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ABSTRACT ARTICLE HISTORY
We present solutions to some discounted nonzero-sum optimal Received 3 October 2021
stopping games of two players related to the perpetual game-type Accepted 23 May 2024
contingent claims with payoffs representing linear functions of the KEYWORDS
running valges of a geometric Brownian motion. It is assumed that Nonzero-sum optimal
the underlying process can be stopped by the both players only at stopping game; Brownian
certain random intervention times which coincide with the jump motion; Poisson process;
times of the two appropriate independent Poisson processes. The random intervention times;
optimal stopping times forming a Nash equilibrium are shown to free-boundary problem;
be the first times at which the underlying process is either below instantaneous stopping and
or above certain lower or upper constant boundaries at the jump smooth fit; perpetual
times of the appropriate Poisson processes. The proof is based on ~ "andomized Bermudian
the reductions of the original games to the associated coupled free- :.ommgent claims; a local
X ime-space formula.
boundary problems and the solutions to the latter problems by
means of the smooth-fit conditions at the optimal boundaries for 2020 MATHEMATICS
every player. We show that the optimal stopping constant lower SUBJECT
and upper boundaries are determined as (possibly multiple) solu- CLASSIFICATIONS
tions to the equivalent coupled systems of arithmetic equations. The ~ Primary 60G40; 34K10;
obtained results can be interpreted as the rational valuation of some ~ 21G20; Secondary 60J60;
R A . . . 34L30;91B25
perpetual randomized Bermudian game-type contingent claims in
the Black-Merton-Scholes model.

1. Introduction

The main aim of this paper is to present solutions to the discounted nonzero-sum opti-
mal stopping game formulated in (3)-(5) for the geometric Brownian motion X = (X¢)>0
defined in (1) and (2) observed by the two players at the jump times of two independent
Poisson processes. Here, for a precise formulation of the problem, let us consider a proba-
bility space (2, F, P) with a standard Brownian motion B = (B;);>0. We assume that the
process X = (X;)s>0 is a geometric Brownian motion defined by:

X, = xexp ((r—5—02/2)t+aBt) (1)
which solves the stochastic differential equation:

dXt = (r - 5)X¢ dt + O'Xt dBt (X() = X) (2)
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where r> 0, > 0, and ¢ > 0 are given constants, and x > 0 is fixed. Suppose that there
exist Poisson processes N = (N!);s0, for i = 1,2, such that N' has the intensity 4 > 0and
N? has the intensity s > 0, which are independent of each other as well as of the driving
standard Brownian motion B. Denote by (77)jen and (¢x)ken the sets of jump times of the
processes Ni, for i = 1,2, so that the differences 71,73 — 71,...,7 — 7j_1,...and 1,2 —
e o5 8k — Ck—15- - - for [k € N, are independent exponential random variables with the
means 1/ and 1/, respectively. We now define the filtrations (G;,)ien and (H )ken as
Gy =0Xe,...,Xy) and Hy = 0(Xp,. .., Xp), for each Lk € N, and denote by T(1)
and Z(5¢) the sets of stopping times with respect to the filtrations (Gr,)eny and (Hg, )kens
respectively.

Assume that the process X represents the price of a risky asset in a financial market,
while the supremum and infimum in (8) and (9) as in the equivalent reformulation of the
nonzero-sum optimal stopping game of (3)-(5) are taken over all stopping times 7 and
¢ from the sets T'(4) and Z(s¢), as well as the expectations there are taken with respect
to the (unique) risk-neutral (or martingale) probability measure P. In this case, it fol-
lows from the natural extensions of the results of [30,33] that the values V., (x) and U, (x)
from (8) and (9) can be interpreted as the rational (or no-arbitrage) prices of a (randomised
Bermudian) game-type contingent claim described below with the strikes 0 < L; < Kj,
for every i, j = 1, 2, in the Black-Merton-Scholes model, respectively. Note that, when
L; = L, and K; = K; holds, the original nonzero-sum optimal stopping game degener-
ates into a zero-sum one, so that the equality V.. (x) = U.(x) holds for the value functions
in (8) and (9). Such game-type contingent claims (but associated with some zero-sum
optimal stopping games) were introduced and studied by Kifer [33] and further devel-
oped by Kyprianou [36], Kithn and Kyprianou [35], Kallsen and Kiihn [30], Baurdoux and
Kyprianou [1-3], Gapeev and Kiithn [23], Gapeev [19], Ekstrom and Villeneuve [16], and
Baurdoux, Kyprianou, and Pardo [5] among others. We also refer to Shiryaev [52, Chap-
ter VIII; Section 2a], Peskir and Shiryaev [47, Chapter VII; Section 25], and Detemple [12]
for extensive overviews of the related to American option pricing problems as well as other
results on optimal stopping problems in financial mathematics.

The studies of stochastic differential games in which the participants look for their opti-
mal stopping times were initiated by Dynkin [14]. The martingale approach for the analysis
of such problems was developed in Neveu [42], Krylov [34], Bismut [9], Stettner [53], and
Lepeltier and Mainguenau [38] among others. The general analytic theory of nonzero-
sum stochastic differential games with stopping times was developed in Friedman [18]
and Bensoussan and Friedman [7,8] in Markovian diffusion models. The latter approach,
dealing with the analysis of the value functions and saddle points of such games, was
based on using the theory of nonlinear variational inequalities and free-boundary prob-
lems for partial differential equations. Cvitani¢ and Karatzas [11] established a connection
between the values of optimal stopping games and the solutions of (doubly) reflected back-
ward stochastic differential equations with general (random) coefficients and provided
a pathwise approach to these games. Karatzas and Wang [32] studied such games in a
more general non-Markovian setting and connected them with bounded-variation opti-
mal control problems. More recently, Ekstrom and Peskir [15] and Peskir [45,46] proved
that the value function of a general zero-sum optimal stopping game for a right-continuous
(strong) Markov process is measurable, and found necessary and sufficient conditions for
the existence of Stackelberg and Nash equilibria in such a game. Bayraktar and Sirbu [4]
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applied the stochastic Perron’s method and verification without smoothness using viscosity
comparisons for solving obstacle problems and optimal stopping (or Dynkin) games.

In the present paper, we derive solutions to the nonzero-sum optimal stopping game
associated with the problem of pricing of game-type contingent claims in the Black-
Merton-Scholes model under Poisson random intervention times on the infinite time
horizon. These results extend the solutions to the optimal stopping zero-sum games associ-
ated with the perpetual spread game options obtained in Gapeev [19] and Lerche and Stich
[40] as well as the nonzero-sum game associated with the perpetual double spread game
option recently derived in Gapeev [20]. We actually extend the arguments from Beibel and
Lerche [6] and Gapeev and Lerche [24] developed for the solutions of systems of arithmetic
power equations arising from optimal stopping problems for one-dimensional diffusion
processes (particularly the perpetual American strangle option problem for geometric
Brownian motions). We also establish certain analytic properties of the value functions
associated with the nonzero-sum optimal stopping game for the case in which the stopping
is allowed only at the jump times of the Poisson processes but not at time zero. More pre-
cisely, we observe that the value functions turn out to be twice continuously differentiable
at the optimal exercise boundaries of the appropriate players but only once continuously
differentiable at the optimal boundaries of the counter players, when the exercise is not
allowed at time zero. We also show that the value functions and optimal exercise bound-
aries of the optimal stopping problem in the considered model with exercises at random
intervention times converge to the appropriate ones in the classical model with contin-
uous exercises given that the intensities of the Poisson processes tend to infinity. Note
that optimal stopping problems (or games of one player) as well as zero-sum optimal
stopping games (of two players) with reward functionals similar but different to the ones
considered in (8) and (9) below were studied in Gapeev [21,22] in the appropriate hidden
Markov extension of the classical Black-Merton-Scholes model without introducing the
intervention times.

The optimal stopping problems in which stopping can be made only at the times at
which (independent) Poisson processes have jumps have been considered in the previ-
ous literature. Rogers and Zane [49] studied the investment problem of an agent who may
invest in a riskless bank account and a share, but may only move money between the
two assets at the jump times of an independent Poisson process. Although closed-form
solutions could not be derived in that situation, the authors established certain qualita-
tive features and asymptotic expansions of the solutions in such a simplified model with
liquidity effects. Dupuis and Wang [13] and Guo and Liu [25] derived closed-form solu-
tions to the perpetual American standard call and lookback put option pricing problems
in a model with a geometric Brownian motion which can be stopped only at the times
of jumps of an independent Poisson process, respectively. The former authors observed
that the value function is only continuous across the optimal boundary when stopping is
allowed at time zero, but twice continuously differentiable otherwise, that contradicts the
usual necessary and sufficient smoothness conditions for the value functions at the optimal
stopping boundaries. They also provided the asymptotic expansions of the value function
and the optimal exercise boundary as the intensity of the Poisson process tends to infinity,
so that the model converges to the appropriate classical one with continuous observations.
The latter authors recognized the randomized Bermudian feature of the considered con-
tingent claim and established the property that the structure of the optimal exercise times
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may differ under various intensity values of the Poisson process. Some zero-sum optimal
stopping games with stopping under Poisson random intervention times were recently
studied in the literature. Liang and Sun [39] characterized the value function of such a
zero-sum optimal stopping game and the associated optimal stopping strategy as a solu-
tion to a backward stochastic differential equation. Lempa and Saarinen [37] gave a weak
and easily verifiable set of sufficient conditions under which a semi-explicit solution to such
a game was derived in terms of the minimal r-excessive functions of the diffusion. Hob-
son [29] studied the shape of the value function of the general optimal stopping problem
under Poisson random intervention times by means of stochastic coupling techniques. We
study the nonzero-sum optimal stopping stopping game equivalently reformulated in (8)
and (9) under Poisson random intervention times by means of the analysis of the associated
coupled free-boundary problem stated in (30)-(39).

The paper is organized as follows. In Section 2, we formulate the nonzero-sum opti-
mal stopping game under Poisson random intervention times for the continuous Markov
process X and reduce it to the associated coupled ordinary differential free-boundary prob-
lem for the equivalent value functions V.. (x) and U, (x) from (8) and (9), which satisfy the
smooth-fit conditions at the stopping boundaries a, and b., respectively. In Section 3, we
derive explicit expressions for the candidate value functions given the (unknown) optimal
stopping boundaries and obtain an equivalent system of arithmetic power equations for
the candidate stopping boundaries as solutions to the coupled free-boundary problem. We
particularly show that the candidates for the value functions V. (x) and U, (x) are twice
continuously differentiable at the optimal boundaries a, and b, of the appropriate players,
but just once continuously differentiable at the optimal boundaries b.. and a, of the counter
players. In Section 4, by applying the local time-space formula from Peskir [44], it is veri-
fied that the resulting (possibly multiple) solutions to the coupled free-boundary problem
(whenever they exist) provide the value functions and the optimal stopping boundaries
for the underlying asset price process X in the original problem. In Section 5, it is shown
that, when the intensities of the Poisson processes 4 and s tend to infinity, the solution
of the nonzero-sum optimal stopping model with random intervention times converges to
the appropriate solution in the associated classical model with continuous observations.
In Section 6, we show that the equivalent system of arithmetic power equations for the
candidate stopping boundaries admits a unique solution in the case L; = L; and K; = K,
(whenever it exists) in which the original nonzero-sum optimal stopping game degener-
ates into the appropriate zero-sum one. The main results of the paper are Theorem 4.1 and
Corollary 5.1.

2. Preliminaries

In this section, we give a setting and notation of the nonzero-sum optimal stopping game
under Poisson random intervention times arising from the problem of pricing of the
perpetual (randomised Bermudian) game options and formulate the associated coupled
ordinary differential free-boundary problem.

2.1. The optimal stopping game and Nash equilibria

Suppose that a trader on a financial market issues a perpetual game-type contingent claim
which consists of two parts and has the following structure. The trader sells the first
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(convertable) part of the contract at time 0 to an investor (called holder), who collects
the cumulative coupon payments based on the firm value process X [up to time 7 A (]
and receives the amount L; /r from the trader, when the holder exercises (converts) at time
7[< ¢] which they can choose. The same trader buys the second (defaultable) part of the
contract at time 0 from another investor (called writer), who also collects the same cumu-
lative coupon payments based on the firm value process X [up to time 7 A ¢'] and pays the
amount K /r to the trader, when the writer exercises (defaults) at time ¢ [< 7] which they
can choose. Moreover, it is agreed the trader pays the amount K;/r to the holder, when
the writer exercises their part of the contract at time ([ < 7], and receives the amount L, /r
from the writer, when the holder exercises their part of the contract at time 7 [ < ¢]. In this
respect, the holder and writer of the appropriate parts of the game-type contingent claim
formulated above look for the exercise times 7, and ¢, maximizing and minimizing the
total expected reward functionals received from and paid to the trader given by:

AL -
Ji(t,0) =E / e X, ds + e_”L—II(T <O +e &I(( <71) 3)
0 r r i

and

TAL _ _ KZ _ L2 ]
N / e X ds+ e 20 < 4 e 216 < ) 4)
0 r r i

which means that the inequalities:

]l(f)f*) S]l(T*,é‘*) and ]2([*)7*) S]Z(C’T*) (5)

should hold, for any exercise times 7 and ¢ from the sets T'(1) and Z(5¢), respectively. Here,
we assume that 0 < L; < Kj holds, for every i, j = 1, 2, and denote by I(-) the indicator
function. Such a couple 7, and ¢, satisfying the inequalities in (5) with (3) and (4) is called a
Nash equilibrium of the nonzero-sum optimal stopping game under Poisson random inter-
vention times (see, e.g. [8] as well as [15,45] for a precise definition of this notion also in the
context of nonzero-sum and zero-sum optimal stopping games in the associated classical
models under continuous observations). We further assume that the exercises (convertion
and default) are allowed only at the intervention times (77);en and (¢x)ken that assigns the
so-called randomized Bermudian feature to the game-type contingent claim formulated
above.

It follows from a standard application of It6’s formula (see, e.g. [41, Chapter IV,
Theorem 4.4] or [50, Chapter IV, Theorem 3.3]) to the expressions in (1) and (2) that the
equality:

X x £ o [t _
e ’tgt:g—/o e ”Xsds+g/0 e "X, dB; (6)
holds, for all t+ > 0. Then, inserting 7 A ¢ in place of ¢ in (6) and using the fact that
the stochastic integral there is a square integrable martingale, by means of Doob’s
optional sampling theorem (see, e.g. [41, Chapter III, Theorem 3.6] or [50, Chapter II,
Theorem 3.2]), we get:

TAL X
AT e )
0
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for any stopping times 7 and ¢ with respect to (Gy,)ien and (H, )ken, respectively. Hence,
taking into account the expression in (7), we conclude that the problem formulated in (5)
with (3) and (4) is equivalent to the nonzero-sum optimal stopping game for the (time-
homogeneous strong) Markov process X under Poisson random intervention times with
the value functions V.. (x) = V. (x; ¢) and U, (x) = U.(x; 7.) given by:

i L X K X
Vi(x) = sup Ey|e ™" (—1 - —) It < &) +e ™ (—1 - ﬁ) I(Cy < t)] (8)
teT() L r 0 r 0
and
i K X L X,
U,(x) = inf E|e’® (—2 - —5) (0 <) +e '™ (-2 - *)I(T* <0l
ceZ(z) | r 0 r 0

for some given constants 0 < L; < Kj, for every i, j = 1, 2. Here, the supremum and infi-
mum are taken over all stopping times 7 and ¢ from the sets T'(1) and Z(sr), respectively,
while 7, and ¢, from T'(4) and Z(5¢) are the optimal stopping times such that the inequal-
ities of (5) with (3) and (4) are satisfied. We denote by E, the expectation with respect
to the (unique) risk-neutral (or martingale) probability measure P (see, e.g. [52, Chap-
ter VII, Section 3g]), under the assumption that the process X defined in (1) and (2) starts
at x > 0. For this reason, we may conclude that the value functions V,(x) = V.(x; ) and
U.(x) = U.(x; 74) in (8) and (9) represent rational (or no-arbitrage) prices of the appro-
priate parts of the game-type contingent claim described above. Observe that the functions
Vi(x) = V(x5 &) and Ui (x) = U, (x; 7,) in (8) and (9) also represent the value functions
associated with the Nash equilibria of the non-zero sum stochastic differential game of (5)
with (3) and (4) for the case in which the optimal stopping times are sought among Poisson
random intervention times (see, e.g. [8, Subsection 1.5, Theorem 1.2] for the analogues
of such value functions for the nonzero-sum optimal stopping games in the associated
classical models under continuous observations as well as Section 5 below for further
explanations).

Along with the functions in (8) and (9), we further consider the following auxiliary value
functions V. (x) = V. (x; &) and U, (x) = U, (x; 1) of the nonzero-sum optimal stopping
game of (5) with (3) and (4) given by:

Vi(x) = sup E, |:e_” (L—rl - &) It < &) +e ™ (? — )&) I(¢e < r)] (10)

7€T(}) g J
and
_ K X L X
U.(x) = inf E, |:e_r5 (—2 - _() I <t)+e ™ (-2 - T*)I(T* < C)j| (11)
CEZ(3) r o r 0

where the supremum and infimum are taken over all stopping times from the sets T(1) and
Z(5), while 7, and ¢, from T(1) and Z(»¢) are the optimal stopping times such that the
inequalities in (5) with (3) and (4) are satisfied. Here, we denote by T(A) and Z () the sets
of stopping times with respect to the filtrations (G, .57 and (H ), > where we put 79 =
o = 0and Gy = Hy = {Q, B} as well asN = N U {0}, respectively. Observe that in the case
in which L; = L, and Kj = K; holds, the original nonzero-sum optimal stopping game
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of (8) and (9) with (10) and (11) degenerates into a zero-sum one, so that the equalities
V. (x) = U,(x) and V,(x) = U, (x) hold for the value functions in (8) and (11). Such zero-
sum optimal stopping games with stopping under Poisson random intervention times were
recently studied in [37,39] among others.

It can be shown by means of arguments similar to the ones used for the proof of the
results in [17,28] based on the solutions of the associated systems of coupled reflected back-
ward stochastic differential equations that the game-type optimal stopping problems as (8)
and (9) with (10) and (11) with continuous observations have values. (Note that, in our set-
ting, we have the change in the killing measure, by adding the intensity of the appropriate
Poisson process to the exponent, rather than reflection for the associate backward stochas-
tic differential equations, since we consider stopping of the process X at the jump times of
the independent Poisson processes N' i fori = 1,2, of the intensity A and s, respectively.)
Similar results on the existence of values of zero-sum stochastic differential games with
stopping times as solutions of the associated (doubly) reflected backward stochastic differ-
ential equations were provided in [11,26,27] in the case of continuous observations. We
further establish the existence and describe the structure of the stopping times 7, and ¢
forming Nash equilibria in the nonzero-sum optimal stopping game of (5) with (3) and (4)
which is equivalently reformulated as in (8) and (9) with (10) and (11).

Finally, we observe from the structure of the value functions in (8)-(9) and (10)-(11)
that the equalities:

V. () = {Ll/r—x/é, %f Vilx) < Li/r—x/0 (12)
Vi (), if Vo(x) > Ly/r—x/0
and
T () = [Kz/r—x/é, ?f Ui(x) > Ky /r — x/0 (13)
U, (x), if Us(x) < K3/r —x/0
as well as

K, — Ky

V. (x) = Ex [e_mV*(X,l)I(tl <G)+e e (U* Xz) — )1(4; < 11):| (14)

and

L -1,

U, (x) = Ey |:e_ra[_]* XD S t) +e7™ ('\_/'* (X:,) — ) I(z, < (1):| (15)
should hold, for all x > 0 (see also [13,25,49] among others for similar arguments). Here,
we recall that the random times 7; and {7 are independent of each other as well as of the
driving standard Brownian motion B and exponentially distributed with the means 1/
and 1/, respectively.

2.2. The structure of optimal stopping times

Let us first determine the structure of the stopping times forming a Nash equilibrium in
the optimal stopping games of (8)-(9) and (10)-(11).
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(i) It follows from the general theory of optimal stopping problems for Markov pro-
cesses (see, e.g. [47, Chapter I, Section 2.2]) and optimal stopping games for Markov
processes (see, e.g. [45,46]) that the optimal stopping times in the problems of (8)
and (9) as well as (10) and (11) are given by:

7, = inf [rn e T(A) ‘V*(an) < L—rl - Xg", forn e N (16)
and

G = inf [5,, € Z(x) |U(Xp,) > % - Xg“, forneN (17)
as well as

7, = inf [zn e T() [Vu(Xy,) < LTI — Xé forn e NJ (18)
and

7, = inf [gn € Z(x) |U.(X,) > % - Xg”, forn e N] (19)

where we recall that 79 = ¢p = 0 and N = N U {0}, so that the continuation and
stopping regions associated with the both problems of (8)-(9) and (10)-(11) have

the form:
L K
Cy = x>0V,k(x)>—I—J—CandU*(x)<—2—f (20)
r o r 0
and
L K
D,=1x>0 eitherV*(x)S—l—for Ui(x) > D27 (21)
r o r 0

respectively. It is seen from the results of Theorem 4.1 below that the value functions
Vi(x) and U, (x) as well as V. (x) and U. (x) are continuous, so that the set C, is
open and the set D, is closed.

(ii) We first observe that, by means of straightforward computations, it is shown that
the expressions:

E, |:e_” (E — &) It <o) +e ™ (& — ﬁ) I(¢ < r):|
r o r o

L TAC Ki—L
- g +E, |:/ (X, — L) ds+ e TN < T)} (22)
r 0 r

and

E, |:e_r§ (& - )&) I <t)4+e " (2 - &) I(z < [)i|
r 0 r 0
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K TAL K, —-L
_ 2 g +E, U e (X — Kp)ds — e T 22 [(¢ < C)] (23)
r 0 r

hold, for any stopping times 7 and ¢ from the sets T(4) and Z (). Then, it follows
from the expressions in (22) and (23) and the structure of the optimal stopping
times in (16) and (17) that the value functions of the optimal stopping game in (10)
and (11) admit the representations:

_ L TN =Ky —L
V.(x) = 71 - ’S“ + Ey [/0 e " (X; — L) ds + e_’(*%l({* < ?*)i|

(24)

_ K TAL _ K —L _
Ui(x) = 72 - )SC + E; |:/0 e (X —Ky)ds — e‘”*%l(ﬂ < C*)]

(25)

for all x> 0. Here, we denote by 7, = 7.(x) and ¢, = ¢, (x) the optimal stop-
ping times from T(4) and Z(¢) forming a Nash equilibrium in (10) and (11) for
the starting point x of the process X. Hence, it is seen from the structure of the
integrands in the expressions of (24) and (25) that it is not optimal for the writer
(maximiser of their expected reward) to withdraw the contract when X; > L,
while it is not optimal for the holder (minimiser of their expected reward) to
exercise the contract when X; < K3, for t > 0. These facts mean that the points
x € (L1, K3), for which the both inequalities x < K, and x > L; hold simultane-
ously, belong to the continuation region C, in (20). On the other hand, the structure
of the integrands and payoffs in the expressions of (24) and (25) also implies that
the holder should exercise the contract at some time when X; < L;, while the writer
should withdraw the contract at some time when X; > Kj, for t > 0. These facts
mean that the points x € (0,L;] U [K3, 00) cover the stopping region D, in (21).
Let us now fix some x € C, such that either x < L; or x > K, holds, and con-
sider the optimal stopping times 7, = 7,(x) and ¢, = ¢, (x) for the writer and
the holder of the option. Then, by means of the results of general optimal stopping
theory for Markov processes (see, e.g. [47, Chapter I, Section 2.2]), we conclude
from the structure of the continuation region C, in (20) and the form of the stop-
ping times in (16) and (17) as well as from the equalities in (24) and (25) that the
expressions:

+x
r 0

?*/\E* —
= E, / e "Xy —Ly)ds+e "~
0

Valx) —

K — L,
r

I, < 7*)} >0 (26)

and
K X
2 4 X

U*(X) - 7 5
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TenL, K —L _
— U (X — Ky)ds— e T 22 (T, < 7 *)} <0 ()
0 r

hold. Hence, taking any x’ such that either x < x’ < L; or K, < x’ < x holds, and
using the properties that the functions V., (x) — L1 /r + x/6 and U.(x) — Ky /r +
x/0 are increasing in x > 0, we obtain from the expressions in (26) and (27) that
the inequalities V. (x') — L1/r + x'/6 > V.(x) — L1/r + x/6 > 0 or the inequal-
ities U, (x') — Kp/r +x'/5 < Uu(x) — Kp/r + x/6 < 0 are satisfied, respectively,
so that x’ € C, too. On the other hand, if we assume that x € D, such that either
x <L or x > Kj holds, then using arguments similar to the ones above, we
obtain that either V,(x") — Ly /r + x""/6 < V,(x) — L1/r + x/J = 0 holds, for all
X" <x<Lpyor Udx") =Ky /r+x"/0 > Us(x) — Kz /r + x/6 = 0 holds, for all
K, < x < x”, respectively, so that x”” € D,. Therefore, we may conclude that there
exist points a, and b, satisfying the inequalities 0 < a, < L; and b, > K; such that
the continuation and stopping regions C, and D, in (20) and (21) have the form:

C, = {x > 0|a* <x< b*} and D, = {x > 0| either x < a, or x > b*}.
(28)

2.3. The coupled free-boundary problem

By means of standard arguments based on the application of Itd’s formula (see, e.g. [31,
Chapter V, Section 5.1] or [43, Chapter VII, Section 7.3]), it is shown that the infinitesimal
operator L of the process X acts on a function W (x) from the class C? on (0, 00) according
to the rule:

2.2
LW)() = (r = W' (x) + =W/ () (29)

for all x > 0. In order to find analytic expressions for the unknown value functions V., (x)
and U, (x) from (8) and (9) and the unknown boundaries a, and b, from (28), let us build
on the results of general theory of optimal stopping problems for Markov processes (see,
e.g. [51, Chapter III, Section 8] and [47, Chapter IV, Section 8]). We can reduce the coupled
optimal stopping problem of (8) and (9) to the equivalent coupled free-boundary problem
for V. (x) and U, (x) with a, and b, given by:

AL A
(ILV—(r+A)V)(x)+—1—§=o for x < aand (30)
r
K
(]LU—(r+%)U)(x)+Q_?:0 forx > b (31)
r

LV —=rV)(x) =0 fora<x<b and (LU-rU)(x)=0 fora<x<b (32)

Via+) = l1_2 =V(@—) and U(Ob-)= K_?b = U(b+) (33)
r 0 r )

V'(a+) = V'(a—) and U'(b—) = U'(b+) (34)

V(b-) = ? - g =V(b+) and U(a+) = L—: - g = U(a-) (35)
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K
(ILV—(r+%)V)(x)—|—Q—?:0 for x > band (36)
r
AL A
(ILU—(r+/1)U)(x)—|——2—7x:0 forx < a (37)
r
L K
V(x)>—1—j—c forx > a and U(x)<—2—3—c forx <b (38)
r 0 r 0
L K
V(x)<—1—§ forx <a and U(x)>—2—g forx > b (39)
r r

for0 <a < L; <K, <b < 0. Observe that the natural extension of the semiharmonic
characterization of the value function proved in [45, Theorem 2.1] (see also [47, Chap-
ter I'V, Section 9] for the superharmonic characterization of the value functions of optimal
stopping problems in classical models with continuous observations) implies that V,(x)
and U, (x) are the largest and smallest functions satisfying (32)-(35) and (38)-(39) with the
boundaries a. and b, respectively. The variational systems of the same type as in (30)-(39)
above associated with other optimal stopping problems under Poisson random interven-
tion times were considered in [49, Sections 3-4], [13, Section 3] and [25, Section 2] among
others.

3. Solutions to the coupled free-boundary problem

We further derive solutions to the coupled free-boundary problem related to the nonzero-
sum optimal stopping game formulated in (8) and (9).

3.1. The candidate value functions.

Let us first note that the general solutions of the second-order ordinary differential
equations in (32) are given by:

V(x) = Al,lxo” +A1,2x0‘2 and U(x) = Az,lx‘“ + Az,zxaz (40)

where A; o fori,j = 1, 2, are some arbitrary constants, and aj, for j = 1, 2, are defined by:

1 r—90 . 1 r=6\> 2r
“f=5‘7‘(‘”’\/(5‘ P> ) e =

so that oy < 0 <1 < aj holds. Then, it follows from the expressions in (40) that the
instantaneous-stopping conditions of (33)+(35) take the form:

L a K b
Al,la‘“ +A1,2a“2 = 22 and Az)lbal +A2’2ba2 = 2 Z (42)
r 0 r 0
as well as
K b L a
Al,lbal +A1,2ba2 = R and Az,laal +A2,2a“2 = 2 _ 5 (43)
r r

for 0 <a < L; < K; <b < oo. Hence, by solving the left-hand and right-hand systems
of linear equations in (42) and (43), we obtain that the functions in (40) admit the
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representations:

V(x;a,b) = Ay,1(a, b)x* + Ay 2(a, b)x™ (44)
and

U(x;a,b) = Az 1(a, b)x* + Azs(a, b)x*? (45)

for a < x < b, where we have:

(Li/r — a/0)b"~1 — (Ki/r — b/d)a”>~i

a%b*-i — p%g®3—i

Aij(a,b) = (46)
forall0 <a <bandeveryi,j=1,2.

The general solutions of the second-order ordinary differential equations in (30)
and (31) as well as (36) and (37) are given by:

ﬂLl Ax
V(x) = Cp1x" 4 Cyox? - 47
() L1x't + Cypx +(/1+r)r 0 +0)0 (47)
and
»K, X
U(x) = D11x” + D 25" - 48
(x) 1,157 + Dy px +(%+r)r PR (48)
as well as
»K; X
V(x) = Coa' + Cpn® — 49
(x) 21X+ Cyox +(%+r)r G109 (49)
and
AL A
U(x) = Dy 1x”! + Dyox”? 2 ad (50)

Y ator Gtop

where C;; and D, for j = 1, 2, are some arbitrary constants, while y; = y;(1) and g; =
Bj(5), for j = 1, 2, are defined by:

1 -5 /1 —0N\*> 20r+1
yf:z‘%‘(‘”«rraz ) #2050 1

and

1 ) (1 -5\? 2
5j:§_%—(—1Y/(5—r02 ) + (r;%) (52)

so that y, <0 <1 <y; and f; <0 <1 < f; holds. Observe that C;, = D;; =0 as
well as Cy,; = Dy, = 0 should hold in (47) and (48), since otherwise, we would have
V(x) = *ooand U(x) —» Fooasx | 0andx T oo, that must be excluded by virtue of the
obvious fact that the value functions in (8) and (9) are bounded under x | 0 and x 7 oo,
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respectively. Then, it follows from the expressions in (47) and (48) that the conditions
in (33) take the form:

ALy Aa Ly a

C 71 —_ = — — — 53
e v iy B 53)
and
»K; b K b
Lt T T et r 8 (54)
as well as the conditions in (35) take the form:
»Ky »b Ki b
2 oy T et r 5 (55)
and
AL A L
Dz)la” 2 a 2 - E (56)

T OFr Gxoe r 5

for 0 < a < b. Hence, solving the system of equations in (53) and (54), we obtain that the
functions:

L, a X\ 71 ALy Ax
V(x;a) = ey A - >7
(x;4) (/1+r /1+5)(a) T 0Fr Utop 57)
for 0 <x <a, and
K b x\ 52 »K, X
U(x; b) = -—— )\ - 58
(x: ) (%+r %+5)(b) Yot r (t+0)0 (58)

for x > b, satisfy the conditions in (33), respectively. Also, solving the system of equations
in (55) and (56), we obtain that the functions:

b

V(s b) = ( K b ) (x)ﬁz K »x

B +(%—{—r)r_(%—{—(5)5

59
x+r x40 (59)

for x> b, and

L L, _a X\ AL, B Ax
U(x’a)_(/l-i-r /1+5)(a) YOt Gtop (60)

for 0 < x < g, satisfy the conditions in (35), respectively.

3.2. The analytic properties of the candidate functions

It follows from the expressions in (40), (47) and (48) with C; , = D;,; = 0 that the smooth-
fit conditions of (34) take the form:

Aa
A+ 0)o

Arja1a® + Ajpa2a* = Cypyra’t — (61)
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and

b

Az1onb™ + Agp00b™ = Dipfrbf — ———
2101 6™ + Az p00 1252 i1 0)s

(62)

for 0 <a <L; < K; <b < oo. Then, taking into account the expressions in (44), (45)
and (53), we obtain that the system of equations in (61) and (62) implies the one:

L o+
Ar1(a,byaja™ + A15(a, b)ara™ = il (194 Aa

S A4r (A40) (63)

and

poKy  (ad+ )b

A ,b)o b + A D)o b*? =
21(a, b)a 1 b + Az s (a, b)as P i1 0)0

(64)

where the functions A; J (a, b), for every i, j = 1, 2, are given by the expressions in (46), for
0<a<b.

We finally observe that, taking into account the system of arithmetic equations in (42)
and (43), it can be deduced by means of straightforward calculations from the systems
in (63) and (64) that the equalities:

L a
Ari(a, b)ar(ar — )a™ + A x(a, b)az(az — )a™ = y1(y1 — 1) (/1 _; ST 5)
(65)
and
o o K, b
Azi(a,b)ai(ar — 1)b" 4+ Azp(a, b)az(ar — 1)b™ = fr(fr — 1) -—
w+r x40
(66)
as well as

okt (B0 + )b
w4r (¢4 0)o

Ay,1(a, b)a1b™ + Ay (a, b)ab* = (67)

and

1l (y10+A)a
A b “1 4 A b %2 — —
2,1(a, b)a1a® + Az (a, b)osa P R

(68)

are satisfied, where the functions A; j(a, b), for every i, j = 1, 2, are given by the expressions
in (46), for 0 < a < b. It thus follows from the expressions in (65)-(68) that the analytic
properties:

V'(a+;a,b) = V"(a—;a) and U’ (b—;a,b) = U’ (b+;b) (69)
as well as
V'(b—;a,b) = V'(b+;b) and U'(a+;a,b) = U'(a—;a) (70)

hold, for the functions V(x; a, b) and U(x; a, b) from (44) and (45) as well as for V(x; a),
U(x; b) from (57) and (58) and V (x; b), U(x; a) from (59) and (60), for 0 < a < b.
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3.3. The candidate stopping boundaries

Let us now study the system of arithmetic equations in (63) and (64) with the functions
A;j(a, b), foreveryi,j = 1,2, given by the expressions in (46), for 0 < a < b. We first observe
that it can be shown by means of straightforward calculations that the system in (63)
and (64) is equivalent to the system of equations:

Fi(a) (g) 1 + F>(a) (g) 2 = ? — g and

a1 ay L
aw (3) +ao(3) ==-5 (71)
with
o) = aa_j(Llérfi/(i) RO g Gy GRS YD Q0
3—j — 0 3=~ G
for j = 1, 2, where we set:
ki (y1d+4A)a _ BKy (Bd+ )b

R@) =7 +r  (A+0)0 and - Q(b) = w+r  (x+06)d (73)

for 0 <a < b. In order to provide an analysis of the system of arithmetic power equations
in (71) with (72) and (73), we extend the appropriate arguments from [24, Example 4.2].
For this purpose, we will search for the solution of the system in (71) with (72) and (73) in
the form:

(g) = (a,b) + ¢(a,b) and (g) =<(a,b) + y(a,b) (74)

where #(a, b) and £(a, b) satisfy the system of equations:
Kb ! _L_a
Fi(a)n(a,b) + F2(a)d(a, b) = PR and Gl(b)m + GZ(b)f(a, D r o
(75)

for 0 < a < b. It follows from the result of [24, Example 4.2] (see also [48, Theorem 1]) that
the system of arithmetic power equations in (75) admits a unique solution:
az(Kz/r — b/d) — Q(b) o1(Ky/r — b/d) — Q(b)

1= wr—ap k@ " YT war e k@ 70

for 0 <a <b. Then, it can be shown by means of straightforward calculations that the
functions ¢ (a, b) and y (g, b) from (74) should satisfy the system of equations:

Ki —K;

Fi(a)p(a,b) + F2(a)y (a,b) = (77)

and

1 1 _ L2 a
Hi(a, b)m + Hy(a, b)m = 7 — 5 (78)
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with

Hi(a,b) = G, (b) — (L—rz - g + Fy(a) 12 : 1;2 n(a, b)) ¢(a,b) (79)
and

m@@z@@—(%—§+m@;:2am»mam (30)

for 0 < a < b. Hence, it is shown by means of straightforward calculations that the solution
of the system in (77) and (78) with (79) and (80) takes the form:

(K1 — K3)/r — F2(a)yj(a, b)

#j(a.b) = Fi(a) (81)
and
vila,b) = F>(a)H,(a, b) — Fi(a)H1(a,b) + (Ly/r — a/0)(K1 — K2)/r — (—1)/A(a, b)
i(a,b) = W,

2F;(a)(L2/r — a/d)
(82)

for j =1, 2, whenever the constants 0 < L; < Kj, for i,j = 1,2, are such that the
inequality:

2
AWMEGMWMM—&@m@m-GLJ)K—@)

) r

L K; - K
— 4F;(a)H;(a, b) (—2 - E) >0 (83)

r 0 r
holds, for 0 <a <b. Thus, we can substitute the resulting expressions of (81) and (82)
with (83) for gj(a,b) and w;(a,b), for j = 1, 2, in order to obtain the system of power
equations in (74) for the candidate stopping boundaries 0 < a < b. We further consider the
couples a, and b, as (possibly multiple) solutions to the resulting system of power equa-
tions in (74), whenever such solutions exist, which satisfy the inequalities 0 < a, < L;
and b, > K3, for such admissible constants 0 < L; < K, for every i, j = 1, 2, for which the

inequality in (83) holds.

3.4. Fugures

At this stage, let us present some computer drawings of the candidate value functions
V(x; ax, by), U(x; as, by) from (44) and (45), V(x; ay), U(x; by) from (57) and (58), and
V(x; by), U(x; as) from (59) and (60), as well as of the candidate stopping boundaries a,
and b, satisfying the equations of (74) in Figures 1-4 above.

4. Main results and verification

In this section, being based on the facts proved above, we formulate and prove the main
result of the paper concerning the nonzero-sum optimal stopping games of (8) and (9)
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s L1I5/7" L2|5/7" b, Kllé/r Kglé/r x

Figure 1. A computer drawing of the value functions V. (x) and U, (x) and the optimal exercise bound-
ariesa, and b, inthecase 7 < [y, < K3 < K.

with (10) and (11) in the model defined in (1) and (2) under Poisson random intervention
times. For this purpose, we extend the arguments from [13,25,49] to the case of nonzero-
sum optimal stopping games.

Theorem 4.1: Let the process X be defined in (1) and (2), wherer> 0,0 > 0,and o > 0are
some given constants. Assume that the couple a, and b, provides a (possibly multiple) solution
of the system of arithmetic power equations in (74) on the intervals0 < a, < Ly andb, > Kj,
whenever such a solution exists, for the admissible constants 0 < L; < Kj, fori, j=1,2, such
that the inequality in (83) is satisfied. Then, the value functions in (8)-(9) and (10)-(11) of
the perpetual (randomised Bermudian) game-type contingent claim described above with the
strikes 0 < L; < Kj, for every i, j = 1, 2, take the form:

V(x; ay), if 0 < x < a,
Vi(x) = 1 V(x5 a4, bs), ifa. <x < by (84)
V(x;by), if x > b,
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VU
LQ/T'_

Ll/T'_

Q. L1|5/7" L2|5/7" b. Kglé/r Kllé/r x

Figure 2. A computer drawing of the value functions V.. (x) and U, (x) and the optimal exercise bound-
ariesa, and b, inthecase 7 < [y, < K < Kj.

and
'U(x; as), if0 <x<a,
Ui(x) =  U(x; a4, bs), ifa, <x < by (85)
| U(x; bs), if x > b,
as well as
Li/r—x/0, if0<x<a,
Vilx) = { V(x;as,b,), ifa, <x < b, (86)
(Vb  ifx>b,
and
'U(x; a), if 0 < x < a,
Uu(x) = {U(x; a4, b)), ifa, <x<b, (87)
| K2/r —x/6, if x> b,

respectively. Here, the functions V (x; a, b) and U(x; a, b) are given by (44) and (45) with (46),
V(x;a) and U(x; b) are given by (57) and (58), and V (x; b) and U(x; a) are given by (59)
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ax, Lod/r  Li6/r  b. Kid/r Kyd/r x
Figure 3. A computer drawing of the value functions V. (x) and U, (x) and the optimal exercise bound-

ariesa, and b, inthecasel; < L1 < K3 < K.

and (60) above. Moreover, the optimal exercise times forming Nash equilibria in the games of
(8)-(9) and (10)-(11) are given by:

7, =inf {7, € T(/l)|X,n <a,neN} and ¢ =inf{ € Z(%)|X(n > b,,n € N}
(88)
as well as
Ty = inf{rn c T(/l)|XTn < a4, N E N} and E* = inf {(n € Z(%)|ch > b,,ne N}
(89)

respectively.

Proof: In order to verify the assertion stated above, it remains for us to show that the
functions defined in (84)-(85) and (86)-(87) coincide with the value functions in (8)-(9)
and (10)-(11), respectively, while the stopping times 7. and ¢ in (88) as well as 7, and E*
in (89) form a Nash equilibrium there with the boundaries a. and b, specified in the pre-
vious section. For this purpose, let us denote by V(x) and U(x) as well as V (x) and U(x)



20 P.V. GAPEEV

VaU
Ll/T'_

LQ/T'_

s Lgs/r le/r b, K;é/r Kl‘é/r x

Figure 4. A computer drawing of the value functions V. (x) and U, (x) and the optimal exercise bound-
ariesa, and b, inthecasel; < L1 < K < Kj.

the right-hand sides of the expressions in (84) and (85) as well as (86) and (87) associated
with these boundaries a, and b, respectively.

(i) It follows from the straightforward calculations presented in the previous section
that the functions V(x) and U(x) solve the system of (30)-(39). We also observe from the
constructions of the previous section that the function V(x) is C? in (0, b.] and [b,, 00) as
well as C! at the point b,, while the function U(x) is C? in [a., 00) and (0, a,] as well as
C! at the point a,. Then, by applying the local time-space formula from [44] (see also [47,
Chapter II, Section 3.5] for a summary of the related results and further references) to the
processes e~ "tV (X;) and e~ "t U(X;), we obtain:

t
eI (X)) = Vix) + / e HFIULY — (r 4+ D) V)(X)I(X, # by) du+ M} (90)
0

and

t
e HNMUX) = Ux) + / e HINLU — (r + ) U)(X)I(X, # a.) du+ M? (91)
0

for all ¢ > 0. Here, by virtue of the properties indicated in the previous section that the
functions V(x) and U(x) are at least C! on (0, 00), there are no local time terms in the



STOCHASTICS 2
expressions of (90) and (91), while the processes M = (Mi)tzo, fori = 1, 2, defined by:
t t
M! = / eIy (X )o X, dB, and M? = / e~ U (X, )0 X, dB,  (92)
0 0

are continuous local martingales under the probability measure Pyx. Observe from the
arguments of the previous section that the derivatives V’(x) and U’(x) are bounded
functions, so that the processes M, for i = 1, 2, from (92) are continuous square inte-
grable martingales. Note that, since the time spent by the process X at the boundaries
a, and b, is of the Lebesgue measure zero (see, e.g. [10, Chapter II, Section 1]), the
indicators in the formulas of (90) and (91) can be set equal to one. Moreover, it also
follows from the straightforward calculations of the previous section that the equality
(LV — (r + A)V)(x) = —AV(x) holds, for all x> 0 such that x # b., while the equality
(LU = (r + 5)U)(x) = —3U(x) holds, for all x> 0 such that x # a,. Hence, by apply-
ing the Lebesgue dominated convergence theorem to the expressions in (90) and (91), we
obtain that the equalities:

K -K

V(x) = Ex |:e_”1\_/(XTI)I(11 < G)Fe e (U(XC*) — )I((* < rl)- (93)

and

)I(r* <{1) (94)

L - L,

U(x) = Ex [e_raU(Xg)I(C 1<) te ™ (V(Xr*) -

hold, for all x > 0.

(ii) Let us now show that the candidate functions V(x) and U(x) coincide with the value
functions V., (x) and U, (x) and the stopping times 7, and ¢, from (89) are optimal (form-
ing a Nash equilibrium) in the problem of (10) and (11). For this purpose, we first observe
that the inequalities:

V(x) > V(x) = Ex |:e_”1\_/(XTI)I(11 <) e (U(XC*) _K :KI)I((* < n)]
(95)

and

U(x) < U(x) = Ex [e_r{IU(Xél)I(CI < 1)+ e (V(Xt*) - el :Lz) I(7, < Cl)]
(96)

hold, where 7; and 7 are independent of each other and of the driving standard Brownian
motion B exponential random variables with the means 1/4 and 1/, respectively. These
facts imply that the processes (67" ") V(X nr, )iy and (€7 @AW T(Xr, ap )iy are
discrete-time nonnegative bounded supermartingale and submartingale under the prob-
ability measure P, respectively. Then, taking into account the strong Markov property of
the process X as well as stationarity and independence of increments of the processes N,
fori = 1, 2, it follows from Doob’s optional sampling theorem that the inequalities:

V(x) > Ey [e—”\_/(xf)z(r <) e (ﬁ(x(*) _K ;Kl ) I < 1)]
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L X K X 7
> Ey [e‘” (—1 - 7) I(r <)+ (—1 - 74) I <o) (97)
r r

and

Li—-1,

U(x) < Eq [e‘“ UX)IC <) e (V(XT*) -

K X - (L Xz
< E, e ¢ Hh2 A I(( < ‘L'*) 41T 2 A,
r 0 r 0

)I(T* <0

) I(T* < C):| (98)

hold, for any stopping times 7 and ¢ with respect to the filtrations (G,); . and (M)
respectively. Hence, after taking the supremum and infimum over 7 and ¢ from the sets
T(2) and Z(¢), we get that the inequalities V(x) > V,(x) and U(x) < U.(x) hold, for all
x> 0. On the other hand, let us recall that the well-known property:

Ex[ sup e_”Xt] < 00 (99)
t>0
holds, forall x > 0 (see, e.g. [52, Chapter VIII, Section 2a]). In this respect, we may conclude
that the processes (e """ ANIV (X a7, 20,)) o and (e (FAGAL *)U(XT* AT ) ke are
discrete-time nonnegative bounded uniformly integrable martingales. Therefore, by apply-
ing the Lebesgue dominated convergence theorem to the expressions in (97) and (98), we
obtain that the equalities:

V(x) = Ey | e (L% - X—T) I(Te < Gu) + e (? - %) I(¢. <Tx)| (100)

o
and
_ [ = (K Xz )\ - L, X, -]
U(x) = Ey | e "~ (—2 - T() I, <t)+e ™ (—2 - 5*)1(1* <C) | aon)
L r r -

are attained, for the stopping times 7., and ¢, from (89), thus proving the claim.

(iii) Finally, we show that the candidate functions V' (x) and U (x) coincide with the value
functions V., (x) and U, (x) and the stopping times 7. and . from (88) are optimal (form-
ing a Nash equilibrium) in the problem of (8) and (9). For this purpose, we use the fact
similar to the one proved in Part (ii) above that the processes (e_’(”A(*)V(X,l AC))IeN
and (e~ Afk)U(X,* A ))keN are discrete-time nonnegative bounded supermartingale
and submartingale under the probability measure P, respectively. Then, we have that the
equalities:

V(x) = E, [e_”‘V(XrJI(n <)t (ﬁ(Xc*) -2 :K1> I < ,1)}

> E, [e—” (5 - )i) I <) + e (E - X—‘“) I¢. < r)} (102)
r 0 r 0

and

Li—-1L,

U(x) = Ex [e_rCIU(XQ)I(CI <t)+e ™ (‘_/(Xr*) - )I(T* < Cl):| (103)
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< E, [e—“’ (& - &) ¢ <) +e™ (L—z - X—) I, < c)] (104)
r 0 r 0

hold, for any stopping times 7 and ¢ with respect to the filtrations (G, )jeny and (H ) ken,
respectively. Hence, after taking the supremum and infimum over 7 and ¢ from the sets
T(A) and Z(c), we get that the inequalities V(x) > V. (x) and U(x) < U, (x) hold, for all
x> 0. However, conditioning on the first jump times 7; and ¢7 of the processes N', for
i = 1, 2, by virtue of the strong Markov property of the process X as well as stationarity and
independence of increments of the processes N' i fori = 1,2, we obtain that the equalities:

V() = E [e_mV(Xn)l(n <) e (U(Xo) -5 :Kl) I < ﬂ)]

o - (L Xz
S N T A P
0 r 0

K X ,
4T (—1 — ﬁ) I(¢e < ?*)i| et dt:|
r

0

&0 — Ll Xr
:/ E, [e T (———*)I(r* < Cv)
0 r 5

+e—r(* (_1 — C.*)I(C* <17)
r o

=E,|e ™ (E - XT*) I(t. < &) +e ™ (& — )&) (G < T*)] (105)
i r 0 7 o

T = t:| Je M dt

U(x) =Ex | e UX DI < 1)+ €™ (\_/(XT*) _h ;Lz) I(7, < (;1)]

C oo ik X B
=E, / e_”EXt |:e_r(* (—2 - i) I(¢, < 14)
0 r 5

L X; - —
e (—2 - ) I(ze < g*)] e 7! dti|
r 0

L X
_l_e—ff* (72 _ 57*)1(_[* < (*)

—E, [e—’f* (ﬁ - X—4) G < 1) e (L—2 - X—) I < c*)} (106)
r o r o

are attained, at the stopping times 7, and (. from (88), thus proving the claim. |

o= t] e dt

5. Convergence to the classical case

In this section, we will show that the solution to the nonzero-sum optimal stopping game
under random Poisson intervention times presented in (84)-(85) with (86)-(87) and (88)-
(89) converges to the solution of the associated nonzero-sum optimal stopping game under
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continuous observations as the intensities of the Poisson processes tend to infinity. For this
purpose, we first formulate the associated nonzero-sum optimal stopping games with the
same total expected reward functionals from (3) and (4) and such that the inequalities:

h@O) <h(@0) and L7 < h(G7T) (107)

should hold, for any stopping times 7 and ¢ from the set S of all stopping times with
respect to the filtration (F;)s>0 generated by the process X. Such a couple ?andE satisfying
the inequalities in (107) with (3) and (4) is called a Nash equilibrium of the nonzero-sum
optimal stopping game under continuous observations.

Again, taking into account the expression in (7), we conclude that the problem formu-
lated in (107) with (3) and (4) is equivalent to the nonzero-sum optimal stopping game for
the (time-homogeneous strong) Markov process X under continuous observations with
the value functions v(x) = /V(x; E) and ﬁ(x) = ﬁ(x; 7) given by:
V(x) = supEy |e™"" (ﬂ — &) It <O)+e ™ (E — )i) I < 1) (108)

res L r 0 r 0 ]

and

U(x) = inf Ey | e™™¢ (& - )&) I(C<7)+ et (2 — ﬁ) IT <) (109)
ces T L r 0 r 0 |

for some given constants 0 < L; < Kj, for every i, j = 1, 2. Here, the supremum and infi-
mum are taken over all stopping times 7 and ¢ from the set S, while 7 and ¢ stopping
times such that the inequalities of (107) with (3) and (4) are satisfied. In this case, we
may conclude that the value functions Vix) = Vix; E) and U(x) = U(x;7) represent ratio-
nal (or no-arbitrage) prices of the appropriate parts of the game-type contingent claim
introduced above. Recall that the value functions as \7(x) = V(x E) and ﬁ(x) = U(x; 7)
in (108) and (109) were introduced and studied in [8, Subsection 1.5, Theorem 1.2] in rela-
tion to Nash equilibria in a non-zero sum stochastic differential game with stopping times
such as formulated in (107) with (3) and (4) in the case of continuous observations.

It is shown by means of arguments from Subsection 2.2 that the optimal stopping times
in the problem of (108) and (109) have the form:

~ L X ~ ~ K X
T=inflt>0|VX)==2-2L1 and C=inflt>0|0X) =— -2
r 0 r 0
(110)
while the associated continuation and stopping regions are given by:
~ ~ L ~ K
C= x>0V(x)>—l—famdU(x)<—2—)—C (111)
ro 0 ro 0
and
-~ ~ L ~ K
D=1x>0 eitherV(x):—l—forU(x)z—z—f (112)
ro 0 r 0
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so that take the form:
6={x> 0|’a\<x<fo\} and 5={x>0|eitherx<'iiorx>a. (113)

In order to find analytic expressions for the unknown value functions V(x) and U(x)
from (108) and (109) and the unknown boundaries @ and b from (113), we reduce the cou-
pled optimal stopping problem of (108) and (109) to the equivalent coupled free-boundary
problem for V(x) and U(x) with @ and b given by:

LV —=-rV)(x) =0 fora<x<b and (LU-—-rU)(x)=0 fora<x<b (114)

L K b
Viat) = = -2 and UG—)=2_2 (115)
ro 0 r 0
1 1
V'(a4) = =5 and U'(b—) = =5 (116)
K b L
V=)= -2~ 2 and U@ =2-12 (117)
r 0 ro 0
L K
V(x):—l—)—c forx <a and U(x):—z—j—c forx > b (118)
r 0 r 0
K L
V(x):—l—J—C forx > b and U(x):—z—)—c forx < a (119)
r 0 r 0
L K
V(x) > Lz forx >a and U(x) < 2z forx <b (120)
r 0 r 0
LV —=rV)(x) <0 forx <a and (LU-rU)(x) >0 forx>b (121)

for 0 <a < L; < K; < b < o0o. The superharmonic characterization of the value func-
tions (see, e.g. [47, Chapter IV, Section 9]) implies that \7(x) and ﬁ(x) are the largest
functions satisfying (114)-(117) and (120) and (121) with the boundaries @ and b, respec-
tively.

In order to find solutions to the free-boundary problem formulated in (114)-(121), we
first recall that the general solutions of the second-order ordinary differential equations
in (114) are given by (40), where Aij, for i, j = 1, 2, are some arbitrary constants, and
aj, for j = 1, 2, are defined in (41). Then, it follows from the expressions in (40) that the
instantaneous-stopping conditions of (115)+(117) take the form of (42) and (43) for 0 <
a < L; <Ky <b < oo. Hence, by solving the left-hand and right-hand systems of linear
equations in (42) and (43), we obtain that the functions in (40) admit the representations
of (44) and (45), fora < x < bwith (46) forall0 <a < bandeveryi,j = 1, 2. It also follows
from the expressions in (40) that the smooth-fit conditions of (116) take the form:

a b
Al,lala‘“ —|—A1,2a2aa2 = —5 and Az,lalbal +A2,2a2ba2 = —5 (122)

for 0 <a <Ly <K <b < oo, where the functions A;(a, b), for every i, j = 1, 2, are
given by the expressions in (46), for 0 <a < b.

We finally observe that, taking into account the system of arithmetic equations in (42)
and (43), it can be deduced by means of straightforward calculations from the system
in (122) that the equalities:

Ay1(a,b)ay (o) — 1)a”t + Aa(a, b)az(ay — 1)a® =0 (123)
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and
Ay1(a,b)ai(a; — 1)b* 4+ Ays(a, b)az(a; — 1)b*2 =0 (124)
as well as
Ay 1(a, b)a b + Ajx(a, b)oab*? = —g (125)
and
A1 (@, b)ora™ + Ao (a, b)oza® ::-g (126)

are satisfied, where the functions A; j(a, b), for every i, j = 1, 2, are given by the expressions
in (46), for 0 < a < b. It thus follows from the expressions in (123)-(126) that the analytic
properties:

1 1
V'(a+;a,b) = ~3 and U'(b—;a,b) = ~3 (127)
as well as
K b L
V(b—;a,b) = 2 _Z and U(a+;a,b) = 24 (128)
r 0 r 0

hold, for 0 <a <b.

Taking into account the arguments presented above, we are now ready to formulate
the assertion concerning the solution of the nonzero-sum optimal stopping game of (107)
with (3) and (4) in the case of continuous observations, which can be either deduced from
the result of Theorem 4.1 formulated above or proved by means of standard verification
arguments such as in [20].

Corollary 5.1: Let the process X be defined in (1) aﬁd (2), wherer> 0,0 > 0,ando > 0are
some given constants. Assume that the couple a and b provides a (possibly multiple) solution of
the system of arithmetic power equations in (125) and (126), where the functions A; j(a, b), for
everyi,j = 1,2, are given by the expressions in (46), on the intervals 0 <a < L, andb > K,
whenever such a solution exists, for the admissible constants 0 < L; < Kj, fori, j = 1,2, such
that the inequality in (83) is satisfied, as 1 — 0o and » — oco. Then, the value functions
in (108) and (109) of the nonzero-sum optimal stopping game with the strikes 0 < L; < K;,
for everyi, j = 1, 2, take the form:

Ly/r—x/d, if0<x<a
Vo) ={vixab), ifa<x<b (129)
Ky/r—x/0, ifx >b
and
Ly/r—x/d, if0<x<a
Ux) = {Uxab), ifa<x<b (130)
Ky/r—x/0, ifxz’l;
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respectively, where the functions V (x; a, b) and U (x; a, b) are given by (44) and (45) with (46)
above. Moreover, the optimal exercise times forming Nash equilibria in the game of (108)
and (109) are given by:

7 =inf{t > 0|X; <@} and ¢ =inf {t > 0|X; 2?} (131)
respectively.

Proof: 1t is seen that the right-hand sides of the expressions in (63) and (64) converge
(pointwise) to the right-hand sides of (122) as well as the right-hand sides of the expressions
in (57)-(60) converge (pointwise) to the functions L, /r — x/d, Kz /r — x/0 and K, /r —
x/0, Lo/t — x/0, as A and s tend to oo, respectively. Getting together all these observa-
tions, we may conclude that there exist (sub)sequences of functions V' (x) = VZ(x; 15, 5¢4)
and Ul (x) = Uy (x; 3¢9, An), for n € N, in (84) and (85), which converge (pointwise) to
the appropriate functions V(x) and U(x) in (129) and (130), as well as the associated
(sub)sequences of the boundaries a! = a.(1,, 7¢,) and b} = b, (3¢, Ay), forn € N,/a\s solu-
tions to the system in (63) and (64), converge to the appropriate boundaries a and b as the
associated solutions to the system in (122), as 1, and ¢, tend to oo, where the functions
A;j(a, b), for everyi,j = 1,2, are given by (46), for 0 < a < b. These facts directly imply the
desired assertion. [ |
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Appendix

In this section, we further extend the arguments from [24, Example 4.2] (see also [19, Section 3] and
[48, Theorem 1]) to show that the system of arithmetic power equations:

l’] 23] b 25} b ap o2
Fl(a)(;) +F2(a)() :&_S and Gl(b)(g) +G2(b)(%) :L?l—f (A1)

a r 0

admits a unique solution, where the functions F;(a) and G;(b), for j = 1, 2, are given by the expres-
sions in (72), for 0 < a < b. For this purpose, by virtue of straightforward calculations, we first
observe that the system of equations in (A1) is equivalent to the one:

a3—j(L1/r = a/d) —R(a) _ a3-j(Kz/r — b/d) — Q(b)

a% b%i

®j(a) = =Yj(b) forj=1,2 (A2)
where the functions R(a) and Q(b) are given by the expressions in (73), forall0 <a < L; < K <
b < oo.

In order to show the existence and uniqueness of a solution of the system of arithmetic power
equations in (A2), we develop the idea of proof of the existence and uniqueness of solutions applied
to the systems of arithmetic power equations in [24, Example 4.2] (see also the systems (4.73)-(4.74)
in [51, Chapter IV, Section 2], the system (55)-(56) in [19, Section 3], and [48, Theorem 1]). For this
purpose, we observe that, for the derivatives of the functions ®;(a) and ¥;(b), for j = 1, 2, defined
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in (A2), the expressions:

1—aj (y10+4 a3—j aily R
O(a) = j J J - = A3
](a) a1 ((/l + 5)(3 0 ) + a®® i \A+r r (43)
and
1—a; ﬁzé + O3—j OC‘KZ ﬁz Oo3—i
¥/(b) = ! - = iy R A4
i) ps=i—1 ((% +9)d é ) e\ +r r (a4)

hold, for all 0 < a < Lj < Kj < b < 00, and every j = 1, 2. Then, it is seen from the expressions
in (A3) and (A4) that the inequalities:

®i(a)>0 fora<L; and @j(a) >0 fora<IL, (A5)
as well as
¥ (b) <0 forb>K; and Pi(b) <0 forb> K, (A6)
hold, where we set:
- a;Ly 11/(A+1)—as—j/r (A7)
aj — 1 (y1o+1)/((X+0)o) — 0(3_]'/5
and
Fj _ a;iKy Pa/Ge+1) —asz—j/r (A8)

aj = 1 (B20 + ) /((5¢ + 0)0) — a3-j/d

for j = 1, 2. Hence, we may conclude that the function @1 (a) increases on the interval (0, L;) with
®1(0+) = 0 and ®;(L;) > 0, so that the range of its values is given by the interval (0, ®;(L;)).
The function W1 (b) decreases on the interval (K, co) with W1 (K1) > 0and ¥;(c0) = —o0, so that
the range of its values is given by the interval (—oo, ¥;(K1)). The function ®;,(a) increases on the
interval (0, L) with ®,(04+) = —oo and ®,(L;) > 0, so that the range of its values is given by the
interval (—oo, ®,(L,)). The function ¥, (b) decreases on the interval (K5, co) with ¥5(K;) > 0and
¥, (00) = 0, so that the range of its values is given by the interval (0, ¥, (K3)).

We now observe that, when @1(L;) < ¥;(K;) holds, one can determine some by > K; from the
equation ®1(L;) = ¥, (b1), while when ®1(L;) > ¥1(K;) holds, one can determine some @, < L,
from the equation ®;(a;) = ¥ (K1). Hence, it follows from t/l\le first equation in (A2) that, for each
a € (0,a; A Ly), there exists a unique number b € (K; V by, b). Similarly, when ®,(L;) < W2 (K3)
holds, one can determine some by > K, from the equation ®,(L;) = W1 (b,), while when ®,(L,) >
¥, (K3) holds, one can determine some @, < L, from the equation ®,(a,) = ¥,(K>). Hence, it
follows from the second equation in (A2) that* foreacha € (a,@, A L), there exists a unique number
be X,V by, 00). Here, the numbers @ and b defined by:

~ ol & (a1 =D ~ oKy d_ (02— DK

a= - = <L and b= - = > K (A9)
o) —1r aq o1 —1r (%)

are the optimal stopping boundaries for the cases of K = 0o and L; = 0 as well as 4 = »x =0,
respectively (see [21, Subsection 5.3]). In other words, we may conclude that the first and second
equations in (A2) uniquely determine the function b; (a) on (0,a; A L;) with the range (K; V by, b)
and the function b,(a) on (a, @, A Ly) with the range (K, v by, 00), respectively. These arguments,
together with the additional assumptions that the 1nequaht1es aiAL >@aAL,and K; Vb >
K, V b, hold, imply that the expression K; Vv by < b1(0+) = b <oo= b, (a) holds too. Moreover,
the same arguments and assumptions directly yield that there exists exactly one intersection point
with the coordinates a. and b, of the curves associated with the functions b;(a) and by(a) on
the interval a € (@,d, A Ly) such that Ky V by < bi(a.) = b, = by(a.) < b holds (see Figure Al
above).

More precisely, let us assume that there exists at least two intersection points (a., bx ) and (@a, b) of
the curves by (a) and by (a) suchthata <4 < a, < L AdzandK; v by <b<b, < b[ora <ay <
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Figure A1. A computer drawing of the boundary functions b1 (a) and b, (a).

A<Iynd and Ky Vb, < b, <b < b as well as by(a) > bi(a), for a € (a,a,) [or a € (a,,a)].
Observe that, by virtue of assumptions made above and according to the implicit function theorem,
it follows from the representations in (A3) and (A4) that the expressions:

/

roN -
bj(a) = % <0 for] =12 (AIO)
hold, for a € (@, a,) and b € (b, b,.), from where it directly follows that the inequality:
by (@)
> (A11)
b} (a)

is satisfied, for all a € (g, a.). Since the derivatives bj((a), for j = 1, 2, from (A10) are continuous
functions on (4, a.), we may conclude that there exists an open interval (a — ¢,a + ¢), for some
relatively small ¢ > 0, such that the inequality b}(a) > b} (a) holds, so that the inequality b,(a) >
b1 (a) should hold, for a € (@ — &,a + ¢), too. However, the latter fact contradicts the assumption
that the equality b; (@) = b,(a) holds, which means that the curves b, (a) and b, (a) may have only
one intersection point, and thus, it completes the proof of the claim.
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