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Optimal Stopping Rules and Maximal Inequalities for Bessel Processes

Abstract

We consider, for Bessel processes X £ Bes® with arbitrary order (dimension) a £ R, the problem of the optimal
stopping (1.4) for which the gain is determined by the value of the maximum of the process X and the cost
which is proportional to the duration of the observation time. We give a description of the optimal stopping
rule structure (Theorem 1) and the price (Theorem 2). These results are used for the proof of maximal
inequalities of the type

E max X;;<; < y(a) is a constant depending on the dimension (order) a. It is shown that y(a) ~ va at a > co.
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THEORY PROBAB. APPL. Translated from Russian Journal
Vol. 38, No. 2

OPTIMAL STOPPING RULES AND MAXIMAL INEQUALITIES FOR
BESSEL PROCESSES*

L. E. DUBINS', L. A. SHEPP, anD A. N. SHIRYAEVY
(Translated by N. A. Tolstoganova)

Abstract. We consider, for Bessel processes X € Bes®(z) with arbitrary order (dimension)
a € R, the problem of the optimal stopping (1.4) for which the gain is determined by the value of the
maximum of the process X and the cost which is proportional to the duration of the observation time.
We give a description of the optimal stopping rule structure (Theorem 1) and the price (Theorem 2).
These results are used for the proof of maximal inequalities of the type

Emax X, < v(a)VET,
r<T

where X € Bes®(0), 7 is arbitrary stopping time, y(c) is a constant depending on the dimension
(order) a. It is shown that y(a) ~ v/ at a — o0.

Key words. Bessel processes, optimal stopping rules, maximal inequalities, moving boundary
problem for parabolic equations (Stephan problem), local martingales, semimartingales, Dirichlet
processes, local time, processes with reflection, Brownian motion with drift and reflection

1. Formulation of the problem. Main results

1. A continuous non-negative Markov stochastic process X = (X¢(x)):>0, > 0,
given on some filtered probability space (2, F, (Ft):>0, P) is called a Bessel process of
dimension (order) o € R (X € Bes®(z)) if Xo(z) = =, its infinitesimal operator is

l1/fa—14d d?

and the boundary point z = {0} is a trap if a <0, a reflecting boundary if 0 < o < 2,
and an entrance boundary if a > 2.

(For a detailed study of Bessel processes X € Bes®(z) see in [20], [13], [14], [17],
[29] and later in §2.)

In case @ < 0 and z = 0, the process X;(0) =0 at t > 0.

In case a = 1, the process X = (X;(x)):>0 may be realized as the process
|B + x| = (|B¢ + z|)t>0, where B = (B;)¢>o is standard (By = 0, E(B; — B;) =
0, E(B; — B;)?> =t —s, t > s > 0) Brownian motion.

In case o is an integer, & = d = 2,3, .. ., the process X € Bes®(x) may be realized
as a radial part of d-dimensional Brownian motion B(a) = (B(ay),...,B%a4)), i-e.,

d

1/2
(1.2) Xi(z) = [Z (Bi(ai)t)z} ,

i=1
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where the vector a = (a1,...,aq) is such that its norm |a| =  (|a2 = Y%, a?)
and Bl(a;),...,B%ay) are independent Brownian motions, exiting from the points
ai,...,aq, respectively.

2. Let X € Bes*(z) and let S = (S;(z, s)):>0 be the stochastic process given by
the formula

(1.3) Si(z, s) = s V max,<; X, (),

where 0 < z < s < 00, aVb=max (a,b).
Let us define for the Markov process (X, S) under consideration the “value”

(1.4) VX (z,s) = sng[ST(:c, s) —cr],

where c is some positive constant (the cost for the unit of observation) and the sup is
taken over the class of all stopping times 7 (i.e., the finite Markov time with respect
to (F¢)e>0)-

The purpose of this paper is to study the problem of existence of optimal stopping
times 7, (for which E[S;, (z,s) — cr] = V*(=,s) for all s > z > 0), their structure
and the structure of the value V*(z, s) as a function of z, s, a (as well as that of “the
cost” ¢ > 0). One of the main results of the work is the following.

THEOREM 1. Assume X € Bes®(z),where the dimensionality o € R and ¢ > 0.
The optimal stopping time 7, (in problem (1.4)) exists and has the following form:

(1.5) 7. =inf {t > 0: (X;, S;) € D},
with X = X¢(x), St = Si(z,s) and “stopping domain”
(1.6) Dy = {(z,8): s« <5, z < gi(s)},

where g. = g.(8) is the non-negative (and unique) solution of the equation

2c , 9\*"2|
(1.7) a—2gg[1 (s) ] =1
such that g.«(s) < s for all s > 0,
(1.8) im 208 _q
s—00 8§

and s, is the root of the equation g.(s) =0.
Remark. In case a = 2, equation (1.7) is considered to be of the form

(1.9) 2¢g'yg logg =1,

obtained from (1.7) by passing to the limit as @ — 2 — 0 (taking into account that
[1—2%]/8 — log(1/a), B — 0, = >0).

Let us discuss a number of corollaries of Theorem 1 (see Figs. 1, 2 ).

Case a = 1. In this case, equation (1.7) becomes

1
/ —
(1.10) 2¢cg’ = P
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F1c. 1. Graphs of the curves g« = g«(s) dividing the domains D« and Cx« for c = 1 for the
values of the parameter o = 1,2,...,9. (The computer computations for the solutions of equation
(1.7) were carried out by John Overdeck,AT&T Bell Laboratories.)

Let us rewrite this equation in the form

ds 1

Fri 7.5~ 9)-

Its general solution has the form

1
= - g9/2¢
s(g) <g + 2c> + Ked/%

where K are constants. It follows from this that the only solution which satisfies
the condition limg_. (s(g9)/g9) = 1 (compare with condition (1.8)) is the solution
corresponding to the value K = 0.

Thus in the given case a = 1, we obtain the result of [10]:

(1.11) 99 =55,

“the critical” point is s, = 1/(2¢) and the optimal 7, is

T = inf{t: S — X > l}
2c

In other words, the observation should be stopped as soon as (a gap) G; = S;— X;
exceeds the value 1/(2c¢). It is clear that in the given case the “stopping domain” D,
has the form

1
* — ) . Z . (
D {(m s): s :I:+2c}
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(00) z

Fi1Gc. 2. The case a = 1. The stopping domain D, and the domain of continued observation
C.; the domain “covered” by the process (X, St) for 0 <t < 14 and (Xo, So) = (z,s) is hatched.

but the domain of continued observation C, = {(z,s): s >z > 0} \ D, has (see Fig.
2) the following form here:

1
. = ,8): ¢ < — 5.
C {(m s): x s<w+2c}

(We shall come back to a more detailed consideration of the case when o =1 in §3.)

Case a < 0. The point = = 0 is a trap for the Bessel process X € Bes*(0). Thus,
if Xo(0) = 0, then X;(0) = 0 for all ¢ > 0 and the value 7, = 0 is optimal for all s > 0.
The corresponding equation, which determines the boundary between the domains D,
and C,, has in case a = 0 the form

11
s—g s+g

(1.12) 2cqg’ =

One can easily see that in this equation the chosen solution g, = g¢.(s) (with the
property lims_,o0 (9«(8)/8) = 1) is such that s — g.(s) — 1/(2¢), s — 0.

Case 0 < a < 1. In these cases, the point £ = 0 is a reflecting boundary for
the Bessel processes X € Bes®(z). Moreover, one can see from (1.7) that g, (0) = 0.
Let us denote by s.(c) the values of critical points s, (i.e., the roots of the equation
gx(s) = 0) at the given values of &. One can show that an increase of the values of
« causes the increase of values s« () as well. (The qualitative behavior of g« = g«(s)
boundaries at different values of « is given in Fig. 3.)

Case o > 1. If 1 < a < 2, then the point z = 0 again (as in the case when
0 < a < 1) is reflecting and is the entrance boundary for o > 2. As is shown in (1.7),
in these cases, g,(0) = co. (See Fig. 3.)

The numerical calculation of s,(3) (at ¢ = 1) gives the following value:

$4(3) = 1.156... .

It is shown in §6 that s.(a) ~ a/4 as & — oo (Theorem 7); s.(a) =0 for & < 0.
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~ —>
(0, 0) x= !]*(S)
Fic. 3. A schematic drawing of the dividing curves (stopping boundaries) g« = g«(s) for
various values of the parameter a € R.

For greater clarity let us consider equations of the type (1.7) for a number of
values of the parameter a:

392
2cg'=m, a=—1,
2cq’ = 2 , a=0,
s—g Ss+g
2cg’=3_g, a=1,
1
2cg’ = , a=2,
7 glog(s/g)
2¢cg’ = + =, a=3.
s—g9 g

3. In case a > 0, we represent the domain of continued observation C, as the
sum of the two domains C! and C?, where

C! ={(z,s): g«(s) <z <sand s, < s},
CI={(z,s): 0<w<s<s}

(In case a < 0, the value s, = 0, and the point (0,0) € D, and C} = C,; the
corresponding domain C2 = @.)

THEOREM 2. The value V& = V,*(x, s) is determined by the following formulas:

if a> 0,then
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Vi, )
s, \ (z,8) € Dy,
2 a—
(113) =4 s+ &(f —g2(s)) + j(cj*_(sz)) [(g*a(,s)) - 1], (z,5) € Cl,
§w2 + 5, (z,8) € C%
if a=0,then
0 S, (.’1),3) € D*7
(]‘14) V;‘ (15,8) = {3 + ';-[QE(S) - 1132] + C.’B2 ].Og ﬁ;—)', (3.':, 3) € C*a
if a<0,then
Vi (z,s)
s, \ (z,8) € Dy,
- 2 o
W et s+ ZEG[(H) T ) e

Remark. The formulas for V2(z, s) can be obtained through passage to the limit
as a | 0in V*(z,s), i.e., (1.14) follows from (1.13) as « | 0. Similarly, in (1.13) the
value V,*(z, s) for @ = 2 must be understood as the result of passage to the limit as
a — 2 which leads to the following result:

s, (z,s) € Dy,

C/ 2 2 2 g«(8) 1

(116) ‘/*2(113, 8) = s+ _2'(1: - g*(s)) + Cg*(S) lOg Ta (IE,S) € C*a
-;-x2 + 84, (z,s) € C?,

where s, is the root of the equation g.(s) = 0, and g. = g«(s) satisfies equation (1.9).

The proof of Theorems 1 and 2 in the case a > 1 is given in §3; §4 is devoted
to the case when a = 1, where the (more general) problem of optimal stopping of
Brownian motion with drift and (instantaneous) reflection is considered as well. The
case when o < 1 is analyzed in §5. In §6 the results of optimal stopping are applied
to the mazimum inequalities for Bessel processes. It is shown that if X € Bes®(0),
then, for each stopping time 7,

Emax X, < v(a)VEr,

where y(a) = 4/4s1(a), and s;(e) is the root of the equation g.(s) = 0 for the
function g.(s) which is the solution of equation (1.7) with ¢ = 1. It is also shown that
v(a) ~ y/a as a — oo.

The authors of the paper express their gratitude to M. Yor for his productive
consultations concerning Bessel processes.

The computer program has been carried out by N. Tolstoganova to whom the
authors express their gratitude.
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2. Bessel processes

1. The systematic study of Bessel processes was initiated in McKean’s paper [17].
The main sources of information concerning these processes are monographs [13], [14],
[29], and, in particular, [20].

The simplest way of constructing a definition of Bessel processes X € Bes®(z) is
as follows.

Let B = (B¢)¢>0 be Brownian motion on (2, F, (Ft)¢>0,P). Let us consider the
stochastic differential equation (a € R)

This equation has the only non-negative strong solution Y; = Yt(y) t >0, i.e., such
that, for each ¢ > 0, the values of Y; are fB-measurable, where .7-} = o{Bs, s <t}
According to [20], the process Y = (Y;(y)):>0 is called “the square of an a-dimensional
Bessel process” (Y € Besq®(y)). The expression v = /2 — 1 is called the index of the
process. For a = 0, the process Y is a martingale, for a < 0 it is a supermartingale,
for a > 0 it is a submartingale.

The infinitesimal operator of the process is

d d?

The boundary point y = 0 in case o < 0 is a trap (or an absorbing point, [13,
Chap. IV]), in the case where 0 < a < 2 it is the reflecting (instantaneously reflect-
ing, [13, Chap. IV) boundary and it is the entrance boundary if o > 2.

It should be noted that in the case where @ = d = 1,2,... is an integer, the
process Y € Besqd(y) permits the following obvious realization.

Let B(a) = (B%*(a1),..., B%a4)) be d-dimensional Brownian motion, starting at
the point a = (ay,...,aq). Let us form the process Y; = Y;(|a|?), ¢t > 0, with

d
(2.3) Yi(laP?) = 3 (Bi(ay))®
=1

and assume that

— Bz(a’i) 1)
Bt‘;:; Y.(ap) “B+(@)

The process B = (Bi)¢>0 is, obviously, one-dimensional standard Brownian motion.
In this case, from 1t6’s formula it follows that Yz, ¢t > 0, satisfies the equation

(2.4) dY; = d - dt + 21/Y,dB:.

Thus one can say that the square of the radial part of d-dimensional Brownian motion
is “the square of a Bessel process of d-dimensionality”.

2. Thus, let Y € Besq®(y) for y > 0. We form the process
(2.5) X =Y.

In other words, let X = (X;(z)):>0 be a non-negative process such that X;(z) =

VYi(x?), © > 0.
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The so-determined Markov process X is the one that is called an a—dimensional
Bessel process (X € Bes*(z)). Its generator is

L= 1 (a —1d + _‘ﬁ)
2\ z dz dz2?)’
while the densities p$(z,y) = d%P(Xt < y|Xo = z) are expressed in terms of Bessel
functions (see [20, p. 415]), which explains why the process is called the “Bessel”
process.
Let us also note that for all @ > 1 the Bessel processes are (non-negative) sub-
martingales.
In case a > 2, the boundary point & = 0 is the entrance boundary, which allows

one to use the Ité formula for 1/Y;(z2) which for Xi(z) = 1/Yz(z?) leads to the
following stochastic differential equation:

-1 dt

(26) dXt(IB) 2 Xt( )

+ dB;, Xo(z) =z >0.

This equation has a strong solution not only for @ > 2 but also for all o > 1 (see [20]),
which coincides with VY, Y € Besq®(x2). Thus equation (2.6) can be considered to
be a constructive method of describing Bessel processes for o > 1. The situation is
more complicated for o < 1. If o = 1, then the corresponding Markov process X (z)
has the infinitesimal operator L = £d?/dz?, and the point z = 0 is the reflecting
boundary. It is well known (see [20]), that such a process can be realized in the
form X;(z) = |B; + z|, i.e., as the Brownian motion, starting at the point > 0
with reflection at z = {0}. The corresponding analogue of equation (2.6) here is the
stochastic differential equation with reflection:

2.7 dX; =dL{(X)+dB;,  Xo(z) ==,

where L?(X) is the local time of the process X at zero; see also §4. If 0 < a < 1,
then in this case (unlike the case a > 1) the Bessel processes X (z) € Bes®(z) are
not semimartingales (i.e., processes which do not permit a representation as a sum
of a local martingale and a process of locally bounded variation). However, they still
permit a representation of the form

a—1
-y,

where again B = (By);>0 is a standard Brownian motion, and H = (Hg)s>o is a
process of locally zero guadratic variation. (In [11], [12] such processes are called
Dirichlet processes.) Moreover, the process H can be described as follows ([2]-[5],
[26]):

tods a.. [TIXy>e)
(29) Ht—p.V. A Z—('x—)-—lalﬁ)l/ ——)-(—R;)—-ds.

Let {L?,a > 0} be a family of local times of the process X. It is well known (see
[20]) that for each non-negative Borel function ¢ = ¢(a), for a > 0,

(2.10) /0 p(X;s)ds = /Ooo ¢(a)a® 1L (da).
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Taking this property into account, the process H = (H:):>o (as “a principal value”
in the sense of Hadamard (2, p. 232] and [26, p. 121]), can be defined in the following
way:

oo} oo
(2.11) H; = lim / LYa**da = / (L¢ — L)a**da.
€l J, 0

In case @ = 0, the point £ = 0 is a trap (absorbing point) for the process
X € Beso(m), z > 0. In this case the square of the process, Y = X2, satisfies the
equation

dY; = 21/Y;dB,

and is a martingale.
In case a < 0, the corresponding equation for Y = X2 has the form

dY; = adt + 2/Y,dB;

and, consequently, this process is a non-negative submartingale which after reaching
the point x = 0 stays there. (These remarks explain M. Yor’s point of view that in
case a < 0 the study of the properties of the process X can be easily carried out by
studying the properties of its square, Y = X2.)

3. The case when a > 1
1. Let X € Bes®(z), where a > 0,z > 0, X; = Xi(z), S; = Si(z,s), x <s. We

denote

(3.1) V(z,s) =supEg s[S; — c7],

where the sup is taken over all finite stopping times 7, and E, ; means the expectation
under the assumption Xo(z) = z, So(z,s) = s, £ < s. (We now reserve the notation
V2&(z, s) for the function given in Theorem 2.)

From (3.1) it follows that V(z,s) > s. If @ = d is an integer, then from (2.3) we
find that, for each finite stopping time 7,

E; Sr =ES;(z,5) <sVEmax X,(z) < sV d(Esup]BH + ;v)
r<7 r<T

According to Doob’s inequality, Esup,, |B}| < 2VEr. Therefore, from (3.1) it
follows that

(3.2) E; s[Sr —cr] < s+ dx + 2dVET — cET.

It is clear from this, that in taking the sup of 7 in (3.1) it is sufficient (in the case of
integral a =d = 1,2,...) to consider only T with ET < oo.
From (3.2) it also follows that

2
supE[S;(z,s) —cT] <s+d-z+ d?

Thus (for integral « =d = 1,2,...)
2

2
(3:3) SSV(w,S)SS+d-w+%—SS[l+d]+d?.
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Using the comparison theorem (see [20, Chap. IX]) for solutions Y € Besq*(y)
and Y € Besq[°‘1+1(y) of equations (2.1), we find that for each  sup in (3.1), it is
sufficient to use only those 7 for which ET < oo and (3.3) holds with d = [@ A 0] + 1.

2. From (3.1) we find that (with the function V,*(z, s), given in Theorem 2)
V(z,s) <supEg [ST - V3 (X, ST)] +supE; 4 [Vf‘(XT, S:) — cr]
(3.4) <supEg [V;‘"(XT, Sr) — CT] ,
. T

where we used the fact that V,%(z,s) > s. Therefore, to prove Theorems 1 and 2 it is
sufficient to show that

(A1) for each (admissible) stopping time T (with ET < 00),
(3.5) E. s [V (X7, S;) —er] SV (z,8), 0<z<s,

and
(Az2) for the stopping time T4, given in Theorem 1,

(3.6) E; [Sr, — cti] = V3 (x, s), 0<z<s.

Before checking the validity of properties (4;) and (A2) let us make a number of
preliminary considerations, which explain the appearance of equations (1.7) and the
form of the functions V#(z, s) in the conditions of Theorem 2.

Finding “the value” V(z,s) in problem (3.1) can, generally speaking, be carried
out within the common theory of optimal stopping rules of the Markov processes with
continuous time (see, for example, [28], [27], [33]). Without specifying the exact cor-
responding formulations concerning the possibilities of applying the general theory to
the Markov process (X, S) under consideration (eventually when establishing the (A;)
and (Ag) properties we shall act otherwise, using the results of the general “Markov”
theory of optimal stopping as guidelines in combination with “martingale” methods),
let us remember, that the value V(z, s) satisfies, for each point (z, s), the equation

(3.7 V(z,s) = max {Vo(z, s), (Tr@w)V)(z,s) — cEgs7(v)},

where v = v(z, s) is “the sufficient by small” neighborhood of the point (z, s), 7(v) is
the time of the first exit of the process (X:(z), Si(z,s))t>o from this neighborhood,
(Tr@w)V)(x,8) = Eg s V(X;(0)(2), Srw)(x,5)) and (in the given case) Vo(x,s) = s is
the gain from stopping without observation. (See, for example, [27, Thm. 5] and [33,
Chap. I11].)

It is also known ([28], [27], [33]), that in “regular” cases the optimal stopping
time 7, has the following structure:

T = inf {t: V(X3, St) = Vo(X, Sh) },
i.e., T« is the time of the first hit in the “stopping domain”
D, = {(z,s): V(z,s) = Vo(z,s)}.
In the domain of “continued observation”

Cu = {(z,5): V(z,5) > Vo(z,9)},
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it follows from (3.7) that the value V (z, s) satisfies the equation
(38) V(2,5) = (Tro)V)(@,5) — cBa a7 (v),
which implies that

(3.9) AV (z,s) =c,

where A is a characteristic operator of the Markov process (X, S) (see [29] and [33,
Chap. 111, §8].)

In connection with (3.9) let us consider the structure of the process (X,S) =
(X¢(z), S¢(z, 5))e>0 in greater detail.

If, for t = 0, Xo(z) = z, So(z,s) = s, where z < s, then the process (X, S)
begins moving along the horizontal Hs = {(y,s): 0 <y < s}. So that until the time
os = inf{t: X; = s} only the first component X of the process (X, S) is changed, and
the second component being unchanged remains equal to s. Getting to the diagonal
A = {(z,s): = = s}, the process (X, S) begins to move in a strange way both along
the diagonal upwards and leaving it and starting to move along higher horizontal lines.

Thus, in a certain sense, the two-dimensional Markov process (X, S) considered
is degenerate (wandering along horizontal lines for x < s with a “rise” to higher
horizontal lines at the times of getting into the diagonal A = {(z, s): = = s}).

Let us also notice that the component X is a diffusion type process. At the same
time, the component S is the process of a locally bounded (almost surely) variation.
It is interesting to emphasize that the degeneration of the process (X, S) considered
turns out to be, as it will become clear from further analysis, a favourable circumstance
which allows one to give a closed solution of the optimal stopping problem in the “two-
dimensional problem (3.1)”.

3. In the domain of continuation of observations C, the value V(z,s) satisfies
equation (3.9). Therefore, if z < s and it is a priori known that the function V'(z, s)
is sufficiently smooth on z, then equation (3.9) becomes the equation

LV(z,s) =c,
where L is the infinitesimal operator of the process X, defined by formula (1.1), i.e.,

a=10V(z,s) 18°V(z,s) _ .
2z Oz 2 0z2

The general solution of this equation (for a fixed s) is defined, as one can easily
see, by the following formulas:

(3.10) 0O<z<s.

if & = 0, then

(3.11) V(x,s) = cz?log x + a(s)z? + b(s);
if @« = 2, then

(3.12) V(z,s) = Sa? 4 a(s)logz + b(s);

2
if a(a —2) # 0, then

(3.13) V(z,s) = §m2 + %f_—)g +b(s),

where a(s) and b(s) are undefined (for each s) constants, subject to a definition.
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(0,0) z
FiG. 4. The dividing curve g«(s),the stopping domain D, and the domain of continued obser-
vation Cyx = CLUC?2.

Considerations leading to their determination, consist of the following.
Equation (3.10), determining V (z, s), “acts” in the domain of “continued obser-
vation” C,, which, as follows from the general theory, must have the form

Cy = {(z,s): V(z,s) > s}

and thus being dependent on an unknown function V(z, s), is unknown as well.

The guideline for the next step is the leading idea that the domains C, and
D, = {(z,s): V(z,s) = s} are divided by some (for the present unknown) boundary
9x = g«(s), where D, has the following form (see Fig. 4):

D, = {(z,s): 0<z <5, 8. <, z<guls)}.

An intuitive argument for the likelihood of existence of such a dividing boundary
consists of the following.

If some point (g, o) belongs to D,, then all the points (z, s) with z < z¢ and
s > so must (according to the meaning of problem (1.4) considered) also belong to
D,. (Recall that in case o < 0 the point g = 0 is a trap for X € Bes*(0) and,
consequently, all the points (0,s0), so > 0, belong to the domain D,.) Further, if
one supposes that the point of the diagonal (zg, sg) with zg = sg > 0 belongs to
the domain D,, then, consequently, the observation must be stopped immediately
and the corresponding value V(sg,s9) = so. Let us consider, however, the stopping
rule according to which an observation takes place during some small interval of time
A and at the time A the observation is stopped. Then up to a stochastic quantity
of order o(A) the quantity Sa = so V maxu<a X, coincides with sg V (so + AX),
where AX = Xa — Xo. If AX < 0, then Sa = sp + 0(A); but if AX > 0, then
Sa = so + AX + o(A). Hence, one can conclude that

Eg.50[Sa — cA] =50 + Egy 50[Sa; AX < 0]+ Eg, 5,[Sa; AX > 0] — cA + o(A)
=580 + Egy 5, [AX; AX > 0] —cA+0(A)

[ A
(3.14) =50+ o cA + o(4),
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where we used the fact that, for X € Bes®(sp), so > 0,
A
(3.15) E. (AX; AX >0) = E,,AXI(AX > 0) ~ /%,

In view of the fact that the right part of (3.14) contains the quantity VA, we see
that at least for rather small A it is more advantageous not to stop the observation
instantaneously (at the point (sg,S¢), So > 0) but to realize the observations. Thus
the points of the diagonal (s, sp), so > 0, must belong to the domain of continuation
of the observation. (If & > 0, then the point (0, 0) also belongs to C..)

Along with the unknown functions a(s), b(s), in (3.11)-(3.13), the boundary
g« = gx(s) is also unknown and, consequently, we need at least three conditions for
their determination. One of these conditions that of the continuity of the value at the
boundary is “quite obvious”:

(3.16) V(z,8)|atg.(s) = 8-
The condition of “smooth pasting” used later,

(3.17) V(z,s) =0,

Oz z7gx(s)

is less obvious, it states that the derivative of the value with respect to  on ap-
proaching the boundary must coincide with the corresponding derivative of the gain,
obtained from the instantaneous stopping (i.e., coincide with Q/%:ﬁl 2 1g. (s)» Which in
the given case is equal to zero, since Vp(z, s) = s).

Remark. As far as we know the condition of “smooth pasting” was used for
the solution of concrete problems of statistical sequential analysis in the thesis of
V. S. Mikhalevich (1955) (see also [19]) and A. N. Shiryaev (1961), done in Moscow
under the leadership of A. N. Kolmogorov. This condition was used in 1961 in the
works of H. Chernoff [6] and D. Lindley [16], and in 1965, in the works of P. Samuelson
[22] and H. McKean [18] in connection with options of “American type”. In the work
of V. Benesh, L. Shepp and G. Witsenhauser [1] applications and (and a survey) of
this condition to problems of optimal control are given. See also § 38 in [33], where
one can find a number of references to corresponding publications, and the paper [27],
devoted to a systematic study of analytical methods of the solution of problems of
optimal stopping by means of their reduction to “Stephan’s problems” (for parabolic
equations with moving boundaries).

Finally, the third condition of normal “reflection” on a diagonal used later

oV (zx,s)

Os =0

S=T

(3.18)

is suggested by the following considerations based as in (3.15) on “the effect of VA”.

Let us suppose that the value V(z, s) is a rather smooth function. Then consid-
ering the evolution of the function V(X;, S;) for t < A and Xo = 5,5 = s, s > 0,
we come to the following expression based on the formula of complete probability and
Tailor’s decomposition:

V(s,8) = —cA+E;[V(s+ AX,s)|AX < 0P s(AX <0)
FE, V(s + AX, s+ AX)|AX > 0P, ((AX > 0) +0(A)
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2
= —cA+V(s,s)+ £955—2-/—(.5‘,.5‘)E8SAX+ a4

2 dz2 Bo,s(AX)"

(3.19) + %—‘:—(s, s)E(AX; AX > 0)+ o(A).

Since E; sAX ~ "‘2—‘81A, E;s(AX)? ~ A and E, ;(AX; AX > 0) ~ /A/(27), we
find from (3.19) that

—c\/z+ (s s) \/—+;(21;'\/——+6V s)\/7+o
It is clear from this that passage to the limit as A — 0 leads to the condition
(3.18). (This condition can also be obtained by the methods used in the proof of
Theorem 8 in [27].)
Thus for the determination of the three unknown functions a(s), b(s), and g.(s)
we have three conditions (3.16), (3.17), (3.18).
At first let a(a —2) # 0. Then from (3.13) and (3.16), we have

(3.20) —m@+ a(s) | p(s) =
957%(s)

Condition (3.17) gives
2c (2 — a)a(s)

3.21 — g« =0.
Therefore,
_ 2cg2(s)
als) = ala—2)
and

b(s) = s — ai2g*(s).

Thus for g«(s) < z < s (i.e., in the domain C} in accordance with Fig. 4) for

ala—2) #0,

(3.22) Vi(z,8)=s+ 2(“’2 — 92(s)) + jfj*(szz) [(g*f))a—z - 1]'

Finally, taking into account condition (3.18), we find that g, = g.(s) is a solution of

the equation
I C

Similar considerations for the case & = 0 lead to the same equation (3.23). In case
a = 2 we find from (3.12) and (3.16)—(3.18) that g. = g.(s) is the solution of the
equation

(3.23)

(3.24) 2cg(s)g’(s) log ﬁ =1,

which, as has been already mentioned, belongs to the family (3.23), understood, for
o = 2, as the result of formal passage to the limit as o — 2 — 0 (taking into account
that [L — z°]/8 — log (1/z), B8 — 0, z > 0).
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In case a(a — 2) = 0, the corresponding expressions for V.*(z, s) in the domain
C} are obtained analogously and are given in (1.14), (1.16).
If a = 1, then equation (3.23) takes the form

1
!

(3.25) 2¢g’(s) Py
the general solution of which was described in §1, Corollary 1 to Theorem 1. In the
general case (a 7# 1), it is probably impossible to find solutions of equations (3.23) in
closed form. However, we can give additional conditions, which allow us to “reduce”
the set of solutions, among which we have to look for “the needed” solution g, = g.(s).

In fact, it has already been mentioned in §1 that the value V,*(z, s) satisfies the
inequalities

k)

2
(3.26) s <V2(s,8) <s[l+d + d?

with d = [a@ V0] + 1.
If a(a —2) # 0, then from (3.22) and (3.26) we find, denoting h.(s) = g«(s)/s,
that if V,*(z, s) is determined by means of formula (3.22), then the inequalities

2ch?(s)
ola—2)

2

(3.27) < 202

w |-
» | =

<=+ =[1-R2(s)] +

c
a
must hold. Assume now for simplicity of considerations that ¢ =1 and a = d = 3 (the
considerations in the general case are analogous). Then (3.27) becomes the inequality

1 1 1 2 4 9
3_3+3+3m@)h4a_5+§
from which it follows that
L 2\,3 2
= +limsup || = |h2(s) — hi(s)| =0
3 500 3
and
| S AR 2
3 + lim inf 3 hi(s) — hi(s)| = 0.

Let h = limsup,_,, h«(s) and h = lim infs_,o hs(s). Then from the two last relations
we find that

1 2—-3 2 _ 1 2 3 -2 _
(3.28) 3+§h h* =0, 3+3__ h =0
and, consequently,
(3.29) §ﬁ+#=§ﬁ+f.

Since one must have g,(s) < s, then h < h < 1 and it follows from (3.29) that
7 = h. Denoting a = h we find from (3.28) that (a —1)%(a + 3) = 0. Consequently,
h=h =1, ie., “the optimal” boundary g, = g.(s), dividing the domains of stopping
the observation D, and of continuing the observation C,, must satisfy the property

(3.30) mn%?=L

8§—00
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which gives the condition at infinity for equations (3.23) and (3.24) and selects in the
family of their solutions that solution (moreover, the only one) which is in keeping with
the problem under consideration. (The existence and uniqueness of such a solution
can be obtained by standard methods of the theory of differential equations of first
order, see, for example, [30, Part 1, Chap. I].)

4. Let s, = s«(c) be the root of the equation g.(s) = 0, where g. = g«(s) is the
solution of equation (1.7), satisfying condition (3.30) at infinity.

In accordance with Fig. 4 and the above arguments, in the domain C} the function
V&(z, s) is given by formula (3.22). If the observation begins at the point (z, s) € C?,
then (with the exception of the point (0,0) which is a trap for a < 0) stopping of the
observation can be realized only after getting into the domain C} by passing through
the point (s., $x)-

Therefore, if V,*(s4, $«) is the value under the assumption that the observation
begins at the point (s., s.), then the value V,%(z, s) for (z,s) € C? and a > 0 will be
determined by

(3.31) Vi (z,8) = VI (Sx, 84) — By 504,

where o, = inf{t: (X¢, St) = (8«,84)}-

The quantity E; ;0. can be determined from the following considerations.

Let X € Bes®(z), o > 0. Then the process Y = X? satisfies equation (2.1) and,
consequently, the process (Y; — Yy — at);>o is a martingale.

Thus, for each ¢t > 0,

Eo,s[Yount — 22 — a(ox At)] =0.
Then
(3.32) 0B s(04 A1) = Eg s[Yo, at — 27 (< 82 — %)
and, according to the Fatou lemma,
2

2
s2—z
E; 0, < =

< 00.
a

The finiteness of E, ;0. enables one to go to the limit as t — oo in (3.32) which gives
for E; ¢0. the following expression:

(3.33) E, .00 = 22

Since g.(s«) = 0, we have from (3.22)
o _ E 2
V; (8*’3*) = Sx + Ots*'
Together with (3.31) this yields (for each point (z,s) € C2? and a > 0)
(3.34) V(z,s) = s« + gmz,

which explains the appearance of this expression in (1.13) in case (z,s) € C2.

5. After these preliminary remarks let us proceed directly to the proofs of Theo-
rems 1 and 2 for the case when o > 1.
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In this case the Bessel processes X € Bes®(z) may be considered as solutions of
the stochastic differential equation (2.6).

The process (X, S) is a two-dimensional semimartingale, where the first compo-
nent is a diffusion-type process, and the second a process of locally bounded variation.
For the function V,*(X¢, St), where V,%(z, s) is given in (1.13), it is possible to apply
the Ité formula ({20, Chap. IV, §3]; [13]), which gives the expression (omitting the
index o in V@ for simplicity)

t
Va(Xs, S) = Va(Xo, S0) + / (LV.)(Xr, S,) dr
0

(3.35) +/ aV*(Xr,S)dS + %V*(XT,S) dB,,
0 0

where (see (1.1) and (2.6))

1{a—-108V, 0%,
(LV2)(z,9) = 2( z oz T 6:(:2)

and the stochastic integral with respect to dB, is a local martingale. For the function
Vi(z, ), given in (1.13),

(3.36) (LVy)(z,8) = ¢, (z,s) € CYUC?,
and
(3.37) (LVi)(z,s) =0, (z,s) € DN {(z,s): z>0}.

Therefore, for each finite Markov time 7 we find, from (3.35)—(3.37), that
(3.38) Vi(X»,S,) < Va(Xo, So) + 7+ / %"-(Xr,s,)ds, + / %l;i(xr,sr) dB,.
0 0

Note that in this case

T BV* _
(3.39) /0 (X1, §1) dB, =,

since if X, = S, then ‘W* = (X, Sy) =0 (see (3.18)); if X;» < S, then for all £ > r such
that t < inf{n > r: X = S} the process S does not change and thus the increment
St - Sr,- = 0

Hence from (3.38) and (3.39) it follows that, for each stopping time with E; ;7 <
0,

T
(3.40) E; sVi(Xr,Sr) — cEg o7 < Vi(z,8) + Em,s/ %%(XT, S;) dB.
0
Let us consider the stochastic integral in the right part of this inequality. We have
/ £E)l/i(Xr,Sr) dB, = T oV, — (X, Sr) I ((Xr,S,) € Cy UC?) dB
0 oz 0 or
=3‘5/ X.I((X,,S,)€CluC?)dB

(3.41) / X}g2(S;) I ((Xr,Sr) € Cy) dB,.
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If (X,,Sr) € C2, then X, < S, and, therefore, for each 7 with E; 7 < oo (even if
E, s\/T < 00; see [20], [31])

(3.42) E,, / X I1((Xr,S,) € C?)dB, =0.
0

In the same way, if (X,,S,) € Cl, then g(S,) < X, < S, and thus X}~ %g%(S,) <
X, £ S;. Therefore, if one can prove that for each 7 with E; ;7 < oo the inequality

- 1/2
(3.43) Ex,s( / S,%dr) < o0
0

holds, then from the Burkholder-Davis—Gundy inequality ([20], [31]), for local mar-
tingales, stopped at the time 7, we will have the expression

E;; /0 ’ X I((Xr,S,) € Cl)dB,
(3.44) +Bas [ XIS (X8, € 1) dB, =0,
which together with (3.42) proves that
(3.45) E,, /0 ’ %(XT, S,)dB, = 0.

To prove (3.43) note that

T 1/2
Ez,s(/ S%") < Ex,s(sg ' 7')1/2 < (Ea;,ssz . E@sﬂr)l/?,
0

where
2 2
E;S2=E(s* A max |Xr(z)|") < 8* + EIPgai( | Xr ().

If @ > 1 and is an integer (@ = d), then for the estimation of Emax,<, | X, (z)|?
one can use (2.3) which together with the Doob inequality (Esup,,|Bf|* <
4E(B})? < 4E7) leads to the inequality

(3.46) E max X, (x)|° < 22 + 40Er.
TST

If @ is an arbitrary non-negative number and X € Bes®(z), then from the com-
parison theorem for the solution of (2.1) we obtain (see, for example, [20, Chap. IX,
§3]) the validity of the estimate (3.46) with d = [a] + 1.

Thus (3.43) has been established. Hence we have inequality (3.44), which together
with (3.42) proves property (3.45). By virtue of (3.40) this proves (3.5), i.e., the
property (A;). Let us show that for 7, given in Theorem 1, we have (3.6), ie.,
property (As). By analyzing the preceding proof of (4;) we notice that the inequality
in (3.38) arose because, for each T,

/ (LV) (X, Sp)dr < cr.
0
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However, for 7 = 7, we have equality, because (LV,)(X,,Sr) = cfor r < 74 in

accordance with (3.36), if (Xo,Sy) € C} U C?. Together with (3.39) this leads to the
equality
Tw a‘/*
(3.47) Vi(X+,,S5) = Vi(Xo, So) + e + —a—;(XT, Sy) dBy,
0

which holds for all (Xo, Sp) (in case (Xo,Sg) € D, this equality is obvious). Thus,
all that is left to prove for (As) is to establish that E, ;7 < oo, (z,s) € C} U C2.
Since, as was shown above (see (3.33)), E; ;04 = (s2 — 2%)/a < oo for (z,s) € C?, it
is sufficient to prove that E, 47, < oo for (z,s) € C}.

In the domain C}, where g.(s) < z < s, the function m(z,s) = E, ,7* is, for
each fixed s, the solution of the differential equation

(3.48) Lm(z,s) = -1

(see Theorem 13.16 in [29]), satisfying the boundary condition limg g, sy m(z,s) =0
and the condition of normal “reflection” from the diagonal

om(zx, s)

Os =0

Tr=s

(see, for example, [21, Chap. V, (6.7)]).
Taking into account these facts we readily find that

(3.49) m(w,s)=~§($2—gf(8))— 20%(s) [(g*(s)>a~2~1], (z,5) € CL,

ala—2) z

which, in particular, yields the required finiteness of E; s7..
Thus the optimality of 7, is established in case o > 1.

4. The case when a = 1. Optimal stopping of the Brownian motion
with a drift and instantaneous reflection

1. In case o = 1, the Bessel process X = (X;(x))t>0, * > 0, is a Markov process
with the infinitesimal operator
_1a

(4.1) = S dRe

x>0,

and the boundary point x = {0}, which is a reflecting boundary. It is well known
([20, p. 81]) that such process can be realized as the modulus of a Brownian motion
(Bo = 0)

(4.2) Xi(z) = |z + Byl
Using Tanaka’s formula ([20, Chap. VI, § 1]) we find that

t .
(4.3) |x+Bt|=x+/ sign (z + B,)dB; + LY,
0

where L® = (L?):>0 is a continuous increasing process (local time of the process
(z + Bt)t>0 at zero), and signz = 1 for x > 0 and signz = —1 for x < 0. Property
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(4.3) can be reformulated saying that the (non-negative) process X (z) = (X¢())t>0
is the solution of the stochastic differential equation with reflection,

(4.4) dXy = df, +dL{(X),  Xo(z) =z,

where 8 = (B;)s>0 is the Brownian motion process, and L0 = (LY(X ))t>0 a continuous
increasing process with L§(X) = 0 and

(4.5) /0 ” X.dL%(X) =0.

(It would be more correct to say that the process X (z) is the first component of “the
process with reflection (X, L°(X))”, satisfying equations (4.4) and (4.5)); see [32], [20,
Chap. IX] or [21, Chap. V).

Below we shall not only prove Theorems 1 and 2 for the given case a = 1, but also
examine a somewhat more common case, considering the process X (z) = (X¢(x))t>o0,
which is the solution of the stochastic differential equation

(4.6) dX; = pdt + dp, + dLY(X),  Xo(z) =2 >0,
t

where L(X) satisfies condition (4.5). (If Xo(z) = x > 0, then the process X behaves
“locally” as the Brownian motion 3; with the drift ut.) Let us assume, as above, that
S¢ = Si(z, s), where

4.7 S¢(z, 8) = max {s, sup Xr(x)},
r<t
and let
(4.8) Vu(z, s) = sup Eg s[Sr — c7].
T

THEOREM 3. Let p < c and
1 ©
(4.9) K= ~5.1og (1 - Z)‘

In “problem (4.8)” the optimal stopping time 7, exists and can be taken in the form

(4.10) 7, = inf{t: S; — X; > K,}.
Thus
8 (z,8) € D,,
(411)  Vi(z,s) = s+ ii[emt(gu(s)—x) - QN(gM(S) — w) _ 1], (z,8) € C’,l‘,
Ky + —/c;:c + —2% [e72* —1], (z,s) € C2,

where g,(s) = s— Ky, Dy ={(z,s): s>z+K,},C\,={(z,5): s—K,<z<s, s>
K.}, C:={(z,s): 0<z<s<K,}

COROLLARY. For p = 0 the value V,,(z,s) coincides with the function V.}(z,s),
given by formula (1.13) for a = 1. In case (x,s) = (0,0),

1
(4.12) Va(0,0) = K,y =~ log (1 - ﬁ) — = u—0.
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Preliminary consideration. The infinitesimal operator L of the process X (x),
satisfying the equation (4.6) has the form

Using the same scheme of establishing the value V(z, s) as in the case p =0, o =1,
we find (compare with (3.10)), that (under the a priori assumption of “smoothness”
of the value) V,(z, s) satisfies the equation

oV(x,s)  10*V(x,s) _
5z 2 82 ©

the common solution of which (for each fixed s) has the following form:

(4.13)

(4.14) V(z,s) = a(s) + b(s)e 2+ + l%:v
We shall find the independent constants a(s), b(s) and the boundary g = g(s) (compare
with the case u = 0, = 1, considering § 3) from the additional conditions

(4.15) Viglshe) =5, lolshs) =0, (s5)=0

and the assumption of “smoothness” of the boundary g = g(s) and the value. From
the second condition and (4.14) we find that

(4.16) ﬁ = 2ub(s)e=219(®),

From here and from the first condition in (4.15) we see that
c ¢

Finally the third condition in (4.15) gives

(4.18) V(s) = —a'(s)e?.
From (4.16),
(4.19) b (s)e 249() — ﬁg’(s) =0,

and from (4.17),
(4.20) a'(s) + Eg'(s) = 1.
Formulas (4.18)—(4.20) give the equation for g = g(s):
(4.21) fg'[l —e2M99)] = 1,
7
It should be noted that as p — 0 this equation takes the form of the equation

1
r—
(4.22) 2¢cg’ = P
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from Theorem 1 in §1 (see (1.10)).

We see directly that equation (4.21) has (in the class of solutions g = g(s), such
that lims_, (g(s)/s) = 1) the solution g(s) = s — K, where the constant K can be
readily found by substituting g(s) = s — K in (4.21):

SH-e K] =1,

Consequently, K = K, = —log(1 — p/c)/(2u). Finally, from (4.17) and (4.18) we get

c [+
(423) a(s)=s~— m -—;(8"-Ku),
_ € ous-K
(4.24) b(S) = me #( ").

From (4.23), (4.24), and (4.14) we obtain the representation for V,(z,s) in the
domain C}, As to the representation for V,,(z,s) in the domain C’f‘, one must note
first that in this case (for (z,s) € C2)

(4.25) Vi(z,s) = Vu(Kp, K,) — cEg 504,

where (see Fig. 5)
Oy = inf {t: (Xt, St) = (Kll’ Kﬂ)}

Thus, since (K, K,) € C} and

c
(4.26) Vi(Eyu, Ku) =Ky + %2 [e72#5w + 2uK), — 1],

it suffices to find ]TIM (z,5) = Eg 40,. In the domain Cﬁ, the function M“(x, s) satisfies
the equation

oM 10°M
(4.27) pg (2:8) + 55 (x,8) = —1
for 0 < z < s with “reflection” conditions
om| oMl _
oz |, 08 |,—s

and M(K,, K,) = 0. The common solution of the equation (4.27) has (for u # 0)
the following form (compare with (4.14) at ¢ = —1):
1
M = —2uz __ —_
(z,8) = a(s) + b(s)e e
Taking into account the above-mentioned additional conditions, we can readily find
that

~ 1
(4.28) M,(z,s) = 2—;2 [e28u — e=2me] 4 ;(K" —z).

Using this expression and (4.26) we derive from (4.25) the representation for V,,(z, s)
in the domain C2 (see (4.11)).



Downloaded 07/27/16 to 130.91.118.71. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

248 L. E. DUBINS, L. A. SHEPP, AND A. N. SHIRYAEV

2. After these preliminary considerations suggesting the possible optimal stopping
time and the structure of the value, we proceed to prove Theorem 3 using the same
scheme as in Section 5 in § 3.

Proof of Theorem 3. Bearing in mind representation (4.6) and taking into account
the possibility of using It6’s formula for V,(z, s) (see [20, Chap. IV, §3]) we obtain

0%V,

52 L dr

V(X S,) = V(Xo,So)+/ 6V“(a:r,S)dX +/ Vi (x,,8.)dS, + - /

i 2
=vu(Xo,so>+/< Wa y 10Vay g, +/ Do (x,.5,) a5,
0

2 Ox?
BV,L
or

The last integral is equal to zero since S “increases” only on the set {r: X, = S,},
but —'i(s s) = 0. Similarly the last but one integral is equal to zero since L°(X)
increases on the set {r: X, = 0}, and 2‘—/*i(O s) = 0. Note that LV,(z,s) < c for all
(z,s) (in the domain C}, U 02 LV, =c, but in the domain D, LV, = 0). Therefore,
for any Markov finite tlme T 1t follows from (4.29) that

(429  + (X, 8, dLY(X) + / L (X,.5,)ds;.
0 0

TV,
(4:30) VulXe, $7) < VKo, So)+er+ [ TR, 51)ds;
and then (under the assumption E; ;7 < 00)
oV,
(4.31) E;Vu(Xr, S7) —cEp ot < Vy(z,8) + Eg s %(Xr, Sr) dB;.
0
Thus in order to prove the property (A1) (see (3.5)) it is sufficient to show that
TV,
(4.32) E;, / 6—”(XT, S;)dpr =0,
0 T
or, equivalently, that
E.. / i-[1 — Pu(E=Xe=K| I (X,, S,) € CL) df,
0
-
(4.33) +Eqg, / 5[1 — e X I ((X,, S;) € C2)dB, =0.
0

In the domain C, we have —K, < S, — X, — K, < 0. And in the domain C7, 0 <
X, < K. Therefore, for any p # 0, p < c, the integrands in the stochastic integrals
in (4.33) are bounded and, consequently, the assumption Eg ;7 < 0o ensures the
fulfillment of equality (4.33). The case p = 0 is considered in a similar way.

Thus, property (A;) holds for all p < c.

Now let us consider 7, = inf{t: S; — X; > K,}. Asin §3, to see that property
(Az2) is satisfied for this stopping time it is sufficient to establish that E; .7, < oo.
This follows directly from the following representation for M, (x,s) = BEg s7,:

My(z,s)

1
W i—(s —z—-K,)+ T (e2#Kn — e2n(s=m)), (z,5) € C}
: 1 1
_—2N2 (e‘z‘” +2uz +1) + —2 2( 2uKu 4 e_z“K"), (z,s) € C?



Downloaded 07/27/16 to 130.91.118.71. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

OPTIMAL STOPPING AND MAXIMAL INEQUALITIES 249

to prove which it is sufficient to note the following.
In the domain C’}L, the function M, (z, s) satisfies the equation (4.27) with condi-
tions

oM
—6—3— ——O, M(S—KM,S)—O.

r=s
We immediately verify that the first formula in (4.34) gives M, (x,s) in the domain
C’;. As for the representation of M, (z, s) in the domain Cﬁ, it follows from

—_

M, (z,s) = My(z,s) + Mu(K,, K,), (z,8) € Cﬁ,

where M, u(z, s) is determined in (4.28), and M, (K, K,) is determined from the first
formula in (4.34).
We point out a number of simple corollaries directly following from (4.34):

1
(4.35) M,(0,0) = o €24 4 ¢~20Ku _ 9],
Thus, assuming u — 0, we see that

(4.36) Mo(o, 0) = Eo,oT* = @,

where 7* = inf{t: Sy — X; > 1(2¢)}. As u — 0, (4.34) also yields

wn e = {96 230G

Thus, properties (A1) and (Ag) are established, which proves Theorem 3.

3. The above-mentioned method of formulating the optimal stopping rules for
Brownian motion with drift and reflection (see equation (4.6)) can be used in the case
of Brownian motion (with drift) on the whole straight line R.

Namely, let X (z) = (X¢(x))¢>0 be a process such that

(4.38) dXy = pdt + dpy, Xo ==z,

where 8 = (Bt)t>0 is a process of Brownian motion and —oo < < 0o. Set S(z,s) =
sV max,<: X, () assume that s > 0, and let

(4.39) W, (z,s) = sup E; 5[Ss(z, s) — co].
o
THEOREM 4. Let u < ¢ and
1 M
= ——log(1 - 2).
K, 2% log( c)
The optimal stopping time o, in problem (4.39) exists and can be taken in the form
o, =inf{t: Sy — X; > K, }.

Moreover,

S, s—x 2> Ku,
(440)  Wy(z,s) = {s + 2_;_2{e2u(gy(s)—w) —2u(gu(s) —2) — 1], s—z <K,
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where gu(s) = s — K.
The proof is basically the same as that of Theorem 3 and, therefore, is omitted.

4. Let us compare the results of Theorems 3 and 4 in case p = 0. Then, from
(4.11),

s, s—x>1/(2¢),
(4.41) Vo(z,s) = { c(x —8)% + x4+ 1/(4c), §>1/(2¢), s—x <1/(2c),
cx? +1/(2¢), 0<s<1/(20).

and from (4.40)

s—z>1/(2¢),

(4.42) Wo(z,s) = { sz -8 +z+1/(4e), s—z<1/(2).

In particular,

1 1
4.43 V6(0,0) = —, Wyp(0,0) = —.
( ) 0( ) ) 2’ 0( 10) de
We have also
1
(4.44) Eo’oT() = 56—2’ EO,OUO = ZEE

(The first formula follows from (4.37), the second from E; ;00 = 1/(4c?) — (z — 5)2.)
Thus

1
(4.45) supE[rglggclBA - CT] = %
and
(4.46) Efmax B, — co] = —
. sup Ejmax B, — co] = .

5. The case when a < 1
1. This case should be divided into two: 0 < @ < 1 and a < 0. This is

connected with the fact that in the first case the domain C, consists of two subdomains,
C, = Cl U C?, and the point s,, 0 < s, < 1/(2c), and in the second case, @ < 0, the
point s, = 0 and the domain C? = &.

As we have already mentioned in §2 in case 0 < a < 1 the process X € Bes®(z)
is not a semimartingale since it is a Dirichlet process. This is connected with the fact
that in order to apply the traditional “It6 formula” for the nonsemimartingale (X, S)
one must give a special proof which is derived in [3] and [11].

We point out, however, that the functions V(z, s) = V,*(z, s), defined in (1.13),
actually depend on x through y = z2? and, therefore, one can apply to the process
U(Y:, St), where U(y, s) = V(z,s), y = x2, the traditional semimartingale It6 formula
(since Y is a semimartingale and U (y, s) is a sufficient by smooth function):

toU
U(Y:, Sp) =U(Yo, So) + / Gy s Sr) Y-
0

t U t10%U
+ /0 X (v,.5.)ds, + /0 3 3o (Ve S A, dr
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2
~00 s+ [ fa aU(Yr,s>+2Y§,Z(n,sr>] dr
0
oUu
(5.1) / 5+ [ 6 Y (%, 5,)V/%; dB,.

Remark. In case a > 1 one could also operate with the process Y and not with
the process X. However, in our case we preferred to deal directly with the original
process X which corresponds better to the sense of the problem under consideration.

The expression in square brackets in equation (5.1) is equal to zero in the domain
D, and is equal to c in the domain C,. As in the case a > 1 the integral with respect
to dS, is equal to zero and in order to prove property (A;) one must show that if
E, ;7 < oo, then

(5.2) Ey. / a—U(YT,Sr)\/f dB, = 0.
“Jo Oy
In turn, for this it is sufficient to just show that
2 1/2
(5.3) Ey,s[/ (‘ZU(YT,S )) Yrdr] < oo.
0
Since in the domain C? ‘?,Z Y, S,) =c/a,
T 2 cse(@)\?
/ ( (Y., S, )) [(VY, < S, < su(a))dr < ( { ) .
0

and, therefore,

T oU 2 1/2
E,. [ / (a—y(n,sr)) Y, (Y, <8, < s*(a))] < .
0
In the domain C! = {(z,s): gu(s) <z < s, 8¢ < 5},

ou _cf,_g2(S)

with X, = (Y;-)'/2. Therefore, in this case,

ou c\?
6 (%) =:(%)
and to prove (5.3) we must show that

. 1/2
(5.5) Ey,s( / mr> < oo
0

for any Markov time 7 with E, ;7 < 0o, = y!/2.

But
T 1/2
(5.6) Ex( / Yrdr) < Epo(S2-1)Y2 =By oS, - 72 < (Bp 552 - By o1)Y/2,
0

where the finiteness of E; 52 = E, s(max,<, Xr)? for the processes X € Bes*(z), 0 <
a < 1, follows from the comparison theorem for the processes Y € Besq®(y), 0 < a <
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1, and Y € Besq' (y) because for the last process E; ; max, <, Yr < 0o according to
Doob’s inequality.

Thus property (A1) is established.

For the proof of property (Ag), which is carried out exactly in the same way
as in the case a > 1, we only need to determine the finiteness of m(z,s) = Eg 7%,
which follows actually from the explicit form of m(zx, s) in the domains C} and C2: if
(z,s) € C! then m(z, s) is given by formula (3.49), and if (z, s) € C2, then m(z,s) =
m(Sx, Sx) + Bz 504, where o, = inf{t: (X, S:) = (54, 8:)} and E; 50, = (82 — 2?)/cx
(compare with (3.33)).

Now let us turn to the case a < 0. In this case, the point z = {0} and the point
y = {0} are traps for the processes X € Bes*(z) and Y € Besq®(y). Here the process
Y, having the stochastic differential (see (2.1)) dY; = adt+2+/Y;dB;, is a non-negative
supermartingale and, consequently, arriving in the zero state it remains in this state.
Hence it follows that the set {x,s: x =0, s > z} is clearly contained in the stopping
domain D,.

Let > 0,5 > 0, and y = 2 > 0. As in the case 0 < a < 1 considered above
to prove property (A;) we must show the validity of inequality (5.3) for any Markov
time 7 with E; ,7 < o0.

If & = 0, then, in the domain C,,

ou c Y, _ X,

And if o < 0, then, in the domain C?,
oU _c ge(Sr)\ _ ¢ 9(5:)\*
Oy (¥r, Sp) = «a (1 Yra/2 T 1 X,

50 ()

with 8 = —a > 0.

Note that if the starting point (Xo,So) = (0, o) with zg > 0, sg > 0, then from
equations (1.7) and condition (1.8) one can draw the conclusion that, in the domain
C.,

Xr Sr _ S0
(5:9) LS50 S 90 T o)

Therefore, in the domain C,, %(Yr, S;))? is less than some constant (depending on
a and the initial point z > 0,s > 0) and, consequently, it follows from (5.3) that it
is sufficient just to establish inequality (5.5), the validity of which (again using the
comparison theorem for processes Y € Besq®(y)) is established in the same way as in
the case 0 < o < 1.

This proves the validity of property (A;). Property (Az) follows from the finite-
ness of m(z, s) = E; s7*, determined by formula (3.49) for o # 0 and the formula

m(z,s) = -—-;— [gf(s) - xz] —22log -9—53—), (z,s) € Cx

for a = 0.
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6. On maximal inequalities for the Bessel process

1. Let X € Bes®(z), S; = Si(z,s) = sV max,<¢ X,(z). We shall consider the
value

(6.1) VX (x, s) = sup By s[Sr — c7],

where we have introduced the index c in its notation.
The Bessel processes have the same property of self-similarity as does Brownian
motion: for ¢ > 0,

(6.2) V2 Xy (V) £ Xy(x).

(See, for example, [20, Chap. XI, (1.10)]). From this it is easy to show that the value
V&(x, s) has the following property of self-similarity:

(6.3) V& (z,s) = V¥ (cx, cs).
In particular,

(6.4) Ve (o, g) = V20, s).

We shall denote by sq(c) the root of the equation g.(s) = 0, where g« = g«(s)
is given by equation (1.7) with condition (1.8) (for given a and ¢). According to
Theorem 2,

(6.5) Ve (0, 5¢(a)) = sc(a),
and, in particular,

(6.6) | % (0, sl(a)) = s1(a).
From (6.4),

s1(a) = V(0, 81(a)) = cV® (0, Sli‘“)) > cse(a),

since V.*(0, s) > sc(a) (see (1.13)) and, in the same way,
se(a) = VE(0, se(@) = %V{" (0,cs¢()) > %sl(a).
This yields the following main property of self-similarity for sc(c):
(67) sel@) = s1(0).
2. From (1.13),
(6.8) V&(0,0) = sng[glgzc X, — C’T] = s.(a),
where X, = X,.(0). Together with (6.7) we conclude from (6.8) that, for each 7,

Emax X, < ia) + cET.
r<T c
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On the right side, ¢ > 0 and it is arbitrary. Therefore,
Em<axXT < i1>1f [ s1(@) +cE7‘] = +/4s1(a)ET,
r<r c

where the minimum is obtained for ¢ = (s;(a)/E7)'/2. Thus, the next theorem is
proved.
THEOREM 5. Let X € Bes*(0), a > 0. Then,for each stopping time T,

(6.9) Emngr < V/4s1(a)ET,
TST

where sy(c) s the root of the equation g.(s) = 0 for (the only) function satisfying the
equation

o o= (0]

such that lims_, o, (g4«(s)/s) = 1.
Remark. In case @ < 0 and X € Bes*(0), X; = 0, ¢t > 0, and inequality (6.9)
holds in an obvious way, since s1(a) =0, a <0.

3. Ifa = 1, then s;(a) = 1 and, consequently, we obtain for the Brownian motion
= (By)t>0 the result of [10]:

(6.11) Em<a,x|B,| < V2ET.
r<r

Therefore, if one considers the pair (E7, Emax,<, |B;|) as the point (z,y) in the
first quadrant {(z,y): z > 0, y > 0}, one can assert that when 7 runs through the
set of admissible Markov times, then the corresponding points (z,y) will belong to
the set

(6.12) M= {(z,y): 2>0, 0<y < Vaz} U{(0,0)}.

Let us show that the inequality in (6.11) is sharp in the sense that if T is an
arbitrary fixed number, then there exists a stopping time 7 = 7(T") such that ET(T) =
T and Emax,<,(7) |Br| = V2T Indeed, let us consider the value

1
1 — _ — - —
V. (0,0) = SEpE[I,{ISa,).(lBTI CT] =5.(1) = 50"

If 7. (c) = inf{t: max,<,|B,|—|Bi| = 1/(2c)}, then, in accordance with the established
optimal property of this time,

E[rr<nax |Br| — cr*(c)] = %c-

From (4.36), E7.(c) = 1/(2¢?). This means that

Er<T.()IB ol = T~

Therefore, using ¢ = 1/1/(2T) we obtain Er,(c) = T and Emax,<,, () |B-| = V2T,
which proves that the inequality in (6.11) is sharp.
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Let us also show that for each given point (z,y) of II there exists a (may be
randomized) stopping time o such that Eoc = = and Emax,<, |B,| = y. Indeed, if
(z,y) = (0,0), then we set o = 0. Let (xo, o) be some point of the set {(z,y): =z >
0, 0 <y < v2z}. Let us draw a straight line through (0,0) and (zo, o) denoting by
(Z,9) the point of its intersection with the parabola y = V2z. It is clear that

. 2z N 2730
$==—7r, Y=
Yo Yo

The point (Z,7) lies on the parabola y = 2z and, as shown above, there exists a
Markov time 7 such that E7 = Z, E max,<z |B;| = §. Let us form a new (randomized,
[33]) stopping time

~_ 7 with probability x0/Z,
~ 10 with probability 1—xo/%.

Then E7T = E7 - 20/ = ¢ and E max <t ~|By| = Emax > |Br|-0/E = §-20/% = yo.
Thus one can state that (at least admitting randomized stopping times) each point of
IT can be reached in the above-mentioned sense.

4. Let us turn to the analogue of (6.11) for E max,<, B,. Using (4.39) and (4.42)
one can see that, for each ¢ > 0,

(6.13) Emax B, < cEo + L
r<o 4c

and, consequently,
Emax B, < inf [ Eo + — ] <vVE
r<o c>0
Thus (compare with (6.11)) for each stopping time o we obtain the following result:

(6.14) Em<ax B, < VEo,
r<o

established in [10] as well.

Note that as in (6.11) the inequality in (6.14) is sharp. This follows from the fact
that, for o.(c) = inf{t > 0: max,<; B, — By > 1/(2¢)},
1

1
. Q) = —, B, = —.
(6.15) Eo.(c) 12 ET Ss:lgc) %%

It is also interesting to note that the comparison of formulas (4.45), (4.46), (4.43),
and (4.44) show that in “the problem E sup,[max,<, B, —co]” as compared with “the
problem Esup, [max,<. |B,| — ¢r]” “everything is twice as bad” which, however, is
quite natural in view of the meaning of these problems.

5. Let us again turn to
. 1
T«(c) = inf ¢ ¢: r{}gz(lBA — By > %

and 1
— . — >
ox(c) = inf {t. max By — By 2 20},
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which are optimal stopping times in the corresponding problems of optimal stopping.
As is shown above, E7,(c) = 1/(2¢?) and Eo,(c) = 1/(2¢). Let us find the probability
distribution of 7.(c) and o.(c).

To this end we note that the (P. Lévy) processes max B—B = (max,<; B, —B;):>0
and |B| = (|B:|)¢>0, where B is standard Brownian motion have one and the same
distribution: 3

Law(max B — B) = Law(|B}),

(see [20, Chap. VI, Thm. (2.3)]). Therefore, if 7(c) = inf{t: |B|; > 1/(2c)}, then

Law(o.(c)) = Law(7(c)). Since Ef(c) = Eo.(c) < oo, we have, for each A > 0,
. A2
Eexp (:!: /\B.;'-(c) - ?%(C)) =1
Hence, supposing a = 1/(2c), we find (E(¢; A) = E£14):
A2 ~ 22 -
E[exp {/\a - —?%(c)}; Bi() = a] + E[exp{ —Aa— —z—f(c)}; Bi(e) = ——a] =1,
and
22 ~ A2 ~
E[exp{ — Ao — -57’(0)}; Bi(c) = a] + E{exp {)\a — —2—7"-(0)}; Bj(e) = a} =1.

Thus (a = 1/(2¢)),

(6.16) Eexp{ - ga*(c)} - Eexp{ - %2%((;)} - coslll -

Similarly, if By = bg, then

A2 cosh Abgy
Eexp{ - ?T(c)} ~ coshha

From the Laplace transform (6.16) we can get a representation (in the form of
a series) for the density po, (¢)(t) of the probability distribution o.(c), based on the
following approach suggested to us by M. Yor.

Note that

(6.17) 1 = 2 = 1 i(_l)ne—%k =9 i(—l)ne_@""'l))‘
' coshA eMl+e 22y er —~ .

n=0
It is also known that ([20, pp. 101-102]), if @ > 0 and T, = inf{¢: B, = a}, then
A2 *© agexp{—a?/(2t)} { A2 }
6.18 e 2% =Eex (— —Ta) = ———————""exp{ — —tdt.
(6.18) P72 o Ve P72
Hence, from (6.17), (6.18), we obtain

1 — n [ A2 ) (2n + 1) exp{—(2n + 1)2/(2t)}
v 22(—1) /0 exp{ - —2—t} Woree dt.

n=0

From (6.16) it follows that

2
(6.19) Eexp{ - %((20)20*(0))} = ﬁ.
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Therefore,
Eexp{ - %3(20)20*(0)}
T e ] X\ oS e @nt Dexp{—(2n+1)%/(2t)}
__/0 e p{ > t}2n§=:0( 1) o dt,
which gives
) <of — 9
(6.20) P(2c)20.(c) () = 2 Z(_l)n (2n+1)e pf/2£r2tz +1) /(Qt)}dt_
n=0

To find the distribution of 7(c) let us note first of all that 7.(c) is equal to the
sum of the transition time 71(c) of the process (B, max|B|) from the point (0,0) to
the point (1/(2¢), 1/(2c)) and the exit time 72(c) from the point (1/(2¢), 1/(2¢)) to
the domain D, = {(z,s): s—z > 1/(2¢), s > 1/(2¢c)}. Let Xi(x) = x+ By, Si(z,s) =
s A max,y<¢ | Xr(z)|, m(c) = inf{t: Xi(z) = a, Si(z,s) = a}, a = 1/(2¢). Then
¥(z, s) = E; se~*7(9) is the solution of the equation

op 1 0%y
with the conditions
oY _ oY _
(6.22) B . =0, as|._. =1.

The general solution of equation (6.21) has the form
¥(z, s) = a(s) cosh £V2X + b(s)sinh zV2).

From the first condition in (6.22) we find that b(s) = 0. From the second condition it
follows that a(s) = const. Since 1(1/(2¢),1/(2¢)) = 1, we obtain for the constant the
value (cosh v2)/(2¢))~! and thus

(6.23) ¥z, s) = iﬁ%

According to the strong Markov property of the process (X, S) and the fact that
Law(72(c)) = Law(o«(c)) we find for 7i(c) = 11(c) + m2(c) that

Ex,se_)‘n © = Ea),se“’\‘rl © 'EOYOe—.Aa*(c) = 7/)(:1;) 3) 'EO,Oe‘Aa* © = cosh ov2A 2"
(cosh v2)/(2c))
Therefore, if x =0, s =0, then
1
6.24 Ee () = ,
(6:24) (cosh \/§X/(2c))2

and this means that (a = 1/(2c))

(6.25) Eexp{ _ %27'*(0)} - (COS;MY — (Eexp {—%20*(0)}>2.
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Hence it follows that the distribution for 7.(c) is the convolution of the two
distributions for o, (c).

6. Let us consider now the problem of the probability distributions of S,, () =
maX,<g, (c) Br and Sy () = max,<,(c)|Br|. In view of the strong Markov property
of the process (X, S) we conclude that, for any s; > 0,s2 > 0,

Po,0(So.(c) = 81+ 52) = P0,0(S5.(c) = 51) - P0,0(S0.(c) = 52)-
This implies that, for some constant A > 0,
(6.26) Po,g(sa*(c) >s8) = e""‘g, s> 0.
But E¢,0S,, () = 1/(2c) (see (6.15)). Therefore, the constant A = 2c and
(6.27) ngo(sa*(c) >s8)= 6—263, s>0.
One can also see easily that Poo(Sr, () = s +1/(2c)) = Poo(S,, () = 5). Therefore,
1
(628) P0,0 (ST*(C) > s+ éz) = e‘?cs, s> 0.
We sum up our results in the form of the following (known to many specialists) state-
ment, being of independent interest.

THEOREM 6. Let B = (B;):>0 be standard Brownian motion,

0, = inf {t: riléch,. - By > a}, Tq = inf{t: TgleA — By > a}.

Then
(6.29) Eog, = d?, ET, = 2a%;

a2, 1 a2, 1 )?
(6:30) Bemw™e = cosh Aa’ Bemam = <cosh )\a) ’

the density of the probability distribution is

oo n <0 {— (9 9
poujur(t) =23 (-1yr e L 2 D/EOL,

the density of the probability distribution p., /.2 is the convolution of two densities
Po,/a2; the probabilities are of the form

(6.31)

n=0

(6.32) P(néax B, > 3) =e %9, s§>0
r<0q
and
(6.33) P(rréax|Brl > s+ a) =e™%/°, s>0.
TSTa

7. Let X(@ ¢ Bes®(0), a > 0. According to Theorem 5, for each finite Markov
time 7,

(6.34) Em<axX£°‘) < y(a)VET,
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§;(a)
[

oLl | | | | |
0 2 4 6 8 o

F1G. 5 The graph s1(a) (= %72 (a)) of the root of the equation g«(s) =0 for c =1 as a function
of a > 0. (The computer computation was carried out by John Overdeck, AT&T Bell Laboratories.)

where
(6.35) v(a) = 2+/s1(a).

It is of great interest be able to find the function v = vy(a) or, at least, to study its
properties.

It is clear from the above-mentioned considerations that v(0) = 0, v(1) = v/2.
The numerical calculation shows us that v(3) = v/4.624. .. (see Fig. 5).

The following consideration the idea for which belongs to M. Yor shows that for
large o, v(c) behaves like v/a.

THEOREM 7. As a T oo,

(6.36) L\/‘g 1

and (as corollary) s1(a)/a — 1.
Proof. Let X® = (X(®) € Bes*(0),

(6.37) ¢(e) = Emax X,
r<1

It is clear from (6.34) that
(6.38) () < (a).

Let D(a) be the optimal constant in the Burkholder inequality (see [9]) for the Bessel
processes of order a:

(6.39) Emax X < D(a)EVT.
TST

We shall show that

(6.40) ¥(@) < D(e).

From the problem of optimal stopping considered above it follows (see (6.8)) that (at
c=1,2=0, s=0)

(@) _ | = (o) _ =
SEPE[I?S‘E(Xr T] E[Tg:_%)X, 7'*(1)] s1(a),
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where 7,(1) is the optimal stopping time, given by Theorem 1. Therefore,
E max, <, (1) X = E7.(1) + s1() and, consequently, according to (6.39), Et.(1) +
s1(a) < D(a)E+/7(1). Hence,

v(a) =2+/s1(a) = 1nf [ \/(_)] < VE7n(1)+ \/S——El:(:_a—%l_)
<D(@) 2L < Do),

En.(1) s
which proves (6.40).
Thus,
(6.41) ¢(a) <v(e) < D(a).

It is shown in [9] that, for each stopping time T,

(a)

(6.42) E max
t<t

—-\/_‘<01E‘/—

where C is some absolute constant (independent of o and the properties of 7). Since

maxi<, x ¢ (a)

Vo

< max
t<r

(6.43) -Vt !

it follows from (6.42) that, if 0 < E\/7 < 00, then

lim E max; <. (X/V/@)

Jim W =1

This and (6.37) clearly show that lim,—, (c(a)/v/@) = 1. Further, the optimal con-
stant D(a) in (6.39) can be defined in the following way:

E max,<r (a)

D(a) = sup ——E_\/—:—’

where sup is taken over all Markov times 7 such that 0 < E{/7 < co. Hence,

D(@) _ - Bmax(X:?)/ya)

Ve Ev7T

and from (6.42) it follows (for greater detail see the derivation of inequality (1.11) in
[9]) that limg—c0 D()/v/a = 1. Together with limg—o0 c(cr)/+/a = 1 this proves the
required result.
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