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STOPPING GAME ON TWO STOCKS DRIVEN BY LEVY PROCESSES
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ABSTRACT. In this note, we treat a two-player zero-sum Dynkin game on two stocks
driven by geometric Lévy processes, for a given terminal reward cost. Explicit forms
for the optimal stopping times and the value of the game are both sought for, under
certain conditions. The present note extends a recent result of the author to include
a wider class of diffusion processes with jumps. The main result is derived following a
decomposition of a stopping game into two standard optimal stopping problems which
is due to Yasuda for a standard Brownian motion.

1. Statement of the Dynkin game Let Q; = (z,y:) be a non-degenerate, two-dimensional
geometric Lévy process given by

dr; = xt,[—bldt—f—audBtl—|—a12dBt2+/ Hl(u)]/\}l(dt,du)]; z(0-) =z,
-1
© A~
(1.1) dy, = yt,[—detJragldBtl+a22dB§+/ 0> (v)Na(dt, dv)];  y(0—) =y,
-1

where x;,y; denote the evolution of stock prices at any instant time ¢ initially starting at
(z,y) € R2, b;, a;; are some fixed positive market coefficients for i,j = 1,2, B, = (B}, Bf)
is a two-dimensional, possibly correlated, Brownian motion independent of Poisson random
martingale measures N; (i = 1,2) both defined on a probability space (Q,F,P), 6;(.) (i =
1,2) are real-valued functions such that 1+ 6;(.) > 0, and N; (i =1,2) is given by

~

(1.2) Ni(s,Z) = N(s,Z) —sIl;(Z); s>0, ZeB(—1,00),
where
(1.3) EN;(s, Z) = sII;(Z).

Here, B is a Borel sigma-algebra on (—1,00), II;(.) is a Lévy measure concentrated on
(—1, 00) associated with IV;, satisfying the integrability condition

(1.4) /ma A Z2)I,(dZ) < oo.

-1

This note concerns a stopping game in a financial market consisting of only two stocks
available to investors I (the seller) and II (the buyer), where the first investor I strives to
minimize a given payoff

xT yT
(15) ¢z,y(7_; U) = [E"Y |:J)_XT<U + (mo' - yU)XUST y

T
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over the stopping times 7 € X, contrary to the second investor IT who seeks to maximize
the same payoff over the stopping times o € X%, where X? denotes the class of all admissible
stopping times with respect to the process Q.

A two-player zero-sum Dynkin game for the present problem is to find a pair of (7, 0x)
(F:)-stopping times and the value of the game ®(x,y), if they exist, such that

(1.6) O(z,y) = inf sup ¢y ,(m;0) = sup inf @, ,(7;0),

TEXC sexQ cEXQTEXC?
where ¢, (.;.) is the expected reward assumed to be of the form in (1.5), and E*¥ is the
mathematical expectation for the process (x¢,y:) corresponding to non-zero initial states
(2,9).

We first note that, there are several papers dealing with a characterization on Dynkin
games, precisely the existence of optimal values for such type of games (see for instance
(1],4],[6], [8],[9],[12],[15],[16],[23],[24],[27]). However, there are a very few papers, as far as
we know, which addresses the question on explicit forms for the optimal values in question.
The present note can be regarded as one of those few papers, which treats a particular
Dynkin game described by geometric Lévy processes, for which the optimal strategies are
made explicit. Our main result extends and supplements our recent result in [13]. The
original motivation of the present note is a decomposition result of Yasuda [26], in a stopping
game for a standard Brownian motion.

2. Main result Our main result is stated in the next assertion:

PROPOSITION 2.1. Let Q¢ = (x¢,y:) be a non-degenerate geometric Lévy process given
by (1.1), and let ¢, 4(.;.) be given by (1.5). Let 3 = exp(—1) be a positive constant such
that there exists a € (§,1). Suppose that the conditions

(2.1) ayy +afy — a3, — a5y =0,
and
e 1+ 62(v)
2.2) by —b 1 —= 0 -0 IT; (d I3 (dv)) =0
22) b=tk [ [log (TEEAS ) +0a(0) = 6a(0)] (m) + o)) =
hold.
Then, the two-player zero-sum Dynkin game
(2:3) ®(z,y) = Inf, sup doy(rio) = sup inf éay(ri0),

is solved explicitly by the optimal strategies:
(a) the value of the game ®(z,y) is given by

olz,y; K); ifz<ay
(2.4) O(x,y) =
Y(x,y; K); if x> ay

where K > 0 is a positive constant, given by
(2.5) K = —vyloga,

and ¢, 1 are respectively the optimal values for the standard optimal stopping prob-
lems

. Sr
(2'6) 30(7"7 S K) = Tlergz E™* T_XT<UO + KXoo<r| >
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and

(27) w(pa q; K) = SupM EP-4 (pa - qa)Xa<'r0 + KXTQSO’ :| ,
ocX

for which g, 79 are fixed stopping times, given by

oo = inf{t >0:71 <as},
70 = inf{t>0:p: > aq}.

(b) the pair of optimal stopping times (7.,0.) respectively given by

(2.8) 7o = inf{t > 0:2; < By},
and
(29) Oy = mf{t >0: Tt > yt},

is a saddle-point for the stopping game (1.6).

REMARK 2.1. The result states that if initially in the upper cone Cy = {(z,y) € R% :
x < Py}, then the optimal strategy for the first investor I is to sell stocks, otherwise if
initially in the lower cone Cp, = {(z,y) € Ri : & > y} then it is optimal for the second
investor II to buy stocks. Indeed, it is optimal for both investors to neither sell nor buy
stocks in the interior of the wedge Cy = {(z,y) € R : By < = < y}.

REMARK 2.2. In the above result, observe that the optimal stopping problem (2.6) is
subject to a two-dimensional, non-degenerate geometric Brownian motion V; = (1, s¢),
whereas (2.7) is with respect to a pure jump-process My = (pt, ). The details will follow
in the next section.

REMARK 2.3. Notice that as a consequence of our decomposition result, it is possible
to formulate a set of optimality conditions based on the optimal stopping problems (2.6)
and (2.7), in form of verification theorems which are quite similar to those in [17] and [18]
respectively. It is a nice exercise to verify that the optimal values for these optimal stopping
problems, which are made explicit in the next section, indeed satisfy the conditions of the
above kind of verification theorems under our assumptions. Hence, we shall omit the details.

We remark that the proof of the above result is a consequence of the assertions stated
and proved in the next section, where the optimal values for the stopping problems (2.6)
and (2.7) are also made explicit.

3. Optimal stopping of geometric Lévy processes In this section, following a sep-
aration result of Yasuda [26], we shall decompose the two-player zero-sum Dynkin game
(1.6) into two standard independent optimal stopping problems under certain conditions.
We note that the present problem is a game variant of the well-known McDonald-Siegel’s
optimal stopping problem (see [10],[14],[19]), which we further extend to include a wider
class of diffusion processes of the jump-type.

In what follows, we shall now resolve explicitly the stopping game (1.6) in the state
space M = (0,00) x (0,00). We first assume that the conditions (2.1) and (2.2) hold, and
furthermore, we impose the following restrictions:

(3.1) by < bia for = > ay,
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and
(3.2) a%l + afg > (a11a21 + a12a92) for z < ay.

Observe that, under the above hypotheses, the state space M splits into two regions
separated by the line + = ay. We shall now decompose the stopping game (1.6) into
two standard optimal stopping problems, one of minimization subject to a two-dimensional
geometric Brownian motion without drift and that of optimal stopping (maximization)
for pure jump-processes. This is one of the essential differences with our recent result in
[13], where in that case, the processes are respectively geometric Brownian motions. For
notational convenience, we shall let V; = (7, s:) denote the dynamics for the geometric
Brownian motions and let M; = (p¢, ¢+) represent the dynamics for the pure jump-processes
describing the evolution of stock prices.

Consider the following optimal stopping problems:

PROBLEM 3.1. Let M; = (p:, qt) be a pure jump-process given by,

dpy = pe_|—bidt+ / 01 (u) N (dt, du)];  p(0—) = p,
-1

(oo}
(3.3) dg = g [—bodt+ / 02(v) Na(dt, dv)];  q(0—) = g.
-1
Find a stopping time o, and a maximal value ¥ (p, ¢; K), if they exist, such that

(3.4) Y(p,q; K) = Sup EP-4 [ (Po = Qo) Xo<ro + KXro<o |
oc

where 79 = inf{t > 0: p; > aq:} is a fixed stopping time and K is some constant yet to be
made explicit.

PROBLEM 3.2. Find a stopping time 7. and a minimal value ¢(r, s; K), if they exist,
such that

: rs | ST
(3'5) 30(7"7 S K) = TIE%ZE ’ T_XT<00 + KXoo<r| >

where o9 = inf{t > 0 : r, < as;} is a fixed stopping time, subject to the following non-
degenerate, two-dimensional geometric Brownian motion V; = (r4, s;) described by

dry = aurtdBtl—f—algrtdBf; r(0)
(3.6) ds; = a18,dB} + asnsdB};  s(0) = s.

T,

In this section, we have proved the following assertions:

LEMMA 3.1. Suppose that the conditions (2.1), (2.2), (3.1) and (3.2) hold. Then, the
optimal stopping problem (3.3) and (3.4) is explicitly solved by:

(a) the maximal value v is given by
q).
~log <—>, for ag < p<gq
(3.7) Y(p, ¢ K) = P
=G forp > q
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and the optimal stopping time o, is of the form

(3.8) o =inf{t >0:pt > q:},

Similarly, the optimal stopping problem (3.5) and (3.6) is explicitly solved by the
following optimal strategies:

(b) the minimal value ¢ admits the form

~log (f) ; fors/y<r<as
(3.9) plr,s: K) = '

% for r < s/v
and the optimal stopping time 7, is of the form
(3.10) T =inf{t > 0:r, < s¢/7}
where
v = exp(1).

Proof. It is well-known in the theory of optimal stopping (see [5],[18],[21],[25]) that the
problem (3.4) solves the integro-differential equation

/oo [ Y(p 4 pbi(u), ¢+ qb2(v)) — ¥(p,q) — pbr(w)p(p, @) — q02(v)he (P, q) }

-1

(3.11) X (IIy (du) + Iz (dv)) — bipy(p, q) — baqibe(p.q) = 0,

for all p,q in the continuation region D1 = {(p,q) € Rﬁ_ caq < p < g(q)}, subject to the
condition

(3.12) Y(p,q) =p—qon Sy,

where S is the stopping region (complement of the set D1), 9(.,) and g(.) are both sought
for.

Assuming that condition (2.2) holds, consequently we have (3.7). Similarly, assuming
that (2.1) holds, the result in (3.9) follows from

(3.13) Lyvg(r,s) =0 for r,s € Dy = {(r,s) € RY : f(s) <1 < as},,

under the continuity condition and smooth-fit principle respectively,

p(r,s) =
(3.14) ps(r,s) =

where @, f are both sought for, Ly is the infinitesimal generator associated with the geo-
metric Brownian motion V; = (14, s;), and Sy is the stopping set.

Finally, using the compatibility condition (aq,q; K) = K = ¢(as, s; K), then the
constant K follows immediately. This completes the proof of our assertion. O
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REMARK 3.1. Notice that the optimal stopping boundary p = ¢ in the optimal stopping
problem (3.3) and (3.4) is derived without using the smooth-fit principle. For the reason
that, excess over the stopping boundary is via a discontinuous motion. In this case, the
smooth-fit principle breaks down. One should also observe that the solution meant for
the McDonald-Siegel’s optimal stopping problem ([10],[14],[19]) cannot be extended to the
stopping game (1.6).

Finally, we have:

LEMMA 3.2. Assume that ¢, ,(.,.) is of the form (1.5), and @, is a non-degenerate
geometric Lévy process given by (1.1). Let 7. and o, be the optimal stopping times given
by (3.10) and (3.8) respectively, then

(3.15) ¢x,y(7*7 o) < ¢x,y(7*7 0.) < ¢:c,y(7'a 04),
for all stopping times 7,0 € X<.

Proof. The proof follows as a consequence of using a generalized version of Ito’s formula
(see [20]) and using ®(z,y) given in (2.4) for Sy < = < y, assuming that the conditions
(2.1) and (2.2) hold. O

4. Concluding Remarks This note treats a two-player zero-sum Dynkin game on two
stocks driven by geometric Lévy processes, for which the optimal stopping times and the
value of the game are both made explicit. The result is derived following a decomposition
result of Yasuda [26], extended to a two-dimensional stopping game described by a class of
diffusion processes of the jump-type, under certain conditions. The present result generalizes
our recent result in [13] to include a wider class of diffusion processes of the jump-type.
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