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OPTIMAL DOUBLE STOPPING OF A BROWNIAN BRIDGE

ERIK J. BAURDOUX, NAN CHEN, BUDHI A. SURYA, AND KAZUTOSHI YAMAZAKI

ABSTRACT. We study optimal double stopping problems driven by a Brownian bridge. The objective is to
maximize the expected spread between the payoffs achieved at the two stopping times. We study several
cases where the solutions can be solved explicitly by strategies of threshold type.
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Mathematics Subject Classification (2010): 60G40, 60H30

1. INTRODUCTION

In this paper, we study several optimal double stopping problems for a Brownian bridge. Given a
Brownian bridge { X };1<s<; starting from x at time 0 < ¢ < 1 and ending at 0 at time 1, or equivalently
a Brownian motion conditioned to be at 0 at time 1, our objective is to choose a pair of stopping times,
t <7 <7y < 1such that the expected spread between the payoffs f(X,,) and f(X,) is maximized for
a given functional f.

The optimal double stopping problem has received much attention recently in the field of finance. In
particular, this is used to derive a “buy low and sell high” strategy so as to maximize the expected spread
between the two payoffs. The strategy called mean-reversion typically uses the “mean” computed from
the historical data as a benchmark; an asset is bought if the price is lower and is sold when it is higher.
Closely related is the trading strategy called pairs trading. Two assets of similar characteristics (e.g., in
the same industry category) are considered. By longing one and shorting the other, one can construct
a mean-reverting portfolio. An implementation of a pairs trading reduces to solving a single or double
stopping problem where one wants to decide the time of (entry and) liquidation of the position so as to
maximize the spread. We refer the reader to, e.g., [3], [7] and [13] among others.

There are several motivations to consider a Brownian bridge as an underlying process. We list here
three examples where an asset process is expected to converge to a given value at a given time, and hence
a Brownian bridge is suitable in modeling.

The first example, known as the stock pinning, is a phenomenon where a stock price tends to end up
in the vicinity of the strike of its option near its expiry. This is observed typically for heavily traded
assets; within minutes before the expiration, the stock price experiences a strong mean-reversion to the
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strike. We refer the reader to [2] and [4] and references therein, for the discussion on the mechanism of
the stock pinning.

The second example is a sudden mispricing of assets due to the market’s overreaction to news and
rumors, which is followed by a rapid recovery to the original value. In the well-known 2010 Flash
Crash, the Dow Jones Industry Average fell about 9 percent and then recovered within minutes; see, e.g.,
Chapter III of [8]. While its cause is still in dispute, it is believed to have been first triggered by some
newly disclosed information on debt crisis in Greece, followed by a chain reaction of large execution of
sales by the automated algorithmic/high frequency trading. While the price may not recover completely
to the original price, the difference is small in comparison to the magnitude of the large fall caused by
these events.

The third example comes from the dynamic prices of goods in the existence of seasonality and/or fixed
sales deadlines. Important examples include low cost carriers (LCC’s)/high speed rails, hotel rooms and
theater tickets, where these goods become worthless after given deadlines. In the field of revenue/yield
management, the price of such good is chosen dynamically (and stochastically) over time so as to maxi-
mize the expected total yield; the problem reduces to striking the balance between maximizing the price
per unit and minimizing the remaining stocks at the deadline. In typical models, the dynamic program-
ming principle applies and the optimal price becomes a function of the remaining number of stocks and
the remaining time until the deadline; see, among others, the seminal paper by Gallego and van Ryzin
[5]. According to these models, the price converges to a given value on condition that the remaining
inventory vanishes by the deadline; this is aimed by the manager and is indeed more than likely achieved
when the demand is high (e.g., holiday seasons).

The optimal double stopping problem for a Brownian bridge considered in this paper is applicable in
situations where one wants to buy and sell an asset to maximize the spread until it converges to the fixed
value as in these examples.

There are papers on the single optimal stopping problem for a Brownian bridge. In particular, Shepp
[11] solves the problem of maximizing the first moment of the stopped Brownian bridge (under the
assumption that it starts at zero) by rewriting the problem in terms of a time-changed Brownian motion.
Ekstrom and Wanntorp [4] solve for several payoff functionals with arbitrary starting values. Our findings
heavily rely on the latter; we shall start with the results in [4] and extend to the optimal double stopping
problem. Regarding the discrete-time analog (the urn problem), we refer the reader to [9] and [14] for
single optimal stopping problems. For optimal double stopping problems, Ivashko [6] considers the
problem of maximizing the spread of the first moment; Sofrenov et al. [12] consider a different but
related buying-selling problem under independent observations.

1.1. Problems. Fix 0 < ¢ < 1 and consider a Brownian bridge { X };<s<1 satisfying

X
(1.1) X, = ——ds +dW,, 1<s <1,
S
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with X; = = € R and where {W;}:<,<1 denotes a standard Brownian motion. We let ; , and E, , be
the conditional probability and expectation under which X; = x forany 0 < ¢ < land z € R.
We consider three problems of maximizing the expected spread given as follows:

Problem 1: E, , [X,, — X, ],
Problem 2: [, ,[(X2' — X2 )1y <oy + (X2 = X2 1) 11x, >0y, for a given integer n > 0,
Problem 3: E, , [|X,,|? — | X,,|9], for a given ¢ > 0.

The supremum is taken over all pairs of stopping times t < 73 < 75 < 1 a.s. with respect to the filtration
generated by X.

Problem 1 corresponds to the case where short-selling is not permitted, and an asset must be bought
prior to being sold. Problem 2 is the case where it is allowed; if the price at the first exercise time is
negative (resp. positive), the asset is bought (resp. sold) and then it is sold (resp. bought) at the second
exercise time. Problem 3 models the case when the payoff function is v-shaped with respect to the
underlying; this is motivated by investing strategies such as a straddle.

For each problem, we shall show that the optimal stopping times are first hitting times of the time-
changed process {X,/v/1 — s}i<s<1.

To the best of our knowledge, this is the first result on the finite-time horizon optimal double stopping
problem where the solution is nontrivial and explicit. It is remarked that a finite-time horizon optimal
stopping in general lacks an explicit solution even for a single stopping case. For other processes, we
expect that the solutions are either trivial (e.g. buying immediately and selling at the maturity) or do not
admit analytical solutions. It is also noted that thanks to the a.s. fixed end point of a Brownian bridge,
the two stoppings are always exercised; for other processes, one needs to take care of a scenario where
the first and/or second stoppings never occur during the time horizon.

1.2. Outlines. The rest of the paper is organized as follows. Section 2 reviews the single optimal stop-
ping problem of a Brownian bridge as obtained in [4] with some complements that will be needed for
our analysis in later sections. Sections 3, 4 and 5 solve Problems 1, 2 and 3, respectively. Some proofs
are deferred to Appendix A.

2. PRELIMINARIES

In this section, we review the results of Ekstrom and Wanntorp [4] for the optimal single stopping
problem of a Brownian bridge. As there are a few details omitted in [4] but will be important in our
analysis, we complement these results here. Throughout, let us define, for all ¢ > 0,

(2.1 F,(y) ::/O wIle = 2dy  and Gy(y) = Fy(—y), yeR

"t is remarked that (3.5) of [4] contains a typo in their definitions of F,; and G,. We suggest the reader to refer to Section

4 of Ekstrom et al. [3] for a correct version.
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These functions can be written in terms of the confluent hypergeometric/parabolic cylinder functions;
see, e.g., [1]. Consider the partial differential equation (PDE), £&(t,x) = 0, for € € C! x C? on some
open set F/, with the infinitesimal generator £ for a Brownian bridge (1.1),

0 r 0 1 02
2.2 t,x) = =& — — —— t E.
(2.2) LLto) = 58 = 75,8 T oges (ho) €
This can be simplified by setting £(t,2) = (1 — t)%2¢(x/+/1 — 1) to an ordinary differential equation
(ODE),

(2.3) ¢"(y) —y¢'(y) — qCy) = 0.

A general solution of (2.3) can be written as a linear combination of F, and G; see Section 4 of [3].

In particular, when ¢ = 1, (2.1) is simplified to
Q4)  Fi(y) =e’? / e~ Pdu = V2re Po(y) and  Gi(y) = V2reV 2d(—y), yeR,
-y

where ® denotes the standard normal distribution function, i.e.,

1 v 2
d(y) = — e * 24z, e R.
W)= 7%= /_ N y
Consequently, we also have (G + F})(y) = v2m exp(y?/2) for all y € R.

2.1. One-sided exit problem. For fixed integer n > 0, consider the single stopping problem:

(2.5) Ut,z) == sup E[X"T], 0<t<1, z€eR

t<r<1

Define the upcrossing time of the process { X /v/1 — s}i<s<1,
(2.6) 77(B) :=inf{s >t: X, > BV1—s}, BeR

Following the arguments as in [4], we have, for any B € R,

B2n+1

2.7) i o X2 5] = (1= )" s Fop s (x/ﬂ - t), x < BV1—t,
FETHB) Fp11(B)

which can be derived by solving (2.3) for ¢ = 2n + 1 and y = z/+/1 — t with its boundary conditions;
see page 172 of [4].
Ekstrom and Wanntorp [4] show that (2.5) is solved by the stopping time (2.6) by choosing B that
maximizes (2.7) or equivalently the function B — B?*"*1/F, . (B). Taking its derivative,
5 Bmh pw BF},.(B)
9B F3uii(B)  Fauii(B) Fopn(B) 1
The sign of the above is determined by that of the function

[(Qn—l—l)— BeR.

B = (2n+1) = BF;,1(B)/Fans1(B),



OPTIMAL DOUBLE STOPPING OF A BROWNIAN BRIDGE 5

which is plotted in Figure 1. As is shown in [4], it is monotonically decreasing and there exists a unique
zero B* > 0 such that

(2.8) B*Fy, . (B*) = (2n + 1) Fy, 1 (B*)
and

a B2n+1
2.9 ———>0<«<= B<B", BeR.
29) 0B Fy,1(B)

Define the candidate value function U*(t,z) := By [X2{{5.)] for 0 <t < 1and z € R. The

verification of optimality requires the following lower bound on B*; as it is not included in [4], we shall
give its proof. Note that this is also confirmed in the numerical plots of Figure 1.

Lemma 2.1. We have B* > /n.

Proof. See Appendix A. 0

10 r

TN

i
-2 -1.5 -1 -0.5 0 0.5 1 15 2

FIGURE 1. Plots of the function B — (2n+1)—BF;,,(B)/Fs,11(B) forn =0,1,2,3.
Triangles indicate the points at \/n. Circles indicate the points at B*.

By Lemma 2.1, for x > B*\/1 — t (where U*(t, z) = g2ty
2

1t

LU*(t,x) = (2n+ 1) {n } "1 <.

This together with the smooth fit at B*y/1 — ¢ (which can be confirmed by simple algebra) verifies the
optimality using martingale arguments via Itd’s formula.
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Theorem 2.1 (Ekstrom and Wanntorp [4], Theorems 2.1 and 3.1). (1) An optimal stopping time for
(2.5) is given by 77 (B*) and the value function U (t, x) is given by

_ p\n+1/2( e\ 2n+1 P (@/VI=8) * 1T —
(2.10) Ult) = Us(t) = 4 L= DB =g i, fe< BVt
2t ifv > B*/1—t.
(2) In particular, when n = 0, B* ~ 0.84 is the unique solution to
(2.11) V2r(1 — B*)eP20(B) = B.

The value function U (t, x) is given by, if v < B*\/1 —t,
Ut,z) = U(t,x) = VT — tB*e”/CO-0-BV2¢ (5 /\/T — 1) /®(B)
= /27(1 — t)(1 = (B*)?)e® /0= (z/\/1—t),

and it is equal to x otherwise.

(2.12)

2.2. Two-sided exit problem. Consider now, for fixed integer ¢ > 0, the problem of maximizing the
absolute value:

(2.13) U(t,z) := sup E.,[| X9, 0<t<1l zeR.

t<r<1

It has been shown by [4] that the optimal stopping time is of the form:

(2.14) 7(D) :=inf{s >t:|Xs| > DV1—-s}, D2>0.
For —D+/1 —t < x < D+/1 —t, by [4], again solving (2.3) with desired boundary conditions,
(Fy + Go)(z/v1—1)
(2.15) Ei.[(1—7(D))"? = (1 —t)7/? :
t (Fy + Gq)(D)
and hence

F,+ G)(e/VI— D)
(Fy + Gy)(D)

(2.16) Et,x[|XT(D)|q] — DE,.[(1 - T(D))‘J/Q] =(1- t)Q/?Dq(

Here notice that (F, + (G,) is an even function.
The maximization of this expectation is equivalent to maximizing the function D +— D?/(F, + G,)(D),
whose derivative equals
) Ds ~ Dpo! D(F, + G,) (D)
DTG0 Fr GIDI (R GID) )

Similarly to the arguments above for B*, there exists a maximizer D* > 0, which is a unique root of

D > 0.

(2.17) O:q_D(Fq+Gq),(D)/<Fq+Gq)(D)7
and

q
(2.18) iD—>O<:>D<D*, D > 0.

0D (F, + G4)(D)
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We show in Figure 2 the function defined on the right-hand side of (2.17). Similarly to Lemma 2.1, we
prove the following lower bound for D*.

Lemma 2.2. We have D* > /(¢ —1)/2V 0.

Proof. See Appendix A. 0

i i i ]
0 0.5 1 15 2
D

FIGURE 2. Plots of the function D — ¢ — D(F, + G,)'(D)/(F, + G4)(D) for ¢ =
1,2,3,4. The triangles indicate the points at /(¢ — 1)/2. Circles indicate the points at
D*.

Define the candidate value function U (t,z) 1= E,[|X,p+
Lemma 2.2 shows, for |z| > D*\/1 —t, that

9 for0 <t < 1land xz € R. Again,

e —1 2
LU (t,z) =q {QT - 1|x—_|t} 2772 < 0.

This together with the smooth fit at D*/1 — ¢ and —D*+/1 — t verifies the optimality.

Theorem 2.2 (Ekstrom and Wanntorp [4], Theorem 3.2). An optimal stopping time for (2.13) is given
by 7(D*) and the value function U (t, z) is given by

_ /2 pryaFatGy)a/Vi=h) x T
@19)  T(to) =T (ta) =4 LD e 5w el <DV,
|z, if || > D*v1—t.

3. PROBLEM 1

We first solve the optimal double stopping problem of the form:
V(t,z) = sup E..[X,—-X,], 0<t<1l, zekR

t<tT1<m2<1
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First, by the strong Markov property, we can rewrite this as a two-stage problem:

(3.1 V(t,z) = sup Ei, [f(7, X))

t<r<1

where
flt,z):=U(t,z) —x, 0<t<l, xeR,

with U (t, z) defined in (2.12) as the value function of a single stopping problem.
It is expected that the first optimal stopping time is of the form

(3.2) 7 (C):=1inf{s > t: X; < CV1 — s},

for some C' € R. The corresponding second stopping time becomes inf{s > 77 (C) : X, > B*\/1 — s}.
For C' € Rand z > C'v/1 —t, by (2.4), (2.7) and symmetry,

E: . [C\/l -7 ] Et [ C)} =K [Xﬁ(—C)}

= me—mmm@( x/\/lT) /2(1-1))

Now we focus on the function, for C' < B*,
(3.3) Vo(t,z) =Ky, [f(77(C), X,~())], 0<t<1l,z€R
This becomes f (¢, x) for v < C\/1 — t whereas for x > C'v/1 — t, by (2.12),

Volt,r) = Euw [V2r(l— (@)1 = (B))e”0(C) = X, (o)

_ (\/%(1 _ (B*)2)602/2¥ — 1) E: . [C\/l — T*(C)]
= v(O)W1 —t\/%q)( x/V1— ) /(201=1)

where we define
1 —-C?/2

o(—-C) [( V2

The idea now is to identify C' that maximizes V¢ (-, -) (or equivalently v(-)) and then use a verification

e

(3.4) w(C) = 1 — (B)})®(C) - C L C < B*.

lemma to show the optimality of the corresponding strategy. Hence, we consider optimizing the function
v(C) on (—oo, B*]. Figure 3 shows a plot of this function (using the definition of B* above). It is
remarked that only the maximality of v(C) and Vi over (—oo, B*] is needed; Lemma 3.1 below is
used for the proof of Lemma 3.2, where only the maximality over (—oo, B*] is necessary. It is clearly
suboptimal to choose C' > B* as the corresponding strategies would lead to an expected pay-off of zero
at or above the boundary = C+v/1 —t > B*\/1 — t, with the first and second stoppings happening at
the same time.



OPTIMAL DOUBLE STOPPING OF A BROWNIAN BRIDGE 9

FIGURE 3. The function v on [—5, B*|. The graph indicates that it has a unique maximum
C* ~ —0.564 (the point indicated by the circle); note that |C*| is smaller than B* ~ 0.84.

Lemma 3.1. There exists a unique C* < 0 that maximizes v(-) over (—oo, B*| such that u(C*) = 0

where we define

w(C):=1—(B*)? = (1 - C*)®(-C) — ﬁe*@/?, C < B*.

V2r
Proof. For all C < B*, using &(C) + ®(—C) =1,
) 6—02/2

and

u(0) = 2ca(-c) - C e Lo O
V2 V2r V2
On (—00,0), v/(C) is uniformly negative. Moreover, u(—o0) = oo and u(0) = 1/2 — (B*)* < 0.
Thanks to the continuity of w, this implies that there is a unique solution to the equation (C') = 0 on
(—00,0), which we call C*.

It remains to show that C* indeed maximizes the function v over (—oo, B*]. From (3.5), we see that

~C* 12— 209(-C).

v'(C) and u(C) are of the same sign. Hence, on (—o0,0), v is strictly increasing on (—oo, C*) and is
strictly decreasing on (C*, 0) showing that C* is the unique maximizer on (—o0, 0].

We now extend this result to the domain (0, B*]. On (0, B*], «’ is uniformly positive and hence u
is monotonically increasing. Hence, v will be strictly increasing on (z,00) as soon as v'(z) = 0 (or
u(z) = 0) for some z > 0. This means that v on (0, B*] is dominated by the maximum value of v(0) and
v(B*). Finally, observe that v(B*) = 0 (by how B* is chosen as in (2.11)), which is smaller than v(C*).
This completes the proof. l



10 E. J. BAURDOUX, N. CHEN, B. A. SURYA, AND K. YAMAZAKI

Now we define our candidate value function, for 0 < ¢ < 1 and z € R,

_ _ _ z?/(2(1-t)) * * _
(3.6) V*(t,2) = Vo (t, ) :{ fvé x)t\/ﬁq’( v/VI-t)e v(C), izgvi_i }

We plot, in Figure 4, the functions V* and f for fixed ¢ = 0 as a function of x; this suggests Lemmas 3.2
and 3.3, which we shall prove analytically below.

FIGURE 4. Plots of V*(0, -) (solid) and f(0, -) (dotted). The circle indicates the point at C*.

Lemma 3.2. We have V*(t,x) > f(t,x), forany 0 <t < 1 and x € R.

Proof. To derive the inequality, we remark that we only need to consider z < B*y/1 —t. Indeed, for
x > B*\/1 — titholds that V*(t,z) > 0 = f(¢,x).
Consider C*y/1 —t < x < B*y/1 —t. Due to continuous fit and the maximality of C* on (—oo, B*|
as in Lemma 3.1, we derive that
V*(twqj) = Ve (t,[L’) > Vr/m(t,l’) = f(t,l’).
Finally, for < C*y/1 — t, we have V*(t,z) = f(t,x). O
Before we verify the optimality, we shall prove the smoothness so as to use Itd’s formula. In view of

(3.6), V*(t, x) is twice-differentiable in x at any (¢, z) such that z # C*+/1 — t. Hence the smoothness
on z = C*4/1 — t is our only concern.

Lemma 3.3. We have smooth fit:

(3.7) im O Ve = tim Lfa), 0<i<l.
zlC*/T= Ox 21O 1=t 0T
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Proof. See Appendix A. 0

Note that V* is continuously differentiable in ¢ for any (¢, ) such that z # C*/1 — t; the differentia-
bility on z = C*+/1 — t in ¢ can be shown by slightly modifying the proof of Lemma 3.3.

Lemma 3.4. (i) For (t,x) such that v > C*\/1 —t, we have LV*(t,x) = 0. (ii) For (t,x) such that
x < C*/1—t, we have LV*(t,z) < 0.

Proof. (i) Itis clear by the construction of the expected value as a solution to the ODE (2.3).
(ii) As V*(t,z) = U(t,z) — x and because LU (t,z) = 0 for x < C*y/1 —t < B*y/1 — t in view of
(2.12),
x
LV*(t,z) = LU(t — =
which is negative as x < C*y/1 — ¢ < 0. U

We now have the main result of this section.

Theorem 3.1. The function V* as defined in (3.6) is the value function. Namely, V (t,z) = V*(t, z) for
every ) <t < 1andx € R; optimal stopping times are

=7 (C*) and 7} :=inf{s>7"(C"): X; > B*V1—s}.
Proof. Thanks to the smooth fit as in Lemma 3.3, 1t6’s formula applies and, for all (s, X) such that
X, # C*V1 — s,
0 0
(3.8) dV* (s, X5) = LV (s, Xs)ds + a—V*(s,Xs)dWs < a—V*(s, X)dWy,
x x

where the inequality holds by Lemma 3.4.

In the problem (3.1), because stopping at or above B*+/1 — ¢ attains a zero payoff, which is clearly
suboptimal, we can focus on stopping times v such that X,, < B*y/1 — v (and hence f(v, X,,) > 0) a.s.
For any such [t, 1)-valued stopping time v, with 7(M) as defined in (2.14) for M > B*, we have

Eiolf(v AT(M), Xoaran)] S BV (v AT(M), Xonrny)] < V(2 2),

where the first and second inequalities hold by Lemma 3.2 and (3.8), respectively.
In order to take M — oo, we decompose the left-hand side as

Epo[f(v AT(M), Xoprn)] = Eoolf (v, Xo) L <rny] + Eve[f (T(M), Xoan) Lp>r(any]-

The first expectation of the right-hand side converges via monotone convergence to E, ,[f(v, X,)| be-

cause f is nonnegative. On the other hand, f(7(M), X)) 1{y>-(ar)} is uniformly integrable for {7 (M), M >

B*}. Indeed, f(s,y) = 0fory > B*\/1 — s. In addition, for y < B*y/1 — s, the first equation of (2.12)
gives that U(s,y) < v/1 — sB*, and hence we have a bound

fs, )| =U(s,y) —y < V1—=sB"+|y|, y<BV1I-—s.
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Therefore,

|f(T (M), Xro) [ Lppzrany < V1= 7(M)B* + | X u
which is uniformly integrable in view of (2.16) (which is maximized by setting D = D*). Now as
M — oo, because 7(M) — 1 and X, 55y — 0 a.s., we have

Eio[f(T(M), Xrn) 1 izrany] — 0.

In sum, we have E, ,.[f(v, X,)] < V*(t, z).
This together with the fact VV* is attained by an admissible stopping time 7 (C*) € [t, 1) shows the
result. D

4. PROBLEM 2

We now consider the problem, for given integer n > 0,

J(t,x) = sup B [(X2 = X2 )1k, <op + (X = X2 D) 1x, 0y,

t<t1<19<1

0<t<l1, zeR.
By the strong Markov property, we can rewrite it as

J(Zf,iﬂ) = Ssup Et,x[g(Tv XT)]?

t<r<1

where
g(t,z) == (U(t,x) — 2" ey + (U, —2) + 2*" ) 1paey, 0<t<1, z€R.

By the symmetry of g with respect to x, we expect, for some D > 0, that the first stopping time has a
form 7(D) defined as in (2.14); the second stopping time becomes

inf{s > 7(D): X, > B*/1—s}, if X;py <—-Dy/1—-7(D),
inf{s > 7(D) : X, < —=B*\/1—s}, if X,(p) > D+/1—7(D).

Define the corresponding payoff by
JD(tvx) = Et,z[g(T(D>aXT(D))]7 0<i<l, zeR
We first rewrite it as a function of Fj,,; and Go,1 as defined in (2.1).

Lemma 4.1. Given D > 0, we have, forall 0 <t < 1land —D+v1 —t <z < D1 —1,

4.1) Ip(t,x) = (1 — )" (Fopiy + Gopyr) (x/V1 = 1) §(D),
where
1 2n+1 G2n+1(D)

j(D) := D*"* 4 (B¥)

(Foni1 + Goni1)(D) Foni1(B¥)



OPTIMAL DOUBLE STOPPING OF A BROWNIAN BRIDGE 13

Proof. Under the initial condition —D+/1 —t < x < D+/1 —t, we have P, ;-a.s.

9(7(D), Xr(n))
(U(T(D), Xr(p)) = XA ix, py<0y + (U(T(D), = Xr(n)) + X251 1%,y 50)
(U((D), =D\/1 = 7(D)) + D*" (1 = (D))" ™)1 (x, ) <0}
+(U(7(D), =Dy/1 = 7(D)) + D*" (1 = 7(D))""*)1(x, )0}
= U(7(D),—D+/1 — 7(D)) + D> (1 — 7(D))"+/2,

Hence, we can write, by (2.10),
Jp(t,x) = Byo[U(T(D), —D+\/1—7(D)) + D***'(1 — 7(D))"+/?]

F: (—=D)
=F - 1—7(D n+1/2 D2n+1 + B* on+142n+1
" [( ( )) ] ( ) F2n+1<B*)

The proof is now complete by (2.15). U

A

0
0 0.5 1 15 2 25 3 35
D

FIGURE 5. Plots of j for n = 0,1,2,3. Circles indicate the points at B* and triangles
indicate the points at /7.

In view of (4.1), we want to maximize the function j. It turns out that it is maximized by B* as in
(2.8). See Figure 5 for a numerical plot of this function.

Lemma 4.2. For any n > 0, B* maximizes j.
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Proof. For any D > 0,

. . D2n+1 (B*)2n+1 F2n+1(D)
D) =j(B")+ —
D) = J(B) (Font1 + Gon1)(D)  (Fongr + Gongr) (D) Fopp1(B*)
_ ](B*) N D2n+1 - (B*)Qn-i-l F2n+1 (D) ]
(Fopt1 + Gang1)(D) D2+l By, 4 (BY)

Because B* is the maximizer of B — B> /[, ., (B) (see (2.9)) and F},; is nonnegative, we have

(B*)ZnJrl F2n+1(D) <0
D2n+1 F2n+1(B*) —

which shows j(D) < j(B*), as desired. O

1—

Remark 4.1. We have j(B*) = (B*)*"*1/Fy,,1(B*).

Now setting D = B*, we have our candidate value function

(1= t)""V2(Fapyr + Gongr) (2/vV/1 = 1)§(B*), |z| < B*vV1—1,
g(t, x), lz| > B*/1 —t.

Figure 6 plots J* and g for ¢ = 0 as a function of z; this suggests Lemmas 4.3 and 4.4, which we shall

4.2) J*(t,x) = Jp(t,x) = {

prove analytically below.

14 r

0.2

i i i i i i i
-15 -1 -0.5 0 0.5 1 15

FIGURE 6. Plots of J*(0, -) (solid) and ¢(0, -) (dotted) for n = 0 (left) and n = 1 (right).
Circles indicate the points at B* and —B*.

Lemma 4.3. We have J*(t,z) > g(t,z), forany0 <t < landz € R.

Proof. Suppose 0 < = < B*y/1 — t. Due to continuous fit and the maximality of B* on [0, c0) we derive
that
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Suppose 0 > z > —B*/1 — t. By the symmetry of J* and ¢ with respect to ,
St x) = J(, |x]) = g, |x]) = g(t, @)
Finally, for |z| > B*\/1 — t, we have J*(t,z) = g(t, ). O
In view of (4.2), J*(t, ) is twice-differentiable in z at any (¢, ) such that |z| # B*\/1 —t. As we

shall show next, on |z| = B*/1 — t, differentiability holds (the differentiability with respect to ¢ holds
similarly).

Lemma 4.4. We have smooth fit: forall 0 <t < 1,

lim —J"(t,z)= lim —g(¢, ),
2t B 1= 0T () x¢B*\/1—taZE( )

0 0
li —J " (t,x) = 1l —g(t, x).
mféin\/kt Oz (t@) szBl’in\/lft oz (tz)
Proof. See Appendix A. U

Lemma 4.5. (i) For (t,x) such that |x| < B*\/1 —t, we have LJ*(t,x) = 0. (ii) For (t,x) such that
|z| > B*\/1 —t, we have LJ*(t,x) < 0.

Proof. (i) This holds immediately in view of (4.2) by the fact that Fy, 1 + Go,1 solves the ODE (2.3).
(i) For x > B*/1 —t, as J*(t,x) = U(t, —x) + 2*"™! and because LU (t,—x) = 0 for —z < 0 <
B*\/1 — t in view of (2.10),

2

LJ*(t,x) = LU(t, —2) + (2n + 1) [n - 15”_ t] 2 = —(2n + 1) [

Forx < —B*\/1 —t,as J*(t,x) = U(t,x) — ™! and because LU (t,z) = 0 forz < 0 < B*\/1 — ¢,

2

LJ*(t,z) = LU(t,x) — (2n+ 1) {n — 156_ J " =—(2n + 1) L:U_t

2

— n} |zt
Hence, the proof is complete by Lemma 2.1. U

By Lemmas 4.4 and 4.5, the verification of optimality is immediate. We omit the proof of the following
theorem because it is essentially the same as that of Theorem 3.1.

Theorem 4.1. The function J* is the value function. Namely, J(t,x) = J*(t,z) for every 0 <t < 1 and

x € R; optimal stopping times are

T =1(B"),

. inf{s > 7(B*) : X, > B*/1—s}, if X;p) < —B*\/1—1(B*),
Ty =

2 inf{s > 7(B*) : X, < =B*V1—s}, if X,3) > B*\/1—1(B").



16 E.J. BAURDOUX, N. CHEN, B. A. SURYA, AND K. YAMAZAKI
5. PROBLEM 3

Our last problem is to solve, for fixed g > 0,

(5.1 Wi(t,z) = sup E;,[|[X,]"—|X4]Y, 0<t<1, zeR.

t<71<712<1

By the strong Markov property, it can be written
(5.2) W(t,z) = sup E;, [h(1,X;)], 0<t<1, zeR,

t<r<1

where

0, if |z| > D*VI—1t.

Here U(t, x) is the value function of the problem (2.13) and is written as (2.19) with the same D* that
satisfies (2.18).
It is easily conjectured that the optimal stopping time for the problem (5.2) is given by

o(A) :=inf{s > t:|X,| < AV1 — s},
for some A € [0, D*|. Let us define its corresponding expected payoff by
Wa(t,z) =By [h(0(A), Xon))], 0<t <1, z€R.
Lemma 5.1. For all (t,x) such that |z| > A1 —1,
(5.3) Walt,z) = (1= 8)72Gy(Jal /VT = hw(A),

where we define

Ut x) — |z]9, if D1 —
ht.2) ::{ U(t,x) — |z|7, if o] < f,

1 g (Fq + Gg)(A) } \
A) = D*)1 14 g — A7l 0< A<D
YW= [( " )
Proof. Suppose first that z > Ay/1 — ¢ (then we must have X, 1) = A\/1 — 0(A) a.s.). By (2.19),
_ i q/2 *\q (Fq + GQ)(A) . q:|
(5.4) Walt,z) = Epg [(1 = 0(A)"?] {(D A

and hence the problem boils down to computing the expectation on the right-hand side. As we have
discussed in Section 2, we can write

Evq [(1—0(A)"?] = (1 - 1)7*(z/vV1~1),
where the function ( satisfies the ODE (2.3) with boundary conditions ((A) = 1 and lim,_, ((y) = 0.
A general solution of (2.3) is given by ((y) = aF,(y) + BG,(y), with the values of « and 3 to be
determined. Because lim, ., F,(y) = oo and lim, ,,, G,(y) = 0, we must have a = 0. Solving
C(A) = 1, we have 8 = G,(A)™". Plugging this in the right-hand side of (5.4) gives (5.3).
Finally, by symmetry, we have W4 (t,z) = Wa(t, —z), x > 0. Hence, the result can be extended to
r < —Ay/1—tas well. O
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In view of (5.3), we shall maximize the function w. As shown in Figure 7, w admits a unique maxi-
mizer. We shall show this analytically in Lemma 5.2 below. Notice that

oy L
(5.5) w(0) = o+ G (D) >0 and w(D*)=0,
and, for all A > 0,

T (Bt G A ] 1 [ (R GA) ] GYA)
66w &) = | E T o 4 ]qu) {< e R TT D R(A V)X

Lemma 5.2. (1) There exists a unique maximizer of w over [0, D*|, which we call A*, such that

5.7) A*<\/(¢g—1)/2V 0
and
(5.8) w(A) <0< A> A", 0<ALD"

(2) Moreover, A* = 0 if and only if ¢ < 1.

Proof. (1) For all A > 0, let us define

(Fo+ G (A)Gy(A) — (B + G(ACLA)  FI(AG,(A) — Fy(A)EL(A)
L) = Gy (A - (G (A >0

Then, for any A > 0,

wi(d) 1 [_ qAT! AqG;(A)] (D*)1
L(A) ~ LA L G(A) " (G T B+ G (D7)
| —gATIG(A) + AIGH(A) (D*)s

T FA)G,(A) — Fy(A)G(A) T (Fy+ G (D7)

(5.9)

Because F}, and G satisfy the ODE (2.3),
FI(A) = AF(A) +qFy(A) and G7(A) = AG(A) + qG,(A).
This gives

F(A)Gy(A) — Fy(A)GH(A) = [AF(A) + qFy(A)]Go(A) — Fi(A)[AG(A) + qG4(A)]
= A[Fy(A)Gq(A) = Fy(A)Gy(A)].

q
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Now differentiating (5.9) with respect to A,

/ ! 2 d wl(A)
[F(A)Gy(4) = F(A)GL (AN 51 75
= [—alg — 1) AT?G(A) + ATGH(A)[F(A)Go(A) — Fy(A)Gy(A)]
— [—qATIGy(A) + ATGL(A)][F] (A)Gy(A) — Fy(A)G(A)]

= [—alg — DAT2Go(A) + AT GL(A) + qA'G(A)][FR(A)Go(A) — Fy(A)Gy(A)]
— [-qATG(A) + AT G (A)][F(A)Gy(A) — Fy(A)G(A)]
= 20ATGo(A)[F3(A)Gy(A) — Fy(A)G(A)[A* — (¢ — 1)/2].

That is, w'(A)/L(A) is differentiable and

FYAIG,(4) — F(A)Gy(A) 0 w(a) _ ,, q-1
2qA12G,(A) 0A L(A) 2
Notice that F;(A)G4(A) — Fy(A)G,(A) and G,(A) are both positive for A > 0. Hence we see that

0 w'(A)

= _ : .
9AT(A) >0« A>+/(¢g—1)/2v0, A>0

Recall D* or the unique root of the equation (2.17). The equivalence above together with w’(D*) = 0
(and w'(D*)/L(D*) = 0) and recalling that D* > /(¢ —1)/2 Vv 0 (as in Lemma 2.2) and L(-) > 0
shows that there exists a unique A* € [0,+/(¢ — 1)/2 V 0] such that, forall 0 < A < D*,

(5.10) W(A) <0 A> A,

as desired.
(2) Suppose first that ¢ < 1. Then A* < /(¢ —1)/2 v 0 = 0 and hence we must have A* = 0. Now

suppose ¢ > 1. Then, by taking a limit in (5.6) and noticing that (¥, + G,)'(0) = 0,
(Fy + Gg)(0)  Go(0)
(Fy + Go)(D¥) (G4(0))?

w'(04) = —(D*)? > 0.

This together with (5.10) shows A* > 0.

Now we define

(1= )72G(|2]/VI = w(AY), |o| > AVI -1,
ht, z), 2] < AT —t,

as our candidate value function, and verify the optimality. Figure 8 plots W* and h for ¢ = 0 as a function

(5.11) W*(t,2) == Wa-(t, ) = {

of z; this suggests Lemmas 5.3 and 5.4, which we shall prove analytically below.

Lemma 5.3. We have W*(t,x) > h(t,z) for0 <t < landz € R.
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FIGURE 7. Plots of w(A) on [0, D*] for ¢ = 1,2, 3,4. For ¢ = 2, 3,4, the circles (resp.
triangles) indicate the points at A* (resp. /(¢ — 1)/2). For ¢ = 1, the square indicates
the point at A* = /(¢ — 1)/2 = 0.

Proof. Due to the symmetry of both W* and h with respect to z, it is sufficient to show for z > 0.
When x > D*\/1 —t, then W*(t,z) > 0 = h(t,z). When 0 < z < A*\/1 —t, then W*(t,7) =

h(t,z) by definition. Finally, if A*\/1 —t < z < D*y/1 — t, due to continuous fit and the maximality

of A* on [0, 00) we derive that W*(t,x) = Wa-(t,x) > W, , 1=(t, x) = h(t, x), as desired. O

Similarly to Problems 1 and 2, W*(¢, z) is smooth enough to apply 1td’s formula at any (¢, ) such
that |z| # A*\/1 — t; see also (5.14) below regarding the smoothness at 0 when A* # 0. Regarding the
smoothness on |x| = A*\/1 — ¢, we have the following.

Lemma 5.4. Fix 0 <t < 1. (i) If A* > 0, then smooth fit

lim 2I/V*(t,x) = lim 3h(t,ac),
(5.12) 2l A*/T=F OX et A*/T=E OX

0 0
li —W*(t,z) = 1 ——h(t
B TR S

holds. (ii) If A* = 0, we have an inequality

(5.13) lim 3V[/*(zf x) < lim 2I/V*(t x)
' 210 Ox ’ z10 Oz T

Proof. (i) We have

o GUAY T (B4 Gy)(AY)
A gV ) = 0= e (P R T e D)

— (A%
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FIGURE 8. Plots of W*(0, -) (solid) and h(0, -) (dotted) for ¢ = 1,2, 3, 4. Circles indicate
the points at A* and —A*.

On the other hand,

(Fy + G,)'(A)
(Fy + G,)(D*)

lim 0 h(t,z) = (1—75)(‘7_1)/2 (D*)4

. A* q—1
T A*I—1 8x Q( )

When A* > 0, Lemma 5.2 implies w’(A*) = 0. In view of (5.6), the two equations above are the same.
Hence the first equality of (5.12) holds. The proof of the second equality holds by symmetry.
(i1) Now suppose A* = 0. In this case, by (5.5),

¢ Gallzl/v1=1)

W (1) = 2(1 = (D)
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and hence taking derivatives and then limits,

0 G(0)
lim —W*(t, z) = 2(1 — ¢)@D/2(p*)9 a
i 5"V (b e) = 20 = O D) e e ey
) G,(0)
lim —W*(t,z) = —2(1 — )= D/2(D*)4 a .
Because F}, and (G, are nonnegative and Gf] is negative, we have (5.13), as desired. O

Lemma 5.5. (i) For (t,x) such that |x| > A*/1 —t, we have LW*(t,x) = 0. (ii) If A* > 0, for (t,z)
such that 0 < |z| < A*\/1 —t, we have LIW*(t,x) < 0.

Proof. (i) It is clear by the fact that G, solves the ODE (2.3) in view of (5.11).

(ii) By Lemma 5.2(2), A* > 0 guarantees ¢ > 1. Because |z| < A*\/1 —t < D*y/1 —t, we must
have LU (t,x) = 0 in view of (2.19).

For 0 < x < A*\/1 —t,as W*(t,z) = U(t,z) — 2%, we have

LW (t2) = = [(q = 1)/2 = */(1 = 1)] qa

whereas, for —A*\/1 —t < z < 0, we have LW*(t,z) = —[(¢q—1)/2 — 2?/(1 — )] q|z|*%. Now
(5.7) completes the proof. O

We now have the following optimality results by Lemmas 5.3, 5.4 and 5.5. An important difference
with the verification of Problems 1 and 2 is the potential non-differentiability at z = 0, but this does not
cause any issue.

Recall from (5.13) that, for the case A* = 0, the smooth fit at A* fails. However, this can be resolved
easily by using the following version of Itd’s formula (see, e.g., [10]), forallt < u < 1,

W*(U,Xu) = W*(t, CL’) + / EW*(S, Xs)l{Xﬂgg}dS

t

+ §/t (lzlﬁ)l aW (s,2) — lzl%l aw (s,z))dls —i—/t %W (8, Xo)1ix, 200 dW5,
where {19}« denotes the local time of X at 0. The supermartingale property of the process {W*(u, X,) }i<u<1
still holds by (5.13) and Lemma 5.5. For the case A* > 0, Lemma 5.2(2) guarantees that ¢ > 1; in this
case,
0 0 0 0
(5.14) 121?01 gw*(s, z) = lzigl ah(s, z) = 121%1 &h(s, z) = 121%1 %W*(s, z),
by using the equality (F, + G,)’'(0) = 0 and 297" — 0 as z — 0. The rest of the proof is omitted as it is
similar to that of Theorem 3.1.
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Theorem 5.1. The function W* is the value function. Namely, W (t,z) = W*(t,x) for every 0 < t < 1
and x € R; optimal stopping times are

1 =0(A") and 75 :=inf{s>o(A"):|Xs| > D*V1—s}.

APPENDIX A. PROOFS

Proof of Lemma 2.1. The case n = 0 is trivial (as B* > 0) and hence we shall focus on the case n > 1.
Assume for contradiction that B* < y/n. Then we can take (¢, x) such that 2//1 — t € (B*,y/n). By

1to6’s formula

X2
(A.1) dX2t = (2n 4 1) [n — 1—} X s+ (2n + 1) X2dW,, t<s<1.
— S

Define the first downcrossing time of X:
(A.2) T7(6) =influ>t: X, <6}, 6>0.

Fix 0 < ¢ < z. Fors € [t,77(y/n) AT ()], we have £/y/1 —s < X,/v/1 —s < y/n (and hence
e < X, <y/nv1 — s). Therefore, taking expectation of the integral of (A.1) gives

2nt1 2n+1 THVIATT(E) ng 2n—1
Et’x[XT""(\/ﬁ)/\T_(E)] =X + Et,x /14L (27’L + 1) |:7’L — 1——3:| Xs ds
> p2ntl
. : 2n+1 2n+1 2n+1
D(;nll?ated convergence gives upon € (;tiallt E; . [X;T tr( f/ﬁ) AT (o)] > . Moreover, because XT () >
X mar- (o) 8- we also have Etyx[Xﬁ(\/ﬁ)] >
On the other hand, by (2.7) and (2.9), and because \/n > z/+/1 —t > B*, we must have
2n+1 __ 2n+1 2n+1
p = B X ) > Beal X))
This is a contradiction, and hence B* > /n. O

Proof of Lemma 2.2. Because the case ¢ < 1 is trivial, we focus on the case ¢ > 1. Assume for contra-

diction that D* < /(¢ — 1)/2. Then we can take (¢, x) such that z/\/1 —t € (D*, /(¢ — 1)/2).

Arguments similar to the ones in the proof of Lemma 2.1 give

q

q] — q
Bell X, anmnr-o = Etvx[XT<\/m)AT—<0)] Z T

e s . ‘> x4
where 7'~ (0) is defined as in (A.2). Moreover, because |XT(\/m)\ > XT(\/m)/\T*(O) a.s., we

also have Et»IHXT(\/m)‘q] > 29,
On the other hand, by (2.16) and (2.18), and because /(¢ — 1)/2 > x/+/1 — t > D*, we must have
21 = Byl Xo @yl > BeallX, oz |-

This is a contradiction, as desired. U
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Proof of Lemma 3.3. Differentiating (3.6),

0 T )
—V* = * _ v a?/(2(1-t) —
6’xv (t,2) =v(C )\/%< /—1 —{ ( x/\/l—) _\/ﬁ)
and hence
tim (1) = o(CV R (€ (- 07) - )
2l C* /1=t OT Jon
= OVER(L— (B)l () — (07— L (1 (B)?) 4+ O e O
®(=C") V2r (=C")
On the other hand,

. i - - *\2 * _(C*)2)2 ®) *\2
mlvir?m 5 (b1) = Var(1—(B")*)C"e (C") = (BY)".

Taking the difference between the two

lim gV*(zﬁ x)— lim 0 —f(t,z)

2 C*/1=t Ox 1C* /1=t OF
") 1 1 o
=1—(C*?—(1 il 1— (B 4+ 0 ———— (@72
€)= (1+ g - B+ C =5
1 1 2
= —— | B(=C")(1 — (C*)?) — (B(=C*) + D(C*))(1 — (B*)?) 4 C* —=¢(€)7/2
B [N (CF) = (B(=0") + BN (1~ (B)) + O e O]
_u(C)
o(—C")’
which equals 0 thanks to our choice of C'* as in Lemma 3.1. U

Proof of Lemma 4.4. We show the differentiability at = = B*+/1 — t (that of + = —B*+/1 — t holds by
symmetry). Differentiating (4.2) with respect to x gives

P (1) = (= 0" By + Gonan) (2 VT DI (BY)

and by Remark 4.1,
2n+1 (F2n+1 + G2n+1)/(B*)
Fony1(B*)
B*) - F2/n+1<_B*)
F2n+1<B*)

8 * n *
mlinfra_x‘] (t,z) = (1 -1)"(B")

(A.3) = (1= t)n(B*)2H! Fonl

On the other hand,

2n+1 2n+1( z/v1— )
Foni1(B*)

((%g(t,x) =—(1-t)"(B") + (2n + 1)2?

Hence,
F2’n+1( B*) 2n+1
F2n+1(B*) B* ’

a n *\2n+1
NmaF 5y d(tw) = —(1=1)"(B")
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which equals (A.3) by (2.8), as desired. ]
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