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Abstract. We provide a new probabilistic proof of the connection between Rost’s solution of the Skorokhod embedding problem
and a suitable family of optimal stopping problems for Brownian motion, with finite time-horizon. In particular we use stochastic
calculus to show that the time reversal of the optimal stopping sets for such problems forms the so-called Rost’s reversed barrier.

Résumé. Nous donnons une nouvelle preuve probabiliste de la relation entre la solution de Rost du probléme de plongement de
Skorokhod et une famille convenable de problémes d’arrét optimal pour le mouvement Brownien, a horizon de temps fini. En
particulier, nous utilisons le calcul stochastique pour montrer que le retourné en temps des ensembles d’arrét optimal forme ce
qu’on appelle la barriere de Rost retournée.
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1. Introduction

In the 60’s Skorokhod [30] formulated the following problem: finding a stopping time 7 of a standard Brownian
motion W such that W is distributed according to a given probability law . Many solutions to this problem have
been found over the past 50 years via a number of different methods bridging analysis and probability (for a survey
one may refer for example to [23]). In recent years the study of Skorokhod embedding was boosted by the discovery
of its applications to model independent finance and a survey of these results can also be found in [19].

In this work we focus on the so-called Rost’s solution of the embedding (see [28]) and our main contribution is
a new fully probabilistic proof of its connection to a problem of optimal stopping. One of the key differences in our
approach compared to other existing proofs of this result ([9] and [21]) is that we tackle the optimal stopping problem
directly. Moreover, we rely only on stochastic calculus rather than using classical PDE methods, as in [21], or viscosity
theory, as in [9].

Here we consider Rost’s solutions expressed in terms of first hitting times of the time—space Brownian motion
(t, Wy)r>0 to a set usually called reversed barrier [4]. A purely probabilistic construction of Rost’ s barrier relevant
to the present work was recently found in [7] in a very general setting. Cox and Peskir [7] proved that given a
probability measure p one can find a unique couple of left continuous functions b, ¢ : [0, c0) — R, with b increasing
and c¢ decreasing, such that W stopped at the stopping time tp . :=inf{t > 0: W; < c(¢) or W, > b(¢)} is distributed
according to w. The curves b and c are the boundaries of Rost’s reversed barrier set and the stopping time 7}, . fulfils
a number of optimality properties, e.g. it has the smallest truncated expectation among all stopping times realising the
same embedding.

1Supported by EPSRC Grant EP/K00557X/1.
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The optimal stopping problem object of our study is pointed out in [7, Remark 17] and it was originally linked to
Rost’s embedding via PDE methods by McConnell [21, Section 13]. Let T > 0, let v and u be probability measures
with cumulative distributions F, and F,, denote B a Brownian motion and consider the optimal stopping problem

sup EG(B;) with G(x) :=2/X(Fv(z) — Fu(2))dz, x€R, (1.1
0

0<t<T

where 7 is a stopping time of B. In this paper we prove that under mild assumptions on p and v (cf. Section 2) it
is optimal in (1.1) to stop (¢, B;);>0 at the first exit time from an open set Cr C [0, T] x R (continuation set) which
is bounded from above and from below by two right-continuous, monotone functions of time (one of these could be
infinite). For each T > 0 we denote D7 := {[0, T'] x R} \ Cr (stopping set) and we construct a set D, as the extension
to [0, oo) of the time reversal of the family {Dr, T > 0}. Then we show that such D_ is a Rost’s barrier in the sense
that if WV is another Brownian motion (independent of B) with initial distribution v, the first hitting time o of (z, W,”)
to the set D, gives W ~ u.

Our study was inspired by the work of McConnell [21]. He studied a free-boundary problem, motivated by a version
of the two sided Stefan problem, where certain boundary conditions are given in a generalised sense that involves the
measures 1 and v used in (1.1). His results of existence uniqueness and regularity of the solution rely mostly upon
PDE methods and some arguments from the theory of Markov processes. McConnell showed that the free-boundaries
of his problem are the boundaries of a Rost’s reversed barrier embedding the law w (analogously to the curves b and
c of [7]) and he provided some insights as to how these free-boundaries should also be optimal stopping boundaries
for problem (1.1).

In the present paper we adopt a different point of view and begin by performing a probabilistic analysis of the
optimal stopping problem (1.1). We characterise its optimal stopping boundaries and carry out a deep study of the
regularity of its value function. It is important to notice that the second derivative of G in (1.1) only exists in the sense
of measures (except under the restrictive assumption of i and v absolutely continuous with respect to the Lebesgue
measure) and therefore our study of the optimal stopping problem naturally involves fine properties of Brownian
motion’s local time (via the occupation time formula). This feature seems fairly new in the existing literature on
finite time-horizon optimal stopping problems and requires some new arguments for the study of (1.1). Our analysis
of the regularity of the value function V of (1.1) shows that its time derivative V; is continuous on [0, T) x R (see
Proposition 3.15) although its space derivative V, may not be. The proof of the continuity of V; is entirely probabilistic
and to the best of our knowledge it represents a novelty in this literature and it is a result is of independent interest.

Building on the results concerning problem (1.1) we then show how the latter is linked to Rost’s embedding (see
proof of Theorem 2.3). We would like to stress that our line of arguments is different to the one in [21] and it is
only based on probability and stochastic calculus. Moreover our results extend those of [21] relative to the Skorokhod
embedding by considering target measures p that may have atoms (McConnell instead only looked at continuous
measures).

It is remarkable that the connection between problem (1.1) and Rost’s embedding hinges on the probabilistic
representation of the time derivative of the value function of (1.1) (see Proposition 4.2). It turns out that V; can be
expressed in terms of the transition density of (¢, B;) killed when leaving the continuation set Cr; then symmetry
properties of the heat kernel allow us to rewrite V; as the transition density of (¢, W) killed when hitting the Rost’s
reversed barrier D, (see Lemma 4.1. McConnell obtained the same result via potential theoretic and PDE arguments).
The latter result and Itd’s formula are then used to complete the connection in Theorem 2.3.

One should notice that probabilistic connections between optimal stopping and Skorokhod embedding are not new
in the literature and there are examples relative for instance to the Azéma—Yor’s embedding [1] (see [18,22,24] and
[25] among others) and to the Vallois’ embedding [31] (see [5]). For recent developments of connections between
control theory, transport theory and Skorokhod embedding one may refer to [2] and [16] among others. Our work
instead is more closely related to the work of Cox and Wang [9] (see also [8]) where they show that starting from
the Rost’s solution of the Skorokhod embedding one can provide the value function of an optimal stopping problem
whose optimal stopping time is the hitting time of the Rost’s barrier. Their result holds for martingales under suitable
assumptions and clearly the optimal stopping problem that they find reduces to (1.1) in the simpler case of Brownian
motion. An important difference between this work and [9] is that the latter starts from the Rost’s barrier and constructs
the optimal stopping problem, here instead we argue reverse. Methodologies are also very different as [9] relies upon



1100 T. De Angelis

viscosity theory or weak solutions of variational inequalities. Results in [8] and [9] have been recently expanded in
[17] where viscosity theory and reflected FBSDEs have been used to establish the equivalence between solutions of
certain obstacle problems and Root’s (as well as Rost’s) solutions of the Skorokhod embedding problem.

Finally we would like to mention that here we address the question posed in [8, Rem. 4.4] of finding a probabilistic
explanation for the correspondence between hitting times of Rost’s barriers> and suitable optimal stopping times.

When this work was being completed we have learned of a work by Cox, Obtdj and Touzi [6] where optimal
stopping and a time reversal technique are also used to construct Root’s barriers for the Skorokhod embedding problem
with multiple marginals. In the latter paper the authors study directly an optimal stopping problem associated by [8]
to Root’s embedding. They prove that the corresponding stopping set is indeed the Root barrier for a suitable target
law © and, using an iterative scheme, they extend the result to embeddings with multiple marginals. This is done
via a sequence of optimal stopping problems nested into one another. The approach in [6] is probabilistic but the
methods are different to the ones described here. Our results rely on C! regularity properties of the value function for
(1.1) whereas, in [6], only continuity of the value function is obtained. The connection between optimal stopping and
Root’s embedding found in [6] uses an approximation scheme starting from finitely supported measures and it holds
for target measures p which are centered and with finite first moment. The latter assumptions are not needed here
and we deal directly with a general p without relying on approximations. Root and Rost embedding are somehow
the time-reversal of one another and therefore our work and [6] nicely complement each other. Although it should
be possible to extend our results and methods to a multi-marginal case, this is not a trivial task and is left for future
research.

The present paper is organised as follows. In Section 2 we provide the setting and give the main results. In Section 3
we completely analyse the optimal stopping problem (1.1) and its value function whereas Section 4 is finally devoted
to the proof of the link to Rost’s embedding. A technical Appendix collects some results and concludes the paper.

2. Setting and main results

Let (2, F, P) be a probability space, B := (B;);>0 a one dimensional standard Brownian motion and denote (F;);>0
the natural filtration of B augmented with P-null sets. Throughout the paper we will equivalently use the notations
Ef(Bf) and E; f(B;), for f:R — R Borel-measurable, to refer to expectations under the initial condition By = x.

Let 1 and v be probability measures on R, i.e. with no atoms at infinity. We denote by F, (x) := u((—oo, x]) and
Fy,(x) :=v((—00, x]) the (right-continuous) cumulative distributions functions of w and v. Throughout the paper we
will use the following notation:

ay:=sup{x e R:x esuppv} and a_:=—inf{x e R:x €suppv}, 2.1)

Mt :=sup{x e R:x esuppu} and pu_:=—inf{x e R:x €suppp} (2.2)

and for the sake of simplicity but with no loss of generality we will assume a1+ > 0. We also make the following
assumptions which are standard in the context of Rost’s solutions to the Skorokhod embedding problem (see for
example [7], and in particular Remark 2 on page 12 therein).

(D.1) There existAnurpbers l;+ > a4 and b_ > a_ such that (—l;_, l;+) is the largest interval containing (—a—, a4)
with u((—b_, b)) = 0; } }
(D.2) If by =ay (resp. b— =a_) then u({b+}) =0 (resp. u({—b_}) =0).

It should be noted in particular that in the canonical example of v(dx) = d9(x) dx we have a; = a_ = 0 and the above
conditions hold for any u such that 1 ({0}) =0.

Assumption (D.2) is made in order to avoid solutions of the Skorokhod embedding problem involving randomised
stopping times. On the other hand Assumption (D.1) guarantees that for any 7 > 0 the continuation set of problem
(1.1) is connected (see also the rigorous formulation (2.4) below). Although (D.1) is not necessary for our main
results to hold, the study of general non-connected continuation sets would require a case-by-case analysis. The latter
would not affect the key principles presented in this work but it substantially increases the difficulty of exposition. In

2To be precise the question in [8] was posed for Root’s barrier (see [27]), but Root’s and Rost’s solutions are known to be closely related.
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Remark 4.6 below we provide an example of v and p which do not meet condition (D.1) but for which our method
works in the same way.

The target measure u could be entirely supported only on the positive or on the negative real half-line, i.e. supp{u}N
R_ =@ or supp{u} N Ry = &, respectively. In the former case h_ =+o0 and u_ = —I;+, whereas in the latter
b+ =4ooand u4 = —b_. For the sake of generality in most of our proofs we will develop explicit arguments for the
case of u supported on portions of both positive and negative real axis and will explain how these carry over to the
other simpler cases as needed.

For0 < T < +4o0and (¢, x) € [0, T] x R we denote

X
G(x):=2 f (Fv(z) — Fu(2))dz (2.3)
0
and introduce the following optimal stopping problem
V(t,x):= sup E,G(By), 2.4)
0<t<T—t

where the supremum is taken over all (F;)-stopping times in [0, 7 — ¢]. As usual the continuation set Cr and the
stopping set Dr of (2.4) are given by

Cr={@t.x)€l0,TIxR:V({,x)>Gx)}, (2.5)

Dr:={(t,x)€[0,TIxR: V(t,x) =Gx)}. (2.6)
Moreover for (¢, x) € [0, T] x R the natural candidate to be an optimal stopping time is

T(t,x) =inf{s > 0: (t +5,x + B;) € Dr}. 2.7)

Throughout the paper we will often use the following notation: foraset A C [0, T] x R we denote AN{t < T}:=
{(t,x) € A:t < T}. Moreover we use f(t+) and f(t—) to denote the right and left limit, respectively, of f at¢.

The first result of the paper concerns the geometric characterisation of Cr and D7 and confirms that (2.7) is indeed
optimal for problem (2.4).

Theorem 2.1. The minimal optimal stopping time for (2.4) is given by v, in (2.7). Moreover, there exist two right-
continuous, non-increasing functions by, b_ : [0, T] - Ry U {+o0}, with b (T —) = by, such that

Cr={(t,x)€[0,T) x R:x € (=b_(1), b4 (1))}, (2.8)
Dr={[0,T] x R} \ Cr. (2.9)

Theorem 2.1 will be proven in Section 3, where a deeper analysis of the boundaries’ regularity will be carried out.
A number of fundamental regularity results for the value function V will also be provided (in particular continuity
of V; in [0, T) x R) and these constitute the key ingredients needed to show the connection to Rost’s barrier and
Skorokhod embedding. In order to present such connection we must introduce some notation.

By arbitrariness of 7' > 0, problem (2.4) may be solved for any time horizon. Hence for each 7" we obtain a
characterisation of the corresponding value function, denoted now VT and of the related optimal boundaries, denoted
now bjTE. It is straightforward to observe that for 75 > 77 one has vh t+T —Ti,x) = vh (t,x) for all (¢,x) €

[0, T1] x R and therefore, thanks to Theorem 2.1, biz t+T,—-T) = bjTE] (t) for t € [0, T}) since G is independent
of time. We can now consider a time reversed version of our continuation set (2.8) and extend it to the time interval
[0, 00). In order to do so we set Tp =0, T, =n, n > 1, n € N and denote s} (¢) := bi" (T, — 1) for t € (0, T,,]. Note
that, as already observed, for m > n and t € (0, T,,] it holds s (t) = s’} (¢).

Definition 2.2. Let s+ : [0,00) - R4 U {+00} be the left-continuous non-decreasing functions defined by taking
s+(0) := b4 and

o
st =Y s O, 100, 1€ (0,00).
Jj=0
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For any T > 0 the curves sy and —s_ restricted to (0, 7'] constitute the upper and lower boundaries, respectively,
of the continuation set Cr after a time-reversal. The next theorem establishes that indeed s+ and —s_ provide the

Rost’s reversed barrier which embeds p. Its proof is given in Section 4.

Theorem 2.3. Let WY := (W}");>0 be a standard Brownian motion with initial distribution v and define

ox i=inf{r > 0: W) ¢ (—s_(1), s+ (1)) }. (2.10)
Then it holds
ES(W2)ig<to0) = /R FOIdy) forall f € Cy(R). @11

Remark 2.4. It was shown in [7, Thm. 10] that there can only exist one couple of left-continuous non-decreasing
functions s4 and s_ such that our Theorem 2.3 holds. Therefore our boundaries coincide with those obtained in [7]
via a constructive method. As a consequence s and s_ fulfil the optimality properties described by Cox and Peskir
in Section 5 of their paper, i.e., o, has minimal truncated expectation amongst all stopping times embedding .

Remark 2.5. Under the additional assumption that p is continuous we were able to prove in [12] that s1 uniquely
solve a system of coupled integral equations of Volterra type and can therefore be evaluated numerically.

3. Solution of the optimal stopping problem

In this section we provide a proof of Theorem 2.1 and extend the characterisation of the optimal boundaries b4 and
b_ in several directions. Here we also provide a thorough analysis of the regularity of V in [0, T] x R and especially
across the two boundaries. Such study is instrumental to the proofs of the next section but it contains numerous results
on optimal stopping which are of independent interest.

We begin by providing finiteness, continuity and time monotonicity of V. The proof of these facts follows standard
arguments and it is postponed to the Appendix.

Proposition 3.1. For all (t,x) € [0,T] x R it holds |V (t, x)| < +00. The map t — V (¢, x) is non-increasing for
allx eRand V € C([0, T] x R). Moreover x — V (¢, x) is Lipschitz continuous with constant L¢ independent of t
and T.

The above result implies that Cr is open and D7 is closed (see (2.5) and (2.6)) and standard theory of optimal stop-
ping guarantees that (2.7) is the smallest optimal stopping time for problem (2.4). Moreover from standard arguments,
which we collect in the Appendix for completeness, V € C12 in Cr and it solves the following problem

<V,+%Vxx>(t,x)=0, for (¢, x) € Cr, (3.1
V(t,x)=G(x), for(t,x)eDr, 3.2)
V(t,x)>G(x), for(,x)e[0,T]xR. (3.3)

According to standard theory V is super-harmonic, hence for (¢, x) € Dr N{t < T} it mustbe V; + %Vxx = %G/ "(dx) <
0. Indeed we show in step 2 of the next theorem’s proof that v(dx) =0 for all (#,x) e DrN{r < T}.

We now characterise Cr and prove an extended version of Theorem 2.1. For that we need to introduce the local
time of B at a point x € R and denote it by L* := (L});>0.

Theorem 3.2. All the statements in Theorem 2.1 hold and moreover one has

(1) if supp{u} S Ry then b_ = oo and there exists ty € [0, T) such that b4 (t) < oo for t € (tp, T,
(i) if supp{u} S R_ then b = oo and there exists tg € [0, T') such that b_(t) < oo fort € (to, T1,
(iii) if supp{u} "Ry # & and supp{i} N R_ £ & then there exists ty € [0, T) such that b4 (t) < oo fort € (ty, T],



Optimal stopping and Rost’s barriers 1103

@v) ifv({a+}) > 0 (resp. v({—a-}) > 0) then b_(t) > a4 fort € [0, T) (resp. b_(t) > a_).
Finally, letting Aby(t) :=b+(t) — by (t—) <0, for any t € [0, T] such that b+ (t) < +o0 it also holds

Aby(t) <0 = p((bs(0), by (t=))) =0, (3.4)

Ab_(1)<0 = pu((-b-@—),—b_(1)))=0. (3.5
Proof. The proof is provided in a number of steps.
Step 1. Here we prove that D7 N {r < T} # &. Arguing by contradiction assume that Dr N {t < T} = &. Fix
x € supp{u} and notice that with no loss of generality we may assume that dist(x, suppv) > 2¢ for some ¢ > 0.
Indeed if no such x and ¢ exist then (D.1) and (D.2) imply p4 = by = as with u({a+}) =0, hence a contradiction.
We define 7, :=inf{r > 0: B; ¢ A} with A} := (x — &, x + ¢) and also notice that ;1(A}) > 0. Then for arbitrary
t € [0, T) it holds

Vi, x) = G) + /R E L5 (v — p)(d2) = Gx) + /R EoLE Ly r—nv(d2) — /R E L5 u(d2)
<G + /R EyLi Lo <ronv(d2) — / E L5 u(d2), (3.6)
A

where we have used that LZT_tIL{Tg>T_t} =0, Px-a.s. for all z € supp{v}, since B; € A}, forall t < 7,, Py-a.s. We now
analyse separately the two integral terms in (3.6). For the second one we note that

L | 1 2
/ ExLZT_t,u(dz)z/ (/ e ds),u(dz)
AX 4x\Jo 2ms

T—t 1

1.2
> u(Af f e %% ds=u(AY)EoL5_,, (3.7
( 6) 0 \/27t—s ( 6) T—t
where we have used
T-t 1 2
E L =/ e 207 gy (3.8)
T 0 V27

For the first integral in the last line of (3.6) we use strong Markov property and additivity of local time to obtain
/R ExL7_ Liz,<r—nv(dz) = /}R Ex[Ex (L5 _ |1 Fr) L <1 -1} ]v(d2)
— [ EdE (L) + L)z o)

S A T

where we have also used L7 =0, Py-a.s. for z € supp{v}. We denote A :={B;, =x + ¢} and A€ :={B;, =x —¢},
then given that 7 — L is increasing

/R Ex[Es, (Léwftfrg)]l{fEST*l}]v(dZ)

< | E«[Ep, (L7 )Lin.<r-n]v(d2)

J
J

R(Em (L5 JEclLir,<r—n1al 4+ Exee[L5_, JEx[Lir, <r—nLac])v(d2).
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Now we recall that dist(x, supp v) > 2¢ so that by (3.8) it follows

T—t
Exte [LZT—t] = /0

and analogously

1

27s

e 5e ds = EOLET# for all z € supp{v}

Ex—e[L7_,] <EoL%_, forallz € supp{v}. (3.9)
Adding up (3.7)-(3.9) we find
Vi, x) <Gx)+ EO(LET_[)(PX(IE <T-—1t)— ;L(Aj_f)) (3.10)

and since limg o Py (7. <) = 0 by continuity of Brownian paths, one can find ¢ close enough to T so that P, (7, <

— 1) < u(A¥) and (3.10) gives a contradiction. Hence Dr N {t < T} # @.

Step 2. Here we show that [0, T) x (—a—,a+) € Cr and in particular if a— = a; = 0 then [0, T) x {O} cCr.
Moreover if v({£a+}) > 0 then also [0, T) x {£a+} C Cr, and finally, if —b_ < b+, then [0, T) x (— b_ b+) CCr.
We analyse separately the cases in which b+ > a and those in which b+ = a4 and/or b_=a_.

Assume first

—5_ < —a_- < ay < l;+.
Fixte€[0,T) and x € (—5_, 5+), then under P, define
Ty = inf{s > 0: By ¢ (—=b_, b)) A(T —1).

Applying It6—Tanaka—Meyer’s formula we get

a+
V(t,x) > ExG(By,) = G(x) —i—/ ExLﬁh(v —w)(dz) =G(x) —i—/ ExLibv(dz) > G(x) 3.11)
R —a_
by using that B hits any point of [—a—, a] before 7, with positive probability under P, whereas L; =0, P-a.s.
for all z € supp{ut}. The latter is true because B; € (—l;_, l;+) for all < 13, Px-a.s., and ¢ + L7 is continuous. From
(3.11) it follows [0, T) X (—b—,b4) CCr.
Let us now consider b = a4 = 0 and prove that [0, T') x {0} C Cr. From Assumption (D.2) we have ©({0}) =0
and v({0}) = 1. For an arbitrary ¢ > O and ¢ € [0, T)) we denote A, := (—¢&, +¢) and

To:=inf{s > 0: Bs ¢ A} A (T —1).

Then it follows

V(t,0) > EyG(B;,) = G(0) —i—/ EOL‘;(U —u)(dz) =G(0) —i—/ EOL;(U — w)(dz). (3.12)
R

Ag

From It6—Tanaka’s formula we get

/ EoL: v(dz) = v({0})EoL? =v({0})Eq|Bx,|. (3.13)
Ae
/A EoL%, u(d2) < j1(A)Eo| B, (3.14)

where in the last inequality we have used EoL; < Eo|Bc,|. From (3.12), (3.13) and (3.14) we find

V(t,0) — G(0) = Eo| B, |(v({0}) — n(Ae) (3.15)
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and for ¢ > O sufficiently small the right-hand side of the last equation becomes strictly positive since w(A;) —
n({0}) =0ase— 0.

Notice that the arguments above hold even if v({0}) € (0, 1), so that the same rationale may be used to show that
v({£a+}) >0 = [0,T) x {£a+} C Cr. Hence condition (iv) in the statement of the theorem holds as well.

All the remaining cases with l;+ = a4 and/or b_ = a_ can be addressed by a combination of the methods above.

Step 3. Here we prove existence and monotonicity of the optimal boundaries. For each ¢ € [0, T) we denote the
t-section of Cr by

Cr(t):={x eR:(1,x) €Cr) (3.16)

and we observe that the family (Cr (¢));¢[0,7) is non-increasing in time since ¢ — V (¢, x) — G(x) is non-increasing
(Proposition 3.1). Next we show that for each ¢ € [0, T') it holds C7(¢) = (—=b_(¢), b4 (t)) for some b (t) € [a4, Q].

Since Dr N{t < T'} # @, due to step 1 above, with no loss of generality we assume x > a and such that (¢, x) € Dr
for some ¢ € [0, T) (alternatively we could choose x < —a_ with obvious changes to the arguments below). It follows
that [¢, T] x {x} € Dr since t — Cr(¢) is non-increasing.

It is sufficient to prove that (¢, y) € Dr for y > x. We argue by contradiction and assume that there exists y > x
such that (¢, y) € Cr. Recall 74 in (2.7) and notice that for all z € supp{v} we have Li* =0, Py-a.s. because 7, < T,
with 7, the first entry time to [—a_, a4 ]. Hence we obtain the contradiction:

V(t,y) =EyG(Br,) =G(y) + [1; EyL:, (v —w)(dz) = G(y).

Finally, the maps ¢t — b (¢) are non-increasing by monotonicity of ¢ — Cr (¢).

Step 4. We now prove conditions (i), (ii) and (iii) on finiteness of the boundaries. In particular we only address (i)
as the other items follow by similar arguments.

In step 1 and 3 above we obtained that for any x € supp{u}, with x > a, there is ¢ € [0, T') such that [z, T] x
[x,+00) C Dr. Hence the second part of (i) follows. To prove that b_ = +o00, we recall that [0, T') x supp{v} € Cr
from step 2. If —a_ < a4, then for any x < 0 and # < T a strategy consisting of stopping at the first entry time to
[0, a4+ ], denoted by Ty, gives

V(t,x) > ExG(Binr—n) = G(x) +AEXL§OA(T7t)U(dZ) > G(x) 3.17)
because supp{u} € R;. If instead a4 = a_— = 0 then there exists ¢ > 0 and § > 0 such that [0, T —§) x (—¢&,¢) CCr
because Cr is open and (0, T) x {0} C Cr. Therefore for x < —e and t < T — § we can repeat the argument used in
(3.17) by replacing 7y with

Tes:=inf{s >0:x + By > e} A (T —t —§).

By arbitrariness of ¢ and § it follows that [0, T) x R_ € Cr.

Step 5. In this final step we show continuity properties of the boundaries. Right continuity of the boundaries follows
by a standard argument which we repeat (only for b4 ) for the sake of completeness. Fix ty € [0, T') and let (¢,)neN
be a decreasing sequence such that ¢, | #y as n — o0, then (¢, b (t,)) — (to, b+(tp+)) as n — oo, where the limit
exists since by is monotone. Since (t,, b+ (t,)) € Dr for all n and Dr is closed, then it must be (fg, b4 (fo+)) € Dr
and hence b, (fp+) > b4 (#p) by definition of b, . Since b, is non-increasing then also b4 (fo+) < b4 (fo) and by is
right-continuous.

Next we prove (3.4), which is equivalent to say that jumps of b+ may only occur if u is flat across the jump. For the
proof we borrow arguments from [10]. Let us assume that for a given and fixed ¢ we have b (r—) > b (¢) and then
take b4 (f) <x; < xp <bi(t—) and 0 < ¢’ < . Notice that the limit b, (t—) exists because b, is non-increasing. We
denote R the rectangular domain with vertices (¢/, x1), (¢, x1), (¢, x2), (¢, x2) and denote dp R its parabolic boundary.
Then (3.1) implies that V € C12(R) and it is the unique solution of

1
u,—}—iuxx:O on R withu =V ondpR. (3.18)
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Note that in particular V (¢, x) = G (x) for x € [x1, x2]. We pick ¢ € C2°(x1, x2) such that ¢y > 0 and f;lz v(y)dy =1,
and multiplying (3.18) by ¢ and integrating by parts we obtain

X2 1 X2
/ Vils, V¥ (y)dy = —5/ Vs, D¥"(y)dy forse (1) (3.19)

X1 X1

We recall that V; <0 in R by Proposition 3.1 and by taking limits as s 1 ¢, dominated convergence implies

X2

X2
OEf V(t,y)I/f”(y)dy=/

1

X2
Gy " (y)dy = —2/ v (y)u(dy), (3.20)
X1

1

where we have used that v(dy) =0 on (x1, x2) since b4(-) > a4 on [0, T) by step 2 above. Since (x1, x2) and Y are
arbitrary we conclude that (3.20) is only possible if w((b4(¢), b4 (t—))) =0.

Finally we prove that b4 (T—) = bi. As usual we only deal with b4 but the same arguments can be used for
b_. Recall from step 2 above that b, (T—) > l;+ and arguing by contradiction we assume that b (T —) > 5+. Then
the same steps as in (3.19)—(3.20) may be applied to the interval (l;+, by (T—)), and since u((l;+, by (T—-))) >0by
definition of l;+ and the fact that F), is right-continuous, then we reach again a contradiction. |

The behaviour of by as t approaches T is very important for our purposes and knowing that by (T —) = by may
not be sufficient in some instances. Therefore we provide here a refined result concerning these limits.

Lemma 3.3. Ifu({b_,_}) > 0 (resp. [,L({ —b_ }) > 0) then there exists ty € [0, T) (resp. t— € [0, T)) such that b4 (t) =
b+ forallt €[ty,T] (resp. b_(t) = bh_ forallt e[t_, T)).

Proof. We give a proof only for M({l;+}) > 0 as the other case is completely analogous. Here it is convenient to adopt
the notation E; [-] = E[-|B; = x] and with no loss of generality to think of €2 as the canonical space of continuous
trajectories so that the shlftmg operator ¢. : §2 — Q is well defined and 6, {w(s),s > 0} = {w(t +s),s > 0}.

Recalling that /L({b+}) >0 = b+ > a4 due to Assumption (D.2) we now argue by contradiction and assume
that [0, T') x {b+} € Cr. By Ito—Tanaka—Meyer formula

0<V(t,by)—G(by) = E, E+/ Ly (v—u)(dz) forallzel0,T), (3.21)
’ R
where 7, is optimal under P, by We aim now at finding an upper bound for the right-hand side of (3.21). Notice that

E . /R L3 (v = p)(d2) < —u(lby })E, 5 LY +E, ;5. /R L% v(d2) (3.22)

and let us consider the two terms above separately.
For the first term we set tg :=inf{s > ¢ : |B; — b4 | > R} under Pt,i3+ for some R > 0 and use that | By ar, — b |P <
RP for any p > 0 to obtain

bt o bt A
EI,B+LT — E L‘L'*/\TR = El,1;+ |BT*/\TR - b+|
B bl 7] = ZLE 5 3.23
_Rp tb [| TeATR +| ] RP tb [(T*/\‘ER—I‘) ], (3.23)

where in the last inequality we have used Burkholder-Davis—Gundy inequality and ¢, > 0 is a fixed constant.
Now for the second term in the right-hand side of (3.22) we pick a € (a4, l;+), set 7, ;= inf{s >t : By <a} and
use strong Markov property along with the fact that for z € supp{v} it holds L;,,, =0, P 1, S These give

/REI’I;_FL%U(C{Z):AEZ‘5+[1{T*>T(‘}L;]U(¢ZZ)
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Et,l;+ [ﬂ‘{f*>fa} (Lia + El,l;+ [Li* °© efa |‘Ffa])]v(dz)

5

Et,};+ [:H'{T*>Ta}ETasBra [Li*]]v(dz)

A

< Pt,13+ (T4 > 15) sup E; 4 [Li*]v(dz), (3.24)

Ret<s<T

Since we are interested in t — T and b4 (T—) = 13+ by Theorem 2.1, with no loss of generality we assume that
bi(s) < R for s € [t,T] and for R > O sufficiently large. Then [a, b1 (s)] C [b4+ — R, b+A+ R] for s € [t, T] for
suitable R. The latter implies that {t, < 7.} = {t, < T, T4 < tg}. Therefore, denoting § := |b4 — a| we can estimate

Pz,l%,(ta < Ty) < Pt,l;+(t“ < T4 ATR)

I<S<TLATR

=P (_sw 1B —bil=35)

1 ~
< B | s 1Bi—byf

I<S<TLATR

/
Cq P ‘q 2
< 5iEp [1Brney = b4 l'] < 0B, [(menTe = 077], (3.25)

where ¢ > 1 is arbitrary but fixed, and we have used Doob’s inequality and Burkholder-Davis—Gundy inequality with
Cqs c/q suitable positive constants.

To simplify notation we set g := u({b+}) > 0, Cpi=cp/RP,Cy:=cy /6 and

g(®) :=/ sup Es,a[Li*]v(dz),
R

t<s<T

and observe that g(¢) | 0 as t — T since (L%);<,<7 is continuous and ET,aLZT =0 for all z € R. Plugging estimates
(3.22)—(3.25) into (3.21) and choosing ¢ = 1 + p we obtain

0<V(t,by) = Gby)
1+
< —10CHE, ; [ AT — 1) |+ 8(1CE, ;. [T A Tr — 1)1/7]
< (g(Cy = 1oCp)E,  [(ma AT —D)7].

Since g(#) | 0 as t — O, then for 7 < T but sufficiently close to T we find a contradiction. Therefore there must
exist 74 € [0, T) such that [t4, T] x {b+} € D7 and since b4 (-) > b (T —) = by by Theorem 2.1, then it follows that
by(t) =b4 forall t € [ty, T] as claimed. (I

To link our optimal stopping problem to the study of the Skorokhod embedding it is important to analyse also the
case when T = 400 in (2.4) and to characterise the related optimal stopping boundaries. We define

v(x) :=SupE¢[G(Br)Lir<4o0}]. x€R, (3.26)
>0

and the associated continuation region is
Coo:={x eR:v(x) > G)}. (3.27)

It is known that v is the minimal concave majorant of G (see [13]). However in [13] (see p. 114-116) it is required
for G to be bounded, which is not true in our case. For completeness we provide a proof of our next result in the
Appendix. Recalling the notation for pu (see (2.2)) and studying properties of G, we obtain v and C, explicitly.
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Proposition 3.4. The value function of (3.26) is given by
v(x) = max{G(400), G(—o0)} forx eR

(it could be v = +00). Moreover, letting Coo as in (3.27), the following holds:

(1) If max{G(+00), G(—00)} = +00 then Coo = R;

(i1) If G(—o0) < G(400) < 400 then Coo = (—00, th4);
(iii) If G(4+00) < G(—00) < +00 then Cop = (—u—, 0);
@iv) If G(+00) = G(—00) < 400 then Coo = (—ph—, 44 ).

It is useful to remark that if Coo = R then there is no optimal stopping time in (3.26). Now we give a corollary
which will be needed in the rest of the paper and follows immediately from the above proposition.

Corollary 3.5. Let bS® > 0 (possibly infinite) be such that —b° and b° are the lower and upper boundary, respec-
tively, of Coo. Then supp{u} C [—b>°, b3°] and in particular b3® = +00 (resp. b>° = +00) if supp{u} "R, = & (resp.
supp{u} NR_ = ).

Recall our notation V7 for the value function of problem (2.4) with time-horizon T > 0 and b1 for the correspond-
ing optimal boundaries. We now characterise the limits of b1 as 7 — oo and we show that these coincide with b3 of
the above corollary, as expected.

Proposition 3.6. Let bS° be as in Corollary 3.5, then

lim b1 (0) =b3.

T—o00
Proof. Note that (VT)7-¢ is a family of functions non-decreasing in 7' and such that vT(0,x) <v(x) (cf. (3.26)).
Set

V®((x):= lim VT(©0,x), xeR (3.28)
T—o0

and note that V°° < v on R. To prove the reverse inequality we introduce the stopping times
T, :=inf{t > 0: B, > n}, T_py:=inf{t > 0: B; < —m} (3.29)

for n,m € N. With no loss of generality we consider the case v(x) = G(400) (possibly infinite) as the remaining
cases can be dealt with in the same way. For any 7" > 0 and for x € (—m, n) we have

VT (0,x) > Ex[G(Byynr_pnr)]
and since G is bounded on [—m, n] we can take limits as T — oo and use dominated convergence to obtain

Voo(x) > E, [G(Br,l/\r,,,,)] =Gn)Px(ty < 1) + G(—m)Py (1 > 7—p)

_x~|—m

n—x
= Gn)+ G(—m). 3.30
T m (n) - (—m) (3.30)

The plan now is to take m — oo while keeping n fixed. The first term in the last expression above clearly converges
to G(n) as m — oo. For the second term we observe that, since F,(z) | 0 as z — —oo and it is monotonic, then there
exists ¢, > O such that 0 < F,(z) < n~2forze (—00, —cy,]. Hence, taking m > ¢, we can estimate

1 2 (0 2 (0
—G(—m)=—f (Fu_Fu)(Z)dZZ__/ F,(2)dz
m mJ_p, mJ_,

—Cn 0
S 3(/ Fv(z)dz—}-/ Fu(z)dz) > _E(n—z(m —cn) +cn). (33D
m _ m

m —Cn
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Taking limits as m — oo in (3.30) and using (3.31) we obtain
Vo(x) > G(n) —2(n — x)n~?
and, finally taking n — oo we conclude V°°(x) > G(400) = v(x). Since x € R was arbitrary we have
VX)) =v(x), xeR. (3.32)

We are now ready to prove convergence of the related optimal boundaries. Note that if (0, x) € Cr for some 7', then
v(x) > VS(0,x) > vI(0,x) > G(x) for any S > T, thus implying that the families (bi(O))T>0 are non-decreasing
in T and (—b7(0), b1 (0)) C (b, b°) for all T > 0. It follows that

by = lim bL(0) <bY.
T—o0

To prove the reverse inequality we take an arbitrary x € Co, and assume x ¢ (—b_, l;+). Then v(x) > G(x) + & for
some & > 0 and there must exist 73 > 0 such that V7 (0, x) > G(x) + 8/2 for all T > Tj by (3.32) and (3.28). Hence
x € (—=b1(0), b1 (0)) for all T sufficiently large and since (—b7 (0), L (0)) C (—b_, b) we find a contradiction and
conclude that by = b3°. O

3.1. Further regularity of the value function

In this section 0 < T < +o0 is fixed and we use the simpler notation V = V7 unless otherwise specified (as in Corol-
lary 3.10). We analyse the behaviour of V. (¢, -) at points b (¢) of the optimal boundaries. We notice in particular
that under the generality of our assumptions the map x — V, (¢, x) may fail to be continuous across b () due to
the fact that G is not everywhere differentiable.

More importantly we prove by purely probabilistic methods that V; is instead continuous on [0, T') x R. This is
a result of independent interest which, to the best of our knowledge, is new in the probabilistic literature concerning
optimal stopping and free-boundaries. For recent PDE results of this kind one may refer instead to [3]. Some of the
proofs are given in the Appendix since they follow technical arguments which are not needed to understand the main
results of the section. We start by providing useful continuity properties of the optimal stopping times.

Thanks to Theorem 2.1 we have that the interior of Dr is not empty and we denote it by D7.. We also introduce
the entry time to D7, denoted by

Ty (t, x) = inf{s >0:(t+s,x+ By) € DOT} A(T —1). (3.33)
We recall 7, as in (2.7) and notice that
T.(t, x) = T.(t,x), P-as.forall (f,x)€[0,T) xR (3.34)

due to monotonicity of b4 and the law of iterated logarithm (this fact is well known and the interested reader may find
a proof for example in [14, Lemma 6.2] or [11, Lemma 5.1]).

The next lemma, whose proof is given in the Appendix for completeness, is an immediate consequence of (3.34).
The second lemma below follows from the law of iterated logarithm and its proof is also postponed to the Appendix.

Lemma 3.7. Let (¢, x) € 0Cr, then for any sequence (t,,, x,)n € Cr such that (t,, x,) — (¢, x) as n — o0 one has
lim 7.(t;,x,) =0, P-a.s. (3.35)
n—>0oo
Lemma 3.8. Let (¢, x) € Cr and assume that (t,),>0 is such that t, 1t as n — 0o. Then
lim (¢, x) = t.(t,x), P-a.s. (3.36)
n— oo

and the convergence is monotonic from above.
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A simple observation follows from Proposition 3.1, that is

sup |Vi(1,x)| <L, (3.37)
[0, T]xR

with L independent of 7. Next we establish refined bounds for V, at the optimal boundaries. The proof of the next
proposition is in the Appendix.

Proposition 3.9. Foranyt € [0, T) and for x :== b4 (t) < 400 one has

G'(x) < Vi(t,x—) <G'(x—). (3.38)
Foranyt €10, T) and for x := —b_(t) > —00 one has
G'(x) < Vi(t, x+) < G'(x—). (3.39)

Notice that the above inequalities make sense because G is concave on R \ [—a_, a]. There are two straightfor-
ward corollaries to the above result which will be useful later in the paper. The first corollary uses that G’ is continuous
atx e R\ [—a_,ay]if u({x}) =0.

Corollary 3.10. If u({£b+(¢)}) =0 then V. (t,-) is continuous at £b (t) so that
Vi (t, j:bi(t)) = G’(j:bi(t)).
The next corollary follows by observing that, since u({300}) = v({£oo}) =0, then

I
i 6= iy 66 =0,

Here we use the notation V7 and bZ for the value function (2.4) and the corresponding optimal boundaries.

Corollary 3.11. Let by := b_{_(O), then if by < 400 forall T > 0, it holds

lim by =+00 = lim |V](t,b7—) - G'(br—)|=0.
T—o00

T—o00

On the other hand letting ct = T (0), then if cr > —oo forall T > 0, it holds

lim ¢ =—0c0 = lim |V](t,cr+) — G'(cr)| =0.
T—o00

T—o00

In the lemma below we characterise the behaviour of (3.38) and (3.39) as r — T for a fixed T > 0 (with V = VT
and by = b1 ). The proof is given in the Appendix.

Lemma 3.12. For fixed T > 0 one has
@) Ifu({l;+}) > 0 and/or M({—I;_}) > 0, then

lim Ve (r, b1 (=) = G'(by—) andfor lim Ve (r, —b-(0)+) = G'(—b-). (3.40)
r— t—
(i) If u({b+}) =0 and/or w({—b_}) =0, then
lim Ve (1, b1 (=) = G'(by) and/or lim Ve (r, =b-(1)+) = G'(—b_-). (3.41)
t— —
To conclude our series of technical results concerning fine properties of V., we present a last lemma whose proof

is also provided in the Appendix. Such result will be needed in the proof of Lemma 3.14 below when dealing with
target measures p entirely supported on the positive (resp. negative) half line.
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t-bi(t) T
x - T, (x)

t——b_(t)

/ x

Fig. 1. A drawing of possible optimal stopping boundaries b+ (on the left) and of the corresponding generalised inverse function Ty (on the
right).

Lemma 3.13. If supp{u} NR4+ = & (resp. supp{u} NR_ = @) then

lim sup |Vx(t,y)|=0 (resp. lim sup ]Vx(t,y)|=0).
Y=+ 0<r<T Y= =00 0<s<T

We are now going to prove that V; is continuous on [0, 7)) x R. Let us first introduce the generalised inverse of the
optimal boundaries (see Figure 1), namely let

sup{t € [0, T]: —b_(t) <x}, xe(—b_(0),0),
Ti(x):= qsup{r €[0,T]:by(t) > x}, x €[0,54(0)), (3.42)
0, elsewhere.

Note that x € (—b_(¢),b4+(¢)) if and only if t < T,(x). Note also that T is positive, non-decreasing and left-
continuous on [—b_(0), —b_(T)], non-increasing and right-continuous on [by(T), b4 (0)] (hence lower semi-
continuous) with Ty (+b+(0)) = 0 if b1 (0) < +o0.

Lemma 3.14. For h € (0, T) define the measure on R
y.

op(dy) = Y (3.43)
Then the family (op)ne,1) is a family of negative measures such that
op(dy) > —v(dy) weaklyash — 0 (3.44)

and o, (R)| < Lg forall h € (0, T).

Proof. We start by considering w4 > 0 so that we are in the setting of (iii) in Theorem 3.2. In particular fix h<T so
that b4 and b_ are bounded on [T — &, T']. Hence

supp{on} = (—b_(T —h), by (T — h)) for all 4 € (0, h)

because V(T —h,y) =G(y)=V(T,y) forall y ¢ (—b_(T — h), b (T — h)).
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Take an arbitrary f € C,f (R), recall (3.42) and notice that

V(T V(T —h),y)=V(T —h,y)=G(y) fory¢ (—b_(T —h),bi(T —h)),
V(T.) V(T —h),y) =V(Tu(y),y) =G(y) forye (=b_(T —h),bi(T —h)).

Then we have
V(T,y)— V(T —h,
/f(y) (T,y) h( y)dy
R
(y)V(T—h),y)d
y

V(T,y) — V(T
= [ o=
R

V(T T —h),y)— V(T —h,
+/Rf(y) (T:(y) v ( ;ly) ( y)dy

/b+<T—h> V(T (y),y) = V(T —h, ) dy

f»

—b_(T—h) h

Thanks to continuity of V all the integrals above are understood as integrals on open intervals, i.e.

by (s)
/ ~--dy=/ --dy. (3.45)
—b—(s) (=b-(5),b4(5))

We now recall that V; is continuous in Cy and V; = —% Vix in Cr. Then we use Fubini’s theorem, integration by
parts and (3.2) to obtain

b (T=h) V(T (), y) = V(T —h,y)
/ Fop dy
—b_(T—h)
1 b (T—h) T (y)
:E/ f(y)/ Vis, y) dsdy
—b_(T—h) T—h

b_(s)

1 T by (s)
Z_E/ h/ SO Ve (s, y)dyds
T—hJ—
T

1 / by (s) b+(s) "
=~ [f(-)Vx(s, )= FOCOIS +/ F Vs, y) dy] ds. (3.46)
T—h —b_(s)

Notice that due to (3.45) we have
FOVils, AL = F (b4 () Va(s. by (9)=) = f(=b_ () V(5. —b_()+). (3.47)

Since we are interested in the limit of the above expressions as -z — 0 it is useful to recall Lemma 3.12. For
simplicity we only illustrate in full details the case ;/,({l;+}) >0,a_ = b_ and v({—a-}) > 0 but all the remaining
cases can be addressed with the same method.

Because of M({B+}) > 0 then a4 < l;+ (Assumption D.2) and we use (i) of Lemma 3.12; on the other hand for
a_=h_and v({—a-}) > 0 we use (ii) of the same lemma. From (3.47) we have

. b ~ ~ A
Tim fOVis. )20 = £ )G (b4 =) = f(=b) G (a—). (3.48)
We take limits in (3.46) as h — 0, use (3.48) and undo the integration by parts to obtain

tim [ 7ntay)
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b

1 N N +
=— [(fG’)(bJr—) —(£G)(ma-=) = (£'G)b) + (f'G)(ma) + | f'(G() dy}

—a—

1
=3 [t w06 @y =~ [ iy, (3.49)
R R

Notice that in the penultimate equality we have used that G'(—a_) — G'(—a_—) =2v({—a_}) and

1o 5y (@dy) =214 a,jv(dy)
(recall that ,u((—lg_, 1;+)) =0and u({—a-}) = 0). Itis important to remark that it is thanks to the fine study performed
in Lemma 3.12 that we obtain exactly the indicator of [—a_, a] in (3.49).

To show that oy, is finite on R it is enough to take f =1 in (3.46) and notice that

T
on(R) :—% : h(Vx(s,b+(s)) — Vi(s, —b_(s)))ds forallh e (0,h).

From the last expression and (3.37) it immediately follows that |0, (R)| < L¢.

In (3.49) we have not proven weak convergence of o, to —v yet but this can now be done easily. In fact any g €
Cp(R) can be approximated by a sequence ( fi)r C Cg (R) uniformly converging to g on any compact. In particular,
for a compact A 2 supp{oy}, and for any ¢ > 0 we can always find K, > 0 such that sup, | fx — g| < ¢ forall k > K,.
Since supp{v} € supp{oy} € A for all 4 € (0, ), the previous results give

lim‘ / g (on +v)(dy)| < lim8(|Uh(R)|+V(R))+lim’ / Fe)(on +v)(dy)
h—0|Jr h—0 h—0]|JR
<+ Lg)e

for all k > K. Since ¢ > 0 is arbitrary (3.44) holds.

We now consider the case supp{u} "Ry = &, ie. uy = —b_, and b1 (-) = +o0. Using Lemma 3.13 we can
repeat step by step the calculations above to obtain (3.49) with l;+ =+oo forany f € C,f (R) such that f(x) — 0 and
f'(x)G(x) — 0 as x — oo. So it only remains to prove that the density argument holds. For that we observe that by
Lemma 3.13 one has

1 T [’} 1 T
oh([x,—l—oo)):—E/T h/ Vxx(s,y)dyds=ﬂ'/T th(s,x)ds, X >ay, (3.50)
_nlx _

and moreover for any ¢ > 0 there exists x, > 0 such that |0}, ([x, +00))| < &/2 for all x > x,. With no loss of generality
we may assume that also v([x., +00)) < ¢/2 because v puts no mass at infinity. Setting A, = [—-b_(T — h), xe1, we
can find a sequence (fx)x C Cg(R) with fx(x) — 0 and fk/(x)G(x) — 0 as x — 00, and a number K, > 0 such that
supy, | fk — gl < & for all k > K,. With no loss of generality we may also assume || f[[co < ¢ for all k and a given
¢ > 0. This gives

‘/Rg(y)(oh + v)(dy)'

=<

/R (8 = O (on + v)(dy>' + ‘ /R Fe0)(on +v)(dy)
<e(1+ |on@®)]) + llg = filloo|(@n +v)(xe, +00)]

+ ‘/Rfk()’)(ah + v)(dy)‘~



1114 T. De Angelis

In the limit as &4 — 0 we find
}}i_f)rz)‘ng(y)(ava)(dy) <e(1+ |oa@®)| + lIglloo + )

and the claim follows by arbitrariness of ¢. The case supp{u} N R_ = & can be addressed by similar arguments and
we omit the proof for brevity. ]

Let us denote

1 =p?

t,x,8,y)i=—-—¢ 260 fort<s,x,y€eR 3.51
p( y) NercED) y (3.5
the Brownian motion transition density. We can now give the main result of this section.

Proposition 3.15. It holds V; € C([0, T) x R).

Proof. Continuity of V; holds separately inside Cr and in Dr, thus it remains to verify it across the boundary of Cr.

First we fix t € (0, T') and x € R such that (¢, x) € dCr, and take a sequence (,, x,,)nen C Cr such that (¢, x,) —
(t,x) as n — oo. For technical reasons that will be clear in what follows we assume t < T — 2§ for some arbitrarily
small § > 0 and with no loss of generality we also consider #, < T — § for all n. Now we aim at providing upper
and lower bounds for V;(#,, x,) for each n € N. A simple upper bound follows by observing that ¢ — V (¢, x) is
non-increasing and clearly

Vi(tn,x,) <0 foralln e N. (3.52)

For the lower bound we fix n and take 4 > 0 such that f, — h > 0 and hence (¢, — h, x,) € Cr. For simplicity
we denote T, = Ty (ty, Xp) and 1, 5 1= T4(t, — h, xp) as in (2.7) so that 7, ; is optimal for the problem with value
V(t, — h, x,,). We use the superharmonic characterisation of V to obtain

Vtn, xn) = V(ty — h, xn)
> Ex, [V (tn + Tuh AT = tn), Bey yn(T=t)) — V(tn — h + Tun, Br, )]
=Eu, [(Vn + T B, ) = Vi — h 4 Tun, Be, ) Ly <71} ]
+Ex, [(V(T. Br—y,) = V(tn — h + T, Br, ) L 27—t} )- (3.53)

Observe that on the set {7, < T —t,} itholds V (¢, —h + Ty p, By, ) = G(By,,) and V (t + ty,n, Be, ) > G(By, ).
On the other hand

Ex,, [V(tn —h+ Tn,hs Br,,,;,)|]:T7t,,] =V(T —h, BTfln) on {Tn,h >T —ty}

by the martingale property of the value function inside the continuation region. Dividing (3.53) by & and taking
iterated expectations it then follows

1
Z(V(tnv Xn) = V(tn — h, xn))

1
= ZExn[(V(Ty Br_,,) = V(T —h, BT—tn))j]-{r,,vhzT—tn}]
_E [V(T, Br—y,) = V(T —h, BT—t,l):|
— =X
" h

V(T,Br—,) = V(T —h, BT—t,,)]

(3.54)

- Exn []]'{Tn,h <T_tn} h
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Since for all n we have 6 <T —t, then {7, , <T —t, — 8} S {tyn <T —1,} and since V(T, Br—,,) — V(T —
h, Br_;,) <0 we obtain

V(T,Br—,) = V(T —h, Br—,)
h
VT, Br—,) = V(T —h, BT—t,,)i|
h

_Exn []]‘{Tn.h <T—ty}

> —Ey, [Jl{rn.hsr—rn—s}

VT, Br—i,—,,) = V(T —h, BT—z,,—rn,h))] (3.55)

= _Exn |:]1{Tn.h§T_tn_5}EBtn,h < h

where the last expression follows by the strong Markov property. Recalling now (3.43) and (3.51), and using (3.54)
and (3.55) we obtain

V(ty, xp) = V(ty, — h, x,)
o Xn) = Vi =) f Fun()on(dy). (3.56)
h R
where
fﬂ,h(y) = P(Ov Xns T — In, y) - EX” [:H-{‘L',lyth—tn—é}p(Ov B‘L’nqhs T — Ih — Tn,h>» y)] (357)

Notice that | f, 5 (y)| < C for some constant independent of n and £ (this is easily verified since T — ¢, — 7., > J in
the second term of (3.57)). Recalling Lemma 3.8 it is not hard to verify that for any (y;)n~0 C Rsuchthat y, - y e R
as h — 0 it holds

}}i_%fn,h()’h) > () =p0,x,, T —t,,y) — Exn []l{tn<T7t,,78}P(0, B‘[n’ T —1t,— 1, )’)]v
where we have used that limj, 0 1(¢, ,<7—1,—8) < L{z,<T—1,—5} Since Ty j | To. Moreover, Lemma 3.14 implies that

(on(dy)/on(R)) ¢ iy forms a weakly converging family of probability measures. Therefore we can use a continuous
mapping theorem as in [20, Ch. 4, Thm. 4.27] to take limits in (3.56) as 7 — 0 and get

Vi(tn, xp) = lim/ fn,h(Y)Uh(dy):_/ In(Mv(dy).
h—0 Jr R

Finally we take limits as n — oo in the last expression and we use dominated convergence, the fact that r, — 0 as
n — 0o (see Lemma 3.7) and the upper bound (3.52), to obtain

lim V;(t,, x,) =0.
n—o0
Since the sequence (#,, x,,) was arbitrary the above limit implies continuity of V; at (¢, x) € aCr N {r < T'}. O
It is a remarkable fact that in this context continuity of the time derivative V; holds at all points of the boundary
regardless of whether or not the x-derivative V, is continuous there. As a consequence of the above theorem and of

(3.1) we also obtain:

Corollary 3.16. For any ¢ > 0 it holds that Vy and V. are continuous on the closure of Ct N{t <T — ¢}. In
particular for any (t, x) € 0Ct and any sequence (t,, xX)neN C Cr such that (t,, x,) — (¢, x) as n — o0, it holds

lim Viy(tn, x) = 0.
n—>0oo

We conclude the section with a technical lemma that will be useful in the rest of the paper.
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Lemma 3.17. Forany f € Cp(R) one has
lim/ fOVi(t, x)dx = —/ fx)v(dx) (3.58)
T Jr R
i.e. it holds V;(t,x)dx — —v(dx) weakly as a measure, in the limitast 1 T .
Proof. The proof is very similar to that of Lemma 3.14. It suffices to prove the claim for u+ > 0O and f € CI% (R) since
arguments as in the final part of the proof of Lemma 3.14 allow us to extend the result to f € C»(R) and any f44.
We take /i > 0 as in the proof of Proposition 3.9 and we let A C R be an open bounded interval such that [—b_ (T —

h), b, (T —h)] C A. Then for any f € Ci(]R), t € (T — h, T) we use Proposition 3.15 along with (3.1) and (3.2) to
obtain

1 rb+®
/Af(y)Vz(t,y)dy= - —/ ()f(y)Vxx(t,y)dy
t

2J)
1
=- E[fc)vx(r, )= F1OGOHM, + /A V@) dy].
Taking limits as ¢+ — T and arguing as in (3.49) we obtain (3.58). ]

4. The Skorokhod embedding

In this section we will show that the optimal boundaries b+ found in Theorem 2.1 are the boundaries of the time
reversed Rost’s barrier associated to .
Here we recall the notation introduced in Section 2 and let s_ and s be the reversed boundaries from Definition 2.2.
We denote
Cxo:={(t,x) €[0,400) x R:x € (—s_(1),5+(1))},
Dy, :={(t,x) €[0,+00) x R:x € (—o00, —s_ ()] U [s4 (1), +00)},

again with the convention (—oo, —o0] = [+00, +00) = &.
Arguing as in (3.42) we introduce the (generalised) inverse of s+ defined by (see Figure 2)

inf{r >0:—s_(t) <x}, x=<-s_(0),
ex):=10, x € (—s-(0), s1(0)), 4.1
inf{t > 0:54(¢) > x}, x > s54+(0).

Notice that x € (—s_(¢), s+ (¢)) if and only if ¢(x) < ¢ and note also that for each T > 0 it holds (see (3.42))
Ty(x)=T —p(x) forxe [—s,(T), s+(T)].

It is not hard to see that ¢ is positive, non-increasing left-continuous on R_ and non-decreasing right-continuous on
R (hence upper semi-continuous).

Our first step is to use stochastic calculus to find a probabilistic representation of V;. Let us start by introducing
some notation. Along with the Brownian motion B we consider another Brownian motion W := (W;),>0 independent
of B and we denote (.EW),ZO the filtration generated by W and augmented with P-null sets. Recalling 7, T, and
(3.34), we now introduce similar concepts relative to the sets C_ and D,. For (¢, x) € Ry x R we now set

T_(t,x):= inf{u >0:x+W, ¢ (—s_(t +u), sy (t+ u))}, “4.2)
T_(t,x) = inf{u >0:x4+W, ¢ [—s,(t +u), sy (t+ u)]} 4.3)
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~ {

t—s.(t)

x=¢(x)

t - —s_(t)

\

Fig. 2. A drawing of possible reversed boundaries s+ and —s— (on the left) and of the corresponding generalised inverse function ¢ (on the right).

It is clear that _ and 7_ are (ftW)-stopping times. Moreover in [7] (see eq. (2.9) therein) one can find an elegant
proof of the fact that?

Pix(t—=7_)=1 forall (¢,x)€[0,+00) x R. “4.4)

The latter plays a similar role to (3.34) in the case of the sets C_, and D_,. In what follows, and in particular for
Lemma 4.1, we will find sometimes convenient to use 7_ instead of 7_ to carry out our arguments of proof.

The stopping times 7— and 7_ are introduced in order to link V; to the transition density of the process (¢, W;)
killed upon leaving the set C__. This is done in Proposition 4.2. The latter is then used to prove that D_ is indeed the
Rost’s barrier (see the proof of Theorem 2.3 provided below).

From now on we denote pc (t,x,s,y), s > t, the transition density associated with the law P; , (B; € dy,s < ty)
of the Brownian motion killed at t,. Similarly we denote pg (t,x,s,y), s > t, the transition density associated with
the law P, , (W, e dy, s < t_) of W killed at t_. It is well known that

Pl x,5,y) = plt, x,s,y) — ErxLis>z,)p(T4, Be,, 5, y) 4.5)
for (¢, x), (s, y) € Cr and
Pl x5, y)=p(t.x,s,y) — Erxlisscyp(t—, We_,s,y) (4.6)

for (¢, x), (s, y) € C, (see e.g. [20, Ch. 24]).

The next lemma provides a result which can be seen as an extension of Hunt’s theorem as given in [20, Ch. 24,
Thm. 24.7] to time—space Brownian motion. Although such result seems fairly standard we could not find a precise
reference for its proof in the time—space setting and for the sake of completeness we provide it in the Appendix.

Lemma 4.1. Forall0<t <s <T and x € (=b_(1), b4 (1)), y € (=b_(s), b, (s)), it holds pC(t,x,s,y) = p° (T —
s,y, T —t,x).

For future frequent use we also define

UT,x):=vT@t,x)—Gx), ¢ x)el0,TIxR 4.7)

3To avoid confusion note that in [7] our functions s+ and —s_ are denoted respectively b and c.
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then UT € C ([0, T] x R) and (3.1)~(3.2) imply

T 1 T
(U, + 5Um)(r, X)=——wdx), xe(=b_(1),bs),1t€l0,T), (4.8)
UT(t,x)=0, xe(—oo,—b_(1)]U[bs(1),00),1€[0,T), (4.9)
Ul(T,x)=0, xeR, (4.10)

where the first equation holds in the sense of distributions, and in the second one we shall always understand
(=00, —00] = [+00, +00) = &.
We can now use Lemma 4.1 to find a convenient expression for UZT in terms of p‘i.

Proposition 4.2. Fix T > 0 and denote U = U for simplicity (see (4.7)). Then U; € C([0, T) x R) and it solves

1
((Uz)z+ E(Ut)xx>(t’x)=0a (t,x) €Cr, (4.11)
Ui(t,x) =0, (t,x)€dCrN{t<T}, (4.12)
lim/ f(x)Ut(t,x)dXZ—/ f)vdx), forall feCpR). (4.13)
T Jr R

Moreover the function U; has the following representation
~U,(t,x) =/ pCt, x, T, y)v(dy) =/ pC0,y, T —t,x)v(dy), (t,x)€[0,T)xR. (4.14)
R R

Proof. The proof is divided in a number of steps.

Step 1. We have already shown in Proposition 3.15 that V; is continuous on [0, ) x R and equals zero along the
boundary of Cy for t < T'. Moreover Lemma 3.17 implies the terminal condition (4.13). In the interior of C7 one has
V, ecl? by standard results on Cauchy-Dirichlet problems (see for instance [15, Ch. 3, Thm. 10]). It then follows
that U, solves (4.11) by differentiating (4.8) with respect to time.

Step 2. We now aim at showing (4.14). For (¢, x) in the interior of Dr the result is trivial since U; = 0 therein.
Hence we prove it for (¢, x) € Cr and the extension to dCy will follow since U, is continuous on [0, T') x R.

In what follows we fix (¢, x) € Cr and set 7, = 7,(¢, x). For ¢ > 0 we use 1t6’s formula, (4.11)—(4.13), strong
Markov property and the definition of pc to obtain

U (t,x) = —ExUt(l +r AT —1t—e¢), BT*/\(T—I—E))

=—ExU(T — &, Br—1—e) {1, 5T—1—¢) = —/ U(T — ¢, )’)PC(Z,X, T —e¢,y)dy.
R

Now we want to pass to the limit as ¢ — 0 and use Lemma 3.17 and a continuous mapping theorem to obtain (4.14).
This is accomplished in the next two steps.

Step 3. First we assume that b+ > a+. Note that from (4.5) one can easily verify that (s, y) pc(t, X,s,y) is
continuous at all points in the interior of Cr by simple estimates on the Gaussian transition density. Therefore for any
y € [—a—,a4], any sequence (¢;) jen With ¢; — 0 as j — 00, and any sequence (y;)jeN converging to y as j — 00
there is no restriction in assuming (7 — ¢, ygj) € Cr so that pc @, x,T—egj, ygj) — pc(t, x,T,y)as j — oo.Hence
taking limits as ¢ — 0 and using (3.58) and a continuous mapping theorem as in [20, Ch. 4, Thm. 4.27] we obtain

_UI(LX):APC(L)C:T’y)v(dy):%lép(_j(osy’T_t!x)v(dy)v

where the last equality follows from Lemma 4.1.
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Step 4. Here we consider the opposite situation to step 3 above, i.e. the case bs = ay. For arbitrary § > 0 we
introduce the approximation

F(x), x € (=00, —b_ — 8],
F(x) = { Fu(=b_ —9), xe(—b_—8b,+9),
Fu(x) = [Fu((by +8)—) — Fu(=b_ —8)1, x €lby +6,00),

which is easily verified to fulfil

li Fi(x)—F = 4.1
511})3;% 5 (x) L ()] =0 4.15)

since F), is continuous at :l:l;i by Assumption D.2. Moreover for u‘s (dx) := F%(dx) we have

5 u(dx), x € (=00, —b_ — 81U [by +8,+00),
un’(dx) = N N
0, x e (—=b_—38,by +96).

Associated to each F 3 we consider an approximating optimal stopping problem with value function V?. The latter

is defined as in (2.4) with G replaced by G?, and G° defined as in (2.3) but with F, 3 in place of F,. It is clear that
the analysis carried out in Theorem 3.2 and Proposition 3.9 for V and G can be repeated with minor changes when
considering V% and G?. Indeed the only conceptual difference between the two problems is that F 3 does not describe

a probability measure on R being in fact 1 (R) < 1.
In particular the continuation set for the approximating problem, i.e. the set where V° > G?, is denoted by C% and

there exists two right-continuous, non-increasing, positive functions of time bft with bft (T—) = by + & such that
Ch={(t,x)e[0,T) x R:x e (—=b2.(1), b5, (1))}

It is clear from the definition of F 3 that for any Borel set A € R it holds u®(A) < /,LS/ (A) if 8’ < 6. Hence for
8 <6, (t,x) €0, T) x R we obtain the following key inequality

Vi, x)—G(x)=  sup Efoi(v—M‘s)(dz)
R

0<t<T-—t

> sup Ex/ Li(v—p®)d2) =V, x) — G (x)
R

0<t<T—t

by It6—Tanaka—Meyer formula. The above also holds if we replace vy —GY by V — G and it implies that the family
of sets (C‘ST)3>0 decreases as § | 0 with C‘ST D Cy forall § > 0. We claim that

limC) =Cr and lim b’ (1) =bs(t) forallze(0,T). (4.16)
§—0 §—0

The proof of the above limits follows from standard arguments and is given in Appendix where it is also shown that

lim  sup  |V°(t,x) = V(t,x)|=0, K CR compact. 4.17)
8=0(;,x)e[0,T)xK

Now for each § > 0 we can repeat the arguments that we have used above in this section and in Section 3 to
construct a set c&‘ which is the analogue of the set C,. All we need to do for such construction is to replace the
functions s and s_ by their counterparts si and s® which are obtained by pasting together the reversed boundaries
si‘" (1) := bi’T" (T, — 1), t € (0, T;] (see Definition 2.2 and the discussion preceding it).

As in (2.7) and (3.33) we define by rf the first time the process (¢, B;);>0 leaves C‘ST and by ff the first time
(t, Bt)r>0 leaves the closure of C%. Similarly to (4.2) and (4.3) we also denote by 7% and 72 the first strictly positive
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times the process (W;);>¢ leaves (—s2 (1), si (1)) and [—s% (1), si ()1, t > 0, respectively. It holds again, as in (4.4),
that

Pt,x(rf = f‘s) =1 forall (¢, x) € [0, 400) x R. (4.18)

It is clear that 8 decreases as § — 0 (since § — C% is non-increasing) and 78 > 1_, P-as. for all § > 0. We show
in the Appendix that in fact

(Slin}) =1, Pas. (4.19)

The same arguments used to prove Proposition 3.15 (up to a refinement of Lemmas 3.13 and 3.14 which we
discuss in the penultimate section of the Appendix) can now be applied to show that Vt‘s is continuous on [0, T) x R
and V? = 0 outside of C? N {¢t < T}. Therefore, for fixed § > 0, we can use the arguments of step 1, step 2 and step 3

above since l;i + & > a4+ and obtain
s _ C.s _ C.s
=U;(t,x) = /Rp (t,x, T, y)vdy) = /Rp_ 0,y, T —t,x)v(dy), (4.20)

where obviously the transition densities pc"S and pg’a have the same meaning of pc and pg but with the sets C7 and

C replaced by C‘ST and cﬁg, respectively. Note that U;S <0, then for fixed ¢ € [0, T') the expression above implies
(see (4.5) and (4.6))

sup|UP (1, )| < sup/ p(0,y, T —t,x)v(dy) <+oo forall§ >0
xeR xeRJR

and therefore there exists g € L°°(R) such that U;S (t, -) converges along a subsequence to g as § — 0 in the weak*
topology relative to L% (R). Moreover since (4.17) holds and the limit is unique, it must also be g(-) = U, (¢, -).
Now, for an arbitrary Borel set B C [—s_(T —t), s+ (T — t)], (4.20) gives

—/ Uf(t,x)dxzf Py(Wr— € B,T —t < °)v(dy).
B R

We take limits in the above equation as § — O (up to selecting a subsequence), we use dominated convergence and
(4.19) for the right-hand side, and weak* convergence of U;S for the left-hand side, and obtain

—f Ut(t,x)dxzf P,(Wr_; € B,T —1 < 7_)u(dy).
B R

Finally, since B is arbitrary we can conclude that (4.14) holds in general. A

After step 3 and 4 the remaining intermediate cases are: (i) by =ay and b_ > a_, and (ii)) b— =a_ and b4 > ay.
These may be addressed by a simple combination of the methods developed in steps 3 and 4 and we omit further
details. ]

Now we are ready to prove the main result of this section, i.e. Theorem 2.3, whose statement we recall for conve-
nience.

Theorem 2.3. Let W' := (W}");>0 be a standard Brownian motion with initial distribution v and define
Oy 1= inf{t >0: W ¢ (—s_(t), s+(t))}. 4.21)

Then it holds

EF (W) Lio.<too) = /R Fu(y)  forall f € Ch(R). (422)
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Proof. We start by recalling that since s4(T) = b1 (0), then Proposition 3.6 and Corollary 3.5 imply that
lim s3.(T) =50 > py, (4.23)
T—o0

where we also recall that w4 are the endpoints of supp{u} (see (2.2)). Notice that by monotonicity of the boundaries
if s4 (o) = +o00, then 54 (f) = 00 for ¢ > 1y and the same is true for s_.

Fix an arbitrary time horizon T and denote U’ = U as in (4.7). Throughout the proof all Stieltjes integrals with
respect to measures v and p on R are taken on open intervals, i.e.

b
f:/ ... fora <b.
a (a,b)

Let f € C,%(]R) and consider the sequence ( f;,)n>0 C Ci(R) with f,(x) = f(x) for |[x] <n and f,(x) =0 for
|x] > n + 1. Notice that

Ef (Wo,ar) = lim Efo(W5, A7) (4.24)

by dominated convergence and the fact that f;, — f pointwise at all x € R.
Now, for arbitrary n a straightforward application of It6’s formula gives

1 ox AT
Efa(Wo.nr) = fR Fay)vidy) + SE /0 £1(W?) du

1 T
= / fn(y)v(dy)—i—E/ Elw<o, £y (Wy)) du. (4.25)
R 0

Notice that o, = 7 = 7_ (see (4.2)—(4.4)) up to replacing the initial condition in the definitions of t_ and 7_ by an
independent random variable with distribution v. Recall the probabilistic representation (4.14) of U,. Then we observe
that foru > 0
” " C $+) 7"
El{u<o [y (Wy) = /}R Fu ) (/R p=(0,x, u, y)V(dX)) dy = —/ Ul(T —u,y) fy ) dy
—s_(u)

by (4.12). An application of Fubini’s theorem and the fact that y € (—s_ (), s+ (1)) <= u > ¢(y) (see (4.1)) gives

T T
/0 Eluso, fy (W) du = —/ (A; 1{ye(s_(u>,s+<u>>}Ur(T—uvy)fé'(y)dY> du

0
T
- fi» (/ L)<y Ur (T —u, y) du) dy
R 0
= fR LU, ) —U(T —¢(y), y))dy

= fR MU, y)dy, (4.26)

where in the last line we have also used that (T — ¢(y), y) = (Tx(y), y) € 9Ct and U3¢, = 0 (see (4.9)). Hence from
(4.25) and (4.26), and using that U (0, y) =0 for y ¢ (—s_(T), s+(T)), we conclude

s+(T)

1
Efa(Wo a7) = fR FaGvy) + 5 f " U, y)dy. (4.27)

—5—

Notice that the last term above makes sense even if s+ (T) = 400, because f;, is supported on a compact.
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The left-hand side of (4.27) has an alternative representation and in fact one has

Efu(Wo.rr) = ELir <0, o (Wr) + Eli, <1) fu(Wy,)

s+(T)
= f </R faPEO,x, T, y)V(dX)> dy +Elg, <1y fu(W,,).

—s_(T)

By using (4.14) once more we obtain

s+(T)
/ ( / fo PO, x, ﬂy)v(dx)) dy
—s_(T) \JR

s+(T)
= —/ MU0, y)dy
—s_(T)
54(T) | s+
=/ Su( O —w)dy) + 5/ Su(MUxx (0, y)dy, (4.28)
—s_(T) —s_(T)

where the last expression follows from (4.8).
To simplify the notation we set

A7 :=Ux(0,—=s_(T)+) and AF :=U(0,54(T)—)

and notice that A% may be non-zero due to the lack of smooth-fit at the boundaries. Now integrating by parts the last
term on the right-hand side of (4.28), using (4.9), and the fact that f,(x) = f,,(x) = f,/(x) =0 for |x| > n+ 1, we get

s+(T)

Efu(Wy r7) =Elo, <1} fn(Wy,) — / : f(u(dy)

—s_(T

s4+(T)

1
+/ Fnv(dy) + 5/ £InU, y)dy
R —s_(T)

1
+ E[fn (54 (D) AT L, (y<nt1y — fu(—5— (D)) AT Ls_ 1y <ty - (4.29)

Direct comparison of (4.29) and (4.27) then gives for all n > 1

s+(T)
Ed (o<1 fu(W2) = [ O

—s_(

1
- E[fn (s+ (D) AF Lo myznrty — fu(=5— (D)) AT Lis_ (1y<n+1} -

Taking limits as n — oo and using dominated convergence and pointwise convergence we have

s+(T)
El, <11/ (W,,) =/ T)f(y)u(dy)

—s_(
1
= 5 (s+ (M) AT L5 (1) <o0) = [ (=5- (D) AT L5 (1) <001 | (4.30)

It remains to take limits as T — oo. If there exists 7y > O such that s (f9) = s_(#9p) = 400, then the proof is
complete because s () = s_(t) = +oo for all ¢ > ¢y and we only need to take T > t; in the last expression above. As
it will be clarified in Corollary 4.5 this situation never occurs in practice.

Let us now analyse the case in which there exists #y > 0 such that s (#p) = +00 whereas s_(¢) < 400 forall ¢ > 0.
The remaining cases, with s (¢) < +oo for all # > 0 and s_(¢) < +00, may be addressed by the same methods.
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Case 1. [u— = +o0]. In this case (4.23) implies s_(T) — oo as T — oo with |s_(T")| < +oo for all T > 0, and
Corollary 3.11 implies A — 0. Hence taking limits as 7' — o0, using dominated convergence and (4.30) we get

ELfg, <o0) (W2 ) = /R FOIy). @31

Case 2. [u— < +oo and u({—p—}) = 0]. In this case G’ is continuous at —u_, therefore (3.39) implies Ay — 0
as T — oo since s_(T) — pu—. Hence arguing as in case 1 above we get (4.31).

Case 3. [u— < +o0 and u({—pu—}) > 0]. This case requires more work. We approximate the measure u via a
sequence of measures (u;)r whose cumulative distributions are constructed as follows: for each k > 1

0, X <—fh_ — %,
Fu @)= 1k (4 pe + PFu(—po), xel—p- — g, —p-), (4.32)
Fu(x), X €[—pu—_,+00).

Since Fy,, (x) — F), as k — oo for all points x where F}, is continuous, then p; — p (see [29], Thm. 1, Ch. 3.1). It is

important to notice that F,, is continuous at the lower endpoint of its support, i.e. at — /ﬂ‘) =—u_ —1/k.
Letting Gy be defined as in (2.3) but with F}, replaced by F),, we can now consider the corresponding problem (2.4)
with value function denoted by VkT. Repeating the characterisation of the optimal stopping region for this problem we

obtain the relative optimal boundaries bi‘ ), which then produce two time-reversed boundaries s$ ). In particular it is

not hard to verify that (4.23) in this case implies that limz_, o s (T) = je_ + 1/k and limz_, o s (T) = o0 (for

all k sufficiently large).
k)

Since F),, is continuous at —u " we argue as in case 2 above to get

Bl ooy f (W) = /R fOme(dy). (4.33)

where cx,fk) is the analogue of (4.21) with si‘ ) instead of s+. We claim here and prove in the Appendix that

lim o® =o0,, P-as. (4.34)
k—+00
so that taking limits in (4.33), again we obtain (4.31).

Since (4.31) holds for any f € CZ(R) we can extend to arbitrary continuous functions by a simple density argument.
For any f € C,(R) we consider an approximating sequence ( fi)ren C Ci(R) such that fy — f pointwise as k — oo.
For each f; the equation (4.31) holds, then taking limits as k — oo and using dominated convergence we obtain
(4.22). O

As corollaries of the above result we obtain interesting and non-trivial regularity properties for the free-boundaries
of problem (2.4). These are fine properties which are difficult to obtain in general via a direct probabilistic study of
the optimal stopping problem. Namely we obtain: (i) flat portions of either of the two boundaries may occur if and
only if u has an atom at the corresponding point (i.e. G; + %G xx has an atom. See Corollary 4.3); (ii) jumps of the
boundaries may occur if and only if F), is flat on an interval (see (3.4), (3.5) and Corollary 4.4). Note that the latter
condition corresponds to saying that G, + %Gxx =0 on an interval is a necessary and sufficient condition for a jump
of the boundary (precisely of the size of the interval) and therefore it improves results in [10] where only necessity
was proven. It should also be noticed that Cox and Peskir [7] proved (i) and (ii) constructively but did not discuss its
implications for optimal stopping problems.

Corollary 4.3. Let xo € R be such that u({xo}) > 0 then

(1) if xo > O there exist 0 < t1(xg) < t2(x0) < 400 such that s+ (t) = xo for t € (11, 2],
(i) if xo < O there exist 0 < t1(xg) < t2(x0) < 400 such that s_(t) = xo for t € (11, t2].

On the other hand, let either s or s_ be constant and equal to xy € R on an interval (t1, t2], then u({xp}) > 0.
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Proof. We prove (i) arguing by contradiction. First notice that if xo > 0 and ©({x¢}) > 0, then the upper boundary
must reach xg for some 7y > 0 due to Theorem 2.3. Let us assume that s (f9) = xo for some 7y > 0 and let us assume
that s is strictly increasing on (ty — €, fo + €) for some ¢ > 0. Then u({xp}) = P(W(‘,’* =x0) = P(Wt‘(; =s54(1)) =0,
hence a contradiction.

To prove the final claim let us assume with no loss of generality s (1) = xo for t € (11, 2], then u({xo}) =P(W, =
x0) =P(W/} = xp for some t € (11, 1], 04 > 11) > 0.

Corollary 4.4. Let (a,b) C R be an open interval such that i((a, b)) = 0 and for any ¢ > 0 it holds u((a, b+¢)) > 0,
u((a —e,b)) >0, i.e. aandb are endpoints of a flat part of F,,. Then

(1) If s+-(t) = a for some t > 0 then s+ (t+) = b;

(i) If —s—(t) = b for some t > 0 then —s_(t+) = a.

Proof. It is sufficient to prove (i) since the argument is the same for (ii). Let us assume s (f+) < b, then there exists
t' >t such that sy (u) < b for u € (¢,t"). With no loss of generality we also assume s strictly monotone on (z, t')
otherwise p should have an atom on (s (£), s+ (¢')) (see Corollary 4.3) hence contradicting that 1 ((a, b)) = 0. Then
we have

@ 5)) = (s 00054 (1)) = P(W, € (5204).5:.()))

> P( sup W) > sy (t'), 04 > t) >0,

t<s<t’

which contradicts the assumptions. |

Notice that for f =1 (4.22) gives P(0x < +00) = u(R) = 1. As anticipated in the proof of Theorem 2.3, this
implies that there cannot exist a time fy > 0O such that s (t) = s_(t) = 400 for all t > 1.

Corollary 4.5. Forallt > 0, either s (t) < +00 or s_(t) < +00 or both.

We conclude the paper with a discussion on the role of Assumption (D.1).
Remark 4.6. As anticipated in Section 2, although Assumption (D.1) is not necessary to implement the methods
illustrated in this paper, it is a convenient one for the clarity of exposition. Here we illustrate how our methods may

be used to deal with a pair v and p which does not meet (D.1).
Take

1
v(dx) = 5((s_l(x) +81(0)dx,  p(dx) =1y 1,(x)dx. (4.35)

Bl—

)

Bol—

Then G is non-positive, it equals —3/4 on (—o0, —1) U (1, +00), it is non-decreasing on (—1, 0) and non-increasing
on (0, 1), with maximum value G(0) = 0. Arguing as in Proposition 3.4, for T = 400 we obtain v(x) = 0 and
Coo =R\ {0}.

For T < 400, using the same arguments as in Section 3 one finds a non-connected continuation set of the form

Cr={(t,x)€[0,T) x R:x € (o0, =bL(1)) U (b.(1), +00)}, (4.36)

where the functions bi are continuous on [0, T'), non-decreasing and positive, with bi(T—) = % Since G’ is contin-
uous on [—%, %] we also have V € C1([0, T) x R) by the same arguments as those used in Section 3.1.
In the same spirit of Definition 2.2 we define s1, continuous and non-increasing, as the time reversal of bi for

T > 0. Notice that s+ (t) > 0 for all # > 0 and s+ (400) = 0. Following Section 4 we have

Coo={t,x) €0, 4+00) x R:x € (=00, —s_(1)) U (54 (t), +00) }. 4.37)
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Due to the fact that Cr is not connected and I > 0, then for (t, x) € Cr the time-space Brownian motion (z + s, x +
B;)s>0 can only enter the stopping set Dr, by crossing b_{ if x > 0, and by crossing —b” if x < 0.
Proposition 4.2 holds in the same form and its proof can be repeated up to minor changes. In particular (4.14) reads

—2U (t,x) = p (0, -1, T —1t,x)+ p€(0,1,T — 1, x), (4.38)

where indeed we notice that pg(O, —1,T —t,x) =0 for x > 0 and pg (0,1, T —t,x) =0 for x <0, because C, is
not connected. Using the latter representation one can repeat step by step the arguments of proof of Theorem 2.3, with
obvious changes, to obtain that (2.11) holds with

Oy 1= inf{t >0: W e [—s_(t), s+(t)]}.

Appendix

Proof of Proposition 3.1. Finiteness is a simple consequence of sublinear growth of G at infinity and of T < +o0.
Since G is independent of time then ¢t — V (¢, x) is non-increasing on [0, T'] for each x € R by simple comparison.
Toshow that V € C([0,T] x R) wetake 0 <t <1 < T and x € R, then

0<V(t1,x) = V(tr,x) < sup  E;[(G(Br) — G(Br—p))Liz=7-1}]

0<t<T—-1

§L(;Ex[ sup |BS—BT_IZ|]—>0 ast — 1] — 0,

T—th<s<T—n

where we have used that x — G (x) is Lipschitz on R with constant L € (0, 4] and the limit follows by dominated
convergence. Now we take x, y € R and ¢ € [0, T], then

|V(t,x)—V(t,y)|§Lc;E[ sup \B;‘—B§|]:Lg|x—y|.

0<s<T—t

Since V (-, x) is continuous on [0, 7] for each x € R and V (¢, -) is continuous on R uniformly with respect to ¢ € [0, T']
continuity of (¢, x) — V (¢, x) follows. O

Proof of equations (3.1)-(3.3). Condition (3.2) and (3.3) are obvious whereas to prove (3.1) we use a well known
argument (see for instance [26, Section 7.1]). Since Cr is an open set and it is not empty (see step 2 in the proof of
Theorem 3.2) we can consider an open, bounded rectangular domain ¢/ C Cr with parabolic boundary dpl{. Then the
following boundary value problem

1
u,+§uxx=0 onl withu =V on dpU (A1)

admits a unique classical solution # € C L2 N C(U) (cf. for instance [15, Thm. 9, Section 4, Ch. 31). Fix (¢, x) e U
and denote by 774 the first exit time of (t + s, x 4+ By)s>0 from ¢/. Then Dynkin’s formula gives

u(t,x) =E[u(t + 74, x + By)| =E[V(t + 14, x + By,) | = V (1, %),

where the last equality follows from the fact that V (# +s A T4, x + Bsaz,), s > 0 is a martingale according to standard
optimal stopping theory and 174 < 7, P-a.s.
Since U is arbitrary in C7 the equation (3.1) follows. U

Proof of Proposition 3.4. We proceed in two simple steps.
Step 1. Here we collect some geometric properties of G. Since G’ (x) = 2(F, — F,,)(x), then the limits

G(+00):= lim G(x) and G(—o00):= lim G(x)
X—>00 X—>—0Q
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exist because G’ changes its sign at most once due to (D.1). Notice however that G(£o00) might be equal to +oo.
Moreover

supp{u} CR. = G'<0 onR and supp{u}CR, = G >0 onR. (A.2)

On the other hand, if w is supported on both sides of [—a_, a4] (hence a1 < oo) then there exists a unique ag €
[—a—, ay] for which F, > F, on (—00, ap) and F), < F, on (ag, +00). Hence G has a unique global minimum at ao.
Since G (0) = 0, using the above discussion we conclude that

G := sup G(x) = max{G(+00), G(—00)}. (A.3)

xeR

Notice that atoms of u and v correspond to discontinuities of G’ and, if u and v are purely atomic, then G is
continuous and piecewise linear. Finally we have G concave on (—oo, —a_) U (a4, +00) and convex on [—a_, ay]
because G”(dx) =2(v — u)(dx).

Step 2. Now we study the value function v and the continuation set C,. From the analysis in step 1 we deduce that
G is the smallest concave majorant of G, hence we expect v(x) = G.

Due to (A.3) we immediately have v(x) < G from (3.26), so we need to prove the reverse inequality. With no loss of
generality we may consider G (4-00) = max{G (400), G(—0oc0)} and regardless of whether or not G (+00) is finite we
can argue as follows: we pick 7, :=inf{t > 0: B; > n} so that v(x) > E,G(B,) = G(n) because P, (7, < 4+00) =1.
Taking the limit as n — oo we get v(x) > G(+400) as needed.

If v = 400 then Coo = R since G(x) is finite for all x € R. The geometry of Cy in the remaining cases can be
worked out easily. Let us consider for example the setting of (ii). Since G(+00) > G(—o0) then it must be supp{u} N
Ry # &, due to (A.2). It follows that 0 < a4 < ., because uy = ay is ruled out by (D.2). Then G’ > O on [ay, 1+),
which implies that G(x) < G(u4) for x < w4 and G(x) = G(u4) for all x > u4. Hence G(+00) = G(u4), and
since v(x) = G(+00) then C, = (—00, 14 ). We notice that the argument holds also if ©4 = 400.

The geometry of C in cases (iii) and (iv) may be obtained by analogous considerations. ]

Proof of Lemma 3.7. Because of (3.34) we have 7,(¢,x) = 0, P-a.s. In particular this means that for any fixed
w e Q\N, with N a null set, and for any § > 0 there is s = s(w) € (0,8) such that (t + s, x + Bs(w)) € D7.
Since (t; + s, x4 + By(w)) — (t +5,x + By(w)) as n — 00, and D7 is open, then there exists N, € N such that
(tn + 5, x4 + By(w)) € D} for all n > N,,. Thus T, (t,, x,)(w) < & for all n > N, and

lim sup 7, (¢, xp) (@) < 8.
n—>oo

Recalling (3.34) and that § was arbitrary we obtain
lim 7, (fy, Xp) (@) = lim Ty (fy, xp) (@) =0.
n—o00 n—0o0
Since w was also arbitrary we conclude the proof. (]

Proof of Lemma 3.8. For simplicity set 7, = 7. (¢, x) and t, = 74(#,, x). By monotonicity of the optimal boundaries
it is not hard to see that (z,),>0 forms a family which is non-increasing in n with 7, > 7, for all n, P-a.s. We denote
Too := lim,_, o Ty, P-a.s., so that 7o, > 7, and arguing by contradiction we assume that there exists 9 C 2 such
that P(€2¢9) > 0 and 1o, — 74« > 0 on . Notice that 7, < T — ¢ on g, otherwise T, > 7, leads immediately to a
contradiction.

Let us pick w € €2 and with no loss of generality let us assume that

X+ B, (w) > by (t + 74 (a))) (A4)

(similar arguments hold for b_). Since we are on €2, then there exists §,, > 0 such that T, (w) — 74 (w) > §,, and for
all n > 0 it must be

X4 Broys(@) < by (ta + Tu(@) +5), 5 €(0,8,/2]. (A.5)
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For any ¢ € (0, 6,/2) we find n, sufficiently large to get t — t, < ¢ for n > n, and consequently #, + s >t for
s € (&, 8,/2]. Monotonicity of b implies that for n > n, we have

b+(t,, + T4 (w) +s) < b+(t + r*(a))), s € (&,80/2]
and hence, by (A.5), also
X+ Br s (@) <by(t 4+ 14(w), 5€ (e 8,/2]. (A.6)

Letting now ¢ — 0 in (A.6), the latter and (A.4) would imply By, 4s(w) — B, (w) <0 for s € (0, §,,/2], which contra-
dicts the law of iterated logarithm. O

Proof of Proposition 3.9. We only provide a full proof for (3.38) as the argument for (3.39) is completely analogous
up to trivial changes. Let ¢t € [0, T') and x := b, () < 400 then it is easy to see that

lim sup l(V(t, x) = V(t,x —¢&)) <limsup %(G(x) -G(x—¢)=G'(x-). (A7)

e—0 € £—0

Moreover (3.1) implies V,, = —2V; > 0 in Cr so that V,(t, -) is non-decreasing for all x € (—b_(t), b4 (t)) and its
limit at x = b (¢) is well defined. Hence (A.7) implies

Ve(t,x—) < G'(x—). (A.8)
For the other inequality in (3.38) we denote

T :=inf{s >0:(t +s, By °) € Dr},

T =inf{s > 0: By * < —a_},
set p. 1= T¢ A T,_, and recall that

YS :=V(t+sApe, Byr, ) isamartingale,
whereas Y, := V(¢ 4 s, BY) is a supermartingale for s € [0, T — ¢]. We notice that

P(t,_ >0)=1. (A.9)
If —a_ < a4 the result in (A.9) is trivial. If a_ = a4 =0, then v({0}) =1 and by (¢) > 0 for t € [0, T) by (iv) in

Theorem 3.2. Hence b4 () — ¢ > 0 for ¢ sufficiently small and (A.9) holds.
Using the (super)martingale property of Y and Y¢ we have

V(t,x) = V(t,x —&) = E[V(t + pe, BE) = V(1 + pe. BS )]
= E[:I]'{T£<Ta, }N{pe <8} (G (B?s) - G(stfg))]
+E[Mresr, intpe<s) (V (1 + 7a s By, ) = V(i + 70, By °))]

+ E[L(p,=1 (V (1 + ps. B;S) = V(t+ pe, ngf))]. (A.10)

Recalling the Lipschitz continuity of V (, -) (Proposition 3.1) and since B — B;_g = ¢ P-a.s. for any stopping time
p, we obtain the lower bounds

E[jl{rg>ra7}ﬂ{pg§8}(v(t + Ta_, B?H_) - V(t + T4, Bi—i;s))] > —eLGP(te > T4_, pe < 9),

E[Lip>8y(V ( + pe, B;fe) —V(t+ pe, B;;S))] > —eLgP(ps > 6).
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We notice that since b is non-increasing, then on the event {p, <8} N{r; <7, _}onehasx —e+ B, > b, (t +6) >
ay. Moreover G is concave and non-decreasing on [a+, +00) and therefore also on the interval (B; %, B; ) when
considering the event {p, <} N {r, < 7,_}. Using these facts we obtain

E[:H'{T€<Ta_}m{pSSS}(G(B?g) - G(Bfa_s))]
= EE[:H‘{TE<Ta, }ﬂ{psfé}G/(x + BTS)] z EG/(b+(t) + E)P(TS <Ta_; Pe = 8)’

where for the last inequality we have used again concavity of G and that x — ¢ 4+ B;, < b,.(t) because the boundary
b4 is monotonic non-increasing.
Plugging in (A.10) the lower bounds obtained for the terms on the right-hand side, and dividing by ¢ we find

1
(V(t x)—=V(, x —5)) >G (b+(t) —I—E)P('cg < Ty ,pPe<96)

= L6 (P(te > Ta_, pe = 8) + P(ps > 9)). (A.1D)

Notice that due to (A.9) for any 1 > 0 there is n’ > 0 such that P(z,_ > n') > 1 — 5 and therefore P(t, > 7,_) <
n + P(t: > 7n'). The latter implies that letting ¢ — 0 in (A.11), and using that T, — 0 P-a.s. (Lemma 3.7) and G’ is
right-continuous, gives

Ve(t,x=) =G (b+()) +n=G'(x) + .

Since 7 is arbitrary, (A.8) and the above inequality imply (3.38). O

Proof of Lemma 3.12. We will only give details for the limits involving b as those involving b_ can be obtained in
the same way.

Step 1 (Proof of (iD)). If u({b4}) = v({b4}) = 0 then G’ is continuous at b Moreover since b, (1) — byast— T
we can take limits as ¢+ — T in (3.38) and obtain (3.40). If instead v({b+}) > /L({b+}) =0,ie. a4y = b+ and v has an
atom at that point, then (iv) of Theorem 3.2 implies that b, (¢) converges to a4, as t — T, strictly from above. Hence,
by right-continuity of G’ and concavity of G on (1;+, +00) we get

G'(b1) = lim G'(b+(1)) < lim G'(b4(1)-) < G'(b+)

and (ii) holds due to (3.38).

Step 2 (Proof of (1)). The more interesting case is when /L({Z;Jr}) > 0 and therefore l;+ > a4 due to Assumption
(D.2). For this part of the proof it is convenient to use the notation E; ,[-] = E[-| B; = x] and to think of €2 as the space
of continuous functions, with 6. : €2 — €2 denoting the shifting operator.

In partlcular we take ¢ € [r4, T) so that b, (1) = b+ and V (¢, b+ (t)) = G(b4(t)) (see Lemma 3.3). We also pick
ac€ (a4, b+) and denote 7, := inf{s > 0: X; < a}. For ¢ > 0 such that b+ —¢& > a we have

V(t,by) = V(t,by — &) =G(by) — G(by — ) — /R E, 5, _[LL]0v—w)(d2) (A.12)

with 7, as in (2.7). To find a lower bound for the last term in (A.12) we notice that Li*]l{r*s-[a yv(dz) =0 and
L v(dz) =0, P, by —emS. and use the strong Markov property as follows

[T eI IC RN ETES YO8
= [ B e (L, + 5 [ 00 5] o)

= [ b e a2 o)

= Pt L;+—£(Ta < Tx) sup Es,a [Li*]v(dZ).
' Rii<s<T
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Setting g(¢) := fR sup; <;<7 Es.a[L3, 1v(dz) and substituting the above bound in (A.12) we get
V(t,by) =Vt by —8) = G(by) = Gby — &) = g(OP, j _ (14 < T). (A.13)

Notice that since by () = l;+ for all ¢t € [t4, T] then {7, < 7} C {7, < T, A (T -0}, P, by —edS: where T, =
inf{s >0: X, > l;+}. Therefore
e
P (ta<t) = Pt’};+_8(ra <7 AT = n) < P o(ta<t)= o
4 —

where the last equality follows by well known properties of the scale function of Brownian motion. Plugging the
above in (A.13), dividing by ¢ and taking limits as ¢ — O gives

Vilt,by—) = G (by—) — g(t)(by —a)™". (A.14)
Now letting + — T and noticing that g(¢) — 0 we obtain (3.40) upon recalling (3.38). (|
Proof of Lemma 3.13. We only prove the statement for supp{u} N Ry = & as the arguments for the the other case
are the same. Let ¢ € [0, T] and x > 0, so that (¢, x) € Cr and (¢, x 4+ &) € Cr for all € > 0, since the stopping set is all

contained in [0, 7] x R_ (recall (ii) of Theorem 3.2).
For 7, = 7.(¢, x) we have

1 1
E(V(t, x+e) —V(t,x)= gE[G(x +&+4 By,) — G(x + B,)]
and

1
E(V(t,x) -V, x— 8)) <

™ | =

E[G(x+ B;,) — G(x — e+ B)].

Since V € C!? inside Cr and G’ is right-continuous then taking limits as & — 0 gives
ExG/(Br*) <Vi(t,x) < ExG/(Br*_)~ (A.15)

Notice that G'(x) — 0 as x — oo (recall that v({+oc}) = 0), hence for any & > 0 there exists x, > 0 such that
|G’ (x)| <& for x € [xg, +00). We fix ¢ > 0 and with no loss of generality consider x > x.. Then we have

Ex|G'(B:,)| =Ex[|G'(B:,)

Yg<7—1) + |G/(BT—t)|]l{r*:T—t}]
SLGPx(te <T — 1) + Ec[|G'Br—o) | Lir,=r—nn(Br_ <z} | + €
. LG(PX(T* <T —1)+P:(Br— < xs)) +e.

An analogous inequality clearly holds for E; |G’ (B, —)|.
Since x > xe, then both P, (t4 < T — ) and P, (Br—; < x,) are bounded from above by P(supy<,<7 | Bs| > |xe —
x|). Therefore from (A.15) and the estimates above we obtain

sup |Vx(t,x)|§2L(;P( sup |Bs|z|x8—x|>+e.

0<t<T 0<s<T
Letting x — oo and recalling that ¢ > 0 was arbitrary the proof is completed. ]
Proof of Lemma 4.1. The proof is a generalisation of the proof of [20, Thm. 24.7] and it will be sufficient to give it in

the case with r =0 and s = T'. In particular it is enough to show that for any A, B € B(R) with A C [—b_(0), b+ (0)]
and B C [—s5_(0), s-(0)] one has

/PX(BTGB,TSt*)dxzf P.(Wr €A, T <t_)dx. (A.16)
A B
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Recalling (3.34) and (4.4), we find it convenient (with no loss of generality) to prove (A.16) with 7, and 7_ instead of
Ty and T_.

For the sake of this proof and with no loss of generality we can consider the canonical space 2 = C ([0, co0)) with
the Borel o-algebra F = B(C([0, 00))). Given that (A.16) only involves the laws of B and W we can simplify the
notation and consider a single Brownian motion X = (X;);>¢ defined as the coordinate process X;(w) = w(t) with its
filtration (]-',X )s>0 augmented with the P-null sets. With a slight abuse of notation, here we denote by P the Wiener
measure on (€2, F). In this setting 7, coincides with the first exit time of (X;);>0 from [-b_(¢), b4 (¢)],t € [0, T] and
7_ coincides with the first (strictly positive) exit time of (X;);>0 from [—s_(¢), s+(¢)], t > 0.

Due to (3.34) and (4.18) it is not difficult to see that

(T=tl= [\ {X4e[-b-@.b+@]} (A.17)
q€[0,T1NQ
and
r=<t)= [\ {Xse[-s-@ s+@]} (A.18)
q€[0,T1INQ

For simplicity and without loss of generality we assume 7 € Q. Now, we can consider a sequence (7,)neN Of
dyadic partitions of [0, T'] defined by 7, := {t7, ], ..., t;} where t; := %T, k=0,1,2,...,2" and then

(T <t} = lim () {X, €[~b-0).b+@]}. (A.19)
g€,

(T<t)=lim () {Xg€[-s5-@.5+@]}. (A20)
qE€Tn

We set h, =1/, | — i) =T /2" and denote pj (x, y) = ﬁ exp —i (x — y)2. By using monotone convergence and
Chapman-Kolmogorov equation we obtain

/ P.(X7r €A, T <% )dx
B

= lim [ P,(Xy €[—s-(q),s+(q)] forallg € m,, X7 € A)dx

n—oo B
=n1_i)rrgo/pﬁ(xo,x1)p2(x1,x2)~~p;l’(x2n,1,x2n)dxodx1 ceedxon, (A.21)

where the last integral is taken with respect to xo € B, xo» € A and x; € [—s— (t,:’), s+(t,’:)] fork=1,2,...,2" — 1.
We interchange order of integration, relabel variables xon_; = yi fork =0, 1,2, ..., 2" and use symmetry of the heat
kernel along with the fact that s4.(¢) = b+ (T — ¢q) to conclude

/PX(XTGA,Tff_)dx
B
anH;O/pZ(yo,yl)pZ(yl,yz)---pZ(yzn_l,yzn)dyodyl~--dyzn

= lim Px(Xq € [—b_(q), b+(q)] forallg em,, X1 € B) dx

n—oo [ 4
Z/PX(XTGB,TS‘E*)LJX.
A

Hence (A.16) follows and the generalisation to arbitrary ¢ < s can be obtained with the same arguments. (|
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Proof of (4.16). It is sufficient to show that bi () | b4 (¢) for all ¢ € [0, T) since the proof for b_ is analogous and
the convergence of the related sets easily follows from the same arguments. Note that for each ¢ the limit bg ) =
limg_. bi(t) exists and bg (t) = b4 (¢) since § —> bi(t) decreases as § — 0 and bi(t) > b4 (t) for all 6 > 0. Let us
assume that there exists 7 € [0, T') such that bY (7) > b_.(7). Pick % € (b1 (7), b.(7)), then by definition of b9 it should
follow that infs-o V?(7, ¥) — G®(¥) = n > 0 for some n = 5 (7, ¥) independent of §. However this is clearly impossible
since V8(f, ¥) — G®(¥) converges to V (7, X) — G(X) =0 as § — 0 by (4.17). O

Proof of (4.17). We denote || - || the L°°(R) norm. By direct comparison we obtain

B,
(VP =V)(t,x) < sup Ex2/ (Fu— F))(2)dz
0

0<t<T—t

=2|F. - FﬁllooO sup  Ex|Br| (A.22)

<t<T—t

and the same bound can be found for (V — V?)(z, x). Then by an application of Jensen inequality and using that
EX(B,)2 =x2+ EoBf =x2+ Eot we get

1
Vo vien <20 = Bl sw (E:18F)F <201+ VT) £ = Bl (A23)
<t=<

—t

The latter goes to zero as § — 0 by (4.15), uniformly for ¢ € [0, T] and x in a compact. (]

Proof of (4.19). Thanks to (4.4) and (4.18) it is sufficient to prove that 7% | 7_ as § — 0. We denote 7¢ := lims_,o T2,
P-a.s. (the limit exists since the sequence is monotone by (4.16)). Note that 7p > 7_ and let us now prove that the
reverse inequality also holds.

Fix @ € @, then if T_(®) = 400 we immediately obtain 7o(®) = T_(®). On the other hand let 5, > 0 be such
that T_(®) < 1. Then there exists 1 € (T_(®), ng) (also depending on @) such that W (®) ¢ [—s_ (1), s+ (1)], i.e.
with no loss of generality we may assume that there exists &, g > 0 such that W,”(®) > s4-(¢) + & . By (4.16) it then
follows that W) (&) > si (¢) for all § sufficiently small and hence to(®) < 1. Since n; was arbitrary we conclude
that 7o(®) < T(®). Repeating the argument for all w € 2 the claim is proved. [l

Proof of a refined version of Lemmas 3.13 and 3.14. Here we discuss a technicality needed to make the proof of
Vf € C([0, T) x R) rigorous. In fact we need a refined version of Lemma 3.13 in order to be able to prove Lemma 3.14
in the cases supp{ut} "R = @ or supp{u} NR_ = &. We only give full details for the former case as the latter can
be addressed by similar methods.

Let supp{u} "R = @ (hence b4 = +00), then for any § > 0 one has M‘S (R) < 1 and lim,_, oo (G®) (x) = gs>0
for some constant gs. Therefore Lemma 3.13 holds in a different form and in particular we claim that

lim sup |V2(s,y) —gs|=0. (A.24)

Y= 00<s<T

If the above limit holds then one can replace (3.50) in the final part of the proof of Lemma 3.14 by
T

on([x, +00)) = "ok o

(85 — VP (s,2)) ds,
and notice that |oj,([x, +00))| < ¢/2 for x sufficiently large. Once this is accomplished the rest of the proof of
Lemma 3.14 follows in the same way and one can then repeat the same steps to prove all the remaining properties of
V).

It remains to prove (A.24). As in (A.15) we obtain

E.[(G?) (B:,) — gs] < VI(t.x) — gs <E.[(G®) (Br,—) — gs].
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Moreover for any & > 0 there is x; > 0 such that [(G®) (x) — gs| < & for x € [x,, +00) and therefore
E:[|(G°) (Br) — gs|] < c(Px(te < T — 1) + Pe(Br— < x0)) +&.

Taking limits as x — oo the right-hand side of the expression above goes to €. Since the latter is arbitrary (A.24)
follows. O

Proof of (4.34). For k > 1 we denote ,ug() = u—+1/k. Notice that ux(dx) = pg+1(dx) for x € [—u—, +00) whereas
(k+1)

Uk+1(dx) > pr(dx) forx e [—uZ "7, —pu—_) since Fl/lk+1 =Gk+DF,(—pu_) 2 kF (—pn-) = F;Lk on that interval.
On the other hand if we denote by tx4 the optimal stopping time for the problem with value function VkTH, we also
observe that Lik+1 =0, P;x-as. forall z < —uﬂ‘“) since bg‘H)(t) < HY‘“) for all ¢ € [0, T]. It then follows for any

(t, %)

Z —_
E”X/RLTHl“k‘H(dZ)_Et'x/ kD)

L%, Hk+1(d2)
[=n= 00)

+
> E, / L% ux(dz) = = / L:  ui(dz).
x [_‘&H)’_i_oo) Thk+1 x R Tk+1

Therefore we obtain

VI x) = Gipr (1) = By x /R L3 (v — ey )(d2)

<€, /R L3 (0= wd2) < VI (1, 3) - Ge(x)

forall (r,x) € [0, T] x R. For Uy := VkT — Gy, the sequence (Uy )0 is non-increasing. Hence, denoting C := {(z, x) :
Ui (t, x) > 0}, k > 1 the corresponding continuation sets, one has Cy 2 Cy41 for all £ > 1. On the other hand it is easy
to verify that by construction

lim sup|Gy(x) — G(x)| =0
k—00 4 cR

and therefore also

lim sup |V (t,x) = VT(t,x)|=0.
k=00 (1 x)e[0, TIxR

Now arguing exactly as in the proof of (4.16) and (4.19) we can demonstrate that C | Cr and aik) J o4 P-as. as
required. O
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