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Discounted optimal stopping for maxima
of some jump-diffusion processes”

Pavel V. Gapeev

We present solutions to some discounted optimal stopping problems
for the maximum process in a model driven by a Brownian motion and a
compound Poisson process with exponential jumps. The method of proof is
based on reducing the initial problems to integro-differential free-boundary
problems where the normal reflection and smooth fit may break down and
the latter then be replaced by the continuous fit. The results can be
interpreted as pricing perpetual American lookback options with fixed and
floating strikes in a jump-diffusion model.

1. Introduction

The main aim of this paper is to present solutions to the discounted optimal stopping
problems (2.4) and (5.1) for the maximum associated with the process X defined in (2.1) that
solves the stochastic differential equation (2.2) driven by a Brownian motion and a compound
Poisson process with exponentially distributed jumps. These problems are related to the option
pricing theory in mathematical finance, where the process X can describe the price of a risky
asset (e.g., a stock) on a financial market. In that case the values (2.4) and (5.1) can be formally
interpreted as fair prices of perpetual lookback options of American type with fized and floating
strikes in a jump-diffusion market model, respectively. For a continuous model the problems
(2.4) and (5.1) were solved by Pedersen [21], Guo and Shepp [13], and Beibel and Lerche [4].

Observe that when K = 0 the problems (2.4) and (5.1) turn into the classical Russian option
problem introduced and explicitly solved by Shepp and Shiryaev [30] by means of reducing the
initial problem to an optimal stopping problem for a (continuous) two-dimensional Markov
process and solving the latter problem using the smooth-fit and normal-reflection conditions.
It was further observed in [31] that the change-of-measure theorem allows to reduce the Russian
option problem to a one-dimensional optimal stopping problem that explained the simplicity
of the solution in [30]. Building on the optimal stopping analysis of Shepp and Shiryaev [30]-
[31], Duffie and Harrison [7] derived a rational economic value for the Russian option and
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then extended their arbitrage arguments to perpetual lookback options. More recently, Shepp,
Shiryaev and Sulem [32] proposed a barrier version of the Russian option where the decision
about stopping should be taken before the price process reaches a ’dangerous’ positive level.
Peskir [24] presented a solution to the Russian option problem in the finite horizon case (see
also [8] for a numeric algorithm for solving the corresponding free-boundary problem and [10]
for a study of asymptotic behavior of the optimal stopping boundary near expiration).

In the recent years, the Russian option problem in models with jumps was studied quite
extensively. Gerber, Michaud and Shiu [12] and then Mordecki and Moreira [20] obtained
closed form solutions to the perpetual Russian option problems for diffusions with negative
exponential jumps. Asmussen, Avram and Pistorius [2] derived explicit expressions for the
prices of perpetual Russian options in the dense class of Lévy processes with phase-type jumps in
both directions by reducing the initial problem to the first passage time problem and solving the
latter by martingale stopping and Wiener-Hopf factorization. Avram, Kyprianou and Pistorius
[3] studied exit problems for spectrally negative Lévy processes and applied the results to solving
optimal stopping problems associated with perpetual Russian and American put options.

In contrast to the Russian option problem, the problem (2.4) is necessarily two-dimensional
in the sense that it cannot be reduced to an optimal stopping problem for a one-dimensional
(time-homogeneous) Markov process. Some other two-dimensional optimal stopping problems
for continuous processes were earlier considered in [6] and [22]. The main feature of the optimal
stopping problems for the maximum process in continuous models is that the normal-reflection
condition at the diagonal holds and the optimal boundary can be characterized as a unique so-
lution of a (first-order) nonlinear ordinary differential equation (see, e.g., [6], [30]-[31], [22], [21]
and [13]). The key point in solving optimal stopping problems for jump processes established in
[25]-[26] is that the smooth fit at the optimal boundary may break down and then be replaced
by the continuous fit (see also [1] for necessary and sufficient conditions for the occurrence of
smooth-fit condition and references to the related literature and [27] for an extensive overview).

In the present paper we derive solutions to the problems (2.4) and (5.1) in a jump-diffusion
model driven by a Brownian motion and a compound Poisson process with exponential jumps.
Such model was considered in [18]-[19], [15]-[17] and [11] where the optimal stopping problems
related to pricing American call and put options and convertible bonds were solved, respectively.
We show that under some relationships on the parameters of the model the optimal stopping
boundary can be uniquely determined as a component of a two-dimensional system of (first-
order) nonlinear ordinary differential equations.

The paper is organized as follows. In Section 2, we formulate the optimal stopping problem
for a two-dimensional Markov process related to the perpetual American fized-strike lookback
option problem and reduce it to an equivalent integro-differential free-boundary problem. In
Section 3, we present a solution to the free-boundary problem and derive (first-order) nonlinear
ordinary differential equations for the optimal stopping boundary under different relationships
on the parameters of the model as well as specify the asymptotic behavior of the boundary. In
Section 4, we verify that the solution of the free-boundary problem turns out to be a solution of
the initial optimal stopping problem. In Section 5, we give some concluding remarks as well as
present an explicit solution to the optimal stopping problem related to the perpetual American
floating-strike lookback option problem. The main results of the paper are stated in Theorems
4.1 and 5.1.



2. Formulation of the problem

In this section we introduce the setting and notation of the two-dimensional optimal stopping
problem which is related to the perpetual American fixed-strike lookback option problem and
formulate an equivalent integro-differential free-boundary problem.

2.1. For a precise formulation of the problem let us consider a probability space (€2, F, P)
with a standard Brownian motion B = (B;):>0 and a jump process J = (J;);>o defined by
Jy = vaztlYi, where N = (IV;);>0 is a Poisson process of the intensity A and (Y;)en is a
sequence of independent random variables exponentially distributed with parameter 1 (B, N
and (Y;);en are supposed to be independent). Assume that there exists a process X = (X;)i>0
given by:

Xt:xexp((r—aQ/Q—)\H/(l—9))t+aBt+9Jt> (2.1)

and hence solving the stochastic differential equation:
dX, = rX,_ dt + o X, dB, + X, / (eey . 1) (u(dt, dy) — v(dt,dy)) (Xo=1) (2.2)
0

where p(dt,dy) is the measure of jumps of the process J with the compensator v(dt,dy) =
AdtI(y > 0)e ¥dy, and = > 0 is given and fixed. It can be assumed that the process X
describes a stock price on a financial market, where r» > 0 is the interest rate, and ¢ > 0 and
0 <1, 0 # 0, are the volatilities of continuous and jump part, respectively. Note that the
assumption 6 < 1 guarantees that the jumps of X are integrable and that is not a restriction.
With the process X let us associate the mazimum process S = (S;)i>o defined by:

Sy = ( max Xu> Vs (2.3)
0<u<t
for an arbitrary s > x > 0. The main purpose of the present paper is to derive a solution
to the optimal stopping problem for the time-homogeneous (strong) Markov process (X, S) =
(X¢, St)i=0 given by:

Vi(z,s) = sup E, s[e""T7(S, — K)*] (2.4)
where the supremum is taken over all stopping times 7 of the process X (i.e., stopping times
with respect to the natural filtration of X'), and P, is a probability measure under which
the (two-dimensional) process (X,S) defined in (2.1)-(2.3) starts at (z,s) € E. Here by
E = {(z,s) | 0 < 2 < s} we denote the state space of the process (X,S). The value (2.4)
coincides with an arbitrage-free price of a fixed-strike lookback American option with the strike
price K > 0 and the discounting rate § > 0 (see, e.g., [34]). Note that in the continuous case
o > 0 and 6 = 0 the problem (2.4) was solved in [21] and [13]. It is also seen that if o = 0
and 0 < 0 <1 with » — A\0/(1 — @) > 0, then the optimal stopping time in (2.4) is infinite.

2.2. Let us first determine the structure of the optimal stopping time in the problem (2.4).
Applying the arguments from [6; Subsection 3.2] and [22; Proposition 2.1] to the optimal
stopping problem (2.4) we see that it is never optimal to stop when X; = S; for ¢ > 0 (this
fact will be also proved independently below). It follows directly from the structure of (2.4)
that it is never optimal to stop when S; < K for ¢t > 0. In other words, this shows that all



points (z,s) from the set:

C'={(z,s) e E|0<z<s< K} (2.5)
and from the diagonal {(z,s) € E'| x = s} belong to the continuation region:

C.={(z,s) € E|Vi(z,s) > (s— K)"}. (2.6)

Let us fix (x,s) € C. and let 7. = 7.(z,s) denote the optimal stopping time in (2.4). Then,
taking some point (y,s) such that 0 < y < s, by virtue of the structure of optimal stopping
problem (2.4) and (2.3) with (2.1) we get:

Vi(y,s) = Eysle ™ (Sr, — K)] 2 Eyu[e (S, — K)T] = Vi(z,s) > (s— K)*.  (2.7)

These arguments together with the comments in [6; Subsection 3.3] and [22; Subsection 3.3| as
well as the assumption that Vi(x,s) is continuous show that there exists a function g.(s) for
s > K such that the continuation region (2.6) is an open set consisting of (2.5) and of the set:

C!={(z,8) EE|gi(s) <x<s,s>K} (2.8)
while the stopping region is the closure of the set:

D,={(z,8) € E|0<z<g.s),s>K}. (2.9)

Let us now show that in (2.8)-(2.9) the function g.(s) is increasing on (K, 00) (this fact
will be also proved independently below). Since in (2.4) the function s — K is linear in s on
(K,00), by means of standard arguments it is shown that V.(z,s) — (s — K) is decreasing
in s on (K,00). Hence, if for given (z,s) € C! we take s’ such that K < ¢ < s, then
Vi(z,s')— (¢ — K) > Vi(z,s) — (s— K) > 0 so that (z,s") € C”, and thus the desired assertion
follows.

Let us denote by W, (z,s) and a.s the value function and the boundary of the optimal
stopping problem related to the Russian option problem. It is easily seen that in case K =0
the function W, (x,s) coincides with (2.4) and (5.1), while under different relationships on the
parameters of the model a, < 1 can be uniquely determined by (5.11), (5.13), (5.15) and
(5.17), respectively. Suppose that g.(s) > a.s for some s > K. Then for any = € (a.s, g«(s))
given and fixed we have W, (z,s) — K > s — K = V,(z,s) contradicting the obvious fact that
Wi(z,s) — K < Vi(z,s) for all (z,s) € E with s > K as it is clearly seen from (2.4). Thus,
we may conclude that g.(s) < a,s < s for all s > K.

2.3. Standard arguments imply that in this case the infinitesimal operator 1L of the process
(X, S) acts on a function F € C*(E) (or F € C*(E) when o = 0) according to the rule:

2

(LE)(z,s) = (r+()x Fy(z, s)+%m2 Fou(x, s)+/000 <F(meey, ze?Vs)—F(z, s)) Ae Y dy (2.10)

for all 0 < 2 < s with ¢ = —A\0/(1 — ). Using standard arguments based on the strong
Markov property it follows that V, € C?(C, = C"UC”) (or V, € CH(C, = C" U C”) when
o = 0). In order to find analytic expressions for the unknown value function Vi(z,s) from

4



(2.4) and the unknown boundary g.(s) from (2.8)-(2.9) using the results of general theory of
optimal stopping problems for Markov processes (see, e.g., [33; Chapter 111, Section 8]) we can
formulate the following integro-differential free-boundary problem:

(LV)(z,8) = (r +6)V(z,s) for (z,5)eC=C"UC”
V(z,s) |m:g(s)
V(z,s)=(s— K)" for (x,5)€ D
V(z,s) > (s— K)" for (x,5)eC

L =s—K (continuous fit)

where C” and D are defined as CJ and D, in (2.8) and (2.9) with g(s) instead of g.(s),
respectively, and (2.12) playing the role of instantaneous-stopping condition is satisfied for all
s > K. Observe that the superharmonic characterization of the value function (see [9] and
[33]) implies that V,(z,s) is the smallest function satisfying (2.11)-(2.13) with the boundary
g«(s). Moreover, under some relationships on the parameters of the model which are specified
below, the following conditions can be satisfied or break down:

Ve(z, S)|z:g(s)+ =0 (smooth fit) (2.15)
Vi(z, S>‘x:sf =0 (normal reflection) (2.16)

for all s > K. Note that in the case ¢ > 0 and 6 = 0 the free-boundary problem (2.11)-(2.16)
was solved in [21] and [13].

2.4. In order to specify the boundary g.(s) as a solution of the free-boundary problem
(2.11)-(2.14) and (2.15)-(2.16), for further considerations we need to observe that from (2.4) it
follows that the inequalities:

0 <supE, [e_(””s)T ST} — K <supFE,, [e_(r+6)7 (S, — K)ﬂ <sup L, s [e_(r+5)7 ST} (2.17)

which are equivalent to:
0 < Wi(x,s) — K < Vi(x,s) < W,(x,s) (2.18)

hold for all (z,s) € E with s > K. Thus, setting z = s in (2.18) we get:

s s s s
for all s > K so that letting s go to infinity in (2.19) we obtain:
lim inf Vals,s) = limsup Vals,5) = lim W-ls, S). (2.20)
s—00 S s—00 S 500 S

3 Solution of the free-boundary problem

In this section we obtain solutions to the free-boundary problem (2.11)-(2.16) and derive
ordinary differential equations for the optimal boundary under different relationships on the
parameters of the model (2.1)-(2.2).



3.1. By means of straightforward calculations we reduce equation (2.11) to the form:

(r+Q)a Vy(z,s) + %:ﬂ Vie(z,8) —adz®G(x,s) = (r+d+ \)V(x,s) (3.1)

with o = 1/6 and ¢ = —\0/(1 — 0), where taking into account conditions (2.12)-(2.13) we set:

s dz o dz .
G(z,s) = —/x V(z,s) g —/S V(z,2) g if a=1/0>1 (3.2)
v dz s—K
G(z,s :/ Vi(z,s — if a=1/60<0 3.3
)= [ Ve S L / (33)
for all 0 < 2 < g(s) and s > K. Then from (3.1) and (3.2)-(3.3) it follows that the function

G(z, s) solves the following (third-order) ordinary differential equation:

0.2

Ex:s Gozo(@,8) + [0* (@ + 1) + r + (]2? Gou(z, 5) (3.4)

+ [(a+1) (UQTO[—FT—FC) —(r+5+/\)] rGy(x,s) —arG(z,s) =0

for 0 <z < g(s) and s > K, which has the following general solution:

P! P2 Ps
G(z,s) = C1(s) — + Ca(s) — + C5(s) — (3.5)
b B2 s
where C'(s), Cy(s) and Cs(s) are some arbitrary functions and (5 < [y < (i are the real
roots of the corresponding (characteristic) equation:

2 1 2 -1
%ﬁ% [02 (a— 5) +r+c] B3+ [a <%+r+c> — (r+5+)\)] B—aX=0. (3.6)
Therefore, differentiating both sides of the formulas (3.2)-(3.3) we get that the integro-
differential equation (3.1) has the general solution:

V(z,s) = Ci(s) 2™ + Ca(s) 27 + Cs(s) 27 (3.7)

where we set v; = ; + « for ¢ = 1,2,3. Further we assume that the functions Ci(s), Cs(s)
and C5(s) as well as the boundary ¢(s) are continuously differentiable for s > K. Observe
that if 0 =0 and r+ ¢ < 0 then it is seen that (3.4) degenerates into a second-order ordinary
differential equation, and in that case we can set C3(s) = 0 in (3.5) as well as in (3.7), while
the roots of equation (3.6) are explicitly given by:

r+i+A  « s+ A a\? ar
b= 5070 _5_(_1)\/(W_5> T 59

3.2. Let us first determine the boundary g¢.(s) for the case ¢ >0 and o = 1/0 < 0. Then
we have 03 <0< o< —a<l—a<f sothat 3 <a <y <0<1<y with v =8+ a,

for i =1,2.
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where [3; for i = 1,2,3 are the roots of equation (3.6). Since in this case the process X can leave
the part of continuation region g.(s) < # < s and hits the diagonal {(z,s) € E |z = s} only
continuously, we may assume that both the smooth-fit and normal-reflection conditions (2.15)
and (2.16) are satisfied. Hence, applying conditions (3.3), (2.12) and (2.15) to the functions
(3.5) and (3.7), we get that the following equalities hold:

g(s)™ g(s)” g(s)®  s—-K
Ci(s) 3, + Cy(s) 5 + C5(s) 5 = (3.9)
Ci(s) g(s)™ 4+ Cq(s) g(s)”? + C3(s) g(s)? =s — K (3.10)
71C1(5) g(5)™ +72C05(s) g(s5)™ +13C3(s) g(s5)* =0 (3.11)

for s > K. Thus, by means of straightforward calculations, from (3.9)-(3.11) we obtain that
the solution of system (2.11)-(2.13)+(2.15) takes the form:

Vi(z,s;9(s)) (3.12)
_ Biyes(s — K) /o ( z )71 n Bonys(s — K)/a ( x )”2 n Bsna(s — K)/a < T )73
(72 = 71) (71— 73) \g(s) (72 = 71) (73 = 72) \g(s) (71 = 73) (73 = 72) \g(s)

for 0 <z < ¢g(s) and s > K. Then applying condition (2.16) to the function (3.7) we get:

Ci(s) ™ + Co(s) s + C4(s) s =0 (3.13)

from where using the solution of system (3.9)-(3.11) it follows that the function g(s) solves the
following (first-order) ordinary differential equation:

ey g(s)
g(s) = (s — K (3.14)
Birevs(v2 — 13)(s/9(s))™ = Bamiys(v1 — 1) (8/9(5))7 + Bayine (v — 72)(s/9(s))™

Bi(va —v3)(s/9(8))7 = Ba(r —13)(8/9(5))72 + Bs(71 — 72)(s/g(s))

for s > K with v; = §; + «, where (3; for i = 1,2, 3 are the roots of equation (3.6). By means
of standard arguments it can be shown that the right-hand side of equation (3.14) is positive
so that the function g(s) is strictly increasing on (K, o).

Let us denote h.(s) = g.(s)/s for all s > K and set h = limsup, . h.(s) and h =
liminf, ,h.(s). In order to specify the solution of equation (3.14) which coincides with the
optimal stopping boundary g.(s), we observe that from the expression (3.12) it follows that
(2.20) directly implies:

Birans(vs = 12)h ™" + Boyvs(n — )b+ Bsmye(re — )k (3.15)
= Bi727s(vs = 12)h 4 Boyivs(m — )R + Bsna(re — M)
= B17273(13 — Y2)a. " + Beniya(n — v3)a " + Baye(re — vi)a

where a, is uniquely determined by (5.11) under K = 0. Then, using the fact that h.(s) =

g«(s)/s < a, for s > K and thus h < h<a, <1, from (3.15) we get that h = h = a,. Hence,
we obtain that the optimal boundary g.(s) should satisfy the property:

lim 9:(5) = a, (3.16)

S§—00 S
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which gives a condition on the infinity for the equation (3.14). By virtue of the results on
the existence and uniqueness of solutions for first-order ordinary differential equations, we may
therefore conclude that condition (3.16) uniquely specifies the solution of equation (3.14) that
corresponds to the problem (2.4). Taking into account the expression (3.12), we also note that
from inequalities (2.18) it follows that the optimal boundary g.(s) satisfies the properties:

g (K+)=0 and g.(s) ~ A, (s — K)Y" under s | K (3.17)

for some constant A, > 0 which can be also determined by means of condition (3.16) above.

3.3. Let us now determine the boundary g¢.(s) for the case 0 =0 and o =1/6 < 0. Then
we have 0 < s < —a<1l—a < ) sothat a < v <0< 1<y with 7, = 8;+«, where ; for
i = 1,2 are given by (3.6). In this case, applying conditions (3.3) and (2.12) to the functions
(3.5) and (3.7) with C3(s) =0, we get that the following equalities hold:

g(s)" _
2 + Cy(s) o (3.18)

Ci(s)g(s) 4+ Co(s) g(s)? =s— K (3.19)

gls)» _ s—K

01(8)

for s > K. Thus, by means of straightforward calculations, from (3.18)-(3.19) we obtain that
the solution of system (2.11)-(2.13) takes the form:

Vs =S ) e Gi)

for 0 < & < g(s) and s > K. Since in this case r + ¢ > 0 so that the process X hits the
diagonal {(z,s) € F|x = s} only continuously, we may assume that the normal-reflection
condition (2.16) holds. Hence, applying condition (2.16) to the function (3.7) with Cs(s) =0,
we get:

Ci(s) s+ Ch(s) s =0 (3.21)

from where using the solution of system (3.18)-(3.19) it follows that the function g(s) solves
the differential equation:

/(s) = 9(s)  Pima(s/g(s)™ = Bami(s/g(s))”
ny2(s — K) - Bils/g(s))r — Bals/g(s))

for s > K with v, = 3; + a, where f3; for i = 1,2 are given by (3.8). By means of standard
arguments it can be shown that the right-hand side of equation (3.22) is positive so that the
function g¢(s) is strictly increasing on (K, 00). Note that in this case the smooth-fit condition
(2.15) fails to hold, that can be explained by the fact that leaving the part of continuation
region ¢.(s) < = < s the process X can pass through the boundary g.(s) only by jumping.
Such an effect was earlier observed in [25]-[26] by solving some other optimal stopping problems
for jump processes. According to the results in [1] we may conclude that this property appears
because of finite intensity of jumps and exponential distribution of jump sizes of the compound
Poisson process J.

Let us recall that = limsup, . h.(s) and h = liminf,_ . h.(s) with h.(s) = g.(s)/s
for all s > K. In order to specify the solution of equation (3.22) which coincides with the

(3.22)
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optimal stopping boundary g.(s), we observe that from the expression (3.20) it follows that
(2.20) directly implies:

Biyah " = Boyih T2 = By — Bopih = Biyea; "t — Byyia) (3.23)

where a, is uniquely determined by (5.13) under K = 0. Then, using the fact that h.(s) =

g.(s)/s < a, for s > K and thus h < h < a, < 1, from (3.23) we get that h = h = a,. Hence,
we obtain that the optimal boundary g¢.(s) should satisfy the property (3.16) which gives a
condition on the infinity for the equation (3.22). By virtue of the results on the existence and
uniqueness of solutions for first-order ordinary differential equations, we may therefore conclude
that condition (3.16) uniquely specifies the solution of equation (3.22) that corresponds to the
problem (2.4). Taking into account the expression (3.20), we also note that from inequalities
(2.18) it follows that the optimal boundary g.(s) satisfies the properties (3.17) for some constant
A, > 0 which can be also determined by means of condition (3.16) above.

3.4. Let us now determine the optimal boundary g.(s) for the case ¢ > 0 and a =1/6 > 1.
Then we have 3 < —a <1 —a < < 0 < ) sothat 13 <0 <1< 9% < a <y with
v = Bi + «, where (§; for i = 1,2,3 are the roots of equation (3.6). By virtue of the same
arguments as mentioned above, in this case we may also assume that both the smooth-fit and
normal-reflection conditions (2.15) and (2.16) hold. Hence, applying conditions (3.3), (2.12)
and (2.15) to the functions (3.5) and (3.7), respectively, we get that the following equalities
hold:

Y1 2 873

Cr(s) G + Cols) -+ Cisls) 5 = [(5)s"(5 — K) (3:24)
Ci(s) g(s)™ + Ca(s) g(s)™ + C3(s) g(s) =5 — K (3.25)
71C1(8) g(8)™ +72C2(s) g(s) + 13C3(s) g(s)” = 0 (3.26)
where we set: -
fls) = _1K / V(s 2) Zﬁfil (3.27)

for s > K. Thus, by means of straightforward calculations, from (3.24)-(3.26) we obtain that
the solution of system (2.11)-(2.13)+(2.15) takes the form:

V(z,s;9(s)) (3.28)
_ Bi(s — K)[B2B3(v2 — v3)s° [ (s) + Bs3(s/9(s))"* — Baa(s/g(s))] ( x )VI
Bafs(v2 — 13)(8/9(8))" — BiBa(n — 13)(5/9(8))72 + BiB2(n1 — 12)(s/9(s))™ \g(s)
+ Ba(s — K)[B183(v3 — 11)s*f(s) — Bav3(s/9(5))" + Bini(s/g(s))] < x )72
BaBa(v2 —v3)(s/g(s))" — ﬁlﬁz(% ¥3)(5/9(5))72 + Bifa(v1 — 72)(s/g(s))7 \g(s)
+ B3(s — K)[B1B2(71 — 72)5% f(s) + Bay2(s/g(s))™ — Biyi(s/g(s)) "] < T )73
BaBs(v2 — v3)(s/g(s))m Blﬁs(% Y3)(5/9(8))2 4 B1B2(n1 — 12)(s/9(s))" \g(s)

for 0 <z < g(s) and s > K. Inserting the expressions (3.5) and (3.7) into the formula (3.2),
letting x = s and differentiating the both sides of the obtained equality, we get:

o) o) — 0 3.99
EJF 2()ﬁ+ 5(8) = (3.29)

9



from where using the solution of system (3.24)-(3.26) it follows that the function f(s) solves
the differential equation:

f'(s) = —% (3.30)
B1B2B3f (8)[(v2 — 3)(s/g(s))" — (71 — ¥3)(5/9(5))" + (71 — 72)(5/9(s))?]

s[B283(v2 — 3)(s/g(8))" — B1Bs(m1 — v3)(5/9(8)) 2 + B1fa(1 — 12)(s/g(s))]

B3ys(y1 — 72)(5/9(8)) 172 — Byya(yr — 73)(5/g(8)) 7 + Biyi(v2 — 73)(s/g(s)) >
5By 85 (v2 — v3)(5/9(s))" = Bufs(y1 — 73)(s/9(s))72 + BiBa(m1 — 72)(5/9(s)) 2]

for s > K. Applying the condition (2.16) to the function (3.7), we get that the equality (3.13)
holds, from where it follows that the function g(s) solves the differential equation:

J(s) = SQ_(S}( (3.31)
Baya(v1 — 72)(8/9(8)) 772 = Baryalyi — 3)(8/9(5)) 7 + Bivi(y2 — 13)(s/9(s)) 2™
Ba(v1 — 2)(s/9(8)) 72 — By — v3)(s/9(8)) 147 + Bi(v2 — ¥3)(s/9(s))> 7
B3 (v2 — 73)(s/9(s))" — B1Bs(m — v3)(s/9(5))"* + B1F2(71 — 72)(s/g(s))7
n2m3(v2 — 3)(8/9(5))" — mnz(n —v3)(5/9(8))2 +mna(n1 —12)(s/g(s))* — pf(s)s®

for s > K with n; = 8y, for i = 1,2,3, and p = (10205(71 — 72) (71 — 73) (72 — 73) -
In order to specify the solution of equation (3. 30) let us deﬁne the function:

+

X

£u(s) = S_K o (3.32)

for all s > K. Then by virtue of the inequalities (2.18), using the expression (5.14) we obtain
the function (3.32) is well-defined and should satisfy the property:

lim f,(s) s* =12(3 = 1)/[(72 = 1) (Bi(ys — )al' = B3(n — 1)al®)] (3.33)

+3(7 = 1)/[(v3 = 72) (B2(nn — D)al® — Bi(y2 — 1)a)]
+ (2 = 1)/[(71 —13)(B3(v2 — 1)al® — Ba(y3 — 1)al?)]

where a, is uniquely determined by (5.15) under K = 0. From (3.27) and (3.32) it therefore
follows that (3.33) gives a condition on the infinity for the equation (3.30).

Let us recall that h = limsup, ,__h.(s) and h = liminf, . h,(s) with h,(s) = g.(s)/s for
all s > K. In order to specify the solution of equation (3.31) which coincides with the optimal
stopping boundary g.(s), we observe that from the expressions (3.28) and (3.33) it follows that
(2.20) directly implies:

(2 =)h "+ (s = h 7+ (n —)h
BofBs(2 — 3) ™ — BiBs(y — 3)h " 4 BifBa(n — o)
_ (2 =) "+ (i3 =) "+ (1 — )b
B233(72 — ’73)54Yl — B1B3(n — 73)5_72 + B1B2(71 — ’72)5_73
_ (2 —ys)a, ™ + (v —1)a. ™ + (n — )™
B2fB3(v2 — y3)ax "t — BiBs(v1 — y3)ax * + Bifa(y — )as

(3.34)

10



Then, using the fact that h.(s) = g.(s)/s < a, for s > K and thus h < h < a, < 1, from (3.34)
we get that h = h = a,. Hence, we obtain that the optimal boundary g.(s) should satisfy
the property (3.16) which gives a condition on the infinity for the equation (3.31). By virtue
of the results on the existence and uniqueness of solutions for systems of first-order ordinary
differential equations, we may therefore conclude that conditions (3.33) and (3.16) uniquely
specifies the solution of system (3.30)4(3.31) that corresponds to the problem (2.4). Taking
into account the expression (3.28), we also note that from inequalities (2.18) it follows that the
optimal boundary g.(s) satisfies the properties (3.17) for some constant A, > 0 which can be
also determined by means of the condition (3.16) above.

3.5. Let us finally determine the boundary g.(s) for the case 0 =0 and a = 1/6 > 1 with
r+(=r—M/(1—-0)<0. Then we have s < —a < 1—a < ff; <0 sothat 7o <0< 1<y
with v; = §; + a, where [; for i = 1,2 are given by (3.6). Since in this case the process X
can leave the continuation region g.(s) < z < s only continuously, we may assume that the
smooth-fit condition (2.15) holds. Hence, applying conditions (2.12) and (2.15) to the function
(3.7), we get that the following equalities hold:

Ci(s) g(s)™" 4+ Cs(s) g(s)? =s— K (3.35)
71C1(s) ()™ + 72Ca(s) g(s)™ = 0 (3.36)

for s > K. Thus, by means of straightforward calculations, from (3.35)-(3.36) we obtain that
the solution of system (2.11)-(2.13)+(2.15) takes the form:

-2 () 2R

for 0 < x < g(s) and s > K. Inserting the expressions (3.5) and (3.7) with C5(s) = 0 into the
formula (3.2), letting « = s and differentiating the both sides of the obtained equality, we get:

8'7 872

1

+ Co(s) — =
ﬂl 2( ) 52
from where using the solution of system (3.35)-(3.36) it follows that the function g(s) satisfies
the differential equation:

J(s) = — 90 Ba(s/g(s)]™ = Bils/g(s)™
M2(s = K) - Bals/g(s))m = Fi(s/g(s))

for s > K with v; = 3; + «, where f3; for i = 1,2 are given by (3.8). By means of standard
arguments it can be shown that the right-hand side of equation (3.39) is positive so that the
function g¢(s) is strictly increasing on (K,00). Note that in this case the normal-reflection
condition (2.16) fails to hold, that can be explained by the fact that the process X can hit the
diagonal {(x,s) € E|x = s} only by jumping.

Let us recall that h = limsup, . h.(s) and h = liminf,_ h.(s) with h.(s) = g.(s)/s
for all s > K. In order to specify the solution of equation (3.39) which coincides with the
optimal stopping boundary g.(s), we observe that from the expression (3.37) it follows that
(2.20) directly implies:

Cl(s) 0 (3.38)

(3.39)

Yoh = b = ph T = b = pa " — ma (3-40)

11



A4S

Figure 1. A computer drawing of the optimal stopping boundary g¢.(s).

where a, is uniquely determined by (5.17) under K = 0. Then, using the fact that h.(s) =
9+(s)/s < a, for s > K and thus h < h < a, < 1, from (3.40) we get that h = h = a,. Hence,
we obtain that the optimal boundary g¢.(s) should satisfy the property (3.16) which gives a
condition on the infinity for the equation (3.39). By virtue of the results on the existence and
uniqueness of solutions for first-order ordinary differential equations, we may therefore conclude
that condition (3.16) uniquely specifies the solution of equation (3.39) that corresponds to the
problem (2.4). Taking into account the expression (3.37), we also note that from inequalities
(2.18) it follows that the optimal boundary g.(s) satisfies the properties (3.17) for some constant
A, > 0 which can be also determined by means of the condition (3.16) above.

3.6. Observe that the arguments above show that if we start at the point (z,s) € C” then
it is easily seen that the process (X, S) can be stopped optimally after it passes through the
point (K, K). Thus, using standard arguments based on the strong Markov property it follows
that:

Vi(z,s) = U(x; K) V.(K, K) (3.41)
for all (z,s) € C" with V,(K, K) = lim, x V.(K, s), where we set:
U(r; K) = E,[e”"07+] (3.42)
and
o.=inf{t >0] X, > K}. (3.43)

Here E, denotes the expectation under the assumption that Xq = x for some 0 < x < K.
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By means of straightforward calculations based on solving the corresponding boundary value
problem (see also [2]-[3] and [17]) it follows that when o = 1/6 < 0 holds, we have:

Uzr; K) = (%)7 (3.44)

with 71 = 1 + «, where if ¢ > 0 then f; is the largest root of equation (3.6), while if & = 0
then [ is given by (3.8). It also follows that when a = 1/6 > 1 holds, then we have:

U(e; K) = %(%)ﬁ - ﬁ(%)” (3.45)

with v, = 0; + a, where if ¢ > 0 then (; for ¢ = 1,2 are the two largest roots of equation
(3.6), while if c =0 and r+ (=7 —A0/(1 — 0) <0 then §; for i = 1,2 are given by (3.8).

4. Main result and proof
In this section using the facts proved above we formulate and prove the main result of the
paper.

Theorem 4.1. Let the process (X,S) be defined in (2.1)-(2.3). Then the value function of
the problem (2.4) takes the expression:

V(z, s;9.()), if g(s)<x<s and s>K
Vi(z,s) = ( K)VU(KK), if 0<z<s<K (4.1)
- K, if 0<z<g.s) and s>K

with V. (K, K) = limg x Vi.(K, s)| and the optimal stopping time is explicitly given by:
!
=inf{t > 0| X; < ¢.(S)} (4.2)

where the functions V (z, s;g(s)) and U(x; K) as well as the increasing boundary g.(s) < a,s <
s for s > K satisfying g.(K+) = 0 and g,(s) ~ A,(s — K)Y7 under s | K [see Figure 1
above] are specified as follows:

(i): if 0 >0 and 0 < 0 then V(x,s;g(s)) is given by (3.12), U(x; K) is given by (53.44),
and g.(s) is uniquely determined from the differential equation (3.14) and the condition (3.16),
where v; = B; +1/0 and B; for i = 1,2,3 are the roots of equation (3.6), while a, is found
from equation (5.11) under K =0;

(i): if 0 =0 and @ <0 then V(x,s;q(s)) is given by (3.20), U(x; K) is given by (3.44),
and g.(s) is uniquely determined from the differential equation (3.22) and the condition (3.16),
where v; = i + 1/60 and 5; for i = 1,2 are given by (3.8), while a, is found from equation
(5.13) under K =0;

(i5i): if 0 >0 and 0 < 0 < 1 then V(x,s;9(s)) is given by (3.28), U(x; K) is given by
(3.45), and g.(s) is uniquely determined from the system of differential equations (3.30)+(3.51)
and the conditions (3.33)+(3.16), where v; = (; + 1/6 and ; for i = 1,2,3 are the roots of
equation (3.6), while a. is found from equation (5.15) under K =0;
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(w): if 6 =0 and 0 <0 <1 with r—N/(1 —0) <0 then V(z,s;g(s)) is given by (3.37),
U(z; K) is given by (3.45), and g.(s) is uniquely determined from the differential equation
(3.39) and the condition (3.16), where v; = 3; +1/0 and (; for i = 1,2 are given by (3.8),
while a, is found from equation (5.17) under K =0,

Proof. In order to verify the assertions stated above, it remains us to show that the
function (4.1) coincides with the value function (2.4) and the stopping time 7, from (4.2) with
the boundary g.(s) specified above is optimal. For this, let us denote by V(zx,s) the right-
hand side of the expression (4.1). In this case, by means of straightforward calculations and
the assumptions above it follows that the function V'(x, s) solves the system (2.11)-(2.13), and
condition (2.15) is satisfied when either ¢ > 0 or » — Ad/(1 — #) < 0 holds, while condition
(2.16) is satisfied when either o > 0 or € < 0 holds. Then taking into account the fact that
the boundary g¢.(s) is assumed to be continuously differentiable for s > K and applying the
change-of-variable formula from [23; Theorem 3.1] to e~"+*V(X,, S;), we obtain:

Y (X, 8) = Vi(zs) + / L LY~ (14 V) (X S (X £ 0u(S))du (43)

t
b [ eI XSS, = 3T eI 8 AS, + M,
0

O<u<t

where the process (M;):>o defined by:
t
M, = / ety (X, .S, )oX,_ dB, (4.4)
0

t o)
+/ / e~ (rHou (V(Xu_eay, Xy e VS, )= V(X,_, Su_)) (u(du, dy) — v(du, dy))
o Jo

is a local martingale under P, ;. Observe that when either o > 0 or 0 < 6 < 1, the time spent
by the process X at the diagonal {(z,s) € F | 0 < x < s} is of Lebesgue measure zero that
allows to extend (LV — (r + 0)V)(z, s) arbitrarily to 2 = s. When either ¢ > 0 or § < 0, the
time spent by the process X at the boundary g.(S) is of Lebesgue measure zero that allows
to extend (LV — (r+0)V)(x,s) to x = g.(s) and set the indicator in the formula (4.3) to one.
Note that when either ¢ > 0 or 8 < 0, the process S increases only continuously, and hence
in (4.3) the sum with respect to AS, is zero and the same is the integral with respect to d.S,,
since at the diagonal {(z,s) € E' | z = s} we assume (2.16). When ¢ =0 and 0 < 0 < 1,
the process S increases only by jumping, and thus in (4.3) the integral with respect to dS,, is
compensated by the sum with respect to AS,,.

By virtue of the arguments from the previous section we may conclude that (LV — (r +
NV )(z,s) <0 for all (z,s) € E. Moreover, by means of straightforward calculations it can
be shown that the property (2.14) also holds that together with (2.12)-(2.13) yields V' (z,s) >
(s — K)* for all (z,s) € E. From the expression (4.3) it therefore follows that the inequalities:

o (r+o)T (S’T _ K)-i— < o= (r+o)T V’(X'T7 ST) < V(I, 8) + M, (45)

hold for any finite stopping time 7 of the process X.
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Let (0n)nen be an arbitrary localizing sequence of stopping times for the process (M;):>o.
Then taking in (4.5) expectation with respect to P, s, by means of the optional sampling
theorem we get:

o [e—(r+5)(7/\on) (Sipon — K)-‘r} <E,, [e—(r-l-é)(‘r/\on) V(X rpo, ST/\Un):| (4.6)
<V(z,s)+ E, [MT,\UR] =V(z,s)

for all (x,s) € E. Hence, letting n go to infinity and using Fatou’s lemma, we obtain that for
any finite stopping time 7 the inequalities:

By o[e U7 (S, — K)Y] < By [e " VI(XL,S,)] < V(w,s) (4.7)

are satisfied for all (z,s) € E.

By virtue of the fact that the function V(z, s) together with the boundary g.(s) satisfy the
system (2.11)-(2.14), by the structure of stopping time 7, in (4.2) and the expression (4.3) it
follows that the equality:

6_(T+6)(T*Aan) V(XT*/\O'7L7 Sn/\an) = V(ZE, S) + MT*/\"" <48)

holds. Then, using the expression (4.5), by virtue of the fact that the function V(z,s) is
increasing, we may conclude that the inequalities:

_V(xa 3) < M’T*/\O'n < V(g*(sn/\an)7 ST*/\O'n) - V(ZL‘, S) (4'9)

are satisfied for all (z,s) € E, where (0,)nen is a localizing sequence for (M;):>o. Taking into
account conditions (3.16) and (3.33), from the structure of the functions (3.12), (3.20), (3.28)
and (3.37) it follows that:

V(g«(Si),S:) < K'S, (4.10)

for some K’ > 0. Hence, letting n go to infinity in the expression (4.8) and using the conditions
(2.12)-(2.13) as well as the property:

E, [sup e~ (ro)t St] =FE, [sup e~ (rto)t Xt] < 00 (4.11)

t>0 t>0

(the latter can be proved by means of the same arguments as in [31] and using the fact that
the processes B and J are independent and the jumps of J are integrable), by means of the
Lebesgue dominated convergence theorem we obtain the equality:

By s[e 0™ (S, — K)"] =V(x,s) (4.12)

for all (x,s) € E, from where the desired assertion follows directly. [

5. Conclusions

In this section we give some concluding remarks and present an explicit solution to the
optimal stopping problem which is related to the perpetual American fixed-strike lookback
option problem.
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5.1. We have considered the perpetual fixed-strike lookback American option optimal stop-
ping problem in a jump-diffusion model. In order to be able to derive (first-order) nonlinear
differential equations for the optimal boundary that separates the continuation and stopping
regions, we have let the jumps of the driving compound Poisson process be exponentially dis-
tributed. It was shown that not only the smooth-fit condition at the optimal boundary, but
also the normal-reflection condition at the diagonal may break down because of the occurrence
of jumps in the model. We have seen that under some relationships on the parameters of the
model the optimal boundary can be found as a component of the solution of a two-dimensional
system of ordinary differential equations that shows the difference of the jump-diffusion case
from the continuous case. We have also derived special conditions that specify in the family of
solutions of the system of nonlinear differential equations the unique solution that corresponds
to the initial optimal stopping problem. The existence and uniqueness of such a solution can
be obtained by standard methods of first-order ordinary differential equations.

In the rest of the paper we derive a solution to the floating-strike lookback American option
problem in the jumps-diffusion model (2.1)-(2.3). In contrast to the fixed-strike case, by means
of the change-of-measure theorem, the related two-dimensional optimal stopping problem can be
reduced to an optimal stopping problem for a one-dimensional strong Markov process (S;/X})i>0
that explains the simplisity of the structure of the solution in (5.18)-(5.19) (see [31] and [4]).

5.2. Let us now consider the following optimal stopping problem:

Vi(x,s) = sup E, [ HI7(S, — KX,)T] (5.1)

where the supremum is taken over all stopping times 7 of the process X. The value (2.4)
coincides with an arbitrage-free price of a floating-strike lookback American option (or 'partial
lookback’ as it is called in [5]) with K > 0 and the discounting rate § > 0. Note that in the
continuous case ¢ > 0 and 6 = 0 the problem (5.1) was solved in [4]. It is also seen that if
oc=0and 0 <6 <1 with r—X0/(1 —6) > 0, then the optimal stopping time in (5.1) is
infinite in case K < 1 and equals zero in case K > 1.

Using the same arguments as in [4] it can be shown that the continuation region for the
problem (5.1) is an open set of the form:

C, ={(z,s) € E|bs <z <s} (5.2)
while the stopping region is the closure of the set:
D, ={(z,5) € E|0<x < b,s)}. (5.3)

From (5.1) it is easily seen that b, < 1/K in (5.2)-(5.3).

In order to find analytic expressions for the unknown value function V,(z, s) from (5.1) and
the unknown boundary b,s from (5.2)-(5.3), we can formulate the following integro-differential
free-boundary problem:

(LV)(z,s) = (r + &V(x,s) for (z,s)eC (5.4)
V(z, S)}x:str =s(1 — Kb) (continuous fit) (5.5)
V(z,s)=(s— Kz)* for (z,s)e€D (5.6)
V(z,s)> (s— Kz)* for (z,s)eC (5.7)
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where C' and D are defined as C, and D, in (5.2) and (5.3) with b instead of b, , respec-
tively, and (5.5) playing the role of instantaneous-stopping condition is satisfied for all s > 0.
Moreover, under some relations on the parameters of the model which are specified below, the
following conditions can be satisfied or break down:

vepey. = I (smooth fit) (5.8)
Vi(z, s)’ =0 (normal reflection) (5.9)

T=8—

for all s > 0. Note that in the case ¢ > 0 and 6 = 0 the free-boundary problem (5.4)-(5.9)
was solved in [4].

Following the schema of arguments from the previous section, by means of straightforward
calculations it can be shown that in case ¢ > 0 and a = 1/ < 0 the solution of system

(5.4)-(5.7)4(5.8) takes the form:

U ) _ Grl(1 — a)yeys + alye — 1)(ys — 1) Kb]s f o \m
(e VA crien e (9 10
4 Bo[(1 — )13 + a(yr — 1) (3 — 1) Kb]s <£)72
a(l=a)(y2 = 7)1 —12) bs
. B3[(1 — a)y1v2 + oy — 1) (72 — 1)Kb|s <£>73
a(l —a)(n —3) (13 — ) bs
and from condition (5.9) it follows that b solves the equation:
By — D1 = a)yeys + a(ye — 1)(v3 — 1) Kb] (5.11)

(72 = 71) (71 — )™
Bo(v2 — D1 — ) yiys + el — 1) (s — 1) Kb
(72 = 711) (3 — 72)b72
B3(vs = DI — a)nre + alyn — 1) (72 — 1)Kb]
(V3 = 71) (93 — 72)b7 ’
in case 0 =0 and a = 1/6 < 0 the solution of system (5.4)-(5.7) takes the form:

+

V(2,5 bs) = Gil(1 — a)ye + a(y2 — 1)Kb]s (ﬁ)% _ B[ —a)y +a(n — 1)Kb]s (ﬁ)%
a(l —a)(r — ) bs a(l —a)(m1 —72) bs
(5.12)
and from condition (5.9) it follows that b solves the equation:
Pz — Ba(v2—1) (1 =)y + oy —1)Kb (5.13)
Bilm —1) (1 —a)ye+aly — KD
in case 0 > 0 and o = 1/6 > 1 the solution of system (5.4)-(5.7)+(5.9) takes the form:
” Bilys = Dlve — (92 — KB s A
Viz,s;bs) = — 5.14
( ) (v2 — ) [Bi(ys — 1)o7 — Bs(y — 1)b73] (bs) (5.14)

Ba(i = Dlys — (93 — 1 KDJb™s (ﬁ)”

(73 = 72)[B2(71 — 1)o7 — Bi (72 — 1)b7] \bs
B5(r2 — Dy — (1 — 1) Kb]b™s <£>73

(71 = 3)[B3(72 — D)7 — Ba(y3 — 1)b22] \bs

+
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and from condition (5.8) it follows that b solves the equation:

By = 1) (s — Dlve — (12 — D KD
(v2 = 7)) [Bi(ys — Db = By (71 — 1)b0s]
Ba(r1 —1)(y2 — Dz — (73 — 1) Kb]
(3 = 92)[B2(n1 — Db — Bi(re — 1)b7]
B3(y2 — 1)z — 1) — (1 — 1) Kb .
(v3 = 7)[Bs(72 — )b — Ba(y3 — 1)b72]’

while in case 0 =0 and a =1/0 > 1 with r+{ =r — A0/(1 —0) < 0 the solution of system
(5.4)-(5.7) takes the form:

(5.15)

‘7($,S; bS) — [’72 _ (72 - 1)Kb]8 <£>Vl . [/71 B (71 B 1)Kb]8 <£)72 (516)
T2 N bs T2 N bs
and from condition (5.8) it follows that b solves the equation:
b'yl—"yQ — @ 72(71 - 1) + [71 - 72(71 - 1)]Kb (517)

Brm(ye—1) + e —mnle - DKL
Summarizing the facts proved above we formulate the following assertion.

Theorem 5.1. Let the process (X, S) be defined in (2.1)-(2.3). Then the value function of
the problem (5.1) takes the expression:

~ 1% 1bes), if bs<a<
V(o s) = (x,$;bis) z'f s<x<s (5.18)
s— Ku, if 0<a<bs
and the optimal stopping time is explicitly given by:

where the function ‘7(:75, s;bs) and the boundary b.s < s/K for s >0 are specified as follows:

(i): if 0 >0 and 0 < 0 then V(x,s;bs) is given by (5.10) and b, is uniquely determined
from equation (5.11), where v; = 3;+1/0 and (; for i =1,2,3 are the roots of equation (3.6);

(ii): if o =0 and 0 < 0 then V(x,s;bs) is given by (5.12) and b, is uniquely determined
from equation (5.13), where v; = B; + 1/0 and (; for i = 1,2 are given by (3.8);

(iii): if 0 > 0 and 0 < 0 < 1 then V(z,s:bs) is given by (5.14) and b, is uniquely
determined from equation (5.15), where v; = (; +1/0 and (; for i = 1,2,3 are the roots of
equation (3.6);

(iv): if o =0 and 0 < 6 < 1 with r —\/(1 —60) < 0 then V(x,s;bs) is given by (5.16)
and b, is uniquely determined from equation (5.17), where ~; = 3; +1/0 and ; for i = 1,2
are given by (3.8).

These assertions can be proved by means of the same arguments as in Theorem 4.1 above.
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