58)

forall s > s;, and

Di1(q)b" (@) + Dia(@)b)* (@) + Bii ()b, *(9)q* + Bia(@)b; *(q)g* = 0 (59)
Y1 Dit(@b (@) + v2 Diz(@)b1*(q) + Bii (@) (1 — )b} ~*(9)q* — Biz(9)a b *(q)q* = 0
(60)

D, (99" + Dj,(9)q"* + B;1(9)q + Bi1 () + B;,(q) + Bi2(@)a/q = —3,4Fi(q, q)
(61)



18 (&) P.V.GAPEEVANDL.LI

for all g < g, respectively. Hence, by solving the systems of equations in (56)-(57)
and (59)-(60), we obtain that the candidate value functions admit the representations:

Vi(x, s3ai(5)) = Ci1(s3ai()x™ + Cin(s3ai()x™ + A1 (5)x' ™% ¥ + Aja(s)x ™ s% (62)
for ai(s) < x < sands > s;, with

Ain(9)(y3—j + o — Dai(s) + Aia(s) (y3—j + )

Y+ _
(v — ys—pa,  (s)s@

Cij(ssai(s)) = (63)

forj=1,2,and

Ui(x, ¢ bi(q)) = D1 (g bi(@)x" + Dia(qs bi(@)x"* + Bin(@)x' ™ g% + Bio(q@)x  ¢°
(64)
for g < x < bij(q) and q < g;, with

Bi1(q@)(ys—j + a — Dbi(q) + Bia(q) (y3—j + )

— (65)
(yj — )/3fj)b,-y’Jr (@g~

Dij(g; bi(q)) =

fori=1,2,3andj = 1, 2, respectively. Moreover, by means of straightforward computa-
tions, it can be deduced from the expressions in (62) and (64) that the first- and second-
order partial derivatives dx Vi(x, s; ai(s)) and 0y Vi(x, s; ai(s)) of the function V;i(x, s; a;(s))
take the form:

A Vi(x, 5;ai(5)) = Cip(s;ai()y1 271 + Cia(s; ai(s) ya x72 71
+ A1) —a)x s — A () x el (66)

and

dex Vilx, 83ai(5) = Cia(s3ai(9)y1(y1 — Dx" 72 + Cin(s3ai(s)) ya(ya — D22
— A () (1 —a)ax s + Ajp()a(a + Dx @2 s (67)

on the interval a;(s) < x <'s, for each s > s; and every i = 1, 2, 3 fixed, while the first-
and second-order partial derivatives 9, Uj(x, g; bi(q)) and dx, Ui(x, g; bi(g)) of the function
Ui(x, g; bi(q)) take the form:

dUi(x, g3 bi(9)) = Di1(q; bi(@)y1 ¥ 1 + Din(gs bi(@)) v 5727
+ Bi1(@)(1 —a)x * g% — Bip(@)ax @' ¢° (68)

and

dexUi(x, g3 bi(9)) = D1 (g bi(@)y1(y1 — D" 2 + Dia(qs bi(q)) ya(ys — D)x?2 2
—Bi1(9(1 — o) x o1 q* + Biz2(@o (o + 1)36_0‘_2 q* (69)

on the interval ¢ < x < b;(g), for each g < g; and every i = 1, 2, 3 fixed.
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3.2. The candidate stopping boundaries

By applying the conditions of (58) and (61) to the functions in (63) and (65), we con-
clude that the candidate boundaries satisfy the first-order nonlinear ordinary differential
equations:

Wi 1,105, ai(5))s" + Wi12(s,ai(s)s”> — Bi1(s)

70
D;1,1(5,ai(s))s" + @j12(s, ai(s))s? 70)

/
a;(s) =
fors > s;, and

Vi21(q, bi(@)q" + Wis2(q,bi(9))q"* — Eix(q)

(71)
®;51(g,bi(9)q" + Pi22(q, bi(q)g"

bi(q) =

for q < g;, respectively. Here, the functions @ (s, ai(s)), W1,(s, ai(s)) and @, (g, bi(9)),
W,,i(g, bi(q)) are defined by:

(Vi +a —D(ys—j + o — DA1()ai(s) + (V) + @) (53— + @) Aia(s)

yito+1

Din,i(s,ai(s)) =
(vj — v3-ja; (s)s7«

(72)
(A} 1 (95 + Ai1(5)) (y3—j +a — Dai(s) + (Al (5)s + Aj2(s)e) (y3— + @)

i+
(v — ya—pay  (s)si=@

Wi,i(s, ai(s)) =
(73)
Bi1(s) = 0:Gi(s,5) + Aj (s + A1 () + Aj,(s) + Aja(s)a/s (74)

fors > s;, and

(yj+a —1D(ys—j +a — 1)Bi1(bi(g) + (vj + @) (y3—j + @)Bi2(q)

: 1
7 Vs—j)b,-y’+a+ C)l

®;,(q,bi(q) =

(75)
Vi2i(q, bi(q))
(B 1 (g + Bi1 () (ys—j + o — 1)bi(q) + (B, (9)q + Bia()e) (y3—j + )
_ v (76)
¥ —v3-)b; (g
Ei2(q) = 34Fi(q:q) + B 1(9)g + Bir () + B;,(q) + Bi2 (9 /q (77)

forq < g andeveryi =1,2,3andj =1, 2.

3.3. The maximal and minimal admissible solutions a7 (s) and b} (q),i = 1,2, 3

We further consider the maximal and minimal admissible solutions of first-order nonlinear
ordinary differential equations as the largest and smallest possible solutions a (s) and b} (q)
of the equations in (70) and (71) with (72)-(73) and (75)-(76) which satisfy the inequali-
ties af (s) < s Aai(s) and bi(q) > q Vv b;(q),foralls > s;and g < g;,and every i = 1,2, 3,
withsome 0 <s; <@a;andq; > b, aswellass, = 0,s; = L3 and g, = 00, q; = K3. Here,
we recall that a;(s) = a; = rL1/8" and b, (q) = b, = rK; /8’ as well as ax(s) = rs/(8'L,)
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and b,(q) = rq/(8'K>), while az(s) = sand by = g, for all s> 0 and q > 0. By virtue of the
classical results on the existence and uniqueness of solutions for first-order nonlinear ordi-
nary differential equations, we may conclude that these equations admit (locally) unique
solutions, in view of the facts that the right-hand sides in (70) and (71) with (72)-(74)
and (75)-(77) are (locally) continuous in (s, a;(s)) and (g, bi(q)) and (locally) Lipschitz
in a;(s) and b;(q), for each s > s; and g < g; fixed, and every i = 1, 2, 3 (see also [37,
Subsection 3.9] for similar arguments based on the analysis of other first-order nonlin-
ear ordinary differential equations). Then, it is shown by means of technical arguments
based on Picard’s method of successive approximations that there exist unique solutions
a;(s) and b;(q) to the equations in (70) and (71) with (72)-(73) and (75)-(76), for s > s;
and q < g, started at some points (@;(si0), $i0) and (b;(gi0), gio), for i = 1,2, 3, such that
sio > s; and q;p < g, for every i = 1,2, 3 (see also [23, Subsection 3.2] and [37, Exam-
ple 4.4] for similar arguments based on the analysis of other first-order nonlinear ordinary
differential equations).

Hence, in order to construct the appropriate functions a; (s) and b} (q) which satisfy the
equations in (70) and (71) and stays strictly above and below the appropriate diagonal, for
s> s;and q < g;, and every i = 1, 2, 3, respectively, we can follow the arguments from
[40, Subsection 3.5] (among others) which are based on the construction of sequences of
the so-called bad-good solutions which intersect the upper or lower bounds or diagonals.
For this purpose, for any sequences (s;;)jen and (gi1)ien such that s;; > s; and g;; < g;
as well as s;; 1 oo and g;; | 0 as | — oo, we can construct the sequence of solutions
a;i(s) and b;;(q), I € N, to the equations (70) and (71), for all s > 5; and g < g; such that
a;i(siy) = ai(siy) and b;;(gi1) = b;(gi;) holds, foreveryi = 1,2,3and each ! € N.It follows
from the structure of the equations in (70) and (71) as well as the functions in (72)-(73)
and (75)-(76) that the inequalities a; (s;1) < a.(si) A 1and b, (qip) < bi(gip) v 1 should
hold for the derivatives of the appropriate functions, for each I € N (see also [36, pages 979-
982] for the analysis of solutions of another first-order nonlinear differential equation).
Observe that, by virtue of the uniqueness of solutions mentioned above, we know that
each two curves s > a;;(s) and s > a;,,,(s) as well as g — b;;(q) and g — b; ;,(q) cannot
intersect, for I, m € N, | # m, and thus, we see that the sequence (a;;(s))en is increasing
and the sequence (b;;(9))jen is decreasing, so that the limits a} (s) = lim;_, o a;;(s) and
b (q) = limj_, « bj;(q) exist, for each s > s; and q < g;, and every i = 1, 2, 3, respectively.
We may therefore conclude that a?(s) and b} (g) provides the maximal and minimal solu-
tions to the equations in (70) and (71) such that a}(s) < a;(s) A sand b} (q) > b;(q) V q
holds, for all s > s; and q < g;, with some 0 < s, <a; =rL;/8' andq, > b, =rK;/8,as
wellass, = 0,s; = L3 and g, = 00, g3 = Kj.

Moreover, since the right-hand sides of the first-order nonlinear ordinary differen-
tial equations in (70) and (71) with (72)-(73) and (75)-(76) are (locally) Lipschitz in
s and g, respectively, one can deduce by means of Gronwall’s inequality that the func-
tions a;;(s) and b;;(g), € N, are continuous, so that the functions aj(s) and b} (q) are
continuous too, for every i = 1, 2, 3. The appropriate maximal admissible solutions of first-
order nonlinear ordinary differential equations and the associated maximality principle
for solutions of optimal stopping problems which is equivalent to the superharmonic
characterization of the payoft functions were established in [37] and further developed
in [5,14,17-20,22-25,30,35,36,39,40,43] among other subsequent papers (see also [41,
Chapter I; Chapter V, Section 17] for other references).
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4. Main results and proofs

In this section, based on the expressions computed above, we formulate and prove the main
results of the paper.

Theorem 4.1: Let the processes (X, S) and (X, Q) be given by (1) and (5), with some r > 0,
8§ > 0, and o > 0, and the inequality §' = 2r — § — 0> > 0 be satisfied. Suppose that the
random times 0 and n are defined by (4). Then, the value functions of the perpetual Ameri-
can withdrawable standard and lookback put and call options from (25) and (26) admit the
expressions:

Vi(x,s;a7(s)), ifaj(s) <x <sands> s
Vi(x,s) = 10, if 0 <x<aj(s)ands > s; (78)

0, f0<x<s<s;
whenever o = 2(r — 8)/o? — 1 < 0, and

Ui(x,q: b} (q)), if q<x<Dbf(g@)and0 <q <7;
U g = {0, if x> bi(q) and 0 < q <, (79)
0, ifx>q>7q;

whenever a > 0.

Here, the function Vi(x,s;ai(s)) is given by (62) with (63), whenever « < 0, and the
optimal exercise boundary a}(s) provides the maximal solution of the first-order nonlin-
ear ordinary differential equation in (70) with (72)—(74) satisfying the inequalities [a;(s) <
laf(s) < ai(s) As, for all s > s; and every i =1, 2, 3, where a,(s) = rLia/(8' (o — 1))
anday(s) = rL1/8', a,(s) = rsa/(8'La(a — 1)) and ax(s) = rs/(8'Ly), while a;(s) = 0 and
as3(s) = s, under o < 0, with some 0 < s; <ajaswellass, = 0and s; = L.

The function Uj(x, g; bi(q)) is given by (64) with (65), whenever a > 0, and the optimal
exercise boundary b7 (q) provides the minimal solution of the first-order nonlinear ordinary
differential equation in (71) with (75)-(77) satisfying the inequalities b;(q) V q < b (g)[<
bi(q)], forallg < q;and everyi = 1,2, 3, where by (q) = rK; /&’ and by (q) = rKyoe/ (8 (o —
1)), b,(q) = rq/(8'Kz) andl_az(q) =rqu/(8'Ky(a — 1)), undera > 1, as wellasl_al(q) =0
and b, (@) = oo, under 0 < a < 1, while b;(q) = q and b3 (@) = oo, with some q, > b, as
well as g, = oo and q; = Ks.

Since both parts of the assertion stated above are proved using similar arguments, we
only give a proof for the case of the two-dimensional optimal stopping problem of (26)
related to the perpetual American withdrawable standard and lookback call options.
Observe that we can put s = x and g = x to obtain the values of the original perpet-
ual American withdrawable standard and lookback put and call option pricing problems
of (21) and (22) from the values of the optimal stopping problems of (25) and (26).

Proof: In order to verify the assertion stated above, it remains for us to show that the
function defined in (79) coincides with the value function in (26) and that the stopping
time ¢;* in (27) is optimal with the boundary b} (g) specified above. For this purpose, let
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bi(q) be any solution of the ordinary differential equation in (71) satisfying the inequal-
ity bi(q) > b;(q) Vv g, for all ¢ < g; and every i = 1, 2, 3, where b;(q) = b; = rK; /¢,
b,(q) = rq/(8'Ky), and b;(q) = g, with some g, > b, as well as g, = oo and g; = K3. Let
us also denote by Ul-b '(x,q) the right-hand side of the expression in (79) associated with
bi(q), for every i = 1, 2, 3. Then, it is shown by means of straightforward calculations
from the previous section that the function Uib ‘(x,q) solves the system of (45) with the
right-hand sides of (49)-(50) and (52) and satisfies the right-hand conditions of (46)-(48).
Recall that the function Uib i(x,q) is C*! on the closure Ci,2 of Cj» and is equal to zero on
Dj,, which are defined as C;-fz, C;, and D}, in (38) and (39) with b;(g) instead of b} (q),
for i = 1, 2, 3, respectively. Hence, taking into account the assumption that the bound-
ary bj(q) is continuously differentiable, for all g < g;, by applying the change-of-variable
formula from [38, Theorem 3.1] to the process e~ " Uib "(Xs, Q) (see also [41, Chapter 11,
Section 3.5] for a summary of the related results and further references), we obtain the
expression:

e UM (X, Q)

t
= U"(x,q) + / e ™ (LU — rUP) Xy Qu)I(Xy # bi(Qu), Xy # Qu) du
0

t
+ / e ™ aq U,'bi (Xu, QI(Xy, = Q) dQy + M; (80)
0

forall t > 0, for every i = 1, 2, 3. Here, the process M = (M!)>¢ defined by:

t
M= / e 3, U (X, QuI(X, # Qu)o X, dB, (81)
0

is a continuous local martingale with respect to the probability measure Py 4. Note that,
since the time spent by the process (X, Q) at the boundary surface C;, = {(x,9q) €
E) | x = bi(q)} as well as at the diagonal dy = {(x,q) € E» | x = q} is of the Lebesgue mea-
sure zero (see, e.g. [7, Chapter II, Section 1]), the indicators in the second line of the formula
in (80) as well as in the expression of (81) can be ignored. Moreover, since the component
Q decreases only when the process (X, Q) is located on the diagonal d, = {(x,q) € E; | x =
q}, the indicator in the third line of (80) can also be set equal to one. Observe that the inte-
gral in the third line of (80) will actually be compensated accordingly, due to the fact that
the candidate value function Uih '(x, q) satisfies the modified normal-reflection condition
of the right-hand part of (48) at the diagonal d5.

It follows from straightforward calculations and the arguments of the previous section
that the function Uib '(x, q) satisfies the second-order ordinary differential equation in (45),
which together with the right-hand conditions of (46)-(47) and (49) as well as the fact that
the inequality in (52) holds imply that the inequality (LUib - rUih N(x,q) < —Hjz(x,q) is
satisfied with H; > (x, q) given by (24), for all 0 < g < x such that x # b;(g), and i = 1, 2, 3.
Moreover, we observe directly from the expressions in (64) and (68) and (69) with (65) that
the function Uib '(x, q) is convex and decreases to zero, because its first-order partial deriva-
tive 0y Uih '(x,q) is negative and increases to zero, while its second-order partial derivative
8xinb ‘(x,q) is positive, on the interval g < x < bi(¢), under « > 0, for each g < g; and
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every i = 1,2, 3 fixed. Thus, we may conclude that the right-hand inequality in (50) holds,
which together with the right-hand conditions of (46)-(47) and (49) imply that the inequal-
ity Uih "(x,q) > 0 is satisfied, for all (x,q) € E,. Let (kjn)nen be the localizing sequence of
stopping times for the process M " from (81) such that k; , = inf{t > 0| |M§| > n}, for each
n € N. It therefore follows from the expression in (80) that the inequalities:

{ AKip $ AKipn
/ e Hyp (X, Qu) dit + / e ,Fi(Quy Q) dQ,
0 0

5 e_r(;'/\l(i,n) Ui(XC/\Ki,I’l’ Q{'/\Ki)ﬂ)

S N\Kin

EAKin
w [ e ot [ e RQu Q0 4,
0 0
< Uihi (x,q) + M.’;AKW (82)
hold, for any stopping time ¢ of the process X and each n € N fixed. Then, taking the

expectation with respect to Py 4 in (82), by means of Doob’s optional sampling theorem,
we get:

ENKin ENKin
Ex,q |:/ e ™ Hi,Z(Xu) Qu) du + f e ™ aqu(Qu) Qu) dQu:|
0 0

—rEnKiy) 71bi
< Ex,q |:e r(§ ki) Ui (Xg/\;c,-,,,a Q{/\Ki,n)

ENKin

é'/\Ki,n
+ / e ™" Hix(Xy, Qu) du + / e 04 Fi(Qu> Qu) dQ”:|
0 0
bi i bi
< U"(x,9q) +EX»Q[MC/\Ki,n] =Uj"(xq) (83

forall0 < g < xandeveryi = 1, 2, 3, and each n € N. Hence, letting # go to infinity and
using Fatou’s lemma, we obtain from the expressions in (83) that the inequalities:

¢ ¢
Ex,q |:/ e His(Xy, Q) du + / e aqu(Qua Qu) dQu]
0 0

‘ ¢ ¢

<Ey, [e’f U (X, Qo) + f e Hip (X, Q) dut + f e 0,Fi(Qu» Qu) dQu]
0 0

< Ui(x,q) (84)

are satisfied, for any stopping time ¢ and all 0 < g < x such that g < g, for i =1, 2,
3. Thus, taking the supremum over all stopping times ¢ and then the infimum over all
boundaries b in the expressions of (84), we may therefore conclude that the inequalities:

¢ ¢
sup Exq |:/ e Hip(Xy, Q) du + / e ™ aqu(Qua Qu) dQu:|
¢ 0 0

< irblf Uib"(x, q = Uib;f (%, q) (85)
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hold, for all 0 < g < x, where b} (q) is the minimal solution of the ordinary differential
equation in (71) as well as satisfying the inequality b} (q) > b;(q) V g, for all g < g, and
every i = 1, 2, 3. By using the fact that the function Uib "(x,q) is (strictly) increasing in
the value b;(q), for each g < g, fixed, we see that the infimum in (85) is attained over any
sequence of solutions (b;,,(q))men to (71) satisfying the inequality b;,,(q) > b;(q) V g,
for all g < g;, for each m € N and every i = 1, 2, 3, and such that b;,,(q) | bj(q) as
m — oo, for each q < g; fixed, and every i = 1, 2, 3. It follows from the (local) unique-
ness of the solutions to the first-order (nonlinear) ordinary differential equation in (71)
that no distinct solutions intersect, so that the sequence (b; ,,(q))men is decreasing and the
limit b} (q) = limy— o0 bim(q) exists, for each q < g; fixed. Since the inequalities in (84)
hold for b¥(q) too, we see that the expression in (85) holds, for b} (q) and (x,q) € Es, as
well. We also note from the inequality in (83) that the function Ul-b ‘(x,q) is superharmonic

for the Markov process (X, Q) on E,. Hence, taking into account the facts that Uib “(x,9)
is increasing in b;(q) > b;(q) V g, for all ¢ < g; and every i = 1, 2, 3, and the inequality
Uib “(x,9) > 0 holds, for all (x,q) € E,, we observe that the selection of the minimal solu-
tion b7 (q) which stays strictly above the diagonal d, = {(x,q) € E; | x = g} and the curve
x = b;(g), for i = 1, 2, 3, is equivalent to the implementation of the superharmonic char-
acterization of the value function as the smallest superharmonic function dominating the
payoff function (cf. [37] or [41, Chapter I and Chapter V, Section 17]).

In order to prove the fact that the boundary b} (q) is optimal, we consider the sequence
of stopping times ¢; ,,, m € N, defined as in the right-hand part of (27) with b; ,,,(q) instead
of b (q), where b; ,,,(q) is a solution to the first-order ordinary differential equation in (71)
and such that b; ,,(q) | b](g) asm — oo, for each q < g, and every i = 1, 2, 3 fixed. Then,

by virtue of the fact that the function Uib "™ (x, q) from the right-hand side of the expression
in (79) associated with the boundary b; ,,(q) satisfies the equation of (45) and the right-
hand condition of (46), and taking into account the structure of {;* in (27), it follows from
the expression which is equivalent to the one in (80) that the equalities:

CimAKin CimNKipn
/ e " Hix(Xy, Qu) du + / e aqu(Qua Q) dQy
0 0

— ; i bi,m
=¢€ r(&,M/\Kl,n) Ui (X{i,m/\’(i,n’ Q{i,m/\/(i,n)

CiymNKipn Cim AKin
+ / e " Hi»(Xy, Q) du + / e ™ 8qu(Qu’ Qu) dQy
0 0

bim ]
= Ui ’ (x) q) + Mli’m/\l(i,n (86)

hold, for all 0 < g < x such that g < g, for each n,m € N and every i = 1,2, 3. Observe
that, by virtue of the arguments from [45, Chapter VIII, Section 2a], the property:

SEnt LAt
Ex,q sup / e ™ i2(Xu, Qu) du + / e ™ 8qu(Qua Qu) dQ, < oo (87)
0 0

t>0

holds, for all (x,q) € E,. Hence, letting m and n go to infinity and using the condi-
tion of (46) as well as the property &im | ¢ (Pxg-a.s.) as m — 0o, we can apply the
Lebesgue dominated convergence theorem to the appropriate (diagonal) subsequence in
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the expression of (86) to obtain the equality:

¢ ¢ b*
Ex,q |:/ e Hj»(Xy, Q) du + / e aqu(Qu) Qu) dQu:| =U;' (%, q) (88)
0 0

forall0 < x < gsuchthatg < g;and everyi = 1, 2, 3, which together with the inequalities
in (85) directly implies the desired assertion. We finally recall that the results of part (ii) of
the proof of Theorem 2.1 above, which are obtained by standard comparison arguments
applied to the value functions of the appropriate optimal stopping problems, show that
the inequality b} (q) < bi(q), forall 0 < g < g; and every i = 1, 2, 3, should hold for the
optimal exercise boundary, that completes the verification. |
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